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The first section of this study presents major ion, trace element, heavy metal, rare
earth element and oxygen isotope data from a series of surface snow samples and shallow
firn sections collected along four US ITASE traverses across extensive regions of East
and West Antarctica. In each sample the dissolved major ion, total trace element, and
8'*0 concentrations are measured. This provides a baseline from which changes in the
chemistry of the atmosphere over Antarctica can be monitored under expected warming
scenarios and continued intensification of industrial activities in the Southern
Hemisphere.

Satellite remote sensing measurements of microwave backscatter and grain size

assist in the identification of glaze/dune areas across Antarctica and show how chemical



concentrations are higher in these areas, precluding them from containing useful high-
resolution chemical climate records. The majority of the non-glaze/dune samples in this
study exhibit similar, or lower, concentrations to those from previous studies.
Consequently, the results presented here comprise a conservative baseline for Antarctic
surface snow chemical concentrations.

The second section of this study presents a 200-year proxy for Northerly Air Mass
Incursions (NAMI) into central and western West Antarctica. The NAMI proxy is
developed from the examination of 19 shallow (21m — 150m deep) Antarctic ice core
non-sea-salt (nss) Ca*" concentration records and it exhibits a significant rise in recent
decades. This rise is unprecedented for at least the last 200 years and is coincident with
anthropogenically-driven changes in other large-scale Southern Hemisphere (SH)
environmental phenomena such as greenhouse gas induced warming, ozone depletion and
the associated intensification of the SH westerlies. Statistical analysis suggests that
atmospheric circulation is the dominant factor affecting nssCa®” concentrations

throughout central and western West Antarctica.
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Chapter 1
INTRODUCTION

1.1 Antarctica in the Climate System

Recent discoveries have shown that major changes in Earth’s climate system,
such as temperature and atmospheric circulation, can occur in a matter of years to
decades [Dansgaard et al., 1993; Mayewski et al., 1993a]. As a result the scientific
community is striving to understand these changes and hopes to be able to predict rapid
climate change events in order to lessen their harmful impact on life.

The earth’s climate is essentially a dynamic, heat-driven, multi-component,
coupled system. The heat energy driving the climate system comes almost entirely from
the Sun. Antarctica plays a very important role in global climate variability and change,
especially in the Southern Hemisphere. The higher latitudes of the Southern Hemisphere,
including the ice sheet and the surrounding sea-ice zone, constitute one of the two
primary areas on Earth where there is net loss of energy from the atmosphere to space,
the other being the North Polar regions. Studies with global climate models (GCM) have
suggested that both Southern Hemisphere and global atmospheric circulations are
sensitive to modest changes in the temperature of the Antarctic atmosphere [Parish and
Bromwich, 1997]. The isolated Antarctic continent is an ideal place to study natural
atmospheric variability thanks to its remoteness from major anthropogenic pollution
sources that can confound the investigation of natural variability compared to more
populated regions [Legrand and Mayewski, 1997; Shaw, 1982].

For GCMs of global climate to be accurate they must be calibrated with

instrumental climate records and in order to understand the dynamic range of climate,



proxy records ranging from multi-annual to multi-millennial scales are necessary. In the
Northern Hemisphere, high quality instrumental records exist for the last ~100 years.
However, in the Southern Hemisphere records only cover the last ~50-100 years and
apart from very few isolated sites, direct observational and instrumental records of
Antarctic climate cover only the last 30-40 years. A longer perspective on Southern
Hemisphere climate variability can be obtained by studying natural archives that provide
proxies for past climate, such as tree rings, sediment cores, and ice cores.

Antarctic ice cores are a valuable resource for reconstructing the climate of the
past because they can provide sub-annually resolved, continuous proxy records of
atmospheric temperature, atmospheric circulation, precipitation, the El Nifio-Southern
Oscillation, and sea ice extent among others [Mayewski and Bender, 1995; Mayewski et
al., 2004]. Furthermore strong teleconnections link the Antarctic to the mid- and low-
latitudes [Carleton, 2003] ensuring that records of Southern Hemisphere climate are
captured in Antarctic snow and ice layers.

The Antarctic atmosphere is inherently complex; it exhibits a high degree of
variability on both spatial and temporal scales. To clearly understand the spatial and
temporal variability of the Antarctic atmosphere a suite of high-resolution ice core
records are needed that are well distributed enough to allow for objective analysis of
spatial variability and deep enough for analysis of decadal-scale variability. The research
presented in this dissertation is primarily based on results stemming from the
International Trans Antarctic Scientific Expedition (ITASE). ITASE is designed to

address several key scientific objectives [Mayewski et al., 2005b] including:



1) What is the spatial and temporal variability of Antarctic climate (e.g. extreme
events, regional to global atmospheric phenomena, and snow accumulation variations)
over the last 200-1000 years?

2) What are the environmental changes (e.g. sea-ice variation, ocean productivity,
anthropogenic activity, volcanic activity) impacting Antarctica over the last 200-1000

years?

1.2 ITASE and U.S. ITASE

ITASE is a multi-national (currently 21 nations), multi-disciplinary polar field research
program with the broad aim of understanding the recent environmental history of
Antarctica [Mayewski and Goodwin, 1997; Mayewski et al., 2005b]. By operating
primarily in oversnow traverse mode, ITASE allows scientists to experience the Antarctic
environment first hand while providing the interactive capabilities of oceanographic
research vessels and large polar field camps. Most importantly, ITASE provides a rare,
multidimensional examination of the ice sheet and its history. Thus far, ITASE has
collected >20,000 km of ground penetrating radar, more than 7000 m of firn/ice core
(>240 cores), images of the Antarctic bedrock to >4000 m beneath the ice sheet surface,
and continuous measurements of the atmosphere to heights of >20 km (Figure 1.1).
Furthermore, ITASE traverses have provided opportunities for the installation of
automatic weather stations, and the measurement of, for example, atmospheric chemistry,
ice dielectric and ice-core microparticles plus the deployment of experiments valuable for
ground truth in remote-sensing missions and geophysical measurements for crustal

investigation. Overall, ITASE is a highly multi- and interdisciplinary activity.



Figure 1.1. ITASE core sites and GPR surveys as of 2008. Core sites are represented by
black circles and GPR surveys are marked by orange lines. Core and GPR data are
overlain on a shaded relief map of the RAMP DEM [Liu et al., 2001].

ITASE is focused on the last ~200 years of the firn/ice core record because this
period covers the onset of the industrial age and ~100 years of non-anthropogenic climate
variability. This period also overlaps global instrumental climate records.

From 1999-2008, the United States’ component of the International Trans

Antarctic Scientific Expedition (US ITASE) completed seven highly successful field

seasons of oversnow traversing in Antarctica, ultimately ending up at South Pole Station



in East Antarctica twice, each time approaching from a different direction and in the

process traversing major portions of East and West Antarctica (Figure 1.2).
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Figure 1.2. U.S. ITASE traverse map. A shaded digital elevation map of Antarctica
showing the core sites and traverse routes for U.S. ITASE.

The US ITASE team traveled more than 10,000 km over the Antarctic ice sheet,
drilling firn/ice cores every ~250 km, digging 2 m-deep snowpits at each core site, and
collecting surface snow samples every ~30 km along the way. Of the more than 40 15-
115 m-deep (typically 60-70 m deep) cores collected thus far by the US ITASE team,
almost all have been sampled at high resolution (up to 50 samples per meter), for their

entire length, to develop sub-annually resolved time series [Dixon et al., 2004; Steig et



al., 2005]. It is these surface snow samples, snowpits, and ice core glaciochemical
records that form the basis of this dissertation. By utilizing the spatially distributed,
multi-parameter, sub-annually resolved ice core measurements from this collection of
U.S. ITASE cores this study provides a high resolution representation of past Antarctic,

and ultimately Southern Hemisphere, climate.

1.3 Thesis Outline

The body of this dissertation consists of 4 chapters: Chapter 1 is this Introduction
and Chapter 4 is the Conclusion. Chapters 2 and 3 are written as individual papers, one of
which (Chapter 3) has already been accepted for publication in a peer-reviewed journal,
The International Journal of Climatology [Dixon et al., in press]. These chapters each
contain their own Summary, Introduction, Methods, Results, and Conclusion sections.
There is one reference list, encompassing both chapters, following Chapter 4. Following
the reference list, there is an appendix containing a selection of published papers which I
have co-authored during my PhD research, each relevant to the research contained in this
thesis [Bertler et al., 2005; Eisen et al., 2008; Mayewski et al., 2005a; Monaghan et al.,
2006; Schneider et al., 2006; Steig et al., 2005].

The Steig et al. [2005] paper examines the development and validation of US
ITASE ice core chronologies and provides a determination of their precision and
accuracy. The Bertler et al. [2005] paper presents an updated compilation of published
and new major ion data in snow from 520 Antarctic sites provided by the national ITASE
programs. The study by Eisen et al. [2008] incorporates accumulation data from several

ITASE nations in a thorough assessment of East Antarctic spatial and temporal snow



accumulation variability. Monaghan et al. [2006] investigate how snowfall has affected
the thickness of the Antarctic ice sheets and provide a 50-year perspective by combining
model simulations and observations primarily from ice cores. They show that there has
been no statistically significant change in Antarctic snowfall since the 1950s. Schneider
et al. [2006] present a 200-year reconstruction of Antarctic mean surface temperatures
based upon stable isotopes from a suite of high-resolution, precisely dated ice cores.
Their reconstruction reveals that Antarctic temperatures have increased by about 0.2 °C
since the late nineteenth century and that the long-term trends are strongly modulated by
the Southern Annular Mode. Mayewski et al. [2005a] present highly resolved, annually
dated, calibrated proxies for atmospheric circulation based upon a suite of Antarctic ice
cores. They show, based upon a South Pole ice-core '’Be proxy for solar variability, that
increased (decreased) solar irradiance is associated with increased (decreased) zonal wind
strength near the edge of the Antarctic polar vortex.

Chapter 2 addresses the second of the ITASE primary scientific objectives - how
major and trace chemical species vary, spatially and temporally, over the Antarctic, and
their natural background concentrations. This is the first study to measure more than 25
chemical constituents in the surface snow over extensive regions of Antarctica and it
provides a baseline from which future changes in the chemistry of the atmosphere over
Antarctica can be monitored. The results show that the majority of chemical
concentrations in Antarctic snow are still within their natural range of variability.
However, despite potential contributions from local and global volcanic sources, several
elements (lead, cadmium, and arsenic) exhibit exceptionally high concentrations across

Antarctica. Previous studies [Wolff and Suttie, 1994] have revealed anthropogenic



activity as the primary source of excess Antarctic lead levels. However, the source of
excess cadmium in Antarctic precipitation is less certain and is likely also related to
anthropogenic activities in the Southern Hemisphere. Excess Antarctic arsenic
concentrations exhibit a pronounced annual signal, particularly in West Antarctica, and
are most likely associated with photochemical and/or biogenic activity.

Chapter 3 addresses the first of the ITASE primary scientific objectives. A suite
of 21 shallow firn/ice cores are used to develop a proxy record of northerly air mass
incursions (NAMI) into central and western West Antarctica. The NAMI proxy record
reveals that the recent increase in the strength of southern hemisphere westerly winds
[Marshall, 2003; Thompson and Solomon, 2002; Thompson et al., 2000] is unprecedented
for at least the last 200 years [Dixon et al., in press] The change in the westerlies is
coincident with anthropogenically-driven changes in other large-scale Southern
Hemisphere environmental phenomena such as greenhouse gas induced warming and
ozone depletion. As ozone levels are believed to be the dominant factor behind the recent
strengthening of the Southern Hemisphere westerlies, their predicted recovery is expected

to rob Antarctica of one of its best defenses against greenhouse gas warming.



Chapter 2
A SPATIAL FRAMEWORK FOR ASSESSING CURRENT
CONDITIONS AND MONITORING FUTURE CHANGE IN THE

CHEMISTRY OF THE ANTARCTIC ATMOSPHERE

2.1 Chapter Summary

This is the first study to measure more than 25 chemical constituents in the
surface snow and firn across extensive regions of Antarctica. It is also the first to report
total-Cs concentrations. We present major ion, trace element, heavy metal, rare earth
element and oxygen isotope data from a series of surface snow samples and shallow firn
sections collected along four US ITASE traverses across East and West Antarctica. In
each sample we measure dissolved concentrations of Na', K, Mg%, Ca2+, CI, NO;5,
SO42', and MS’ using ion chromatography and total concentrations of Sr, Cd, Cs, Ba, La,
Ce, Pr, Pb, Bi, U, As, Al, S, Ca, Ti, V, Cr, Mn, Fe, Co, Na, Mg, Li, and K using
inductively coupled plasma sector field mass spectrometry. We also measure 3'°O by
isotope ratio mass spectrometry.

The 2002/2003 traverse began at Byrd Surface Camp, West Antarctica, and ended
close to South Pole, East Antarctica. The 2003/2004 traverse began at South Pole, passed
through AGO4 in central East Antarctica before turning north and finishing at Taylor
Dome. The combined 2006/2007 and 2007/2008 traverses started out at Taylor Dome and
headed south, passing through the Byrd Glacier drainage basin and ending at South Pole.

In this study, we utilize satellite remote sensing measurements of microwave

backscatter and grain size to assist in the identification of glaze/dune areas across



Antarctica and show how chemical concentrations are higher in these areas, precluding
them from containing useful high-resolution chemical climate records.

The majority of the non-glaze/dune samples in this study exhibit similar, or lower,
concentrations to those from previous studies. Consequently, the results presented here
comprise a conservative baseline for Antarctic surface snow chemical concentrations.

The elements Cd, Pb, Bi, As, and Li are enriched across Antarctica relative to
both ocean and upper crust elemental ratios. Global volcanic outgassing accounts for the
majority of the Bi measured in East and West Antarctica and for a significant fraction of
the Cd in East Antarctica. Nonetheless, global volcanic outgassing cannot account for the
enriched values of Pb or As. Local volcanic outgassing from Mount Erebus may account
for a significant fraction of the As and Cd in West Antarctica and for a significant
fraction in East Antarctic glaze/dune areas. However, despite potential contributions from
local and global volcanic sources, significant concentrations of Pb, Cd, and As remain
across much of Antarctica.

Most importantly, this study provides a baseline from which changes in the
chemistry of the atmosphere over Antarctica can be monitored under expected warming
scenarios and continued intensification of industrial activities in the Southern

Hemisphere.

2.2 Introduction

Deep ice cores from the high latitudes of both hemispheres provide us with
valuable archives of past climate [Jouzel et al., 1989; Mayewski et al., 1993b], but the

chemical proxies that they contain must be interpreted in the context of their geographic

10



location. For example, in Antarctica, the individual climate records contained in the Byrd
and Taylor Dome deep ice cores do not necessarily reflect past conditions over the entire
continent [Masson et al., 2000]. There is considerable spatial variability between these
deep-ice-core sites. Over-snow traverses, such as those conducted by the International
Trans-Antarctic Scientific Expedition [Mayewski et al., 2005b], provide us with the
opportunity to collect a large number of shallow cores from broad geographic areas.
These arrays provide the data needed, at a high enough spatial and temporal resolution, to
form a more accurate assessment of the regional chemical and climate differences
between deep core sites [Bertler et al., 2005; Dixon et al., in press; Kaspari et al., 2004].
This paper presents chemistry data from shallow firn cores/snow pits (hereafter referred
to as firn sections), and surface snow samples collected along the US ITASE-2002/2003
Byrd to South Pole traverse (ITASE-02), the US ITASE-2003/2004 South Pole to Taylor
Dome traverse (ITASE-03), and the US ITASE-2006/2007 and 2007/2008 Taylor Dome
to South Pole traverses (ITASE-06/07). We use these data to determine the spatial
variability of chemical deposition over extensive and highly inaccessible areas of the
Antarctic continent (Figure 2.1).

The ITASE-02 traverse started from Byrd Surface Camp, West Antarctica (80°S
120°W), and progressed southward (Figure 2.1), through the Transantarctic Mountains at
the location known as “The Bottleneck”, passing South Pole Station, ultimately ending up
at a location ~100km beyond the South Pole in the direction of the Pole of Inaccessibility
on the East Antarctic Plateau (89°S 60°E). The ITASE-03 traverse began at the South
Pole and proceeded toward the interior of East Antarctica to the Automated Geophysical

Observatory number 4 (03-2/AGO4, 82°S 96.76°E) passing through a glaze/dune area for
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the last ~400km of the leg. From 03-2/AGO4 the traverse traveled northward through an
extensive glaze/dune area, along the Transantarctic Mountain SEISmic (TAMSEIS)
sensor line, passing directly through the Megadunes Camp (80.78°S 124.49°E), and
finishing up at Taylor Dome (77.78°S 158.73°E). The ITASE-06/07 traverse started out
from Taylor Dome and progressed southward parallel to, and approximately 300km to
the west of, the Transantarctic Mountains ultimately ending up at the South Pole. From

06-4 to 07-3, the 06/07 traverse traveled through the eastern edge of the largest

glaze/dune area in East Antarctica.

-2[Aé04

03

SCALE (km)

LEGEND

GLAZE/DUNE AREA
FIRN SECTION
US ITASE 2002
US ITASE 2003

US ITASE 2006-7 - ROS SEA

180

Figure 2.1. Polar stereographic map of Antarctica showing the location of surface snow
samples and firn sections used in this study. Map also shows the location of known
glaze/dune regions. WAIS = West Antarctic Ice Sheet; EAIS = East Antarctic Ice Sheet.
Map created using the RAMP DEM [Liu et al., 2001].
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Since the very earliest trans-Antarctic expeditions, glaze/dune areas have been
reported on the East-Antarctic Plateau [Black and Budd, 1964; Lister and Pratt, 1959],
and characterized by extremely low accumulation [Picciotto et al., 1970] and extensively
recrystallized snow [Giovinetto, 1963]. However, it was not until the modern satellite
remote sensing era that the full extent of these features became apparent. Swithinbank
[1988] coined the term “megadunes” for large fields of dune-like features typical of the
East Antarctic plateau. These fields cover more than 500,000 km” of the Antarctic ice
sheet surface [Fahnestock et al., 2000]. Megadunes typically have amplitudes of only a
few meters, wavelengths of a few kilometers, and parallel crests (which can extend more
than one hundred kilometers) oriented perpendicular to the regional katabatic wind
direction [Frezzotti et al., 2002a]. The leeward slope of each megadune consists of a
glazed surface representing a long-term accumulation hiatus, while the windward slope is
covered with accumulation-redistribution features in the form of severe sastrugi up to
1.5m high [Frezzotti et al., 2002a]. Other glazed (non-megadune) surfaces, representing
areas of nil or slightly negative snow accumulation, are also observed across extensive
regions of the plateau [Frezzotti et al., 2002b; Goodwin, 1990; Watanabe, 1978]. In this
study we use an outline map from Bohlander and Scambos [2005] as a first step to
determine which of our samples come from known Antarctic megadune regions (Figure
2.1). We then use statistical analysis of our chemical profiles to further infer surface
conditions along our traverse routes.

Eight firn sections were either drilled or excavated along ITASE-02, six along
ITASE-03, and nine along ITASE-06/07 (Table 2.1). The upper ~1-2.6m was sampled at

each site (because this fragile upper section of the firn is often destroyed during transport)
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and surface snow samples (upper 2cm) were collected every ~30-50 km along each
traverse route (Figure 2.1). All samples are analyzed using an ion chromatograph (IC) for
their soluble major ion content (Na+, K, Mg2+, Ca2+, Cl, NOs, SO42', CH;5S05"
(Methylsulfonate: MS")). The surface snow samples are additionally analyzed for their
stable oxygen isotopes (8'°0) by isotope ratio mass spectrometry (IRMS). All surface
snow samples and several shallow firn sections (02-1, 02-5, South Pole, 03-1, 03-3, 06-2,
07-4, and 07-5; Table 2.1) are also analyzed for a suite of trace elements (Sr, Cd, Cs, Ba,
La, Ce, Pr, Pb, Bi, U, As, Al, Ti, V, Cr, Mn, Fe, Co, and Li) by inductively coupled
plasma sector field mass spectrometry (ICP-SFMS). The ICP-SFMS also measures the
total Na, K, Mg, Ca, and S concentrations in each sample. The accuracy and precision of
our IC, IRMS, and ICP-SFMS systems are mentioned later in this paper and discussed in
more detail by Osterberg et al. [2006].

Lack of accumulation and extensive firn diagenesis at any site exhibiting glazed
characteristics likely precludes that site from containing an easily interpreted, annually-
resolved climate record [Albert et al., 2004; Fahnestock et al., 2000]. In addition, the
unknown length of hiatus, possibly ranging from decades to centuries [Scambos and
Bauer, 2006], represented by each glazed surface, presents a problem for a temporally-
consistent surface snow sampling scheme across the continent. The majority of our
surface snow samples and firn sections are collected in positive accumulation areas and
therefore represent chemical concentrations typical of summer seasonal precipitation and
multi-year averages, respectively (as discussed later). To minimize the possible
concentration effects caused by glaze/dune hiatus surfaces, we only collected our surface

samples from loosely-consolidated, accumulating snow drifts at all collection sites.
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Location Latitude Longitude Elevation Depth® Accumulation® Age of Section® Time Period Used” Resolution®
(°N) (°E) (m) (m) (g cm? yr'h) (Years AD) (Years AD) (cm)
ITASE-02
02-Byrd -80.009300  -119.424900 1530 0-1 an 2003-1998 2003-2000 23
02-1¢ -82.000990  -110.008160 1746 0-1.8 (0.8-12.4) 19 2003-1998 (2001-1966)  2003-2000 (1975-1966) 4 (2.0-4.0)
02-2 -83.500781  -104.986806 1957 0-1.5 19) 2003-1999 2003-2000 4
02-3 -85.000451  -104.995312 2396 0-1.7 (15) 2003-1999 2003-2000 4
02-4 -86.502500  -107.990313 2586 0-1.8 11 2003-1998 2003-2000 4.1
02-5¢ -88.002153  -107.983333 2747 0-1.9 (1.1-9.1) an 2003-1996 (1998-1967)  2003-2000 (1975-1967) 42(1.7-2.3)
02-6/South Pole -89.933250 144.393833 2808 0-2 (0.9-17.7) ®) 2003-1991 (1997-1911) ~ 2003-2000 (1975-1955) 2(1.4-1.8)
02-7 -88.998900 59.974400 3000 0-1.7 8 2003-1993 2003-2000 2
ITASE-03
03-1¢ -86.840000 95.310000 3124 0-2.5(2.5-21.2) 5 2004-1983 (1983-1768)  2004-2000 (1975-1955) 2(1.4-2.9)
03-2/AGO 4 -82.010000 96.760000 3569 0-1.9 3) 2004-1981 2004-2000 1.3
03-3° -82.080000 101.960000 3444 2.1-15 (2.1-15) 3 1966-1737 (1966-1737)  1966-1955 (1966-1955) 1.5-2.5 (1.5-2.5)
03-4 -81.650000 122.600000 2966 0-1.9 3) 2004-1981 2004-2000 1.2
03-5° -80.780000 124.490000 2923 0-2.1 3) 2004-1979 2004-2000 2.0
03-6 -80.390000 138.920000 2393 0-1 3) 2004-1992 2004-2000 1.6
ITASE-06
06-1/Taylor Dome  -77.880222 158.458222 2365 0-1.1 11 2007-2002 2006-2002 1.6
06-2 -77.781070 152.370500 2277 0-1.2(0-1.2) an 2007-2002 (2007-2002)  2006-2002 (2006-2002) 1(1)
06-3 -79.036200 149.680300 2241 0-2.1 an 2007-2000 2006-2000 12-13
06-4 -80.308770 144.691980 2199 0-1.6 8) 2007-1998 2006-2000 1.4
ITASE-07
07-1 -81.658000 136.084000 2450 0-1.7 ®) 2008-1998 2006-2000 2
07-2 -84.395070 140.630800 2645 0-1.7 ®) 2008-1998 2006-2000 1.5
07-3 -85.781889 145.719484 2817 0-2.1 ®) 2008-1995 2006-2000 1.8-23
07-4 -88.509530 178.530790 3090 0-2.6 (0-1.4) ®) 2008-1992 (2008-2000)  2006-2000 (2006-2000) 1.2-1.5(1.2)
07-5 -89.782080 171.431810 2808 0-2.2 (0-1.7) 8) 2008-1994 (2008-1998)  2006-2000 (2006-2000) 1.2-1.7(1.2)

Table 2.1. Information for each ice core used in this study. Accumulation = mean annual accumulation; Resolution = sampling
resolution; “values in brackets correspond to the firn sections used for ICP-SFMS analysis; ®values in brackets are estimates; “no ICP-
SFMS K analyses; 90 ICP-SFMS K or Li analyses; ‘the top 2.1m of this core were not collected, no IC cation analyses; no K values
are reported for the upper portion of this firn section, the 1995-1985 period was used to calculate the K mean value and standard
deviation.
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2.3 Methodology

All sample-processing personnel wore non-particulating Tyvek suits, clean plastic
gloves, and dust masks. The surface snow samples were collected wearing the same
protective gear and always >100 m upwind of the traverse vehicles. Samples were only
collected if the traverse vehicles could be determined not to have introduced any local
contamination. All the ITASE-02 and ITASE-03 surface snow samples for major ion,
stable isotope and trace element analysis were collected from the top 2 cm of a loosely
consolidated, fresh snowdrift and transferred into two new Whirl-Pak bags using a de-
ionized-ultra-pure-water (DI)-cleaned plastic scoop. The bags were immediately sealed
and stored at —20°C. The ITASE-06/07 surface snow samples for major ion and stable
isotope analysis were also collected using this method. However, the ITASE-06/07
surface snow samples for trace element analysis were collected directly into acid-cleaned
60 mL polypropylene Nalgene wide mouth jars and stored at -20°C. No apparent
difference in results was detected between the two analytical sampling plans.

The DI-cleaning process for vials and jars consists of a triple rinse in DI,
immediately followed by an overnight soak in DI, and finally another triple rinse in DI
before drying under a class-100 HEPA clean bench and capping. The DI-cleaning process
for sampling equipment is identical to the aforementioned DI-cleaning process for vials
with the addition of a thorough scrub with a 2% Citranox detergent solution beforehand
(Citranox was not used on the sample containers or vials). The aci cleaning process
consists of soaking in 10% trace metal grade HNOs for one week, triple-rinsed in DI,
then DI-soaked for one week, triple-rinsed in DI, and finally dried under a class-100

HEPA clean bench and capped.
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The bags containing surface snow samples were kept at —20°C. Each one was
opened under a class-100 HEPA clean bench located in our main freezer and the snow
was mounted on a plastic lathe (at this point the snow had sintered into a fairly solid
block). The outermost 2-3 cm of each snow block was removed using a DI-cleaned
ceramic blade. The sample was then handled using DI-cleaned plastic tongs and a further
2-3 cm was removed from each end. Each clean sample was split between two pre-
cleaned 60 mL polypropylene Nalgene wide mouth jars. The first 60 mL jar, for major
ion and stable isotope analysis, was DI-cleaned. The second 60 mL jar, for trace element
analysis, was acid cleaned. The two sets of jars were then transferred to our clean room
and allowed to melt overnight at room temperature. The major ion and stable isotope
samples were poured into their respective vials for analysis. The trace element samples
were each acidified to 1% with Optima double-distilled HNO; under a class-100 HEPA
clean bench, capped, shaken, left to digest for one week, and then poured into a set of
acid-cleaned polypropylene vials ready for analysis. Major ion, trace element, and stable
isotope lab procedures follow those in [Osterberg et al., 2006].

The majority of the firn sections were manually or electromechanically drilled,
the cores subsequently being subsampled for major ion analysis on a DI-cleaned plastic
core tray using a DI-cleaned plastic knife to cut the core into slices (several test cores
were drilled beforehand in order to clean the drill barrel). Each subsample of core was
placed inside a new Whirl-Pak plastic bag, sealed, and stored at -20°C. Prior to analysis,
the Whirl-Pak bags from each firn section were left to melt (upright in a clean lab)
overnight. The following morning, under a class-100 HEPA clean bench, they were

poured into DI-cleaned vials ready for major ion analysis. Firn section cores for trace
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element analysis were melted using the University of Maine continuous melter system
[Osterberg et al., 2006].

Firn sections that were not drilled were collected from snow pits excavated using
DI-cleaned plastic shovels and sampled using a DI-cleaned ultra-pure-nickel (Ni 270)
blade. Each firn section snow pit sample for trace element analysis was collected directly
into an acid-cleaned 60 mL polypropylene Nalgene wide mouth jar and treated in the
same manner as the ITASE-06/07 surface snow trace element samples (above). Each firn
section snow pit sample for major ion analysis was placed inside a new Whirl-Pak plastic

bag, sealed and treated as the firn section core samples (above).

2.3.1 Chemistry Quality Control

We ran a series of method blanks, these are a series of vials prepared and treated
in precisely the same way as the sample vials, the only difference being that they contain
DI water instead of a snow sample. The results from the method blanks define our
method detection limits, whereby the Method Detection Limit (MDL) for each element is
equal to three times the standard deviation of that element in a series of method blanks.
We used seven method blanks to calculate the MDL for our IC samples and eight for our
ICP-SFMS MDL (Table 2.2).

The mean surface snow concentrations for each traverse year are above the mean
blank concentrations and MDL for each IC ion and ICP-SFMS element (Table 2.2).
Additionally, the MDL and mean blank concentrations for each ICP-SFMS element are

similar to, and in most cases lower than, published values using similar methods and
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identical/comparable instruments [Barbante et al., 1999; Knusel et al., 2003; Krachler et
al., 2005; Osterberg et al., 2006]

The MDL, when expressed as a percentage of the mean surface snow sample
concentration for each traverse year, is below 10% for the majority of the ions/elements
(Table 2.2). For the ITASE-02 ions the MDL is 63%, 38%, and 20% of the mean
concentrations for Mg, Ca, and Na, respectively. For the ITASE-03 ions, the MDL is
33% and 17% of Ca and Mg and for ITASE-06/07 the MDL is 35%, 32%, and 25% of
Ca, K, and Mg ions, respectively (Table 2.2).

For the ITASE-02 elements the MDL is 61% and 59% of the Al and Fe; 47%,
34%, 33%, and 33% of the Co, Li, Cr, and As; and 18%, 18%, 16%, and 13% of the Ti,
U, V, and Cd, respectively. For the ITASE-03 elements the MDL is 44%, 43%, 40%, and
28% of the Co, Cr, Li, and Al; 23%, 15%, 13%, 12%, and 10% of the Fe, Ti, Cd, V, and
Ba, respectively. For ITASE-06/07 elements the MDL is 36% and 26% of the Li and Co;
13%, 11%, and 10% of the V, Al, and Fe, respectively. The MDL for the remaining

elements is <10% of the mean surface snow concentration (Table 2.2).

2.3.2 Flux vs. Concentration

Ideally, we would view these data as chemical flux. However, it would not be
accurate to correct these surface snow chemical concentration data for flux because we
do not know when the precipitation occurred, or its volume. As a flux correction
experiment we calculate accumulation rates along the traverse routes using a compilation

of net surface mass balance data from [Vaughan et al., 1999].
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Ton/Element Blank MDL ITASE-02 ITASE-02 ITASE-03 ITASE-03 ITASE-06/07 ITASE-06/07
min-max (mean) MDLC (%) min-max (mean) MDLC (%) min-max (mean) MDLC (%)
IC
Na (ug/L) 0.44 1.29 2.89-17.9 (6.38) 20 3.74 - 144 (25.7) 5 1.85-79.9 (13.6) 9
K (ng/L) <0.33 0.33 3.00 - 3.95 (3.47) 9 3.17-6.77 (3.77) 9 0.84 - 1.95 (1.02) 32
Mg (ng/L) 0.4 0.51 0.49 - 2.42 (0.80) 63 0.56 - 21.0 (3.03) 17 0.68 - 8.04 (2.02) 25
Ca (ng/L) 0.79 0.63 0.71 - 4.60 (1.69) 38 0.58 - 6.25 (1.92) 33 0.76 - 7.97 (1.81) 35
MS (ng/L) <0.43 0.43 3.02 -24.3 (10.3) 4 6.73 - 50.5 (17.4) 2 1.13-52.9 (12.4) 4
Cl (png/L) 2.68 1.78 8.25-40.4 (21.9) 8 27.5 - 381 (128) 1 11.1-185(72.8) 2
NO3 (ng/L)  <0.35 0.35 27.6 - 554 (185) <1 140 - 1869 (628) <1 68.4 - 896 (388) <1
SO4 (ng/L) <0.76 0.76 24.3-95.8 (54.7) 1 57.6 - 478 (143) 1 14.7 - 140 (68.7) 1
ICP-SFMS
Sr (ng/L) 0.23 0.23 0.67 - 33.0 (4.51) 5 1.55-98.1(18.4) 1 221-115(21.2) 1
Cd (ng/L) 0.12 0.040 0-2.90(0.32) 13 0.017 - 1.13 (0.31) 13 0.11-6.76 (0.88) 5
Cs (ng/L) 0.0059  0.0029 0-0.14 (0.043) 7 0.047 - 0.51 (0.17) 2 0.053 - 0.45 (0.21) 1
Ba (ng/L) 0.35 0.63 0-76.6 (10.1) 6 0.78 - 30.3 (6.12) 10 1.19-94.0 (14.9) 4
La (ng/L) 0.0055  0.0074 0.024 - 0.66 (0.18) 4 0.13 - 1.64 (0.53) 1 0.031 - 1.00 (0.38) 2
Ce (ng/L) 0.18 0.0095 0.030 - 1.41 (0.35) 3 0.23-4.19 (1.11) 1 0.21-9.58 (1.24) 1
Pr (ng/L) 0.0074  0.0036  0.0042 - 0.17 (0.045) 8 0.017 - 0.38 (0.13) 3 0.022 - 0.28 (0.12) 3
Pb (ng/L) 0.36 0.076 0.39 - 8.60 (3.05) 3 0.69 - 24.3 (5.66) 1 0.60 - 35.8 (7.00) 1
Bi (ng/L) 0.013 0.0060 0-1.14(0.17) 3 0.0021 - 0.86 (0.21) 3 0.0082 - 1.55 (0.15) 4
U (pg/L) 11.3 5.52 0-65.5(30.2) 18 16.9 - 245 (81.4) 7 48.7-700 (117) 5
As (ng/L) 0.35 0.18 0.092 - 2.08 (0.54) 33 0.39-8.15 (2.17) 8 0.71 - 6.69 (2.98) 6
Li (ng/L) 3.14 1.88 4.40 -9.75 (5.48) 34 2.26 - 6.93 (4.68) 40 0.68 - 10.3 (5.24) 36
Al (ng/L) 0.21 0.14 0.079 - 0.82 (0.23) 61 0.10 - 3.14 (0.51) 28 0.35-3.34(1.28) 11
S (ng/L) 113 0.27 3.37-20.0 (8.20) 3 5.71- 106 (26.4) 1 2.78 - 31.1 (14.0) 2
Ca (ng/L) 0.095 0.034 0.018 - 4.81 (0.47) 7 0-5.95(1.21) 3 0.055 - 48.6 (3.62) 1
Ti (ng/L) 3.81 2.65 1.11 - 87.0 (14.8) 18 3.68 -47.7 (17.8) 15 8.38 - 104 (32.8) 8
V (ng/L) 0.49 0.21 0.41-3.37(1.29) 16 0.63 - 4.85 (1.72) 12 0.16 - 3.40 (1.54) 13
Cr (ng/L) 0.72 0.90 0.028 - 11.5 (2.75) 33 0.033 - 6.68 (2.11) 43 1.13-298 (15.3) 6
Mn (ng/L) 0.45 1.25 2.15-20.7 (6.21) 20 2.67 -42.9 (15.8) 8 0.32-97.3(16.4) 8
Fe (ug/L) 0.12 0.077 0-0.65(0.13) 59 0.055 - 0.98 (0.33) 23 0.12-8.01 (0.78) 10
Co (ng/L) 0.17 0.19 0-3.03(041) 47 0.0055 - 2.06 (0.44) 44 0.051 - 11.5 (0.74) 26
Na (ng/L) 0.38 0.30 2.52-43.4(7.74) 4 0.97 - 108 (20.7) 1 3.21-94.3(17.0) 2
Mg (ug/L) 0.42 0.24 8.31-28.7(17.3) 1 3.27-32.4(13.1) 2 1.01 - 7.21 (2.70) 9
K (ng/L) 0.26 0.038 0.82 -7.61 (1.44) 3 0.33 -5.15(1.82) 2 0.39-3.92 (1.39) 3
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Table 2.2. Method blanks and detection limits. Average method blank concentration (blank), method detection limit (MDL),
minimum, maximum and mean sample concentration for each traverse year, and a MDL-mean concentration comparison (MDLC) for
each surface snow IC ion and ICP-SFMS element measured in this study. MDLC = method detection limit as an approximate
percentage of the mean ion or element concentration.



We use these accumulation values to apply a flux correction to the surface snow
major ion concentration data (Figure 2.2). Of all the major ion curves, the flux correction
only significantly affects the spatial trend of K in all traverse years, the reason being that
spatially, this ion has extremely low concentration variability. After the flux correction,
the resulting K curve looks almost identical to the accumulation curve (Figure 2.2). The
only other change of note occurs in the ITASE-02 SO4 and CI curves, with the rise from

02-3 to 02-7 being subdued.

B 021 022 023 024 026 SP 027 sp 031 032 033 034 035 036 ™ TDI06-106-2 063 064 07-1 072 073 074 07-6SP

< 100 1600 500 2400 12 1000

3 80 400 800 T
&, 40 200 800 40 00 B
o 20 400 100 200 £
a 0 0 0 0 0 0

~ 600 4000 2000 10000 1000 8000

3 3000 1600 8000 800 6000 T
g2 a0 2000 1290 6000 600 w000 5
= 200 800 4000 400 S
o 1000 400 2000 200 2000 £
=z 0 0 0 0 0 0

_ w0 600 400 2000 200 1200

3 300 1600 160 =
) 30 400 1200 120 800 E
= 0 200 a0 800 80 w B
S 10 100 400 £

0 0 0

60 . 40
30
40
4 20
20 2 10

40 25 100

N A @
33383
(nglcm?)

10 5

80

[}
4 30
40
20
20 2

Mg? (uglL) Ca®* (ugiL)

o 2 N
O=_aNWAOUMI=_2UINUNO=_2NWAOMO
N ow
88
oo
sa8

N A O®
oooo
coan N
OChONOINO N B OODXION B OO
=N Wb O
ooooo
(ng/cm?)

) el
El ¥ [\Mw ° g
=] ¥ g
g 10 . 4 £
0 0 o 0
—_ 20 300 160 800 80 500
3 16 120 600 60 400 T
[=] 200 £
s u 80 400 2 08
+ 100 =4
5 4 40 200 20 0 £
o 0 0 o ) 0
= 25 400 60 240 60 400
= 20 Enl
=S 15 300 40 160 40 30 E
= 10 200 200 %
2 5 100 20 80 20 w g
o [ T 0 o T [T T T -0 0 L B L B B o
0 500 1000 0 500 1000 1500 2000 0 500 1000 1500
DISTANGE (km)

Figure 2.2. Surface snow major ion concentration (red) and flux (blue) versus distance
for the ITASE-02 (left), ITASE-03 (middle) and ITASE-06/07 (right) traverses. Mean
annual accumulation (purple) is shown on the K+ plot for comparison. Vertical lines
indicate the locations of firn section collection sites along each traverse; B = Byrd; SP =
South Pole; TD = Taylor Dome. Large vertical shaded areas behind plots highlight
glaze/dune regions. Note that scales may vary between traverse years.
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The spatial trends of the remaining ions do not change significantly enough to
warrant using the flux correction, i.e. concentrations of sea-salt ions are already higher
near the coast in West Antarctica and concentrations of all ions still remain high in the
glaze/dune areas after the correction. So, for the remainder of this paper we will present

and discuss chemical concentrations without a flux correction.

2.3.3 Sample Time Periods

The ITASE-02 traverse departed Byrd Surface Camp on December 7, 2002 and
arrived at the South Pole on January 1, 2003. The first core of the ITASE-02 season was
drilled at Byrd Surface Camp on December 1, 2002 and the last core of the season on
January 4, 2003. The ITASE-03 traverse departed the South Pole on November 30, 2003,
passed AGO4 on December 13" and arrived at Taylor Dome on January 20, 2004. The
first core of the ITASE-03 season was drilled on December 6, 2003 and the last core of
the season on January 21, 2004. The first leg of the ITASE-06/07 traverse left Taylor
Dome on December 13, 2006 and finished in the Byrd Glacier Drainage on January 7,
2007. The first core of this season was drilled on November 23, 2006 and the last core of
the season on January 8, 2007. The second leg of the ITASE-06/07 traverse departed the
Byrd Glacier Drainage on November 17, 2007 and arrived at the South Pole on
December 24, 2007. The first core of the season was drilled on November 21, 2007 and
the last core was drilled on December 24, 2007.

Several of the firn cores are sub-annually dated based upon seasonal layers in the
major ion time series. We approximately date the remaining firn sections using a firn-

densification depth-age model. We estimate accumulation rates for the model based upon
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nearby sub-annually dated cores combined with a net surface mass balance model
[Vaughan et al., 1999]. We use three different time periods from which to calculate the
mean, and mean +/- 1 standard deviation concentrations in the firn sections: 2000-2006
for all the major ion data, 2000-2006 for the ITASE-06/07 ICPMS data, and 1955-1975
for the ITASE-02 and ITASE-03 ICPMS data. These time periods are chosen to best
cover the existing overlap of firn chemistry data from each respective traverse. Not all
firn sections wholly cover the chosen time periods, but all sections cover a minimum of at

least three full years of data (see Table 2.1 for detailed info).
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Figure 2.3. Surface snow 8180, mean annual accumulation, surface elevation, RAMP
microwave backscatter, MOA grain size and mean annual temperature (°C). Physical
parameters versus distance for the ITASE-02 (left), ITASE-03 (middle) and ITASE-
06/07 (right) traverses. Vertical lines indicate the locations of firn section collection sites
along each traverse; B = Byrd; SP = South Pole; TD = Taylor Dome. Large vertical
shaded areas behind plots highlight glaze/dune regions.
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To characterize environmental conditions we measure a set of physical parameters
in addition to the chemistry at each sampling site (Figure 2.3). The physical
measurements are: mean annual accumulation, calculated from the Vaughan et al. [1999]
compilation of net surface mass balance; surface elevation, measured in the field by our
on-board GPS system [Hamilton and Spikes, 2004]; mean annual temperature, calculated
from an Antarctic compilation map created using a combination of instrumental mean
annual temperatures and 10m downhole temperatures [Dixon, 2008]; RADARSAT-I
Antarctic Mapping Project (RAMP) microwave backscatter [Jezek et al., 2002; Jezek,
1999] and Moderate-resolution Imaging Spectroradiometer [Justice et al., 2002; Kaufman
et al., 1998] Mosaic of Antarctica (MOA) grain size measurements [Haran et al., 2005;
Scambos et al., 2007]. The RAMP measurements are extracted from the Antarctic
Imaging Campaign-I (AIC-I) dataset. RAMP backscatter values, in decibels, represent
the 1997 October mean normalized to an incidence angle of 27° (the center of the beam
used most often in the RAMP 1997 AIC-I). The MOA snow grain size data are the mean

optical grain size measurements, in microns, from November 5" to December 15, 2003.

2.4 Results and Discussion

2.4.1 Physical Parameters

Traditional pair-wise correlation between time series becomes difficult if three or
more series are compared. Geophysical data sets are typically multidimensional (i.e.
contain three or more related variables). A principal component analysis method called
Empirical Orthogonal Function Analysis (EOF) compares multiple variates

simultaneously and provides an organized description of the similarities and differences
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among them. EOF analysis is a mathematical decomposition of a data set in terms of
orthogonal basis functions (EOF modes) which are determined from the data. EOFs are
designed to capture temporal variance using as few modes as possible. We order the
EOFs such that the first mode (EOF 1) has the largest eigenvalue (percentage of the

variance explained), the second mode (EOF 2) has the next largest eigenvalue, and so on.

a)
ITASE-02 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6
77.2 13 6.5 1.4 1.3 0.7
3"0 91.3 0.8 2.2 4.7 -0.9 0.2
Accumulation 91.6 0.4 -3.5 -0.4 2.9 -1.1
Elevation 91.1 -0.9 2.3 3 2.7 0
Backscatter -27.5 71.7 -0.7 0 0 0
Grain Size 65.6 4.2 30.1 0 0 -0.1
Temperature 96 0.2 -0.1 0.1 0.9 2.7
b)
ITASE-03 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6
60.4 26.8 6.4 3.7 2.3 0.4
3"0 83.3 5.9 0 -1.4 9.4 0
Accumulation 79.8 -1.8 4.1 14.3 0 0
Elevation -89.2 -4.3 0.3 2.4 2.6 1.1
Backscatter -11.7 67.8 20.2 -0.2 -0.1 0
Grain Size -8.7 74.8 -12.9 3.5 0 0
Temperature 89.5 6.3 -0.8 -0.2 -1.9 1.4

<)
ITASE-06/07 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6

47.9 32.6 7.6 6.1 3.5 2.3

8"0 -56.7 -15.9 73 19.8 0.1 0.2

Accumulation -36.6 -43 6 9.5 3.7 1.2

Elevation 85.5 0 3.6 3.5 0.2 7.3
Backscatter -7 68.4 19.7 -2.3 -2.7 0
Grain Size -20.2 66.6 -0.6 1.5 11.1 0.1

Temperature -81.8 1.5 -8.2 0 -3.2 53

Table 2.3. EOF tables of physical traverse data. EOF tables of physical traverse data and
0180 as measured in the surface snow samples for a) ITASE-02, b) ITASE-03, and ¢)
ITASE-06/07. Accumulation = mean annual accumulation; Elevation = surface elevation;
Backscatter = RAMP microwave backscatter; Grain Size = MOA grain size; Temperature
= mean annual temperature.

Typically, the first few EOF modes capture the majority of the overall variability in the

data set and this is what makes EOF analysis such a useful tool for analyzing large,

multidimensional, statistically- related data sets.

25



We examined each set (ITASE-02, -03, and -06/07) of physical traverse data (as
described above) using EOF analysis (physical EOF). In each physical EOF we also
included the 5'0 as measured in the surface snow samples (Table 2.3a, b, c; Figure 2.4).
The first EOF in each case exhibits a strong association between §'°0, elevation and
mean annual temperature. In addition, physical EOF 1 of ITASE-02 reveals a strong
association between all parameters except backscatter (Table 2.3a). The association is in
the same direction for all parameters except elevation. The backscatter is loaded
primarily on physical EOF 2, the curve of which exhibits significant variability but no
strong trend (Figure 2.4). The physical EOF of ITASE-03 looks very similar to the
ITASE-02 physical EOF except that backscatter and grain size are both positively loaded
on physical EOF 2 (Table 2.3b). The curve of ITASE-03 physical EOF 2 shows quite
clearly how the backscatter and grain size increase towards the interior of East Antarctica
and are highest in the glaze/dune area between 03-2 and 03-6 (Figure 2.4).

The ITASE-06/07 physical EOF is very similar to the ITASE-03 physical EOF
except that 43% of the accumulation is inversely loaded onto physical EOF 2 along with
the majority of both backscatter and grain size (Table 2.3c). The curve of the ITASE-
06/07 physical EOF 2 (Figure 2.4) also indicates quite clearly how the backscatter and
grain size are highest between 06-4 and 07-3, which is the part of the traverse that
skirts/overlaps a large glaze/dune area. Although the ITASE-06/07 traverse is only shown
to pass through known glaze/dune areas between 06-4 and 07-2 (Figure 2.1), we think the
traverse route passes through several other glazed, non-dune areas based upon our field

observations.
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Figure 2.4. Physical EOF loading patterns versus distance for the ITASE-02 (left),
ITASE-03 (middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the
locations of firn section collection sites along each traverse; B = Byrd; SP = South Pole;
TD = Taylor Dome. Large vertical shaded areas behind plots highlight glaze/dune
regions.
2.4.2 Seasonality of the Samples

High seasonal Na' concentrations in Antarctic ice cores are considered to be a
deposition timing indicator of the turbulent winter-spring Antarctic atmosphere [Legrand
and Mayewski, 1997]. Relative to the seasonal variability of Na', which is represented in
Figure 5 by the mean +/- 1 standard deviation concentrations in the firn sections collected
along the traverse routes, the surface snow Na™ concentrations are low from Byrd to 03-1.

Between 03-2 and 03-6 the surface snow Na' concentrations range between mean and

high, relative to the seasonal variability. This is likely a consequence of sampling in
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glazed/dune areas. Beyond 03-6, The Na concentrations vary between mean and low
values up to Taylor Dome.

Surface snow Na™ concentrations along the ITASE-06/07 traverse remain low
relative to the seasonal variability from Taylor Dome to South Pole apart from three of
peaks (06-3, 06-4, and one between 07-2 and 07-3) exhibiting mean values and a short
section between 07-1 and 07-2 where concentrations are high (figure 2.5). However, all
of these higher Na’ concentrations occur in glazed or glaze/dune areas and are not
representative of mean summer concentrations.

Peaks in SO,” are observed to occur in the sunlit summer months as
photosynthetic organisms prosper in the surface ocean surrounding Antarctica [Legrand
and Mayewski, 1997]. Relative to the seasonal variability of SO,* concentrations in the
upper meters of firn, the surface snow SO4> concentrations start out slightly below mean
at Byrd, quickly increasing to high values, and then fluctuating between mean and high
values from 02-1 to South Pole to Taylor Dome (Figure 2.5). Several exceptionally high
values occur between 03-2 and 03-6, a huge East Antarctic glaze/dune area (Figure 2.1).
The high concentrations observed in the glaze/dune areas are most likely a result of
extremely low or slightly negative accumulation in combination with summer influx of
fresh SO,4* to the hiatus surface. Therefore, the surface samples from glaze/dune areas

likely represent concentrated values.
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Figure 2.5. Surface snow major ion concentration versus distance for the ITASE-02
(left), ITASE-03 (middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the
locations of firn section collection sites along each traverse; B = Byrd; SP = South Pole;
TD = Taylor Dome. The three (pink or green) dots in line with each firn collection site
indicate the mean (black outline) and +/- 1 standard deviation concentrations in that firn
section (if the lower dot is not visible its value is below zero). Large vertical shaded areas
behind plots highlight glaze/dune regions. Horizontal (blue) lines signify detection limits.
Note that scales may vary between traverse years.

Along the ITASE-06/07 traverse, surface snow concentrations of SO42' are around
the mean firn level between Taylor Dome and 06-3. In the glaze/dune areas between 06-3
and 07-3, surface snow concentrations of SO42' are low compared to mean firn values.

This is in contrast to the ITASE-03 glaze/dune samples which exhibit unusually high
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values. ITASE-06/07 surface snow SO,> concentrations return to mean/high values
between 07-4 and South Pole. The surface snow concentration differences between the
ITASE-03 and ITASE-06/07 glaze/dune areas may simply be a result of precipitation
differences between the traverse years and/or the fact that during the ITASE-03 traverse
we pass directly through the center of an extremely well-developed glaze/dune field and

during ITASE-06/07 we skirt the periphery of the aforementioned field.

2.4.3 Major Ions

All the major ions, with the exception of K and Ca®’, exhibit lower summer
surface snow concentrations in West Antarctica compared to East Antarctic non-
glaze/dune areas (Table 2.4). Non-glaze/dune surface snow Ca®" concentrations exhibit
similar concentrations across Antarctica. All major ion surface snow concentrations from
glaze/dune areas are above those from non-glaze/dune areas (Table 2.4). The sensitive
nature of the IC instrument calibration for K, which must be performed for each sample
run, results in background concentrations that can vary by as much as +/- 1 ppb between
runs. This variability, although considered negligible when analyzing relatively high
concentrations, becomes significant as the sample concentration approaches the detection
limit (as is such with K* collected on the Antarctic plateau). However, K™ analyses from a
single instrument run, such as ITASE-02 and ITASE-03, can be compared to each other
with relatively high confidence. The ITASE-06/07 K samples were run separately and
therefore must be interpreted separately. Despite this limitation, it is still clear that K"
concentrations in ITASE-06/07 glaze/dune areas are elevated relative to ITASE-06/07

non-glaze/dune regions.
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Surface Snow

min-max (mean) Na (ug/L) K (ug/L) Mg (ug/L) Ca (ug/L) MS (ug/L) Cl (ug/L) NO3 (ug/L) S04 (ug/L)

ITASE-02 289-17.9(638)  3.00-3.95(347) 049-2.42(0.80) 0.71-4.60 (1.69)  3.02-243 (10.3) 8.25-40.4 (21.9) 27.6-554 (185) 24.3-95.8 (54.7)

ITASE-03 (non-glaze/dune) ~ 3.64-59.2(13.6)  3.17-472(3.54)  0.56-5.35(1.36)  0.58-3.58 (1.60)  6.73-282(13.3) 27.5-307(90.7) 140 - 1869 (569) 57.6 - 194 (107)
ITASE-03 (glaze/dune) 10.1- 144 (37.3)  334-677(3.98)  1.06-21.0(4.64)  1.07-6.25(2.24)  8.04-50.5(21.4) 59.4-381 (164) 262-1330(685) 81.3-478(177)

ITASE-06/07 (non-glaze/dune)  1.85-36.3 (10.6)  0.91-1.03(0.97)  0.68-4.82(1.60)  0.76-6.09 (1.56)  1.13-52.9(12.3) 11.1-110(47.2) 68.4-673(358) 14.7- 140 (65.8)
ITASE-06/07 (glaze/dune)  5.06-79.9 (17.7)  0.84-1.95(1.07)  0.98-8.04(2.59)  0.98-7.97(2.16)  4.43-40.6(12.5) 37.8-185(108) 116-896(428) 34.6-119(72.8)

Firn Sections

(mean) Na (ug/L) K (ug/L) Mg (ug/L) Ca (ug/L) MS (ug/L) Cl (ug/L) NO3 (ug/L) SO4 (ug/l)
Byrd (2000-2003) 15.81 127 1.73 473 8.88 28.97 60.60 37.89
02-1 (2000-2003) 26.62 1.03 3.51 6.03 7.22 47.40 50.39 29.54
02-2 (2000-2003) 19.81 0.80 2.09 6.36 5.10 33.61 45.58 20.64
02-3 (2000-2003) 24.92 4.24 2.14 15.34 7.66 36.95 51.97 34.49
02-4 (2000-2003) 14.62 2.07 4.07 9.42 9.42 31.25 94.11 38.65
02-5 (2000-2003) 10.85 1.06 1.84 6.89 9.51 24.09 105.32 41.13

02-6/SP (2000-2003) 21.78 4.72 8.05 13.84 5.94 39.13 205.04 60.06
02-7 (2000-2003) 17.07 2.12 2.01 8.02 5.37 32.60 144.00 56.83
03-1 (2000-2004) 25.01 327 8.26 577 74.61 93.08 86.98

03-2/AGO4 (2000-2004) 22.37 2.08 2.79 3.44 7.99 137.08 30.28 97.37
03-3 (1955-1966) 6.88 52.23 19.37 160.97
03-4 (2000-2004) 42.44 2.32 5.59 3.20 4.69 100.03 76.19 112.78
03-5 (2000-2004) 38.59 417 5.46 5.64 89.41 286.70 140.26
03-6 (2000-2004) 67.05 2.59 7.71 5.92 156.52 219.63 125.71

06-1/TD (2002-2006) 15.55 429 1.88 5.80 38.54 61.17 76.88 47.56
06-2 (2001-2006) 28.41 2.19 4.13 3.18 22.32 77.20 61.10 62.89
06-3 (2000-2006) 30.36 2.55 4.02 10.26 85.96 82.37 49.72 132.43
06-4 (2000-2006) 34.24 227 3.85 10.80 67.70 83.07 35.90 121.51
07-1 (2000-2006) 44.73 2.14 7.01 6.93 46.69 87.28 7.95 207.14
07-2 (2000-2006) 40.34 1.95 5.83 772 4491 88.60 36.23 108.14
07-3 (2000-2006) 17.74 1.10 3.36 3.32 15.72 53.16 7.86 117.28
07-4 (2000-2006) 14.69 0.42 2.16 2.50 87.33 37.79 87.05 58.64
07-5 (2000-2006) 13.74 1.34 1.99 3.93 52.54 39.64 108.69 52.20

Table 2.4. Major ion concentrations for surface snow samples and firn sections.
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a)

ITASE-02 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6 EOF 7 EOF 8
497 18.5 8.5 7.5 5.7 3.2 2.7 1.7
3"%0 90.8 0.6 -1.1 0.0 0.2 -0.6 0.3 0.9
Accumulation 89.9 0.2 25 0.2 0.0 -0.3 -0.5 22
Elevation -83.3 -1.7 5.6 3.8 -0.1 0.0 0.0 33
Backscatter 2251 1.4 -8.8 12.7 44.6 22 4.6 0.5
Grain Size 61.2 -17 -17 0.1 1.4 24.5 7.0 1.8
Temperature 94.4 -0.3 -0.9 -0.5 0.0 0.1 0.0 0.5
Na (ug/L) 41.6 48.9 22 -12 0.5 0.0 -1.6 2.7
K (ug/L) -17.1 29.7 274 -0.6 4.1 -8.5 11.1 14
Mg (ug/L) 43.6 38.5 7.0 -1.1 1.8 -0.3 3.9 22
Ca (ug/L) 16.5 0.2 53.8 5.5 13.7 -1.9 7.2 1.0
Cl (ug/L) -20.8 429 14 -28.0 0.3 23 0.1 1.6
NO3 (ug/L) -78.3 4.8 0.8 7.5 0.2 0.7 0.1 42
SO4 (ug/L) 253 46.2 3.4 9.2 5.7 32 0.6 0.0
MS (ug/L) 8.4 415 2.8 33.9 -7 0.0 0.1 1.4
b)
ITASE-03 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6 EOF 7 EOF 8
42.59 25.70 9.06 7.62 4.64 3.23 2.15 1.56
5"%0 -5.13 82.44 0.01 2.79 -0.24 -1.21 247 0.40
Accumulation -27.99 54.78 -1.19 -0.20 -0.06 -2.86 6.42 0.00
Elevation 2.92 -89.94 0.20 -0.43 -1.69 -0.94 0.01 -0.07
Backscatter 30.77 -091 -0.05 50.05 -9.24 0.21 7.49 0.59
Grain Size 48.76 -0.06 -10.54 27.16 1.18 -2.63 -4.85 -1.23
Temperature 225 91.89 -1.02 0.64 1.45 0.20 0.01 -0.20
Na (ug/L) 87.74 3.05 0.26 -3.18 -2.76 -0.01 -0.01 -0.04
K (ug/L) 75.55 4.11 -0.11 2.84 -0.02 0.43 -0.38 15.09
Mg (ug/L) 76.64 6.61 0.76 451 -6.82 0.01 -0.25 -1.34
Ca (ug/L) 58.32 12.08 9.08 -6.59 -1.03 237 2.70 -1.46
Cl (ug/L) 56.97 3.38 2.54 0.80 11.49 22.03 0.48 -0.89
NO3 (ug/L) 9.03 -0.33 66.86 4.44 10.97 -7.15 -0.02 0.26
SO4 (ug/L) 79.52 3.69 -5.96 -0.45 -0.07 -1.25 -0.93 -0.22
MS (ug/L) 34.67 -6.46 -28.29 -2.56 17.90 -3.88 4.02 0.10
©)
ITASE-06/07 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6 EOF 7 EOF 8
30.3 24.9 13.1 8.7 5.7 49 3.9 24
30 -30.2 -52.0 42 0.2 1.1 0.0 1.6 1.0
Accumulation -17.5 335 2.0 29.4 3.0 -0.8 6.2 0.1
Elevation -04 87.2 13 -0.4 -0.7 0.9 1.5 0.1
Backscatter 34.0 -8.2 42 247 0.7 5.0 14.1 4.4
Grain Size 40.5 -19.2 6.5 -19.8 0.0 -1.6 0.5 44
Temperature 0.6 -77.6 -1.1 -2.0 1.5 -6.6 -0.2 1.4
Na (ug/L) 66.3 0.0 -17.5 6.5 24 2.7 0.0 -12
K (ug/L) 39.7 35.9 0.5 0.0 0.1 25 0.0 13.4
Mg (ug/L) 73.6 -0.4 -152 2.5 -1.9 -1.5 0.0 -0.4
Ca (ug/L) 17.0 -16.0 7.1 6.2 244 23.5 -1.4 29
Cl (ug/L) 63.5 76 10.3 1.7 0.3 23 2.9 2.7
NO3 (ug/L) 5.0 -0.3 66.1 7.7 7.3 0.2 5.7 -0.9
SO4 (ug/L) 33.6 0.5 -0.3 17.3 27.5 5.4 11.7 0.5
MS (ug/L) 2.0 -10.6 475 3.7 8.8 15.9 8.1 0.1

Table 2.5. EOF tables of physical traverse data, 5'*0 and major ions. Measured in the
surface snow samples for a) ITASE-02, b) ITASE-03, and c) ITASE-06/07.
Accumulation = mean annual accumulation; Elevation = surface elevation; Backscatter =
RAMP microwave backscatter; Grain Size = MOA grain size; Temperature = mean
annual temperature.
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2.4.3.1 Major Ion EOF

To assess spatial associations between the major ions and the physical
environment for each traverse we ran an EOF (ion EOF) with the following parameters
for each traverse: 8'°0, accumulation, elevation, backscatter, grain size, mean annual
temperature, Na', K, Mg2+, Ca®’, CI', NO;y, SO42', and MS'.

The chemistry in Antarctic snow arrives in a variety of forms (e.g. aerosols,
particles, and gases) and each of these arrives via an atmospheric transport pathway. For
example, NO3™ and CI” both have stratospheric sources and therefore travel though the
stratosphere. But Cl also has an oceanic source and therefore also travels through the
planetary boundary layer and free troposphere. For ease of discussion, from this point
onward we will refer to the stratospheric pathway as upper-atmosphere and the planetary
boundary layer and free tropospheric pathways as lower-atmosphere.

The first ion EOF for ITASE-02 (Table 2.5a) essentially captures the first ITASE-
02 physical EOF (Table 2.3a) along with ~40% each of Na" and Mg*" and more than
78% of NOs". The ITASE-02 physical EOF 1 data show that as elevation increases, so
does NOs", and at the same time the sea salt ions (Na" and Mg%) decrease (Figure 2.6).
The decrease of the sea salt ions is to be expected because distance from the coast is also
increasing and the increase in the NOs™ is expected because it has an upper-atmospheric
source. Previous studies by Kreutz and Mayewski [1999] and Bertler et al. [2005] show a
similar relationship between elevation, accumulation, NOs’, Na', and Mg2+.

The ITASE-02 ion EOF 2 captures the second mode of behavior in the sea salt
ions (Na" = 49%, K" = 30%, Mg*" = 39%, CI = 43%, SO4> = 46% and MS = 42%; Table

2.5a). The structure of the second mode shows values higher between Byrd and 02-2,
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dipping between 02-2 and 02-5, then rising again and remaining high from 02-5 to 02-7
(Figure 2.6). However, the individual ion concentrations do not all exhibit such a
pronounced double-peak structure (Figure 2.5). SO4> and CI” display the double-peak the
strongest, confirming that their dominant sources are different in East and West
Antarctica, upper-atmospheric and lower-tropospheric marine, respectively [Legrand and
Mayewski, 1997]. K exhibits a slightly pronounced, although weak, second peak
(slightly stronger upper atmospheric source) and Na, Mg®" and MS all have a much
stronger first peak (stronger marine source). Major ion spatial variability maps in Bertler
et al. [2005] exhibit a similar spatial pattern, with the multiple-source signature being
more pronounced in the SO,*” and CI” pattern than in Na” and Mg*".

The third ITASE-02 ion EOF (Table 2.5a) captures 54% of the Ca’" behavior,
revealing that the greatest variability and the largest peaks occur in West Antarctica
(Figure 2.6). This highlights the slightly variable nature of Ca®" deposition and input
timing and emphasizes its dominant lower-tropospheric transport pathway [Dixon et al.,
in press].

The first EOF for ITASE-03 major ions captures the majority of the chemistry
signal (Table 2.5b), including a significant percentage of all the ions except NO;. A
significant percentage of accumulation (28%), grain size (49%) and backscatter (31%)
are also included in this first ITASE-03 ion EOF. The weak accumulation association in
this EOF serves as additional proof that a chemistry-flux correction in this area is not
justified. The EOF structure exhibits a steady rise from South Pole to 03-2, the rate of rise
then increases along with the magnitude of the variability from 03-2 to 03-6. A sudden

drop around 03-6 leads into a steady decline all the way to Taylor Dome (Figure 2.6).
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This pattern suggests a strong positive association between concentration and grain size
for all ions except NOj in this area of East Antarctica and also highlights the effect of

glaze/dune areas on chemistry.
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Figure 2.6. Ion EOF loading patterns versus distance for the ITASE-02 (left), ITASE-03
(middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the locations of firn
section collection sites along each traverse; B = Byrd; SP = South Pole; TD = Taylor
Dome. Large vertical shaded areas behind plots highlight glaze/dune regions.

The second ITASE-03 ion EOF (Table 2.5b) is essentially the same as the first
ITASE-03 physical EOF (Table 2.3b). The third ITASE-03 ion EOF (Table 2.5b)

captures the majority (67%) of the NOs', the structure of which exhibits two large peaks
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close to South Pole followed by increased variability in the glaze/dune areas without a
strong concentration trend (Figure 2.6). This EOF again highlights the strong upper-
atmospheric NOj;™ source resulting in high concentrations all over East Antarctica. It also
draws attention to the increased concentrations near the South Pole which may be a result
of station-associated anthropogenic activity.

The fourth ITASE-03 ion EOF (Table 2.5b) captures the remainder of the
backscatter and grain size operating together. The pattern of this ion EOF shows both
parameters increasing in the East Antarctic glaze/dune areas (Figure 2.6), meaning that
some fraction of the physical variability (mainly backscatter) in the glaze/dune areas is
not reflected at all in the chemical concentrations.

Overall, the ITASE-06/07 ion EOF is similar to the ITASE-03 ion EOF, but with
a few subtle differences. The First ITASE-06/07 ion EOF (Table 2.5¢) captures a strong
sea salt ion signal (Na" = 66%, K" = 40%, Mg*" = 74%, CI' = 64% and SO4* = 34%) in
combination with 41% of grain size, 34% of backscatter, and 30% of the 880 which is
the only negatively associated variate in this EOF. The ITASE-06/07 ion EOF 1 (Figure
2.6) structure shows a steady rise from Taylor Dome, peaking between 07-1 and 07-2,
followed by a steady decline all the way to South Pole. The peak between 07-1 and 07-2
coincides with the glaze/dune overlap area, so we can again conclude that the widespread
hiatus surfaces in this area of East Antarctica act to increase concentrations in the
majority of the major ions and at the same time slightly increase '*O fractionation.

The second ITASE-06/07 ion EOF (Table 2.5¢) is essentially the same as the first
ITASE-06/07 physical EOF (Table 2.3c) but it also includes 36% of the K, suggesting

that as elevation increases, so does K™ (Figure 2.6). This association with K" may be a
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by-product of the missing K" data (Figure 2.5). However, as the ITASE-02 ion EOF 2
(Table 2.5a) suggests, in the absence of a marine source (as is common during summer
months on the plateau) K seems to have a preferential source/transport pathway through
the upper-atmosphere, most likely as long-traveled fine-grained terrestrial dust particles.
The third ITASE-06/07 ion EOF (Table 2.5c) captures the majority (66%) of the
NO;s™ operating inversely with the majority (48%) of the MS, the structure of which
exhibits significant variability between 06-4 and 07-3 (Figure 2.6), most likely related to
the glaze/dune area. The inverse association between these two ions reflects the separate
source for each, NO; has an upper-atmospheric source and MS has a mid- to lower-

tropospheric marine source.

2.4.4 Trace Elements

The majority of the mean surface snow trace element concentration data are at, or
below, the multi-year mean values calculated from the firn sections (Figure 2.7, 2.8, &
2.9). This suggests that the surface snow concentrations presented here are a conservative
estimate of Antarctic values for the majority of the trace elements. Four of the elements
(Cs, S, Mg, and K) have no previously published data to compare with (Table 2.6), this is
because S, Mg, and K are typically measured in their soluble forms by IC and are not
often measured in their total form by ICP-SFMS analysis. Previous studies of Cs measure
only one isotope, 3cs [Pourchet et al., 1997; Sbrignadello et al., 1994], not total Cs.
The measurements of total Cs in this study may be the first analyses of this element

conducted over extensive regions of Antarctica.
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Figure 2.7. Surface snow trace element concentration versus distance for the ITASE-02
(left), ITASE-03 (middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the
locations of firn section collection sites along each traverse; B = Byrd; SP = South Pole;
TD = Taylor Dome. The three (pink or green) dots in line with each firn collection site
indicate the mean (black outline) and +/- 1 standard deviation concentrations in that firn
section (if the lower dot is not visible its value is below zero). Large vertical shaded areas
behind plots highlight glaze/dune regions. Horizontal (blue) lines signify detection limits.
Note that scales may vary between traverse years.
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Figure 2.8. Surface snow trace element concentration versus distance for the ITASE-02
(left), ITASE-03 (middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the
locations of firn section collection sites along each traverse; B = Byrd; SP = South Pole;
TD = Taylor Dome. The three (pink or green) dots in line with each firn collection site
indicate the mean (black outline) and +/- 1 standard deviation concentrations in that firn
section (if the lower dot is not visible its value is below zero). Large vertical shaded areas
behind plots highlight glaze/dune regions. Horizontal (blue) lines signify detection limits.
Note that scales may vary between traverse years.
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Figure 2.9. Surface snow trace element concentration versus distance for the ITASE-02
(left), ITASE-03 (middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the
locations of firn section collection sites along each traverse; B = Byrd; SP = South Pole;
TD = Taylor Dome. The three (pink or green) dots in line with each firn collection site
indicate the mean (black outline) and +/- 1 standard deviation concentrations in that firn
section (if the lower dot is not visible its value is below zero). Large vertical shaded areas
behind plots highlight glaze/dune regions. Horizontal (blue) lines signify detection limits.
Note that scales may vary between traverse years.

The mean non-glaze/dune surface snow concentrations for each element for each
traverse year reveals that the majority (Sr, Ba, La, Ce, Pr, Pb, As, Li, Al, Ca, Ti, Mn, Fe,
Co, and Na) are in the region of, or below, concentrations measured in previous studies

(Table 2.6). Cd, Bi, U, V and Cr exhibit non-glaze/dune concentrations between two and
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five times higher than previous studies in one or more traverse years (Table 2.6). The
elevated ITASE-06/07 values are likely a consequence of the traverse’s proximity to the
Transantarctic Mountains (Figure 2.1). The ITASE-06/07 samples likely contain a greater
proportion of dust than the ITASE-02 and ITASE-03 samples as evidenced by higher
concentrations of the dust ‘signature’ elements Cs, U, Al, Ca, Ti, and Fe (Table 2.6).
There are likely two factors responsible for the elevated ITASE-03 values, first is the
extensive glazed (low-accumulation/hiatus) non-dune areas occurring throughout the East
Antarctic Plateau and second is the large station-associated concentration peak between
South Pole and 03-1 that drives up the non-glaze/dune values considerably (Figure 2.7,
2.8, & 2.9). Bi is unusual because it is the only element in our surface snow samples to
exhibit elevated values, relative to previous studies, in all traverse years (Table 2.6). The
most likely reason for this is that all of our surface snow samples were collected on the
East and West Antarctic Plateaus. The previous studies, to which we are comparing our
samples, are all coastally-located sites. In Antarctica, the primary source of Bi during
interglacial periods is volcanic emissions [Gabrielli et al., 2005; Hinkley et al., 1999;
Marteel et al., 2008; Vallelonga et al., 2003; Zreda-Gostynska et al., 1997] which are
transported primarily through the upper-atmosphere. Chemical species transported via the
upper atmosphere, such as Bi, should exhibit higher concentrations at high-elevation
inland locations, such as the Antarctic Plateau.

The majority of the firn section trace element concentrations (Sr, Ba, La, Ce, Pr,
Pb, As, Li, Al, Ca, Ti, Fe, and Na) are comparable to, or below, values from previous
studies (Table 2.6). The 03-3 firn section repeatedly exhibits high trace element

concentrations, relative to other firn sections and values from previous studies. This is
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expected because it is located in a large glaze/dune area on the East Antarctic plateau
(Figure 2.1). The remaining firn sections exhibit raised concentrations, relative to
previous studies, for several elements (Cd, Bi, U, V, Cr, Mn, and Co). This is likely due
to the same reasons, explained above, as the surface snow samples: proximity to the
Transantarctic Mountains, location in glazed non-dune areas, station-associated
anthropogenic impacts, and/or their interior-plateau positions relative to the coastal

locations of most previous studies.

2.4.4.1 East vs. West Antarctic Trace Element Concentrations

To compare East- versus West-Antarctic trace element input timing differences
we use the mean ITASE-03 non-glaze/dune and ITASE-02 surface snow samples to
represent average summer concentrations. We also use the 03-1 (1955-1975) and 02-1
(1966-1975) firn sections to represent the non-glaze/dune multi-year concentrations.
Section 02-5 is located on the East Antarctic side of the Transantarctic Mountains (and
hence is not representative of West Antarctica). The South Pole firn section is located in
close vicinity to a large active station (Amundsen-Scott South Pole Station) with aircraft
passing through on a regular basis. Firn section 03-3 represents a well developed
glaze/dune area on the East Antarctic Plateau and sections 06-2, 07-4, and 07-5 cover a
more recent time period (~2001-2006) than the ITASE-02 and ITASE-03 firn sections.

Sr and Na, both elements that we know to be primarily marine-source, exhibit
higher firn section (multi-year) concentrations in West Antarctica (lower-atmospheric)

than East Antarctica (Table 2.6).

42



Surface Snow

min-max (mean) Sr (ng/L) Cd (ng/L) Cs (ng/L) Ba (ng/L) La (ng/L) Ce (ng/L) Pr (ng/L) Pb (ng/L) Bi (ng/L) U (pg/L) As (ng/L) Li (ng/L)
ITASE-02 0.67 - 33.0 0-2.90 0-0.14 0-76.6 0.024-0.66 0.030-1.41  0.0042-0.17  0.39-8.60 0-1.14 0-655 0.092-2.08 4.40-9.75
(4.51) (0.32) (0.043) (10.1) (0.18) (0.35) (0.045) (3.05) (0.17) (30.2) (0.54) (5.48)

ITASE-03 (non-glaze/dun) 1.55-37.0 0.017-1.13 0.058-0.51 0.78-20.2  0.18-1.64 0.27-4.19 0.017-0.38 0.69-243 0.0021-0.86 16.9-2448 0.39-8.15 2.26-6.93

(10.6) (0.27) (0.16) (5.67) (0.51) (1.07) (0.12) (5.24) (0.20) (75.4) (1.78) (4.38)
ITASE.03 (glaze/dune) 422-98.1 0086-1.05 0047-042 1.00-303 0.13-1.16 023-2.69  0.028-030 2.54-17.0 0.016-0.61 19.5-233 0.64-8.03 3.61-690
0> (glazeidune (26.0) (0.35) (0.18) (6.56) (0.54) (1.15) (0.14) (6.07) (0.22) (87.2) (2.55) (4.96)

ITASE-06/07 (non-glaze/dunc) 221-115 0.11-552 0.053-041 1.19-392 0.031-0.98  0.21-9.58 0.021-0.28  0.60-358 0.0082-1.55 487-701 0.71-6.69 1.89-937

(21.0) 0.71) (0.20) (11.4) 0.31) (1.18) (0.10) (6.24) (0.14) (109) (3.08) (5.05)
ITASE-06/07 (glaze/dunc) 544-609 0.19-6.76 0.098-0.45 6.45-94.0 0.21 - 1.00 0.64 - 2.60 0.072-0.28 2.09-19.8 0.024-1.17 73.8-197 1.33-6.54 0.68-10.3
(21.4) (1.12) (0.23) (19.6) (0.47) (1.33) (0.15) (7.94) 0.17) (129) (2.85) (5.50)
Firn Sections
(mean) Sr (ng/L) Cd (ng/L) Cs (ng/L) Ba (ng/L) La (ng/L) Ce (ng/L) Pr (ng/L) Pb (ng/L) Bi (ng/L) U (pg/L) As (ng/L) Li (ng/L)
02-1(1966-1975) 30.78 5.50 0.10 6.52 0.25 0.46 0.06 4.50 0.06 153.17 2.01 1.47
02-5 (1967-1975) 13.46 0.75 0.16 7.25 0.30 0.60 0.08 227 0.06 168.01 1.49
02-6/SP (1955-1975) 8.88 4.07 0.23 18.76 0.23 0.49 0.06 12.07 2.71 69.48 3.48 9.86
03-1(1955-1975) 16.73 1.88 0.18 18.19 0.51 1.15 0.14 20.93 0.59 94.26 3.25
03-3 (1955-1966) (glaze/dune) 46.61 4.03 0.59 27.44 2.53 4.43 0.69 24.99 0.85 119.01 10.83 5.02
06-2 (2002-2006) 19.59 0.69 0.24 6.36 0.80 1.85 0.20 6.06 0.26 136.75 1.97 2.44
07-4 (2000-2006) 8.46 0.67 0.13 534 0.22 0.51 0.06 1.51 0.16 62.40 1.92 1.82
07-5 (2000-2006) 10.93 0.83 0.26 5.12 0.41 0.88 0.11 3.28 0.14 49.64 4.61 1.05
Previous Studies
(mean) Sr (ng/L) Cd (ng/L) Cs (ng/L) Ba (ng/L) La (ng/L) Ce (ng/L) Pr (ng/L) Pb (ng/L) Bi (ng/L) U (pg/L) As (ng/L) Li (ng/L)
Lambert Basin 1998-2002 [Hur et al., 2007] 0.21 2.40 4.00 0.03 29.00 10.00
Law Dome 1956-77 [Vallelonga et al., 2004] 82.68 0.28 2.64 1.84 0.05 26.83
Coats Land 1958-1975 [Planchon et al., 2002] 0.20 3.13 3.73 0.06 37.14
Collins Ice Cap, King George Island Jul-Dec 2000 [Hong et al., 2002] 0.10 3.48
Dolleman Island 1984-5 [Suttie and Wolff, 1992] 0.08 4.00
D55 Adelie Land 1940-80 [Gorlach and Boutron, 1992] 0.30 4.80
Coats Land 1923-86 [Wolff et al., 1999] 0.10
S. Palmer Land Feb 1980 Surface Snow [Wolff and Peel, 1985] 0.26 6.30
Hercules Neve, Victoria Land 1986-1994 [Van de Velde et al., 2005] 10.87 6.96
Styx Glacier, Victoria Land 1954-1975 [Van de Velde et al., 2005] 23.27 4.66
Coats Land 1923-1986 [Wolff and Suttie, 1994] 4.00
Styx Glacier, Victoria Land 1965-1975 [Barbante et al., 1997] 4.10
Adelie Land Jan 1983 Surface Snow [Boutron and Patterson, 1987] 5.43
South Pole Jan 1984 Surface Snow [Boutron and Patterson, 1987] 6.30
25cm-depth snow pits across Antarctica 1990 [Xiao et al., 2000] 13.68
Dome-C Holocene Average [Siggaard-Andersen et al., 2007] 7.00
Dome-C Holocene Average [Gabrielli et al., 2010] 0.39 0.91 0.09
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Surface Snow

min-max (mean) Al (ug/L) S (ng/L) Ca (png/L) Ti (ng/L) V (ng/L) Cr (ng/L) Mn (ng/L) Fe (ng/L) Co (ng/L) Na (ug/L) Mg (pg/L) K (ng/L)
ITASE-02 0.079-0.82 3.37-200 0.018-481 1.11-87.0 041-3.37 0.028-11.5 2.15-20.7 0-0.65 0-3.03 2.52-434 831-28.7 0.82-7.61
(0.23) (8.20) (0.47) (14.8) (1.29) (2.75) (6.21) (0.13) (0.41) (7.74) (17.3) (1.44)
ITASE-03 (non-glaze/dunc) 0.10-1.73  571-428 0-2.85 5.75-338 0.63-3.85 0.033-5.55 2.67-429  0.055-0.98 0.0055-2.06 3.55-40.6 4.19-22.5 0.33-3.40
(0.43) (16.7) (0.82) (16.0) (1.72) (1.72) (13.9) (0.28) (0.34) (11.5) (11.1) (1.58)
ITASE-03 (glaze/dune) 0.14-3.14 9.54-106 0.075-595 3.68-47.7  0.66-4.85 0.27 - 6.68 5.70-40.0  0.089-0.93 0.066-1.87 097-108 3.27-324 0.34-5.15
(0.58) (35.8) (1.58) (19.5) (1.72) (2.48) (17.5) (0.38) (0.54) (29.5) (15.1) (2.05)
ITASE-06/07 (non-glaze/dunc) 035-334 278-31.1 0.16-486 838-903 0.16-3.40 1.13-558 0.32-413 0.12-1.94  0.051-451 3.42-943 1.01-492 0.39-3.92
(1.29) (13.5) (4.46) (27.9) (1.32) (5.36) (13.3) (0.54) (0.55) (15.9) (2.40) (1.28)
ITASE-06/07 (glaze/dunc) 0.60-2.13 586-23.0 0.055-13.0 18.7-104  0.69-2.98 2.13-298 4.75-973 0.28 - 8.01 0.15-11.5 321-69.8 1.22-721 0.52-3.73
(1.27) (14.6) (2.47) (39.6) (1.83) (28.9) (20.8) (1.11) (1.01) (18.6) (3.10) (1.55)
Firn Sections
(mean) Al (ug/L) S (ng/L) Ca (png/L) Ti (ng/L) V (ng/L) Cr (ng/L) Mn (ng/L) Fe (ng/L) Co (ng/L) Na (ug/L) Mg (pg/L) K(pg/h)
02-1 (1966-1975) 1.68 10.17 3.43 31.85 1.01 2.80 28.86 0.49 1.48 41.60 6.42
02-5 (1967-1975) 0.90 17.32 2.46 17.55 1.75 2.81 19.52 0.37 2.48 18.01 1.80
02-6/SP (1955-1975) 2.07 6.60 2.29 2233 1.90 11.87 25.33 0.90 22.55 6.60 6.48 1.29
03-1 (1955-1975) 8.62 25.93 0.95 35.10 2.15 20.16 29.60 0.99 1.89 14.63 4.49
03-3 (1955-1966) (glaze/dune) 10.52 58.23 4.23 63.94 5.11 22.41 67.26 2.34 4.29 45.43 11.65 1.82
06-2 (2002-2006) 1.25 18.38 3.38 66.31 1.82 7.37 15.95 0.86 1.07 19.03 2.76 1.05
07-4 (2000-2006) 0.53 9.48 0.90 42.83 1.84 8.44 7.09 0.42 0.71 8.05 1.58 0.76
07-5 (2000-2006) 2.61 12.71 2.53 59.73 1.67 9.17 12.41 0.89 0.84 10.72 2.77 0.59
Previous Studies
(mean) Al(ug/l) S (ug/l) Ca(ug)  Ti(ng/L) V (ng/L) Cr (ng/L) Mn (ng/L) Fe (ug/l) Co (ngL) Na(ugL) Mg(ugl) K(ug/L)
Lambert Basin 1998-2002 [Hur et al., 2007] 0.17 0.46 3.70 0.05
Law Dome 1956-77 [Vallelonga et al., 2004] 233 0.65 4.97 0.73 57.33
Coats Land 1958-1975 [Planchon et al., 2002] 0.52 0.63 1.91 10.37 0.41
Collins Ice Cap, King George Island Jul-Dec 2000 [Hong et al., 2002] 4.67
Dolleman Island 1984-5 [Suttie and Wolff, 1992] 1.00
D55 Adelie Land 1940-80 [Gorlach and Boutron, 1992]
Coats Land 1923-86 [Wolff et al., 1999] 1.70 60.00
S. Palmer Land Feb 1980 Surface Snow [Wolff and Peel, 1985] 0.70
Dome-C Holocene Average [Marino et al., 2004] 120.00 0.75
WALIS Divide Snow pit 1999-2005 [Koffinan et al., 2008] 1.84

Table 2.6 Continued. Trace element concentrations for surface snow samples, firn sections and from previous studies.
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The surface snow (summer) concentrations for these two elements are lower overall and
exhibit the opposite pattern with higher values in East Antarctica (upper-atmospheric).
Therefore, we can conclude that Na and Sr have a dominant lower-atmospheric transport
pathway and are primarily deposited outside of the summer season. If we apply a similar
rationale to the remaining elements we see that Cd, U, Ca, and Mg exhibit a similar
pattern to Sr and Na (Table 2.6). This is hardly surprising for Ca and Mg, both which
have a strong marine source, but is perhaps a little surprising for Cd, and U, both of
which have relatively low concentrations in ocean water (Table 2.7). Despite having
slightly higher multi-year East Antarctic concentrations, Cs and Mn are similar to Sr and
Na in that the most significant concentration increases occur in West Antarctica outside

of the summer season (Table 2.6).

Element Symbol Ocean Water Upper Crust
(ppb) (ppb)
Strontium Sr 7900 316000
Cadmium Cd 0.11 102
Caesium Cs 0.3 5800
Barium Ba 13 668000
Lanthanum La 0.0034 32300
Cerium Ce 0.0012 65700
Praseodymium Pr 0.00064 6300
Lead Pb 0.03 17000
Bismuth Bi 0.02 123
Uranium U 32 2500
Arsenic As 3.7 2000
Aluminium Al 2 77440000
Sulphur S 905000 953000
Calcium Ca 412000 29450000
Titanium Ti 1 3117000
Vanadium A% 2.5 53000
Chromium Cr 0.3 35000
Manganese Mn 0.2 527000
Iron Fe 2 30890000
Cobalt Co 0.02 11600
Lithium Li 180 22000
Sodium Na 10800000 25670000
Magnesium Mg 1290000 13510000
Potassium K 399000 28650000

Table 2.7. Average elemental abundances in the global ocean (Lide, 2005) and Earth’s
upper crust (Wedepohl, 1995).
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The rare-earth elements La, Ce, and Pr exhibit higher East Antarctic
concentrations in both their summer and multi-year samples. These three elements do not
show any significant seasonal change in concentration (Table 2.6). This suggests an
upper-atmospheric transport pathway but does not give us any clue as to their input
timing. Despite the lack of multi-year data, mean K concentrations are remarkably
consistent across East and West Antarctica (including glaze/dune areas) and do not show
any significant seasonal change in concentration (Table 2.6).

Pb, Al, S, and Fe are similar to the rare-earths in that they exhibit higher East
Antarctic concentrations in both the summer and multi-year samples. However, they are
different in that they have a strong seasonal input via the upper-atmosphere outside of the
summer season. Cr is also similar to this group of elements, except that it has slightly
higher West Antarctic concentrations in summer (Table 2.6).

As and Ti also exhibit higher East Antarctic concentrations in both the summer
and multi-year samples and exhibit a strong seasonal input outside of the summer season.
However, the seasonal input does not have a preferred atmospheric transport pathway,
displaying increases of a similar magnitude in both East and West Antarctica. Co also
behaves as As and Ti, but it displays slightly higher West Antarctic concentrations in
summer (Table 2.6).

The final group of elements (Ba, Bi and V) exhibit a summer input via the lower
atmosphere and a winter input via the upper atmosphere, with the latter input being by far
the stronger of the two. We know this because the relative summer to multi-year increase

is much greater for the East Antarctic sites.

46



a)

ITASE-02 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6 EOF 7 EOF 8
30.5 19.4 10.8 6.8 5.6 4.5 4.2 3.1
3”0 15.5 62.3 4.5 9.8 1.0 1.1 0.0 0.4
Accumulation 16.2 68.8 1.3 -4.4 0.9 0.5 -0.2 0.0
Elevation -284 -59.5 -0.4 34 -2.7 0.0 -0.5 0.0
Backscatter 1.3 -40.3 -3.8 -0.8 0.0 0.0 7.6 0.0
Grain Size 10.6 40.8 0.0 -19.8 0.9 -6.9 -1.1 -0.7
Temperature 13.6 72.6 0.6 -6.2 0.7 0.0 0.0 -0.8
Sr 434 4.0 279 2.8 9.8 -2.7 3.6 -2.5
Cd 14.4 6.5 -11.8 6.5 -8.3 39.1 -0.2 0.0
Cs 54.1 2213 4.8 -5.7 0.2 -4.2 -0.4 0.1
Ba 18.4 6.7 -31.3 153 -0.1 -4.8 -15.9 0.3
La 54.2 -30.4 3.8 =22 -1.0 0.0 -0.1 -1.8
Ce 54.1 -34.9 0.1 -3.7 0.3 0.0 -1.0 -0.9
Pr 432 -44.7 1.2 -4.5 0.3 0.0 -0.7 -0.7
Pb 57.1 0.0 -20.4 2.6 -0.7 0.4 -0.9 0.1
Bi 7.8 53 -27.1 0.5 1.8 -16.8 3.0 -11.8
U 56.9 -5.2 0.6 -0.8 -0.3 -0.8 1.9 0.6
As 40.0 -3.2 3.7 0.8 0.6 -3.6 16.6 15.9
Al 46.1 1.4 -6.2 0.1 0.3 2.4 -18.1 132
S 359 22 143 0.3 -13.3 12.0 -0.6 2.8
Ca 12.0 -3.0 35 43 -26.5 -13.0 -8.5 1.8
Ti 28.9 -13.8 -1.2 -10.7 5.1 4.5 =53 -4.6
\% 63.9 -0.2 -1.4 0.0 -1.2 6.6 11.0 1.2
Cr 6.9 2.8 -38.3 3.7 6.5 =23 18.5 7.5
Mn 41.5 -25.5 -6.1 -6.3 3.7 1.0 0.0 0.0
Fe 32.0 -0.1 -32.9 1.3 0.1 6.6 0.8 -4.5
Co 37.6 3.8 24 21.7 -5.5 -2.0 0.4 -14.5
Li 12.3 -1.6 17.3 15.9 442 0.3 -1.5 0.1
Na 32.3 8.4 38.8 10.9 -0.2 -0.2 3.7 -2.9
Mg 35.1 10.0 -0.3 0.0 0.5 0.0 -0.7 3.6
K 23 -1.1 17.2 384 30.2 1.8 -1.9 -0.2
b)
ITASE-03 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6 EOF 7 EOF 8
45.8 15.1 9.7 4.9 4.2 3.4 3.1 2.5
5"%0 -0.5 -80.1 52 0.0 -1.3 0.6 1.7 0.1
Accumulation -7.0 -71.9 -0.5 -1.8 -0.1 0.0 1.0 =22
Elevation -0.4 86.4 -2.8 22 0.9 -0.1 -0.2 0.0
Backscatter 12.6 6.3 254 9.3 5.6 15.1 -2.0 -0.6
Grain Size 7.0 58 50.4 57 -0.1 13.8 -2.0 2.6
Temperature 0.0 -85.4 6.7 2.8 -0.8 0.2 0.2 0.0
Sr 67.0 1.5 15.2 -7.9 1.0 -1.7 0.2 -0.1
Cd 57.7 1.4 0.0 -0.1 -8.1 0.4 13.8 0.0
Cs 78.3 -7.5 -6.0 0.3 0.5 0.0 -1.8 -0.2
Ba 39.9 -4.4 -1.6 8.4 23.0 -1.0 14.1 1.5
La 722 -6.5 -14.3 0.7 0.0 0.3 -3.0 -0.2
Ce 70.3 -5.0 -14.0 1.5 0.0 0.0 -4.4 0.0
Pr 74.0 -3.1 -15.9 0.7 0.0 0.5 -2.1 -0.1
Pb 67.6 0.6 -10.8 -0.7 -3.8 5.8 4.9 0.5
Bi 254 2.1 -12.6 0.0 0.1 253 6.2 -5.5
U 61.8 -7.4 0.0 -0.5 0.2 -0.6 -2.8 -1.1
As 68.3 0.1 0.0 -1.2 -5.9 59 4.2 4.1
Al 357 -4.5 0.9 14.7 27.9 -2.5 52 1.8
S 54.8 34 28.3 -5.5 0.0 0.1 0.0 0.0
Ca 76.8 -0.9 10.3 24 22 2.4 0.2 0.0
Ti 52.8 -0.2 -3.7 -0.1 4.5 -0.2 -4.8 -9.5
\% 37.6 0.1 -1.8 0.0 -2.8 -5.1 -1.5 30.4
Cr 7.0 43 7.0 242 -12.6 -13.9 9.0 -10.1
Mn 88.1 0.0 -5.7 0.2 -0.8 0.1 0.0 0.7
Fe 73.7 -6.8 32 2.9 -4.2 -0.6 -2.1 -0.2
Co 29.6 -2.4 7.9 26.6 -153 -0.5 -3.6 -0.2
Li 48.4 272 -12.3 -1.0 -0.7 -1.7 0.0 0.4
Na 61.7 2.1 22.1 -9.0 1.1 -0.3 0.0 -0.1
Mg 324 242 0.0 -8.9 -14 2.4 0.5 =34
K 66.2 0.2 6.0 -7.8 1.9 -0.3 -0.3 -0.9

Table 2.8. EOF tables of physical traverse data, 180 and trace elements. As measured
in the surface snow samples for a) ITASE-02 and b) ITASE-03. Accumulation = mean
annual accumulation; Elevation = surface elevation; Backscatter = RAMP microwave
backscatter; Grain Size = MOA grain size; Temperature = mean annual temperature.
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<)
ITASE-06/07 EOF 1 EOF 2 EOF 3 EOF 4 EOF 5 EOF 6 EOF 7 EOF 8

29.4 14.8 10.1 79 6.7 5.7 39 3.2

5"%0 0.0 50.0 17.1 0.1 5.0 8.0 -0.9 -0.8
Accumulation 2.1 28.9 20.4 -2.0 20.5 -3.1 -0.3 9.4
Elevation -259 -46.1 0.0 1.5 -6.7 -53 0.3 0.4
Backscatter 4.7 0.6 -29.7 -3.1 -7.0 27.0 0.8 -0.2
Grain Size 18.1 1.3 -21.8 -5.3 -1.1 332 2.7 0.3
Temperature 22.1 37.5 0.1 -2.7 4.9 14.6 0.0 0.8
Sr 31.5 -333 16.8 -0.3 0.0 22 0.0 -4.6

Cd 16.4 0.5 -3.5 50.0 8.6 -1.1 11.4 0.3

Cs 51.1 7.0 0.1 -8.4 -32 -3.5 1.9 0.0
Ba 29.9 0.7 -1.0 21.5 -8.7 3.4 0.0 -15.1

La 68.7 8.8 -1.4 0.4 -6.8 -4.4 -0.1 1.3

Ce 40.3 -9.3 15.5 4.1 -6.8 0.0 -4.7 2.4

Pr 67.1 9.0 -1.2 0.0 -10.2 -3.8 0.0 1.4

Pb 36.3 -4.5 14.2 17.4 0.5 1.5 0.6 5.1

Bi 13.6 0.0 -7.0 39.5 9.8 -53 10.1 -0.1

U 30.4 7.0 0.0 -0.5 -11.0 -1.0 -16.5 -0.2

As 33.7 259 9.3 -6.0 8.5 -2.4 2.0 -0.5

Al 36.8 3.7 5.4 -39 2.2 -10.1 0.1 -1.7

S 17.8 -3.1 -0.5 -18.1 -4.1 -14.1 3.9 5.2

Ca 13.0 -30.1 36.2 3.9 -2.5 5.6 2.5 -1.4

Ti 15.6 7.6 -12.9 8.5 -1.5 -1.0 -6.0 -2.4

\% 59.2 9.5 0.6 7.7 0.5 0.2 -0.3 1.8

Cr 14.1 15.7 35.9 0.0 22.8 0.0 5.3 -1.0
Mn 55.3 11.6 9.6 -0.1 11.8 0.6 5.8 -0.1
Fe 29.7 15.5 21.1 -1.8 11.9 -0.2 12.2 -0.1
Co 9.9 1.7 0.1 -0.1 -8.7 3.4 193 9.0

Li 18.7 0.2 4.0 0.0 2.9 8.6 0.1 303

Na 35.6 44.8 7.8 2.8 0.7 1.6 0.1 0.9
Mg 33.7 -10.3 -39 -26.8 1.4 -3.1 6.7 -0.3

K 49.1 -18.4 7.4 -1.8 3.8 1.7 3.7 0.0

Table 2.8 Continued. EOF tables of physical traverse data, 8180 and trace elements as
measured in the surface snow samples for ¢) ITASE-06/07. Accumulation = mean annual
accumulation; Elevation = surface elevation; Backscatter = RAMP microwave
backscatter; Grain Size = MOA grain size; Temperature = mean annual temperature.

Li also follows this pattern, at least for the lower-atmospheric site. Unfortunately, Li was

not included in the 03-1 analyses, so lack of East Antarctic Li data precludes observation

of the multi-year upper-atmospheric transport pathway (Table 2.6).

2.4.4.2 Trace Element EOF
To assess the spatial associations between the ICP-SFMS trace elements and the
physical environment for each traverse we ran trace EOFs with the following parameters:

8180, accumulation, elevation, backscatter, grain size, mean annual temperature, Sr, Cd,

Cs, Ba, La, Ce, Pr, Pb, Bi, U, As, Al, S, Ca, Ti, V, Cr, Mn, Fe, Co, Li, Na, Mg, and K.
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The first trace EOF for ITASE-02 captures a large proportion of the chemistry
signal (Table 2.8a), with the majority of the “dust” elements being strongly represented
along with a weak negative association with elevation. The spatial pattern of the ITASE-
02 trace EOF 1 (Figure 2.10) is similar to that of the ITASE-02 ion EOF 2 (Figure 2.6),

having a double-peak structure with values higher in West Antarctica (Byrd to 02-2).
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Figure 2.10. Trace EOF loading patterns versus distance for the ITASE-02 (left), ITASE-
03 (middle) and ITASE-06/07 (right) traverses. Vertical lines indicate the locations of
firn section collection sites along each traverse; B = Byrd; SP = South Pole; TD = Taylor
Dome. Large vertical shaded areas behind plots highlight glaze/dune regions.
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Values then dip between 02-2 and 02-4, peak again around 02-4 and 02-5, then level off
past South Pole and out to 02-7. This trace EOF shows that most of the elements exhibit a
summer minimum in concentration between 02-2 and 02-4 and suggests that multiple
transport pathways and/or sources exist for these elements.

The second ITASE-02 trace EOF (Table 2.8a) contains the majority of all the
physical parameters operating inversely with several of the dust elements (Cs, La, Ce, Pr,
Mn). The trace EOF 2 Structure is such that as the 5'*0, accumulation, grain size and
mean annual temperature go down towards East Antarctica, the elevation, backscatter,
Cs, La, Ce, Pr, and Mn all go up (Figure 2.10). The majority of this trace EOF signal is
dominated by the physical parameters. However, the EOF signal is punctuated a large
chemistry peak in the vicinity of 02-5 (Figure 2.7 & 2.9) that is likely caused by the
glaze/dune field in this area (Figure 2.1). The hiatus surfaces of the glaze/dune areas
saturate the chemistry at the surface causing higher concentrations in affected samples.

The third ITASE-02 trace EOF (Table 2.8a) contains several of the marine
elements (Sr, S, Li, Na, & K) behaving inversely to several of the heavy metals (Cd, Ba,
Pb, Bi, Cr, & Fe). The structure of EOF 3 shows the sea salt elements peaking in West
Antarctica in the vicinity of 02-1 (Figure 2.10) and declining slightly towards East
Antarctica highlighting the fact that these groups of elements have different spatial
distribution patterns, related to distance inland and elevation across this region of
Antarctica during the summer.

The ITASE-02 trace EOF 6 (Table 2.8a) captures 39% of the Cd. The spatial
pattern is dominated by a large peak in the vicinity of 02-1 and significant variability

without trend elsewhere (Figure 2.10). This trace EOF suggests that the majority of the
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Cd reaching this area of Antarctica is from a unique source, the origin of which will be
investigated later in this paper.

The first trace EOF for ITASE-03 captures the greater part of the signal for the
majority of the ICP-SFMS elements (Table 2.8b) and shows a distinct peak between
South Pole and 03-1 and increased variability in the Megadunes area (Figure 2.10). This
trace EOF emphasizes the considerable effect that the glaze/dune areas have on the
chemical concentrations in East Antarctica and at the same time draws attention to the
magnitude of the concentration increase between South Pole and 03-1 that cannot be
attributed to glaze/dune fields and is likely a result of station-associated anthropogenic
activity.

The second and third trace EOFs for ITASE-03 (Table 2.8b) capture patterns very
similar to the first and second physical EOFs of ITASE-03 (Table 2.3b). The ITASE-03
trace EOF 2 contains 27% of Li and 24% of Mg associated positively with 86% of the
elevation, highlighting only a weak association (Table 2.8b). ITASE-03 trace EOF 3
(Table 2.8b) contains 28% of S, 22% of Na, and a significantly weaker backscatter signal
relative to physical EOF 2 of ITASE-03 (25% versus 68%). Despite these differences, the
spatial EOF patterns are still similar (Figure 2.10 & 2.4). This shows that East Antarctic
glaze/dune areas significantly affect S and Na concentrations, increasing them
considerably between 03-3 and 03-6.

The remaining ITASE-03 trace EOFs (4, 5, 6, 7 and 8) primarily capture only one
or two elements (Table 2.8b) and in each case the structure shows increased variability

and/or large peaks in the glaze/dune areas without significant trend elsewhere (Figure
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2.10). This again highlights the significant effect that the glaze/dune areas have on the
chemical concentrations in East Antarctica.

Much like the ITASE-03 trace EOF 1, the first trace EOF for ITASE-06/07
captures a significant percentage of the signal for the majority of the ICP-SFMS elements
(Table 2.8c) associated inversely with 26% of the elevation suggesting that as elevation
increases, towards the South Pole away from the glaze/dune areas and mountains, the
concentration of several elements decreases slightly. The trace EOF structure also
indicates a higher degree of variability in the glaze/dune area between 06-4 and 07-2 and
exhibits distinct peaks around 06-3 and between 07-3 and 07-4 (Figure 2.10). This EOF
underscores the considerable chemical variability present in this area of Antarctica.
Chemical concentrations are complicated by multiple influencing factors such as
proximity to the Transantarctic Mountains, glaze/dune areas, glazed non-dune areas, and
anthropogenic activity in the vicinity of South Pole.

The second trace EOF for ITASE-06/07 (Table 2.8c) shows the elevation (46%),
Sr (33%), Ca (30%), and Na (45%) associated inversely to the 8'%0 (50%), accumulation
(29%), mean annual temperature (38%), and As (26%). The structure of ITASE-06/07
trace EOF 2 confirms that while 6180, accumulation, mean annual temperature, and As
decrease with increasing elevation, Sr, Ca, and Na increase slightly (Figure 2.10). This
trace EOF signal is dominated by the physical parameters. However, the signal is also
influenced by the marine species Sr, Ca and Na which exhibit considerable variability in
the glaze/dune areas and higher values near South Pole compared to Taylor Dome
(Figure 2.7, 2.8, & 2.9). The distribution of As is captured in this trace EOF as a

decreasing trend from Taylor Dome to South Pole (Figure 2.8). It is worth noting that the
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decreasing As trend seen in the surface snow concentrations is in contrast to the trend
exhibited by the multi-annual firn sections (Figure 2.8). This means that As is likely
dominated by different sources in summer compared to other times of year.

The remaining ITASE-06/07 trace EOFs (Table 2.8c) highlight the glaze/dune
areas and exhibit higher values and/or increased variability in their vicinity (Figure 2.10).
This again underscores the fact that glaze/dune areas exercise the dominant control on
chemistry in these areas of East Antarctica.

The results of the EOF analyses clearly emphasize the highly-variable nature of
the glaze/dune areas, not just with respect to the major ion and trace element
concentrations, but also with respect to the physical parameters, backscatter and grain
size. Examination of the traverse map (Figure 2.1) in conjunction with the physical
parameter profiles, chemical concentration profiles, and EOF analyses, leads us to
classify extensive areas of East Antarctica as ‘glaze/dune’. All samples starting from
midway between 03-1 and 03-2 to 03-6 and all samples between 06-4 and 07-3 (shaded
areas on concentration plots) are classified as glaze/dune. The chemistry samples in these
glaze/dune areas do not represent typical summer surface snow concentrations, but most
likely represent a mean, multi-annual value. Glazed, non-dune areas likely exist in the
vicinity of 02-5 and 06-3. These areas affect the concentrations of several of our chemical
species, but not all. Therefore, we do not definitively classify them as glaze/dune and we
do not shade these areas on our spatial plots. The glazed, non-dune data are included in

the calculation of our mean ‘non-glaze/dune’ concentrations.
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2.4.4.3 Trace Element Enrichment Factors

To elucidate potential sources for the trace elements in these surface snow
samples we ran enrichment factor (EF) calculations on each set of samples. We
calculated the average crustal enrichment factors (EF;) and average oceanic enrichment
factors (EF,) for each element using mean upper crust elemental abundances (Table 2.7)
from [Wedepohl, 1995] and mean ocean water elemental abundances from [Lide, 2005].

Values were calculated according to the following: Crustal EF for element x
[EF(x) = mean([X/t]sample/[X/T]upper crust)], Where r = Cs, La, Ce, Pr, V, and Mn to reduce
the potential bias from using only a single conservative crustal element; Oceanic EF for
element x [EF,(x) = mean([X/r]sample/[X/T]ocean water)], Where r = Sr and Na.

The following elements are enriched in the summer surface snow with respect to
Earth’s upper crust: Cd, Pb, Bi, As, Li, S, Cr, Na, Mg, and K (Table 2.9), and the
following are enriched relative to ocean water: Cd, Cs, Ba, La, Ce, Pr, Pb, Bi, U, As, Li,
Al S, Ti, V, Cr, Mn, Fe, Co, and Mg. To separate these two potential sources we
calculated the ocean water fraction of each element according to the following formula:
Oceanic Fraction for element X (X, = mean(sample * [Xocean water/Tocean water]), Where r = Sr
and Na). We then subtracted the oceanic fraction from each element in each sample and
recalculated the EF. (Table 2.9) to give nssEF, values. We consider an element highly
enriched if it exhibits an nssEF, value of 10 or more for each traverse year. We choose a

value of 10 following Duce et al. [1975].
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Surface Snow

EF. (mean) Sr Cd Cs Ba La Ce Pr Pb Bi U As Li
ITASE-02 2.19 541.64 098 254 076 0.68 1.09 30.82 35577 1.83 39.17 51.38
ITASE-03 (non-glaze/dune) 1.86 14775 145 043 079 077 092 1480 76.11 1.69  47.68 12.50
ITASE-03 (glaze/dune) 358 169.89 134 046 073 074 094 1636 9510 1.69 60.80 12.23
ITASE-06/07 (non-glaze/dune) 425 49588 231 100 056 1.01 1.03 2210 67.73 3.01 101.78 18.34
ITASE-06/07 (glaze/dune) 2.85 43346 171 124 059 085 099 20.60 50.71 230 61.05 11.68

Surface Snow

nss-EF. (mean) Sr Cd Cs Ba La Ce Pr Pb Bi U As Li
ITASE-02 <0 54266 098 254 077 068 1.09 30.87 35697 1.70 39.02  50.60
ITASE-03 (non-glaze/dune) 0.10 147.78 145 042 079 077 092 1481 76.15 1.60 47.57 11.93
ITASE-03 (glaze/dune) 024 16996 134 045 073 075 094 1638 9519 152 60.63 11.15
ITASE-06/07 (non-glaze/dune) 091 496.13 230 1.00 056 1.01 1.03 2212 67.76 284 101.61 17.26
ITASE-06/07 (glaze/dune) 0.51 433,64 170 124 059 085 099 2062 50.74 218 60.92 10.92

Previous Studies

EF. Sr Cd Cs Ba La Ce Pr Pb Bi U As Li
Coats Land 1959-1990 [Planchon et al., 2002] 133.00 0.80 56.00 127.00 4.00
Law Dome 1898-1989 [Vallelonga et al., 2004] 1.50  269.00 31.00  90.00 2.70

Table 2.9. Enrichment factors for surface snow samples and previous studies. EFc = crustal enrichment factor; nss-EFc = non-sea-salt
crustal enrichment factor.
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Surface Snow

EF. (mean) Al S Ca Ti \Y Cr Mn Fe Co Na Mg K
ITASE-02 0.51 1517.20 238 0.79 424 1499 183 0.63 510 52.88 255.03 9.72
ITASE-03 (non-glaze/dune) 0.28 109636 1.54 030 2.03 3.03 132 049 144 2786 52.83 345
ITASE-03 (glaze/dune) 036 1865.58 221 028 1.61 4.11 1.52 056 255 5228 5848 336
ITASE-06/07 (non-glaze/dune) 1.36 100253 9.44 068 1.59 1339 142 1.08 285 40.86 1385 3.09
ITASE-06/07 (glaze/dune) 071 683.87 385 055 150 3487 1.61 149 329 3095 9.94 2.38

Surface Snow

nss-EF. (mean) Al S Ca Ti \ Cr Mn Fe Co Na Mg K
ITASE-02 0.51 141848 089 079 424 1501 1.84 0.63 5.1 7.99 24525 825
ITASE-03 (non-glaze/dune) 0.28 103031 0.61 030 202 3.04 132 049 144 <0 46.15 247
ITASE-03 (glaze/dune) 0.36 174098 0.34 0.28 1.61 4.11 1.53 0.56 2.56 <0 45.77 1.50
ITASE-06/07 (non-glaze/dune) 1.36  876.17 760 068 1.58 1339 142 1.08 2.85 <0 1.08 1.23
ITASE-06/07 (glaze/dune) 0.71 595.22 2.54  0.55 149 3491 1.61 1.49 3.30 <0 0.98 1.07

Previous Studies

EF. Al S Ca Ti \ Cr Mn Fe Co Na Mg K
Coats Land 1959-1990 [Planchon et al., 2002] 1.30  16.00  3.00 6.00
Law Dome 1898-1989 [Vallelonga et al., 2004] 2.30 2.60 18.00

Table 2.9 Continued. Enrichment factors for surface snow samples and previous studies. EFc = crustal enrichment factor; nss-EFc =
non-sea-salt crustal enrichment factor.
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Elements exhibiting highly-enriched nssEF, values are: Cd, Pb, Bi, As, Li, S, Cr,
and Mg, suggesting additional source(s), in addition to the ocean and crust. Of these
elements, Cd, Pb, Bi, As, Li, and S are highly enriched for all traverse years. Cr and Mg
do not exhibit an nssEF, greater than 10 for the ITASE-03 and ITASE-06/07 traverse
years, respectively (Table 2.9). The general pattern of enrichment for several of the
highly enriched elements (Cd, Pb, Li and Cr) is such that the ITASE-03 nssEF. values are
the lowest of the three traverse years. Cr, being the least highly-enriched of all the highly-
enriched elements, does not exhibit nssEF. values higher than 10 for ITASE-03. Mg,
however, exhibits highly-enriched nssEF. values for ITASE-02 and ITASE-03 for a more
specific reason.

The Mg enrichment during the ITASE-02 and ITASE-03 traverse years is
artificially high as a result of the following factors. The ITASE-06/07 surface snow
samples were analyzed for all trace elements presented here during their first ICP-SFMS
analysis. However, surface snow samples from the ITASE-02 and ITASE-03 traverse
years were re-run on the ICP-SFMS (after sitting unfrozen for >1-year) in order to obtain
Na, Mg, Li, and K data (these four elements were not measured on the ITASE-02 and
ITASE-03 samples during their first ICP-SFMS analysis). The re-run Na and K data seem
to be unaffected based upon the fact that the ICP-SFMS trace element concentrations are
not higher than the original IC major ion data. Unfortunately, we do not have any IC
analyses with which to compare the re-run Li data. However, the original ITASE-06/07
Li data exhibit similar concentrations and nssEF. values to the re-run ITASE-02 and
ITASE-03 Li data, so we assume that the re-run Li is unaffected. The re-run ICP-SFMS

Mg samples exhibit significantly higher concentrations than the IC major ion data, but the
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original ITASE-06/07 ICP-SFMS Mg samples do not. There are two possible
explanations: either the storage vials are leaching small amounts of Mg into the sample or
a significant fraction of the total Mg is present in particulate form that takes longer than
one week to dissolve in 1% HNOs. The latter explanation is the more likely of the two.
Two recent studies [Planchon et al., 2002; Vallelonga et al., 2004] have published
East Antarctic coastal firn EF. data for Sr, Cd, Ba, Pb, Bi, U, V, Cr, Mn, and Co. All of
our surface snow EF, values fall within the range of these previous studies apart from the
ITASE-02 EF, data for elements Cd, Ba, and Bi, the ITASE-03 glaze/dune EF, value for
Sr, the ITASE-06/07 non-glaze/dune EF, data for Sr, and the ITASE-06/07 glaze/dune
EF, data for Cr. The ITASE-02 Cd, Ba, and Bi exhibit EF, values 2 to 5 times higher than
previous studies (Table 2.9). As mentioned above, these elevated values may be a result
of location differences. The ITASE-02 traverse samples are predominantly located on the
West Antarctic plateau, while Law Dome and Coats Land are East Antarctic coastal
locations. ITASE-06/07 glaze/dune Cr exhibits an EF. slightly more than double the
value from previous studies. This is probably a combined effect of the glaze/dune hiatus
surfaces and their location close to the Transantarctic Mountains. Sr has a significant
oceanic source, so we would expect this element to exhibit some enrichment relative to
the crust. After the oceanic fraction is removed, Sr does not exhibit significant
enrichment. Other elements that exhibit a significantly lower nssEF. compared to their
EF. (indicative of an oceanic source) include Ca, Na, Mg, and K, as expected. Several
elements display only slightly lower nssEF. compared to their EF,, suggesting a very

small oceanic contribution. These include U, Li, and S.
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2.4.4.4 Trace Element Volcanic Contribution

S in the Antarctic atmosphere is primarily of biogenic origin, but it also has a
volcanic source comprising up to 10-15% [Boutron and Patterson, 1986; Hur et al.,
2007]. Previous studies have measured the ratio of sulfur to trace elements and heavy
metals in volcanic emissions from around the world [Hinkley et al., 1999; Nriagu, 1989].
We use the Hinkley et al. [1999] Element/S ratios (Table 2.10) for the highly enriched
elements Cd, Pb, Bi, and As to calculate inputs from the global mean volcanic quiescent
degassing background. We also use the Mount Erebus plume Element/S ratios (Table
2.10) from Zreda-Gostynska et al. [1997] to represent the local source contributions for
Cd and As. Unfortunately, Zreda-Gostynska et al. do not measure Pb or Bi, and neither

study measures Li.

Element Global Erebus
Cd 0.00006 0.000346183
Pb 0.00019
Bi 0.00009
As 0.00003 0.00097364

Table 2.10. Volcanic element-sulphur ratios. For the global mean volcanic quiescent
degassing background [Hinkley et al., 1999] and the Mount Erebus plume [Zreda-
Gostynska et al., 1997].

Prior to applying the volcanic calculation for each of the following elements, Cd,
Pb, Bi, and As, we remove the oceanic fraction (as outlined above) and the crustal
fraction, which is calculated according to the following: Crustal Fraction for element x
(X = mean(Tsample * [Xupper crust/Tupper crust]), Where r = Cs, La, Ce, Pr, V, and Mn). We are

then left with the excess (excess = total — (oceanic + crustal)) elemental concentrations,

from which we calculate the 10% (minimum) and 15% (maximum) S values to which we
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apply the Hinkley et al. element/S ratios (Table 2.10) to obtain global volcanic
background minimum (GVmin) and maximum (GVmax) concentrations.

Comparison between excess element concentrations, GVmin and GVmax (Table
2.11) reveals that, for As, the ITASE-02 global volcanic background contribution ranges
from 4% to 7% of the mean excess As concentration. For ITASE-03 As, the global
volcanic background contribution ranges from 3% to 4% over non-glaze/dune areas and
from 4% to 6% over glaze/dune areas. For ITASE-06/07 As, the global volcanic
background contribution ranges from 1% to 2% over glaze/dune and non-glaze/dune
areas (Table 2.11). The spatial distribution of the As global volcanic background in our
surface snow samples (Figure 2.11) reveals that contributions rarely ever get higher than
the As detection limit and are therefore not considered a significant source for this
element.

Antarctic Cd inputs from the global volcanic background are significant, with
GVmax accounting for more than 50% of the mean excess Cd concentrations for ITASE-
03. However, Cd GVmax is less significant for ITASE-02 and ITASE-06/07, with values
of 21% and 15%, respectively (Table 2.11). Spatially, the distribution of the Cd GVmax
input is highest in the glaze/dune areas (Figure 2.11) which suggests an alternate source
must be responsible for the majority of the Cd in non-glaze/dune areas.

Pb contributions from the global volcanic background reach maximum values of
only 8%, 9%, and 6% in the ITASE-02, ITASE-03 and ITASE-06/07 non-glaze/dune
areas, respectively (Table 2.11). In the ITASE-03 and ITASE-06/07 glaze/dune areas,
respective GVmax values reach 17% and 5% which suggests an alternate source is

responsible for the majority of the Pb reaching Antarctica.
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a)

ITASE-02 (mean) As (ng/L) Cd (ng/L) Pb(ng/L) Bi(ng/L)
Excess Concentration 0.513 0.319 2.879 0.172
Global Volcanic min 0.023 0.046 0.144 0.068
Global Volcanic max 0.034 0.068 0.217 0.103
ITASE-03 (mean) As (ng/L) Cd (ng/L) Pb(ng/L) Bi(ng/L)
Excess Concentration (non-glaze/dune) 1.725 0.269 4.846 0.195
Global Volcanic min (non-glaze/dune) 0.047 0.093 0.296 0.140
Global Volcanic max (non-glaze/dune) 0.070 0.140 0.444 0.210
Excess Concentration (glaze/dune) 2.488 0.351 5.641 0.219
Global Volcanic min (glaze/dune) 0.099 0.198 0.628 0.298
Global Volcanic max (glaze/dune) 0.149 0.298 0.942 0.446
ITASE-06/07 (mean) As (ng/L) Cd (ng/L) Pb (ng/L)  Bi(ng/L)
Excess Concentration (non-glaze/dune) 3.025 0.706 5.882 0.139
Global Volcanic min (non-glaze/dune) 0.035 0.070 0.223 0.106
Global Volcanic max (non-glaze/dune) 0.053 0.106 0.334 0.158
Excess Concentration (glaze/dune) 2.786 1.121 7.453 0.164
Global Volcanic min (glaze/dune) 0.038 0.075 0.238 0.113
Global Volcanic max (glaze/dune) 0.056 0.113 0.357 0.169
b)
ITASE-02 (mean) As (ng/L) Cd (ng/L)
Remaining Concentration 0.479 0.256
Mean Erebus Volcanic min 0.222 0.079
Mean Erebus Volcanic max 0.370 0.132
ITASE-03 (mean) As (ng/L) Cd (ng/L)
Remaining Concentration (non-glaze/dune) 1.952 0.121
Erebus Volcanic min (non-glaze/dune) 0.303 0.108
Erebus Volcanic max (non-glaze/dune) 0.758 0.269
Remaining Concentration (glaze/dune) 2.073 0.086
Erebus Volcanic min (glaze/dune) 0.644 0.229
Erebus Volcanic max (glaze/dune) 1.609 0.572
ITASE-06/07 (mean) As (ng/L) Cd (ng/L)
Remaining Concentration (non-glaze/dune) 2.973 0.602
Erebus Volcanic min (non-glaze/dune) 0.215 0.077
Erebus Volcanic max (non-glaze/dune) 0.538 0.191
Remaining Concentration (glaze/dune) 2.729 1.008
Erebus Volcanic min (glaze/dune) 0.252 0.090
Erebus Volcanic max (glaze/dune) 0.631 0.224

Table 2.11. Volcanic minimum and maximum contributions. a) Excess element
concentrations and global mean volcanic quiescent degassing background minimum and
maximum contributions. b) Remaining element concentrations and Mount Erebus
volcanic plume minimum and maximum contributions.
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Figure 2.11. Surface snow excess element concentration (red) and global mean volcanic
quiescent degassing background contributions. Minimum (pink) and maximum (green)
contributions versus distance for the ITASE-02 (left), ITASE-03 (middle) and ITASE-
06/07 (right) traverses. Vertical lines indicate the locations of firn section collection sites
along each traverse; B = Byrd; SP = South Pole; TD = Taylor Dome. Large vertical
shaded areas behind plots highlight glaze/dune regions. Horizontal (blue) lines signify
detection limits. Note that scales may vary between traverse years.

The mean global volcanic background accounts for more than 100% of the Bi
input for both ITASE-03 and ITASE-06/07, it also accounts for 60% of the Bi input for
ITASE-02 (Table 2.11). However, GVmax Bi input is highest in the glaze/dune areas and
overestimates several ITASE-03 glaze/dune values significantly (Figure 2.11). Elsewhere
in Antarctica, GVmax input does not account for significant Bi peaks observed in the
surface snow samples, specifically, the large double peak between South Pole and 03-1
and the large peak near Byrd (Figure 2.11).

Previous studies have shown that the Mount Erebus (77° 33* S, 167° 10’ E,

3794m asl) plume is enriched in halogens and may therefore be an important source to

the Antarctic atmosphere [Kyle et al., 1990; Zreda-Gostynska et al., 1993; Zreda-
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Gostynska et al., 1997]. The Erebus plume also contains a variety of elements such as Na,
Al, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Rb, Mo, Cd, In, Sb, Cs,
La, Ce, Sm, Eu, Yb, Hf, Ta, W, and Au in varying amounts [Zreda-Gostynska et al.,
1997]. Of particular interest to this study are the Erebus Cd and As emissions because
these elements exhibit enrichment in all of our samples.

Assuming the Erebus plume is homogeneous over Antarctica, which is likely an
oversimplification, we use the Mount Erebus plume Element/S ratios (Table 2.10) from
Zreda-Gostynska et al. [1997] to calculate the potential Erebus volcanic contributions of
Cd and As to our surface snow samples. We subtract the GVmax Cd and As contributions
from our excess Cd and As concentrations to obtain the remaining concentrations for Cd

and As (Figure 2.12).

B 02-1 02-2 02-3 024 025 SP 027 SP 03-1 03-2 03-3 034 035 03-6 T TD/06-106-2 06-3 064 07-1 07-2 073 07-4 07-5SP
25 :
J 2
© 15 -
< g
L o5
0
3
I
=) 2
£
> 1
o
0 T T
0 500 1000 0 500 1000 1500 2000 0 500 1000 1500
DISTANCE (km)

Figure 2.12. Surface snow remaining element concentration (red) and Mount Erebus
volcanic plume contributions. Minimum (pink) and maximum (green) contributions
versus distance for the ITASE-02 (left), ITASE-03 (middle) and ITASE-06/07 (right)
traverses. Vertical lines indicate the locations of firn section collection sites along each
traverse; B = Byrd; SP = South Pole; TD = Taylor Dome. Large vertical shaded areas
behind plots highlight glaze/dune regions. Horizontal (blue) lines signify detection limits.
Note that scales may vary between traverse years.
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We calculate the Erebus volcanic contribution for Cd and As using the same
method that we used for the global volcanic contribution, except we use 3% (EVmin) and
5% (EVmax) S values in the calculation of the Zreda-Gostynska et al. [1997] element/S
ratios (Table 2.10).

Contributions from the Erebus plume potentially account for 77% and 51% of the
ITASE-02 mean remaining As and Cd values, respectively (Table 2.11). Spatial data
reveal that significant concentrations of As and Cd remain above the Erebus input,
specifically, samples located closer to the coast and near South Pole (Figure 2.12).

ITASE-03 EVmax values of As contribute 39% and 78% of the mean remaining
As concentration for non-glaze/dune and glaze/dune areas, respectively. ITASE-03
EVmax Cd contributions account for >200% and >600% of the mean remaining Cd
concentrations in non-glaze/dune and glaze/dune areas (Table 2.11). Like the global
volcanic background contributions, Erebus volcanic plume contributions of both As and
Cd are highest in the glaze/dune areas but fail to account for the large peaks observed
between South Pole and 03-1 (Figure 2.12).

The Erebus volcanic plume accounts for no more than 23% and 32% of the mean
remaining As and Cd concentrations (Table 2.11). This suggests an alternate

source/sources for the majority of the As and Cd reaching Antarctica.

2.5 Conclusions

This is the first study to measure 25+ chemical constituents in surface snow and
firn across extensive regions of East and West Antarctica and may also be the first to

provide total-Cs concentration data. Previous studies [Faure and Lee, 1999; Pourchet et
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al., 2003; Pourchet et al., 1997; Sbrignadello et al., 1994; Woodward, 1964] have
focused on only one isotope, *'Cs, either as a measure of fallout from anthropogenic
nuclear activities or as a dating tool for ice cores. Researchers usually measure '*'Cs
fallout in Antarctic soils and sediments to gauge its impact on ecosystems, and when
using Cs as a dating tool, researchers generally focus on 1¥7Cs concentrations around the
time of the 1955 and 1965 bomb-activity peaks. As a result, data regarding total-Cs
concentrations in recent Antarctic snow and firn are rare.

Comparisons between surface snow and multi-year firn values of Na" (winter-
spring input) and SO,> (summer input) suggest that the majority of these samples
represent average summer surface snow concentrations (Figure 2.5). The majority of the
surface snow trace element concentrations presented here are in the region of, or below,
concentrations measured in previous studies and the multi-year means calculated from
firn sections (Table 2.6 and Figure 2.7, 2.8, & 2.9). Therefore, the values presented here
are conservative estimates of Antarctic mean trace element concentrations and may be
used as a baseline for an Antarctic spatial chemical concentration framework. However,
one must bear in mind that samples from glaze/dune areas represent multi-year values of
unknown age.

Based upon backscatter and grain size values, in addition to physical and
chemical concentration EOFs, we have shown that East Antarctic glaze/dune areas tend
to increase the magnitude and variability of chemical concentrations in the snow, likely
precluding these areas from containing a straightforward interpretation of chemical

climate records. Backscatter and grain size measurements, good indicators of glaze/dune
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extent in East Antarctica, may be extremely valuable during the site location phase of
Antarctic climate-related ice coring sites.

Glazed, non-dune regions also adversely affect the chemical signature of surface
snow and firn, although not as severely as glaze/dune regions. The average grain size in a
typical glazed, non-dune region is not as large as that in well-developed glaze/dune
region (Figure 2.3). However, glazed, non-dune regions may be identified by their high
(greater than -10) backscatter values (Figure 2.3). Although the ITASE-03 and ITASE-
06/07 traverses are the only ones shown to pass through extensive glaze/dune areas
(Figure 2.1), we think that all of our traverse routes pass through at least some glazed,
non-dune areas based upon backscatter values, field observations, chemical
concentrations, and EOF results.

It is interesting to note that in all areas and during all traverse years the 3'°O,
elevation and mean annual temperature are always strongly related (Table 2.3). This is
likely a result of Antarctic elevations, and hence temperatures, being strongly associated
with distance from the coast and therefore the precipitation source. In West Antarctica
(ITASE-02) the grain size and accumulation are strongly related to elevation and
temperature while in central East Antarctica (ITASE-03) only the accumulation retains
this strong relationship. Closer to the Transantarctic Mountains (ITASE-06/07), the
accumulation is less strongly associated with elevation and temperature and inversely
associated with backscatter and grain size. This pattern of accumulation behavior is most
likely an outcome of the traverse passing through well-developed glaze/dune areas in
addition to glazed, non-dune areas for significant portions of both the ITASE-03 and

ITASE-06/07 traverse routes.
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The elements Cd, Pb, Bi, As, Li, and S are significantly enriched across
Antarctica relative to both the oceanic and crustal elemental compositions (Table 2.9). A
significant fraction of Antarctic S comes from marine biological activity. However, a
significant fraction (10-20%) is attributed to volcanism. Unfortunately, we do not have
any volcanic contribution data for Li. However, global volcanic outgassing contributions
account for a significant fraction of the Bi in both East and West Antarctica. Global
volcanic outgassing also accounts for a significant fraction of the Cd in East Antarctica,
but mainly in the glaze/dune areas (Figure 2.11). Global volcanic outgassing cannot
account for the observed concentrations of Pb or As in any area of Antarctica. Significant
excess chemical concentration peaks for Cd, Pb, Bi, and As in other areas of Antarctica
suggest that alternate source/sources exists for these elements (Figure 2.11).

Volcanic outgassing from Mount Erebus can account for a significant fraction of
the As and Cd in parts of West Antarctica and East Antarctica (Figure 2.12). Yet, as with
the global volcanic outgassing, Erebus plume contributions account for a significantly
smaller fraction of these two elements in non-glaze/dune areas, likely a result of non-
volcanic S enrichment in glaze/dune areas (Figure 2.12). After accounting for potential
volcanic contributions from global and local sources, concentrations of As remain high
near coastal West Antarctica and Taylor Dome (Figure 2.12) suggesting either a marine
source or a lower-atmospheric transport pathway for As.

The As and Cd concentration peaks between South Pole and 03-1 remain
unexplained by the combination of crustal, oceanic, global volcanic and local volcanic
source contributions (Figure 2.12). Additionally, the Bi and Pb concentration peaks

between South Pole and 03-1 remain unexplained by the combination of crustal, oceanic
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and global volcanic source contributions (Figure 2.11). One possible explanation for
these peaks is increased anthropogenic activity at the South Pole Station during the
summer months. Possible alternate sources for the remaining excess concentration peaks
are marine biogenic and/or more distant anthropogenic sources from industrialized
regions of the Southern Hemisphere and possibly the Northern Hemisphere. The latter
source seems most likely for Cd, Pb and Bi because a marine biogenic source would
cause a pattern more like S, with higher concentrations near the West Antarctic coast,
which is not the case.

Future work will involve further research into the possible sources and input
timing of previously unreported enriched elements, such as Li and As. Examination of
the enriched-element time-series will help in this respect. Additional work to differentiate
between non-glaze/dune and glazed, non-dune areas will be valuable. Expanding the
scope of this research to achieve full-coverage of Antarctica will require the
incorporation of external data, such as aerosol monitoring sites, and collaboration with
other research groups in similar fields.

Most importantly, our study provides a robust framework for monitoring future
changes in the chemistry of the atmosphere over Antarctica. With the ITASE surface
snow and firn chemistry framework, it is now possible to more-accurately select sites that
capture specific chemical changes of interest. For example, when monitoring changes in
S deposition across Antarctica, this framework clearly shows that one need not sample
the glaze/dune areas, particularly those on the East Antarctic Plateau. The framework
highlights exactly where one need not sample. This level of sampling accuracy will prove

particularly important in the future as we continue to monitor Antarctic atmospheric
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chemical deposition. Potential changes in atmospheric chemistry are inevitable as

Antarctica continues to warm and as Southern Hemisphere industrial activity intensifies.
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Chapter 3
AN ICE CORE PROXY FOR NORTHERLY AIR MASS

INCURSIONS (NAMI) INTO WEST ANTARCTICA

3.1 Chapter Summary

A 200-year proxy for Northerly Air Mass Incursions (NAMI) into central and
western West Antarctica is developed from the examination of 19 shallow (2Im — 150m
deep) Antarctic ice core non-sea-salt (nss) Ca®~ concentration records. The NAMI proxy
reveals a significant rise in recent decades. This rise is unprecedented for at least the last
200 years and is coincident with anthropogenically-driven changes in other large-scale
Southern Hemisphere (SH) environmental phenomena such as greenhouse gas (GHG)
induced warming, ozone depletion and the associated intensification of the SH westerlies.
The Hysplit trajectory model is used to examine air mass transport pathways into West
Antarctica. Empirical Orthogonal Function analysis, in combination with trajectory
results, suggests that atmospheric circulation is the dominant factor affecting nssCa®"
concentrations throughout central and western West Antarctica. Ozone recovery will
likely weaken the spring-summer SH westerlies in the future. Consequently, Antarctica

could lose one of its best defenses against SH GHG warming.
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3.2 Introduction

Globally record-breaking warming, glacier retreat, and ice shelf collapse on the
Antarctic Peninsula reveal the consequences of anthropogenic source greenhouse gas
(GHG) warming and ozone depletion coupled with the natural magnifying capacity of
ocean ice cover removal [ACCE, 2009; Lubin et al., 2008; Rignot et al., 2004; Scambos et
al., 2004; Turner et al., 2006; van den Broeke, 2005]. To the south, West Antarctica has
undergone significant (>0.1°C/decade since 1950) warming in recent decades [Steig et
al., 2009] and weak yet statistically significant warming trends are beginning to emerge
at some East Antarctic interior and coastal stations since 1992 [Monaghan et al., 2008].
Much of the foregoing is linked to the behavior of the Southern Annular Mode (SAM)
[Schneider et al., 2004; Thompson and Solomon, 2002]. The SAM is the dominant
pattern of Southern Hemisphere (SH) atmospheric variability south of 20°S and its index
describes the relative anomalies in the meridional pressure gradient between the sub-
Antarctic and middle latitudes. Since instrumental records began, in the 1950s, the SAM
has been trending into a positive high-index state [Marshall, 2003; Thompson et al.,
2000]. Since the late 1970s there has been a rise in the rate of increase as a consequence
of the thermal gradient amplification induced by ozone depletion and GHG warming
[ACCE, 2009; Thompson et al., 2000]. As a result, there has been contraction of the
Antarctic Circumpolar Vortex (ACV), the large-scale cyclonic circulation of the
troposphere centered over Antarctica, and intensification of the SH westerlies that form at
the edge of the ACV [Crook et al., 2008; Randel and Wu, 1999; Thompson and Solomon,
2002]. This intensification has thus far isolated most of Antarctica from the impacts of

GHG warming [ACCE, 2009] and has probably led to a deepening of the Amundsen Sea
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Low (ASL) pressure system [Turner et al., 2009]. The more positive SAM has also
weakened katabatic winds over much of East Antarctica resulting in a less turbulent heat
flux into the surface [van den Broeke and van Lipzig, 2004]. Understanding how long
these conditions persist and how rapidly the westerlies’ barrier can be invaded is critical
in assessing the future of SH climate and sea level rise.

To begin to address these questions we examine an ice core record array that
reveals increases in extra-Antarctic source dust-laden air masses into coastal and central
West Antarctica during the last century and a rapid rise in the rate of increase during the
last three decades (Figure 3.1). These dust records offer a proxy for the relative intensity
of extra-Antarctic continental source air mass incursions (storms) into West Antarctica,
and by association the strength of the SH westerlies and Amundsen Sea Low that spawn

these storms. Hereafter we will refer to this as the Northerly Air Mass Incursion (NAMI)

proxy.

3.3 Methods

Previous work demonstrates that statistically significant correlations exist
between glaciochemical concentrations and instrumented climate records in and around
Antarctica. Examples of this include strong associations between ice core Na
concentrations and the ASL pressure system [Kaspari et al., 2004; Kreutz et al., 2000b],
ice core methanesulphonic acid concentrations and sea ice extent [Abram et al., 2007,
Curran et al., 2003; Meyerson et al., 2002; Welch et al., 1993], ice core stable isotopes
and temperature [Schneider et al., 2004; 2006], and the ice core non-sea-salt-Ca*"

(nssCa) concentrations used as a NAMI proxy in this study.
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Figure 3.1. Polar stereographic shaded relief map of Antarctica showing NAMI cores
and decadal contour plots showing the spatio-temporal distribution of normalized nssCa
concentrations. Inset) Antarctic location map. EAIS = East Antarctic Ice Sheet, WAIS =
West Antarctic Ice Sheet, RIS = Ross Ice Shelf, FRIS = Filchner-Ronne Ice Shelf, RS =
Ross Sea, AS = Amundsen Sea, BS = Bellingshausen Sea, WS = Weddell Sea. Area
denoted by yellow dashed line indicates geographic location of boxes shown below.
Boxes: decadal contour plots showing the spatio-temporal distribution of normalized
nssCa concentrations from the suite of 19 cores. Black dots within each contour box
indicate which ice cores were used to construct the plot. Note: 1990 contour box is
smaller because the 03-1 core is not used for that decade.
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A previous ice core nssCa study [Yan et al., 2005] established that a statistically
significant positive relationship exists between the strength of SH westerlies and nssCa
concentrations in two West Antarctic ice cores (SDM-94 and 00-1) from 1948 — 2002. In
this study we expand these findings using an array of 19 ice core nssCa records that
include the original SDM-94 and 00-1 sites (Figure 3.1) and expand the significance of
the proxy based on investigation of the sources and transport pathways of nssCa.

The 19 ice cores used to produce our NAMI proxy range in depth from 21m to
150m and span the time period AD 850 — AD 2000 (Table 3.1). The majority of the cores
(99-1, 00-1, 00-3, 00-4, 00-5, 01-1, 01-2, 01-3, 01-5, 02-4, and 03-1) used in this study
were collected during seven US ITASE (International Trans Antarctic Scientific
Expedition) field seasons [Mayewski et al., 2009; Mayewski et al., 2005b]. The US
ITASE cores were melted using the University of Maine continuous melter system
[Osterberg et al., 2006] and are sub-annually sampled (except for 03-1) for their entire
depth (see Table 3.1 for more information). This sampling resolution captures the clear
seasonal signal that is present in several of the glaciochemical series and allows
determination of a relative dating accuracy of better than one year [Dixon et al., 2004;
Steig et al., 2005].

All samples were measured for Na', K, Mg2+, Ca2+, CI, NOs3’, SO~ using a
Dionex® DX-500 ion chromatograph coupled to a Gilson” autosampler. To determine
anion (CI, SO4* and NO5") and cation (Na”, Ca*", Mg%, and K") concentrations we used
an IonPac AS-11 Hydroxide-Selective Anion-Exchange Column, and an IonPac CS-12A
Cation-Exchange Column, respectively. Ca®" concentrations have an accuracy of better

than 0.1 pg/l. nssCa concentrations were calculated using the standard seawater ratio
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[Holland, 1978] of Na®, K, Mg*", Ca®’, CI', and SO, after the method outlined by
O’Brien et al. [1995] that performs an iterative test against each species to determine the

most conservative seasalt indicator per sample.

Location Latitude Longitude Elevation Depth Core Age Mean Acc. Rate References
(Core) (°N) (°E) (m) (m) (Year AD) (cm weq)
99-1 -80.6200 -122.6300 1350 58 1988-1713 13 [Dixon et al., 2004]
00-1 -79.3831  -111.2390 1791 105 1997-1651 21.8 [Dixon et al., 2004]
00-3 -78.4330 -115.9172 1742 60 1999-1888 38.9 This Study
00-4 -78.0829 -120.0764 1697 58 1999-1799 19 [Dixon et al., 2004]
00-5 -77.6830 -123.9950 1828 60 1995-1708 13.6 [Dixon et al., 2004]
01-1 -79.1597  -104.9672 1842 73 2000-1857 33.7 This Study
01-2 -77.8436 -102.9103 1336 7 2000-1890 42.9 [Dixon et al., 2004]
01-3 -78.1202  -95.6463 1620 71 2000-1859 32.6 [Dixon et al., 2004]
01-5 -77.0593  -89.1376 1239 114 2000-1781 38.9 [Dixon et al., 2004]
02-4 -86.5025 -107.9903 2586 72 1997-1593 1" This Study
03-1 -86.8400  95.3100 3124 21 (1982-1800) 4.6 This Study
SP-95  -90.0000 0.0000 2850 71 1990-1487 7.3 [Meyerson et al., 2002]
SDM-94 -81.6480 -148.7900 620 150 1995-1890 (850) 11.9 [Kreutz et al., 1997]
UP-C -82.4391  -135.9719 525 28 1996-1870 121 This Study
CWA-A -82.3671 -119.2855 950 93.5  1994-1934 (1741) 13.2 [Reusch et al., 1999]
CWA-D -81.3723 -107.2750 1930 50.5 1994-1952 (1851) 19.9 [Reusch et al., 1999]
RIDS-A  -78.7300 -116.3300 1740 150 1996-1831 (1507) 23.3 [Kreutz et al., 2000a]
RIDS-B  -79.4600 -118.0500 1603 60 1996-1925 (1691) 15 [Kreutz et al., 2000a]
RIDS-C  -80.0100 -119.4300 1530 60 1996-1905 (1594) 11.2 [Kreutz et al., 2000a]

Table 3.1. Data for ice cores. Note that ice core ages in brackets show full core age
including multi-annual data (2.5-year), numbers without brackets in this column indicate
the part of the core that is sampled sub-annually. Mean Acc. Rate = mean annual
accumulation rate for the length of each sub-annual record (cm weq = cm of water
equivalent depth).

The chemical concentration of each sample is reported rather than flux (flux =
concentration * accumulation rate) because dry deposition rates for inland Antarctica are
not well constrained and there is no significant correlation between nssCa concentration
and accumulation rate to justify a flux correction [Dixon et al., 2004]. Further, the use of
a flux calculation would only serve to enhance the observed signal because nssCa
concentrations are already higher close to the coast and would be higher still if multiplied
by coastal accumulation rates (as coastal values are higher than those inland).

To better assess the spatio-temporal variability of the nssCa concentrations at

each site all nssCa time series were normalized and the results contoured by decade from
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1790 — 1990 (Figure 3.1). The contour maps highlight the relative magnitude of the nssCa
variability from site to site through time. Each decadal value is the mean of the 5 years
either side of it, e.g. the 1990 decadal value is calculated from all values between 1985
and 1995. As Table 3.1 shows, some cores do not have data all the way up to 1995 (03-1,
SP-95, CWA-A, and CWA-D). For these cores we calculate the 1990 value using the
available data for each core between 1985 and 1995. For the 03-1 core we use the
available data to calculate a 1980 value and do not use the core in the 1990 contour plot.
Two of the cores (99-1 and Up-C) contain data gaps. In the case of Up-C, the gaps are
less than one year and temporally distributed enough that we do not consider them to
alter the decadal values significantly. However, in the case of 99-1 the data gaps are more
extensive with values missing for the following time periods: 1995 to 1988.4, 1963.7 to
1962.4, and 1957 to 1943. This results in ~6.6 years of data missing from the 1990
decadal value calculation, ~3.3 years missing from the 1960 value, 2 years missing from
the 1940 value, and no value at all for 1950. For construction of the contour plots we use

all available 99-1 data for the decadal values, but could not use the core for the 1950 plot.

3.4 Ice Core nssCa

Many of the ice core records exhibit nssCa concentration increases during the last
century (Figure 3.1). In the last two to three decades, nssCa concentrations in several of
these cores (in particular 00-1, 00-3, 00-4, 01-1, and SDM-94) increase more than 100%
above their mean 1800-1900 values (Table 3.2). These sites are located in central and
western West Antarctica directly inland from the Ross Ice Shelf and the Amundsen Sea

embayment. Three cores further inland also show similar concentration increases (02-4,

77



CWA-A, and CWA-D). Cores from the East Antarctic interior (03-1 and SP-95) and the
eastern segment of West Antarctica (01-3 and 01-5) exhibit no significant change
throughout the 1900s. Several sites inland between the main West Antarctic ice divide
and the Ross Ice Shelf (00-5, RIDS-A, -B, -C, and 99-1) exhibit a fairly high degree of

concentration variability throughout the 1900s with no apparent trends.

Core 1990 1980 1970 1960 1950 1940 1930 1920 1910 1900
03-1 - 1.3 0.8 1.0 1.2 0.5 1.0 0.5 1.3 1.0
02-4 4.6 3.2 5.4 23 2.9 1.7 1.1 1.6 1.0 0.5
01-1 2.2 1.0 1.3 1.3 1.4 1.6 1.2 1.0 0.9 0.8
01-2 1.7 1.3 1.7 1.1 0.7 0.7 0.7 0.6 0.7 1.0
01-3 0.9 0.9 0.7 1.5 0.9 1.1 0.9 0.8 0.7 0.6
01-5 0.9 1.2 0.9 1.5 1.5 1.5 0.8 0.9 1.3 1.4
00-1 3.7 3.6 2.6 1.1 0.9 0.9 1.2 2.0 2.1 1.6
00-3 3.9 34 2.6 2.6 2.6 2.6 3.0 2.2 1.3 1.0
00-4 2.1 1.9 1.8 1.5 1.3 1.0 1.2 1.1 1.1 1.0
00-5 1.2 1.0 1.8 24 1.3 1.6 1.5 0.5 1.1 1.1
99-1 0.5 1.5 24 2.1 - 1.3 1.7 1.0 1.0 1.1
RIDS-A 0.9 1.7 1.3 0.9 0.9 1.3 1.6 1.3 0.9 1.1
RIDS-B 1.8 1.7 1.4 1.6 3.0 2.0 2.2 0.7 0.8 1.2
RIDS-C 1.8 1.3 1.8 1.4 1.6 22 1.8 1.2 2.0 1.1
CWA-A 104 8.8 246 7.7 5.6 6.7 1.7 0.3 0.4 0.6
CWA-D 4.8 3.3 2.3 2.3 1.5 1.1 1.5 2.0 1.6 1.2
SDM-94 1.9 22 2.1 2.0 1.5 1.6 1.6 1.3 22 1.7
UP-C 1.6 1.1 0.7 1.1 0.5 0.8 0.7 1.2 1.0 0.7
SP-95 0.7 0.7 1.0 0.8 1.0 0.5 1.2 1.4 1.1 1.0

Table 3.2. Relative nssCa concentration rise. Decadal nssCa concentrations where each
decadal value is divided by the 1800-1900 mean value for that core.

The major source of nssCa in polar ice is crustally-derived dust [Legrand and
Mayewski, 1997]. Previous work has shown that the sources of nssCa to West Antarctica
are the circum-Antarctic SH continents and ice-free regions within Antarctica [Bertler et
al., 2005; Gayley and Ram, 1985; Shaw, 1979; Tuncel et al., 1989]. However, only ~2%
of Antarctica is ice-free and the majority of these ice-free areas are located in the
Transantarctic Mountains. The Ellsworth Mountains contain a significant ice free area,
but only two of our cores, 01-5 and 01-3, are located close enough for this source to be

considered of potential significance.
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The Pacific sector of the West Antarctic coastline contains only a tiny ice-free
fraction. Tropospheric storm-track pathways into West Antarctica pass over only a
limited section of the aforementioned ice-free areas. Since change in the extent of these
ice-free areas has not been reported and they offer a minimal source region we do not
consider the coastal West Antarctic ice-free areas to be a significant contributor to dust

loading over the region encompassing the majority of cores used in this study.

3.5 Southern Hemisphere Dust Sources and Trajectories

The primary SH dust source regions feeding West Antarctica, in order of
importance, are Australia, South America, and South Africa [De Deckker et al., 2010; Li
et al., 2008; Mahowald et al., 2010; Prospero et al., 2002] Thirty-day forward
trajectories (FT) originating from the southernmost dust source region on each of these
SH continents, except Antarctica (Figure 3.2) were calculated using the NOAA Hysplit
Model v.4.8 [Draxler and Rolph, 2003] in conjunction with the NCEP/NCAR global
atmospheric ~ reanalysis  datasets  archived on the READY  website

(ftp://www.ready.noaa.gov/pub/archives/reanalysis/).

The Hysplit model control file included: (i) starting locations = 7 (each location
with a slightly different latitude and longitude, up to £2° from the center of each dust
source area), (ii) altitude of each starting location = 100 m, (iii) top of the model = 30,000
m (agl), and (iv) vertical motion = data (default value, uses meteorological model’s

vertical velocity fields).
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Figure 3.2. Thirty-day forward trajectories for 1996 originating from the southern-most
dust source in Australia, South Africa, and South America. Thirty-day back trajectories
for 1996 originating from the SDM-94 and 00-1 ice core sites in West Antarctica.
Trajectories calculated using the NOAA Hysplit Model (version 4.8) in conjunction with
the NCEP/NCAR atmospheric reanalysis
(ftp://www.ready.noaa.gov/pub/archives/reanalysis/).

The FT was run for each of the four seasons for four different years (1980, 1989, 1996,
and 1999) with seasonal starting times as follows: Dec 15th, Mar 15th, Jun 15th, and Sep

15™ These years were chosen to represent the last three decades whilst overlapping the

most highly-resolved model data.
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In each model run the dust-laden air parcels generally circulate southward from
each dust source whereupon they are incorporated into, and circulate around Antarctica
embedded in the ACV. Only Australia and South America commonly spawn air masses
that reach the Antarctic continent within 30 days of transport from source. We show the
1996 model output for representative SH air mass transport pathways (Figure 3.2).

Thirty-day back trajectories (BT) from the SDM-94 and 00-1 ice core sites were
also calculated using the same NOAA Hysplit Model in conjunction with NCEP/NCAR
atmospheric reanalysis (Figure 3.2). The BT are based on identical model control file
setups to the FT runs, the only difference being the start times: Jan lSth, Apr 15th, Jul 15th,
and Oct 15", in order to cover approximately the same 30-day period as the FT. The BT
runs demonstrate that 30 days prior to arrival, air masses approaching SDM-94 and 00-1
frequently travel in a broadly similar pattern; the air masses originate somewhere within
the ACV and circulate around the Antarctic continent until they are diverted inland, as
synoptic storms, across the Ross, Amundsen, and Bellingshausen Seas. In some cases, the
air masses reach West Antarctica after being diverted across the Weddell Sea and
traveling over the Filchner-Ronne Ice Shelf. After moving inland, the air masses can
circulate over the continent for some time before arrival at the core sites and in rare cases
circulate randomly over the continent for 30 days or more before arrival. These FT and
BT model runs show that dust reaching the West Antarctic ice core sites in this study is
not directly related to a single dust source region. It is a blend from all SH sources that

feed into the ACV.
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3.6 Constructing the NAMI Proxy

Some site-to-site variability of nssCa concentrations results from the relatively
chaotic behavior of air masses during their transit, via storm incursions, from the ACV to
the ice core sites. To reduce the effects of this variability a NAMI proxy was developed
by stacking annually averaged, normalized 02-4, 01-1, 01-2, 00-1, 00-3, 00-4, CWA-A,
CWA-D, SDM-94, and Up-C nssCa concentration records. We chose these sites for a
number of reasons, in order of importance: 1) they all correlate positively to the
NCEP/NCAR reanalysis, Jan to Dec, 850mb zonal wind field in the area of the ACV, 2)
they exhibit recent nssCa concentration increases with 1980-1990 values >100% above
their 1800-1900 means (except Up-C and 01-2), and 3) they are directly in line with
lower tropospheric air mass pathways into West Antarctica (except 02-4).

The Up-C and 01-2 cores exhibit slightly weaker recent nssCa concentration
increases, 60% and 70% respectively, and the 02-4 core is not directly in line with lower
tropospheric air mass pathways into West Antarctica. However, all three correlate
positively to the NCEP/NCAR reanalysis, Jan to Dec, 850mb zonal wind field in the area
of the ACV and were included primarily for this reason. Ten cores are used to construct
the NAMI proxy and their nssCa records begin and end on different years. We consider
the NAMI proxy valid as long as 50% or more of the cores are being utilized for a given
year. When constructed from sub-annual nssCa data only, the NAMI proxy spans 1870-
1997 (Figure 3.3a & 3.3b). For a longer perspective we can use 2.5-year nssCa data, the
resulting NAMI then spans 1800-1995 (Figure 3.3c).

Of the 19 cores used in this study, 10 are suitable for constructing the NAMI

proxy (they all exhibit positive associations in addition to the main reasons outlined
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above), thus highlighting the importance of using a suite of ice cores. The remaining
cores (03-1, 01-3, 01-5, 00-5, 99-1, RIDS-A, -B, -C, and SP-95) were not used for the
NAMI proxy for a number of reasons, the most important being their lack of correlation
to the NCEP zonal wind field. The signals of interest in these cores are likely confounded
for a number of reasons. Sites 03-1 and SP-95 are located high on the East Antarctic
Plateau, far from the influence of lower tropospheric storms. Sites 01-3 and 01-5 are
located in the ecastern sector of West Antarctica, near the Ellsworth Mountains and
probably receive a confounding dust input from there. Site 00-5 is protected from
incoming storms by its location behind the Executive Committee Mountains, which tend
to divert storms away from the site. Sites RIDS-A, -B, -C, and 99-1 are situated leeward
of the main West Antarctic ice divide, in a storm shadow zone, and as a result receive
less consistent precipitation input than core sites located windward of the ice divide. The
CWA-A, SDM-94, and Up-C cores are also located leeward of the main West Antarctic
ice divide, however, the elevation and location of these three ice core sites is such that

they still receive input from storms travelling inland across the Ross Ice Shelf.

3.7 Results and Discussion

The NAMI proxy for West Antarctica (Figure 3.3) reveals intensification starting
between 1960 and 1970 with an abrupt increase in the rate of intensification, well above
the range of natural variability, around 1980. The NAMI proxy exhibits an increasing
trend similar to both the SAM [Marshall, 2003] from 1957-1997, and the total column
ozone record (inverted) from above Halley station, Antarctica [Shanklin, 2009] from

1956-1997 (Figure 3.3a).
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Figure 3.3. Annual and 2.5-year NAMI proxy with ozone, SAM, Australian dust, and SH
relative dustiness data. a) & b) Annual NAMI proxy 1870-1997 (red). c) 2.5-year NAMI
proxy 1800-1995 (red). Also shown, a) Total column ozone concentrations (inverted)
above Halley British Antarctic Station 1956-1997 (black; [Shanklin, 2009]). Southern
Annular Mode (SAM) 1957-1997 (blue; [Marshall, 2003]) b) Eastern Australian dust
1960-1999 (black; [BoM, 2005]). c) SH relative dustiness data 1870-2000 (black = SH
dust stack, blue = Eastern Australia, purple = South America, orange = South Africa,
green = North Africa; [Mahowald et al., 2010]).
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Thus, the timing of the NAMI proxy increase coincides with recent intensification of the
SH westerlies attributed to changes in the thermal gradient produced by modern ozone
depletion and also GHG rise [ACCE, 2009; Randel and Wu, 1999; Thompson and

Solomon, 2002].

3.7.1 NAMI and Australian Dust

The increases observed in our NAMI proxy are likely a product of changes in
transport and/or emission strength (dustiness at source). To demonstrate which of these
processes might dominate we compared the NAMI proxy to an instrumental record of
dust from Eastern Australia [BoM, 2005] and to several SH dust time series extracted
from a global reconstruction of dustiness [Mahowald et al., 2010].

Two major dust pathways have been identified from the eastern and south-eastern
seaboards of the Australian continent [Ekstrom et al., 2004; Marx et al., 2005; McTainsh
et al., 1998]. One pathway is associated with a strengthened mid-latitude westerly
airstream coupled with a synoptic deep-low pressure system over south-eastern Australia
and the Tasman Sea, that is typically related to a negative SAM climate pattern. This
synoptic type transports dust east and south-east across the Tasman Sea and deposits
Australian provenance dust in New Zealand, particularly the South Island [Marx et al.,
2009]. The second pathway is associated with a weakened westerly circulation over the
mid-latitudes in the Australian region, with a poleward sub-tropical ridge and embedded
high pressure system over south-eastern Australia, the southern Tasman Sea and New
Zealand. This produces northerly winds over south-eastern Australia and transports

Australian dust southwards towards the drifting low pressure systems in the westerlies
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and is typically associated with positive SAM circulation patterns [De Deckker et al.,
2010]. These dust transporting synoptic types are particularly dominant in the Austral
summer and spring, the FT analyses shown in Figure 3.2 support these observations.

An Australian Bureau of Meteorology dust record [BoM, 2005] from 1960 to
1999 comprises days per month of dust activity. We summed the monthly dust activity
data to generate annual time series for 1960 to 1999, data are shown in Figure 3.3b for
the combined eastern Australia Mulga and Darling River basins. The eastern Australian
dust trend generally declines since the 1960’s, dips in the 1970’s, and then rises into the
1990’s. As evidenced also by the FT, factors affecting dust entrainment and transport
[Ekstrom et al., 2004] from continental Australia are extremely variable, and correlations
between the eastern Australian dust records and the NAMI proxy are not statistically
significant. Despite lacking a statistically significant correlation, it should be noted that
the trend of eastern Australian dust activity flips in the middle 1970’s and from that point
onwards both it and the NAMI proxy exhibit a positive trend. This is consistent with the
observed increasing pressure anomaly associated with increased blocking high activity
over the Tasman Sea and New Zealand region during spring. This is a major anomaly in
the 1¥ EOF of the Southern Hemisphere pressure field over the past few decades,
described by the SAM [Hall and Visbeck, 2002] and has also been identified in GCM’s as

a signature of anthropogenic climate change [Cai et al., 2003].

3.7.2 Relative Dustiness in the Southern Hemisphere
Mahowald et al. [2010] use a combination of model provenance and geochemical

provenance studies to produce a global dataset of dustiness from 1870-2000. Four dust
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time series from the Mahowald et al. dataset representing North Africa, South Africa,
South America, and eastern Australia appear in Figure 3.3c. North Africa is included
because the inter-hemispheric transport of dust from the Northern Hemisphere to the
Southern Hemisphere is significant, particularly for dust reaching Antarctica [Li ef al.,
2008]. The latter three overlap the locations covered by the FT used in this study. A fifth
time series is constructed by averaging the four aforementioned dust time series. This
averaged series is used to represent relative dustiness in the SH atmosphere (Figure 3.3c¢).
None of the dust series exhibit comparable variability to the NAMI proxy. This lends
further support to the idea that the NAMI proxy is dominated by atmospheric circulation
and storm intensity rather than change in dust source conditions or emissions.

A separate study of dust concentrations from a northern Antarctic Peninsula ice
core [McConnell et al., 2007] suggests dust concentrations starting to rise around 1900,
coincident with Patagonian warming. However, this increase occurs ~60 years before any
such rise in the NAMI proxy. Li et al. [2008] conduct a model-based investigation of dust
transport in the SH using the GFDL atmospheric model. They suggest that Patagonian
dust is transported primarily through the boundary layer of the atmosphere and dominates
the half of the hemisphere comprising the Atlantic and Indian oceans, thus making it
highly unlikely to be a significant source for most of West Antarctica. Further, Li et al.
show that Australian dust is transported primarily through the mid-troposphere,
dominates the Pacific sector, and is the most significant dust source for West Antarctica

and for the whole SH in general.
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Figure 3.4. Correlation field between the annually averaged composite nssCa time series
and the NCEP/NCAR reanalysis. For a) 1948-1997, and b) 1980-1997, Jan to Dec,
850mb zonal wind field (r-values above 0.37 and 0.59 represent significance above 99%
respectively). September, 850mb vector wind composite mean for ¢) 1990s minus 1950s,
and d) 1990s minus 1980s. (Images provided by the NOAA-ESRL Physical Sciences
Division, Boulder Colorado from their Web site at http://www.cdc.noaa.gov/). Upper
scale represents r-values for a) & b). Lower scale represents winds speeds for ¢) & d).

De Deckker et al. [2010] reinforce the conclusions of Li et al. [2008] by using
atmospheric observations and model runs to show that Australia is the primary source of
dust to West Antarctica, particularly during interglacial periods. Whilst we cannot break

the NAMI proxy record down into seasonal components, due to lack of significant
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seasonality in the nssCa signal, it is possible that increasing frequencies of mid-latitude
blocking highs in association with an expanded Hadley circulation (a signature of
anthropogenic climate change in the Australian/South-West Pacific region, as shown in
AR4 [IPCC, 2007] models), particularly in the austral summer, are increasing dust

transport to the high latitudes.

3.7.3 Correlation with the NCEP Zonal Wind Field

The NAMI proxy curve exhibits a significant (r = >0.45, p = <0.01) correlation
with the NCEP/NCAR reanalysis 1948-1997, Jan to Dec, 850mb zonal wind field in the
area of the ACV (Figure 3.4a). We use 850mb because it is a good approximation for the
lower troposphere over the study region. Using the more recent period of the NCEP
record (1980-1997), which is considered to be more reliable [Hines et al., 2000], results
in a similar correlation field, although reduced in strength and with lower significance (r
= >04, p = <0.1) due to the reduced number of samples (Figure 3.4b). The spatial
distribution of the r-values in Figure 4a and 4b (annular bands arranged more-or-less
latitudinally) imply that westerly wind speeds around Antarctica increase concurrently
with West Antarctic nssCa concentrations. Investigation of atmospheric circulation
around Antarctica using the 850mb vector wind from the NCEP/NCAR reanalysis
(subtracting the 1980s from the 1990s, Figure 3.4d, and subtracting the 1950s from the
1990s (with the caveat that the record is more reliable since 1980 onwards), Figure 3.4c)
reveals, in recent decades, an increase in the strength of onshore winds along the West
Antarctic coastline. These onshore winds impact the NAMI ice core proxy sites inland by

increasing their exposure to, and hence concentration of, Southern Hemisphere dust.
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West Antarctica is a region impacted by cyclonic storm incursions. The sub-
annual nssCa time series that ultimately comprise our NAMI proxy do not display a
particular seasonality, hence our proxy represents relative intensity related to storms

entering West Antarctica throughout the year.

3.7.4 EOF Analysis

To further determine the relative significance of competing influences on our
NAMI proxy we conduct Empirical Orthogonal Function (EOF) analyses using three
different time series representing various aspects of SH climate. We use the SAM
[Marshall, 2003] to represent the strength of westerly wind around Antarctica, the second
principal component of 850 hPa geopotential height anomalies south of 20° S [Thompson
and Wallace, 2000] to represent the dominant behavior of the ASL, and the four
Mahowald et al. [2010] dust records, averaged, to represent relative dustiness of the SH
atmosphere. We run two separate EOFs, one using non-detrended and another using
detrended data. We run the latter EOF, with detrended data, to specifically exclude time

series associations caused by long-term trends. In each case we use annually derived data.

3.7.4.1 Non-Detrended Data

Using the non-detrended data, ~75% of the NAMI proxy is represented by EOF 1
along with ~26% of the SAM and ~67% of the SH dust, all positively associated (Table
3.3a). Plotting the EOF 1 loading pattern next to the SAM, SH dust, and NAMI reveals a

similar increasing trend exhibited by all. However, the trend of SH dustiness reverses
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during the mid-1980s and decreases into the late 1990s. This declining trend in SH

dustiness since the mid-1980s is not mirrored by the NAMI or the SAM (Figure 3.5a).

a)

Non-Detrended EOF 1
% Variance 42.4
NAMI 74.6
SAM 25.6
ASL -2.0
SH Dust 67.4
b)
Detrended EOF 2
% Variance 294
NAMI 77.1
SAM 0.0
ASL -35.8
SH Dust -4.9

Table 3.3. EOF tables for a) non-detrended, and b) detrended data. % Variance = percent
variance explained of total data. SAM = Southern Annular Mode. ASL = Amundsen Sea
Low. SH Dust = Southern Hemisphere Dust Stack.
3.7.4.2 Detrended Data

Using the detrended data, ~77% of the NAMI proxy is represented by EOF 2
along with ~36% of the ASL (Table 3.3b). The ASL is negatively correlated with the
NAMI indicating that as the ASL deepens, more dust is transported into West Antarctica

(Table 3.3b). Plotting the EOF 2 loading pattern with the NAMI and ASL highlights this

association (Figure 3.5b).
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Figure 3.5. EOF loading patterns of a) non-detrended, and b) detrended data. In both
cases the EOF is the dashed black line with circles. b) top EOF is inverted.

3.8 Conclusions

It is probable that large variations in dustiness at the primary SH dust source
areas, particularly Australia, impact West Antarctic nssCa concentrations. However, as
demonstrated above, our findings suggest that SH westerlies and ASL storm intensity are
the dominant factors influencing annual variability in nssCa concentrations at the central
and western West Antarctic ice core sites used in this study.

The decadal trend in the SAM, since the 1950s, is reflected by the trend of the
non-detrended NAMI proxy. However, the detrended NAMI proxy is more closely
associated with the annual variability of ASL. Turner et al. [2009] find that the trend
towards stronger cyclonic circulation over the Amundsen Sea since the late 1970s is
primarily a result of strengthened autumn wind speeds around the continent caused by

stratospheric ozone depletion. Despite the ozone hole being an austral spring phenomena,
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its impact on lower atmospheric flow is greatest during summer and autumn [Turner et
al., 2009]. Supported by our EOF results, this finding highlights the fact that nssCa
concentrations in central West Antarctica are primarily influenced by changes in SH
atmospheric circulation intensity as opposed to dust source emissions.

The ice core nssCa-based NAMI proxy suggests that the recent intensification of
the SH westerlies and associated increase in ASL storm intensity is unprecedented for at
least the last 200 years, underscoring the impact of CFC-induced ozone destruction. The
implications of ozone recovery on an already warming Antarctic continent are worrisome
[Perlwitz et al., 2008]. The modern ozone hole over Antarctica acts to increase the
thermal gradient between the Pole and the mid-latitudes by cooling the polar stratosphere.
The ozone depletion-induced thermal gradient increase strengthens the westerlies and
shields interior East Antarctica from the bulk of SH warming and in addition cools East
Antarctica by reducing heat flux into the surface via weakened katabatic winds. Anderson
et al. [2009] link intensification of the SH westerlies at the end of the last glacial period
to an increase in atmospheric CO, concentrations through upwelling of CO,-rich deep
ocean water. This mechanism, although currently weak, is likely to further enhance rise
of atmospheric CO,. Mayewski et al. [2004a] propose changes in temperature and
atmospheric circulation over coastal West Antarctica coincident with the rise in CO,.that
may mark the earliest impact of human activity on the climate of Antarctica.

Ozone recovery will likely weaken the SH westerlies, particularly during the
Austral spring-summer. Consequently, Antarctica could lose one of its best defenses

against SH GHG warming. This potential consequence is similar to the impact humans
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have had in the Northern Hemisphere where sulfate aerosols temporarily reduced the

warming effects of GHG rise from the 1940s-1970s.
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Chapter 4

CONCLUSIONS

4.1 Chapter 2 Summary

This is the first time >25 chemical constituents (major ions, trace elements, and
stable isotopes) have been measured in the surface snow and firn across extensive regions
of East and West Antarctica. It is probably also the first to provide total-Cs concentration
data. All samples (surface snow and firn sections) are analyzed using an ion
chromatograph (IC) for their soluble major ion content (Na*, K, Mg*", Ca*", CI', NO5’,
SO4*, CH;SO; (Methylsulfonate: MSY)). The surface snow samples are additionally
analyzed for their stable oxygen isotopes (5'°0) by isotope ratio mass spectrometry
(IRMS). All surface snow samples and several firn sections (02-1, 02-5, South Pole, 03-1,
03-3, 06-2, 07-4, and 07-5; Table 2.1) are also analyzed for a suite of trace elements (Sr,
Cd, Cs, Ba, La, Ce, Pr, Pb, Bi, U, As, Al, Ti, V, Cr, Mn, Fe, Co, and Li) by inductively
coupled plasma sector field mass spectrometry (ICP-SFMS). The ICP-SFMS also
measures the total Na, K, Mg, Ca, and S concentrations in each sample.

The majority of the trace element concentrations presented here are conservative
estimates of Antarctic mean summer values, the remainder represent mean annual or
glaze/dune values. In East Antarctic glaze/dune areas the magnitude and variability of
chemical concentrations in the surface snow and firn is typically higher than the mean
summer and mean annual values. This is an effect of the multi-decadal to multi-
centennial hiatus surfaces present throughout the glazed areas of glaze/dune regions and

likely precludes these areas from containing straightforward chemical climate records.
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Glazed, non-dune regions also increase the magnitude and variability of chemical
concentrations in surface snow and firn, although not as severely as glaze/dune regions.
This may be a result of shorter-duration hiatus surfaces in these regions.

The elements Cd, Pb, Bi, As, Li, and S are significantly enriched across
Antarctica relative to their expected ratios in both oceanic and crustal elemental material
(Table 2.9). Volcanic outgassing contributions account for almost all the Bi in both East
and West Antarctica and for a significant fraction of the Cd in East Antarctica (Figure
2.9). The remaining excess cadmium in Antarctic precipitation is likely related to
anthropogenic activities, such as mining, in the Southern Hemisphere.

The volcanic contributions of enriched elements are always greatest in glaze/dune
areas. This is most likely a direct effect of S enrichment. The S enrichment in glaze/dune
areas is probably a result of the concentrating effect of the hiatus surfaces combined with
their proximity to the stratospheric SO,* background reservoir. The stratospheric SO4*
background reservoir is potentially composed of nonexplosive volcanic SO4*, an
admixture of sources that reside in polar stratospheric clouds (PSC), and continental
SO,” from sources such as anthropogenic emissions and dust. The volcanic contribution
calculation for enriched elements assumes that a fixed percentage of the total S in the
atmosphere is of volcanic origin. However, the volcanic contribution calculation
frequently overestimates the element concentrations in glaze/dune areas. This suggests
that the percentage of volcanic S in the volcanic contribution calculation is set too high
and/or significant S input from other sources occurs over timescales comparable in length

to the glaze/dune hiatus.
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Despite apparent overestimations in glaze/dune areas, global volcanic outgassing
cannot account for observed concentrations of Pb or As in any area of Antarctica.
Previous studies [Wolff and Suttie, 1994] have revealed anthropogenic activity as the
primary source of excess Antarctic Pb levels. However, excess Antarctic As
concentrations exhibit a pronounced annual signal, particularly in West Antarctica, and
are most likely associated with photochemical and/or biogenic activity.

The Bi, Cd, Pb, and As concentration peaks between South Pole and 03-1 remain
unexplained by the combination of crustal, oceanic, global volcanic and local volcanic
source contributions (Figure 2.11 and 2.12). The proximity of these peaks to South Pole

suggests that local contamination from Amundsen-Scott Station may be responsible.

4.2 Chapter 3 Summary

A suite of 21 shallow firn/ice cores are used to develop a robust proxy for
northerly air mass incursions into central and western West Antarctica. These findings
suggest that concentrations of nssCa in central and western West Antarctica are primarily
influenced by changes in SH atmospheric circulation (SH westerlies and ASL storm
intensity) as opposed to dust source emissions. The NAMI proxy reveals that the recent
increase in the strength of the Southern Hemisphere westerly winds [Marshall, 2003;
Thompson and Solomon, 2002; Thompson et al., 2000] is unprecedented for at least the
last 200 years [Dixon et al., in press].

The modern ozone hole over Antarctica acts to increase the thermal gradient
between the Pole and the mid-latitudes by cooling the polar stratosphere [Thompson et

al., 2000]. The ozone depletion-induced thermal gradient increase strengthens the
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westerlies and shields interior East Antarctica from the bulk of SH warming [ACCE,
2009]. By allowing the polar stratosphere to warm and thus reducing the thermal gradient
between the Pole and the mid-latitudes, ozone recovery will likely weaken and/or lead to
poleward contraction of the SH westerlies, particularly during the austral spring-summer.
Consequently, Antarctica could lose one of its best defenses against SH GHG warming.
This potential consequence is similar to the impact humans have had in the Northern

Hemisphere where sulfate aerosols temporarily reduced the warming effects of GHG rise

from the 1940s-1970s.

4.3 Implications and Recommendations for Future Work

Future research planned for the ITASE cores includes further verification of the
sources and input timing of elements exhibiting a previously unreported enrichment, such
as Li and As. Expanding the scope of this research to achieve full-coverage of Antarctica
will require the incorporation of additional data, such as aerosol monitoring sites. Work
on an Antarctic sea ice proxy is currently underway, utilizing ITASE cores in
combination with all other available Antarctic ice core chemistry data.

These studies provide a robust baseline for monitoring future changes in the
chemistry of the atmosphere over Antarctica. With the ITASE surface snow and firn
chemistry framework, it is easier to select a sampling site that captures a non-convoluted
climate record. The framework highlights where one need not or ought to sample. This
ability will prove useful in the future as we continue to monitor Antarctic atmospheric

chemical deposition. Potential changes in atmospheric chemistry are inevitable. Tracking
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these changes is more important than ever as Antarctica continues to warm and as

Southern Hemisphere industrial activity intensifies.
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ABSTRACT. Shallow ice cores were obtained from widely distributed sites across the West Antarctic ice
sheet, as part of the United States portion of the International Trans-Antarctic Scientific Expedition
(USITASE) program. The USITASE cores have been dated by annual-layer counting, primarily through
the identification of summer peaks in non-sea-salt sulfate (nssSO,>) concentration. Absolute dating
accuracy of better than 2 years and relative dating accuracy better than 1 year is demonstrated by the
identification of multiple volcanic marker horizons in each of the cores, Tambora, Indonesia (1815),
being the most prominent. Independent validation is provided by the tracing of isochronal layers from
site to site using high-frequency ice-penetrating radar observations, and by the timing of mid-winter
warming events in stable-isotope ratios, which demonstrate significantly better than 1 year accuracy in
the last 20 years. Dating precision to +1 month is demonstrated by the occurrence of summer nitrate
peaks and stable-isotope ratios in phase with nssSO4%-, and winter-time sea-salt peaks out of phase, with
phase variation of <1 month. Dating precision and accuracy are uniform with depth, for at least the last

100 years.

1. INTRODUCTION

The International Trans-Antarctic Scientific Expedition
(ITASE) program is an international effort to improve our
spatial picture of the Antarctic ice sheet. ITASE places
emphasis on the surface and near-surface characteristics of
the ice sheet, complemented by deep ice radar profiling and
atmospheric sampling at altitudes upwards of 20km. The
first phase of the United States’ effort has focused on the
West Antarctic ice sheet (WAIS), and has completed four
field seasons comprising oversnow traverses that included
ice coring, atmospheric sampling, surface horizontal and
vertical velocity measurements, and radar observations of
near-surface stratigraphy, ice-sheet internal layering and bed
topography. The traverses covered a total distance of
>5000 km and comprise an unprecedented sampling of the
Antarctic ice sheet that, when combined with data from
other ITASE projects, will result in a comprehensive spatial
and temporal map of Antarctic climate, atmospheric
chemistry and ice-sheet surface mass balance.

As part of USITASE, ice cores were obtained from 23 sites
across the WAIS, between the Antarctic Peninsula, South
Pole and the Ross Sea and Amundsen Sea ice drainages. At
21 of these sites, cores reaching to depths between ~50 and
~300m were obtained, providing continuous records of
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snow chemistry covering at most sites at least 200 years, a
benchmark time frame in the original ITASE implementation
plan (Mayewski and Goodwin, 1996). These cores greatly
expand the inventory, and widen the spatial coverage, of
ice-core records available from earlier projects in West
Antarctica, which include the long ice cores at Byrd
(Johnsen and others, 1972) and Siple Dome (Taylor and
others, 2004a), and shorter records from Siple Station and
Dyer Plateau (Mosley-Thompson and others, 1990; Thomp-
son and others, 1994) and in the Ross Ice drainage area
(Kreutz and others, 2000a).

Ice-core records of past snow properties and near-surface
atmospheric chemistry are widely used as proxy records of
past climate conditions and as constraints for ice-sheet
surface mass balance and ice deformation studies. The
importance of obtaining multiple ice cores is that a single
ice core, like a single weather station, will be representative
only at some local or regional spatial scale, depending on
the timescale of interest. This is particularly true in West
Antarctica, because the spatial coherence of interannual
climate variability is relatively small, and ice-sheet topog-
raphy is sufficiently complex that there may also be
significant microclimatic effects. Results from recent deep
coring projects suggest that on longer timescales as well,
significant climate changes appearing in one location in
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Fig. 1. Map of West Antarctica showing the location of US ITASE
cores collected between 1999 and 2003. Locations specifically
discussed in the text are named and shown by white circles with
crosses.

West Antarctica may not necessarily be felt at another (e.g.
Siple Dome vs Byrd; see Taylor and others, 2004a). In
contrast, the East Antarctic ice sheet appears to be quite
uniform on both short (Schneider and Steig, 2002; Schneider
and others, 2004) and long timescales (Jouzel and others,
2001; Watanabe and others, 2003).

The use of multiple ice cores and the measurement of
multiple parameters can provide complementary informa-
tion about the atmospheric and surface conditions that are
being sampled. Consistently accurate and precise dating of
ice cores is critical to the success of this approach. Placing
Antarctica in the context of global climate variability
requires ice cores that can be rigorously calibrated against
direct meteorological observations on the same timescales.
In this paper, we discuss the methods used for developing
depth vs age relationships for the USITASE cores, and we
quantify the accuracy and precision of the resulting
chronologies through several independent methods. Appli-
cation of the resulting, highly resolved records to climato-
logical and ice-sheet surface studies, based on these results,
is the subject of several other papers (e.g. Dixon and others,
2004; Kaspari and others, 2004, 2005; Rick and Albert,
2004; Spikes and others, 2004; Schneider and others, 2005).

2. SITE SELECTION, ICE CORING AND ANALYSIS

West Antarctica has the specific advantage over East
Antarctica as an ice-core drilling location that snow
accumulation rates are generally high (>8 cm ice equivalent;
e.g. Vaughan and others, 1999). However, West Antarctic
temperatures are high enough at lower elevations that
problems associated with surface melting or diffusive
changes of chemical properties may be a concern. Selection
of coring sites took this into account and traverse routes
were therefore restricted largely to the high-plateau portion
of the WAIS. Some areas were avoided for purely logistical
reasons, most importantly the presence of crevasses. Target
coring depths were chosen with the goal of obtaining at
least 200 years of climate history from each core, combined
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Fig. 2. Profiles of non-sea-salt sulfate (nssSO,4>7), nitrate (NO3™) and
oxygen isotope ratios (8'%0) in US ITASE core 2000-1, from 1981 to
2001. Note the distinct rise in sulfate levels beginning in 1991/92,
due to the Pinatubo eruption. Dashed lines are for reference and
show 1 January of selected years.

with efficiency of field operations. In practice, this meant
that we obtained deeper cores (>60m) only where it was
deemed necessary due to the high accumulation rates,
though at selected sites longer records were obtained. Core
locations are shown in Figure 1. Elevations, latitudes and
longitudes of the USITASE cores specifically discussed in
this paper are given in the figure captions. Additional details
on core depths and locations for all the USITASE cores are
archived at the US National Snow and Ice Data Center
(www.nsidc.org).

Cores were retrieved using two different mechanical
drilling systems. For the main ice core at each site, we used
an Icefield Instruments Eclipse™ drill that obtains 1m
sections of 82 mm diameter cores. The drill was mounted
on a sled and transported by snowmobile as a field-ready
unit, saving drill set-up time. The Eclipse has the disadvan-
tage of requiring that firn be excavated to allow space for the
vertically swinging drill arm; thus the upper 1T m of snow
cannot be sampled with the drill. In the first two field
seasons we sampled the upper 1-2m separately, after
excavation for drill access, to obtain a continuous record
up to the surface. In the third and fourth seasons we replaced
firn-pit sampling with shallow coring, using a new system
from Glacier Data™. The Glacier Data design is similar to
that of the Eclipse but is considerably lighter and can drill
directly from the surface; 50mm diameter cores are
obtained. We tested this drill to 40 m depth at Byrd Station
and are confident that it can achieve much greater depths.
Details on the drill designs are available from Icefield
Instruments (www.icefield.yk.ca) and Glacier Data
(www.glacierdata.com) respectively.

Core loss

In general, the 82 mm cores were packaged in the field and
sampled later at the US National Ice Core Laboratory in
Colorado; the 50 mm cores were either analyzed on-site or
subsampled in the field and placed in cleaned sample
containers, kept frozen until ready for analysis in the
laboratory. All sampling was done by a team wearing Tyvek
clean suits, masks and polypropylene gloves to prevent
contamination. In the laboratory, established procedures
were followed for clean chemical sampling using melter
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Fig. 3. Same as Figure 2, but for US ITASE core 2000-4, and also
showing surface temperature from the Advanced Very High
Resolution Radiometer (AVHRR) satellite. Arrows show suggested
correlations between mid-winter warming events and mid-winter
isotope (deuterium/hydrogen = 8D) anomalies.

heads designed to separately sample the outside and inside
of the core. Concentrations of hydrogen peroxide, formalde-
hyde and selected major ions were measured by continuous
flow analysis using the fluorescence or photometric detec-
tion methods (R&thlisberger and others, 2000) at the
University of Arizona; stable-isotope concentrations (3'%0
and 8D) were analyzed by mass spectrometry using CO,
equilibration and Cr reduction at the University of Washing-
ton; all other geochemical measurements were conducted at
the University of Maine using ion chromatography. Details of
the sampling and measurement procedures used are given in
Buck and others (1992) and Frey and others (in press).

3. ESTABLISHMENT OF DEPTH-AGE
RELATIONSHIPS FROM SEASONAL VARIATIONS

Figures 2-6 show selected geochemical profiles from three
sites (US ITASE 2000-1, 2000-4, and 2001-5) to illustrate the
most important findings with respect to ice-core dating at
USITASE sites in West Antarctica. Other core profiles are
similar and support the conclusions derived from these
examples. We refer to these figures in this and in subsequent
sections of the paper.

For the relatively high-accumulation sites we selected,
geochemical and physical properties of the USITASE cores
show that there is excellent preservation of seasonal cycles
in virtually all geochemical parameters and in grain-size
variations that mark the transitions from summer to fall and
winter to spring. This is a prerequisite for obtaining high-
quality timescales. We also found that agreement between
results from the 82 mm ice cores, which generally start ~1m
below the surface, and from the overlapping shallower snow
pits and 50 mm cores, is excellent. Exceptions to the general
rule of unambiguous seasonal indicators in the USITASE
cores are:

1. at the lowest-elevation/warmest sites (1999-1 and 1999-
2), diffusion of the more mobile species, notably

hydrogen peroxide (H,O,), water stable-isotope ratios
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Fig. 4. Same as Figure 3, but for US ITASE core 2001-5, and
showing sodium concentrations (Na®) in place of nitrate. Arrows
show suggested correlations between mid-winter warming events
and mid-winter oxygen isotope anomalies.

(880, D) and nitrate (NO5"), preclude the detection of
seasonal cycles in these species beyond the upper ~10m
of firn;

. at most sites, we found that wind crusts in the physical
stratigraphy were not reliably correlated with other
indicators of annual snow accumulation; in general, we
found more than one such layer in most years.

We established initial age vs depth relationships for the
US ITASE cores through the identification of seasonal peaks
from all the major geochemical time series considered
together (SO,>, Na¥, Ca’*, CI, Mg**, K* and NO3),
coupled with visual stratigraphy, but not including stable-
isotope ratios and hydrogen peroxide. In practice, we find
that the least ambiguous seasonal variations are in the sulfate
concentrations, and in particular the derived parameter
nssSO.4>~ (non-sea-salt sulfate, also referred to as ‘excess
sulfate’, determined by applying a standard sea-water ratio
of 30.61 (Na*), 1.1 (K*), 3.69 (Mg*"), 1.16 (Ca**), 55.04 (CI")
and 7.68 (SO4%) to the ion concentrations in each sample;
see O’Brien and others (1995) and Dixon and others (2004)
for details). Sulfate deposition in West Antarctica reflects
both sea-salt and non-sea-salt sources, with a strong altitude
dependence on their relative importance. At lower eleva-
tions, the biogenic-source SO, fractions may overwhelm
volcanic signals. This appears to be important at Siple Dome
(elevation 600 m), which when combined with the rapid
diffusion of stable isotopes (Cuffey and Steig, 1998) and
somewhat ambiguous visual stratigraphy, has made dating to
the interannual level problematic at this site (Taylor and
others, 2004b). In the case of the USITASE cores, there is a
fairly small difference between the SO, and nssSO,2~ data;
however, using the latter has the advantage of narrowing the
width of the seasonal maxima, and of accentuating
anomalously large peaks that are identified with large,
globally significant explosive volcanic events.

On the basis of two independent influences on seasonal
sulfate concentrations, we assigned the nssSO,*~ peaks to
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Fig. 5. Same as Figure 4, but showing the years 1808-30 in US
ITASE core 2001-5, and showing NO;™ in place of Na*, and
showing magnesium concentrations (Mg®*) in the bottom panel.
Cross on right side of upper panel shows mean and standard
deviation of SO,*~ concentrations measured in fresh snow during
summer at core site 2001-6. Note significantly elevated sulfate
levels in ~1816-17, due to the Tambora eruption, and in 1810-11.

early summer (nominally 1 January) of each year (Figs 2-5).
The primary source of nssSO4*~ is the oxidation of various
sulfur compounds beginning with dimethyl sulfide (DMS)
which is produced by phytoplankton, with blooms generally
beginning in December as sea-ice melt-induced surface
water stratification becomes established, and peaking in
early January (Arrigo and others, 1999; Kettle and others,
1999). The secondary source for nssSO,* is input from the
upper troposphere and lower stratosphere, representing both
volcanic inputs, and anthropogenic and additional biogenic
sulfur from extrapolar regions (Delmas, 1982; Legrand and
Mayewski, 1997). The peak input of this secondary source is
also expected to occur in early austral summer, due to the
spring-time break-up of the polar vortex. In addition to this a
priori reasoning, numerous ice-core studies support the
assignment of the nssSO,”~ peak to early summer (Whitlow
and others, 1992; Wagenbach and others, 1998; Kreutz and
Mayewski, 1999). Also, measurements of optical depth from
the atmosphere at South Pole place the maxima precisely in
early January (Bergin and others, 1998). Finally, we note that
nssSO, concentrations in fresh snow from a late December
snowstorm in 2001, near site USITASE 2001-6, are
indistinguishable from the typical ice-core nssSO, maxima
(Fig. 5).

4. ACCURACY OF TIMESCALES

Having established timescales for the cores that are based on
seasonal variations alone, with nssSO,* providing the
nominal assignment of calendar dates, i.e. time of year, we
used several independent measures to validate the time-
scales. The validation procedures provide a means to
estimate both the precision and accuracy of the timescales.

The identification of volcanic marker horizons provides a
particularly important validation tool. In each of the
USITASE cores that have been analyzed for sulfate concen-
trations (US ITASE 1999-1, 2000-1, 2000-4, 2000-5, 2001-2,
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2001-3, 2001-5) and in several additional West Antarctic
cores, Dixon and others (2004) identified elevated nssSO4>
levels at times consistent with the known dates of eruption of
the following volcanoes (dates given in parentheses):
Tambora, Indonesia (1815); Cosiguina, Nicaragua (1835);
Krakatau, Indonesia (1883); Agung, Indonesia (1963);
Pinatubo, Philippines, and Cerro Hudson, Chile (1991). An
‘unknown’ event, which has an established age of 1808/09
from Greenland ice cores and other evidence (Zielinski and
others, 1994; Chenoweth, 2001), was also identified.
Specifically, elevated levels of nssSO,*~ begin in 1810,
1816, 1837, 1885, 1964 and 1992. These ages, from the
independent layer counting, are consistently 1-2 years after
the eruption date of the volcanoes assigned to them,
consistent with the typical stratospheric transport time
across the circumpolar vortex. For the most recent volca-
noes, we know from satellite observations that the strato-
spheric SO4>~ clouds from Cerro Hudson and Pinatubo were
centered over the South Pole in September and November
1991 (Cacciani and others, 1993; Saxena and others, 1995).
Because the seasonal cycle in SO,*  begins to rise in
September, it is difficult to demonstrate that the volcanic
signal is registered precisely at the expected time. However,
the background levels clearly begin to rise no earlier than
1991 and no later than 1992 in all cores (Figs 2—4), and the
most prominent summer peak in all of the cores, after the
1964 peak attributed to Agung, occurs in January 1992.

On the basis of the seasonal ion-chemistry data and the
volcanic marker horizons, a conservative estimate for the
absolute dating accuracy for the USITASE cores is
<+2years. Strictly, this applies only at the times of the
identified horizons. A concern that arises in assigning this
value to the entire length of the cores is the possibility that,
while the length of time between different volcanic horizons
may be correct, there may be some timescale variation
within these intervals that is greater than 1 year, particularly
for the longer interval 1886-1963 when no volcanic
horizons were identified. Indeed, in examining the §'0
record from site 2001-5, we noted one year (1893) in which
there appeared to be a ‘missing’ §'°0 annual cycle.
Subsequent review of the nssSO,>" profile also showed a
weak nssSO,>~ peak at this time, suggesting that this year
may have been misidentified as a summer peak. No such
differences were observed in the other cores analyzed.
Based on this comparison, we consider the overall, absolute
dating accuracy to be conservatively £2 years overall, and
much better than £1 year in the most recent (last ~20 years)
parts of the USITASE cores.

We can further demonstrate that the relative dating
accuracy is in general no worse than 1year. In particular,
this higher level of accuracy applies for all the cores at those
depths at which volcanic horizons (or total beta measure-
ments that reveal known atomic bomb test events) have
been identified, since all of these horizons occur in the same
year in all of the cores analyzed (Dixon and others, 2004).
For two of the cores, we can further demonstrate a relative
dating accuracy of +1 year throughout the entire length of
the records. Spikes and others (2004) showed, using shallow
radar stratigraphy, that it was possible to unambiguously
trace lines from the 2000-4 site to the 2000-5 site and to
obtain identical ages +1year at each. Arcone and others
(2005) have also traced layers between sites 2000-4 and
2000-2, and place the 1991 summer layer at 10.1 m depth at
2000-2. While core 2000-2 remains to be processed for
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Fig. 6. Oxygen isotope (3 °O) record from US ITASE core 2000-2.
Dashed line is measured data; bold line shows 19-point smoothed
data. Arrows show inferred annual summer peaks between the
surface (2001) and the depth of the radar reflector, independently
attributed to the year 1991 from correlation with US ITASE core
2000-4.

most geochemical measurements, from the stable-isotope
profile (Fig. 6) we obtain 10.2m for summer 1991,
amounting to a difference of ~1month at this high-
accumulation site (estimated 46 gcm™a~' mean for the past
decade). The hydrogen peroxide record also indicates a
depth of 10.2m for late spring 1990 (Frey and others,
in press).

Additional information from the stable-isotope and
hydrogen peroxide concentrations further supports the
estimated 41 year accuracy. Seasonal §'%0, 8D and H,0,
cycles in these cores, which were not used in the original
layer counting, provide an independent check on the
assumption that the nssSO,*" variations are seasonal. For
most cores, the §'80 cycles are unambiguously seasonal
through at least AD 1900, except for cores 1999-1 and
1999-2 where rapid isotope diffusion eliminates the
seasonal variations at much shallower depths. In some cores
the seasonal variations are detectable through the entire
length (e.g. sites 2001-5 (Fig. 5) and 2002-4 (Jacobel and
others, 2005)). For the most recent 20years, the stable-
isotope ratios provide an especially robust indicator of
accuracy, because of the strong link between stable-isotope
ratios and temperature. Schneider and others (2005) show
that the correlation between climatological monthly mean
stable-isotope values in these cores and local monthly
temperature anomalies from AVHRR satellite observations is
r=0.98. (The ‘climatological monthly mean’ is the mean of
all Januarys, all Februarys, etc. for 1982-99.) There is a
distinctive mid-winter warming period that appears at some
sites in some years in the temperature records. We find that
there are elevated isotope values at the corresponding sites
in the correct years (Figs 3 and 4). Shuman and others (1995)
found a similar correspondence in Greenland ice cores. We
cannot demonstrate this for all the cores; in USITASE core
2000-1, for example, diffusion has eliminated sub-seasonal
variations. Importantly, though, while there are some years
in which the isotope anomalies do not appear, there are no
years in which the mid-winter isotope values are elevated
without a corresponding mid-winter warming seen in the
temperature records. This is particularly clear at the highest-
accumulation site, in core 2001-5 (Fig. 4). These results
indicate that the correct years have been identified with no
uncertainty for at least the last 20 years, i.e. the length of the
satellite records.
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Fig. 7. Comparison of nssSO,>” and H,O, concentrations in US
ITASE core 2001-5, between 1998 and 2002.

5. PRECISION OF TIMESCALES

We now consider the dating precision of the USITASE cores.
By precision, in this context, we mean the uncertainty in
correct assignment of calendar months for individual years
in the records. The annual-layer counts are defined in terms
of peak-to-peak intervals between nominally ‘summer’
values of geochemical measurements. In all cases, we used
simple linear interpolation to define the timescale between
these nominal 1 January values. The precision of the
timescales thus depends on the precision of the assumptions
(1) that the nssSO,4*~ peaks actually coincide with 1 January
and (2) that net snow accumulation is uniform throughout
the year.

While there is no direct way to test these assumptions in
the past, we noted above that there is independent evidence
that the nssSO,”~ peaks in early January (Bergin and others,
1998), and that this timing reflects a combination of sea-ice
melt and the break-up of the polar vortex. Analyses of sea
surface DMS concentrations (Kettle and others, 1999), sea-
ice variations (personal communication from C. Bitz, 2004),
and stratospheric temperatures from US National Centers for
Environmental Prediction (NCEP)/US National Center for
Atmospheric Research (NCAR) re-analysis data (Waugh and
others, 1999) indicate that all vary by <1 month, which
would suggest that the maximum in nssSO,”~ peak also
varies by about this amount except during volcanic events.
We also have some direct evidence that it is reasonable to
attribute the midpoint in seasonal nssSO4*" to ‘winter’
(nominally 1 July by linear interpolation). As shown in
Figures 4 and 7, maxima in sodium (Na*) and minima in
hydrogen peroxide (H,O,) and stable isotopes all occur
within 1-2 months of the nominal midpoint of the year,
consistent with previous observations suggesting these are
all winter signatures. As noted above, the occurrence of
some mid-winter warming events in the stable-isotope
records further indicates correct identification of winter
layers to within ~1month (Figs 3 and 4). The H,O, data
provide perhaps the most robust evidence for the timing of
mid-winter, since the predominant source of atmospheric
H,O, is of photochemical origin, limiting production to the
sunlit season. The only existing set of all-year-round
measurements of H,O, in the Antarctic troposphere stems
from a coastal site and shows a distinct seasonal cycle, with
a minimum around the winter solstice (Riedel and others,
2000). Year-round snow sample studies at the South Pole
provide evidence that the same annual cycle is recorded in
the surface snow and preserved at depth as a function of
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Fig. 8. Coherence and phase for non-sea-salt sulfate (SO,*7)
compared with (a) NO;~ in US ITASE core 2001-5; (b) 5'%0 in
core 2000-5; and (c) Na® in core 2000-4. The bandwidth is
~0.1 months. Bold lines show mean value; dashed lines are one
standard deviation based on 10year increments. Horizontal solid
line in each upper panel is the 95% confidence limit for coherence.

accumulation rate and temperature (McConnell and others,
1998). Hydrogen peroxide shows preservation of the
seasonal signature at all core sites with more than approxi-
mately 30gcm2a™' of annual accumulation down to
depths >60m (Frey and others, in press). Unfortunately,
strong diffusional loss to the atmosphere and redistribution
within the firn preclude a precise attribution of mid-winter at
low-accumulation sites (<15gcm™2a™') beyond the upper
~10m of the firn (Frey and others, in press).

On the basis of the above discussion, we suggest that a
precision of +1month is a conservative estimate for the
USITASE cores, at least for the most recent years where we
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have independent calibration from the satellite-based
temperature data. To verify that this stated precision is
applicable to the full length of the records, we quantitatively
examined the timing of nssSO,” relative to other seasonal
markers. To do this, we determined the variability in the
coherence and phase of nssSO,*~ vs NO3~, Na* and stable
isotopes in each of the cores. We calculated the Thompson
multi-taper (Thomson, 1982; Percival and Walden, 1993)
phase and coherence spectra using three tapers over
successive 10year intervals from AD 1900 to 2000 to
determine the mean and standard deviation of the phase.
In all cases, greatest coherence is (as expected) at the annual
cycle (i.e. frequency = Ta™'), and the phase at this
frequency varies by <1 month. There is no temporal trend
in either phase or coherence (though we restricted our
analysis to the interval 1900-2000 because of diffusion of
the seasonal 8'%0 variations). As illustrated in Figure 8a,
NOj; is in phase (0.0 £ 0.4 months) with nssSO4%, consist-
ent with the evidence that, like nssSO,27, its variability is
influenced by input from the upper troposphere/lower
stratosphere (Mayewski and Legrand, 1990; Mulvaney and
Wolff, 1993). Stable isotopes (Fig. 8b) are closely in phase
with nssSO,* as well, with a slight lead of 0.1 months
(£0.9 month), consistent with the timing of warmest
temperatures and the high seasonal isotope/temperature
correlation (Schneider and others, 2005). Finally, Na*
(Fig. 8¢c) leads nssSO,%~ by ~5 + 0.7 months, consistent with
other evidence that Na* peaks in late winter (Bergin and
others, 1998; Kreutz and others 2000b). Given that
advection to the ice sheet of sea-salt aerosols by both
summer and winter storms can lead to enhanced Na*
concentrations, as expressed in relatively noisy Na™ records
with multiple peaks in a given year (Fig. 4), the consistency
of phase is remarkable, and further attests to the consistency
in the seasonal timing of the nssSO4*~ peaks. This suggests
that the identification of ‘winter’ in our records (nominally
1 July) is also precise to £1 month. This in turn implies that
snowfall throughout the year in West Antarctica is reason-
ably uniform: there is apparently insufficient variability in
the seasonal timing of snowfall to influence the phase
relationships by more than 1month. Preservation of all
annual layers further indicates that wind erosion or
sublimation is insufficient in magnitude to remove annual
snow accumulation. Both of these inferences are consistent
with the precipitation modeling analyses of Bromwich and
others (2004), which indicate a seasonal variation in
snowfall amounts in West Antarctica of <25% and sublima-
tion over precipitation ratios of <15%.

6. DISCUSSION

Recent work using paleoclimate proxy data has highlighted
the importance of obtaining multiple, well-dated records at
annual or better resolution, that can be used in calibration
against the spatially comprehensive, but temporally very
short, instrumental record of climate. Many analyses have
emphasized tree ring records, primarily because the dating
accuracy is excellent, and also because such records are
available from nearly all continents and can therefore
provide a representative sampling of climate variability
(e.g. Mann and others, 1998; Jones and Widmann, 2003). As
a general rule, available ice-core records have been too
spatially sparse, and insufficiently resolved to contribute
significantly to quantitative paleoclimate syntheses (Mann
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and Jones, 2003), except where the longest timescales are
concerned Yet the polar reglons and Antarctica in

methods unless ice cores are used An addltlonal hlndrance

is that the instrumental record in Antarctica is particularly
sparse and short, essentially limited to the last ~40 years.
One of the major goals of the overall ITASE program is to
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anomalies. It will therefore be important to combine records
from the USITASE cores W|th those from other ITASE

Law Dome in East Antarctlca (Masson Delmotte and others
2003) and the Dyer Plateau on the Peninsula (Thompson and
others, 1994). Care must be taken to ensure that consistent
standards of accuracy and precision are used in all datasets.

document Antarctic climate variability in the recent past (the
last 200-2000 years) by obtaining highly resolved ice-core
records distributed across the Antarctic ice sheet. Obtaining
both high resolution and a high level of accuracy and
recision is critical if we are to use multiple ice cores
together as stacked records to reduce noise, or in multi-
variate regression models that are calibrated directly against
the instrumental climate record (e.g. Schneider and others,
2005). The accuracy and precision obtained for the US ITASE
cores recovered and analyzed from West Antarctica
represent a significant contribution toward these efforts.

Importantly, for the period of overlap with the instru-
mental data (~40years, and only ~20vyears for satellite
data), the absolute accuracy is demonstrably better than
1 year, and precision is well below the length of a season,
allowing for calibration against both annually averaged and
seasonal indicators of climate variability from the instru-
mental record. For longer-term records, the estimated
relative accuracy of =+1year is very promising, as any
systematic errors would affect all the cores together and
therefore be negligible for these cores taken as a group. We
further emphasize that we consider our estimates of absolute
accuracy (<+2vyears) to be quite conservative, given the
relative accuracy of <t1year from the radar analyses. In
section 3, we raised the point that we cannot rule out
systematic biases in the cores between the stratigraphic tie
points provided by the volcanic horizons. However, we
suggest that it is in fact quite unlikely that the same number
of years have been misidentified in multiple ice cores. That
the ice-core-based age of the Tambora eruption is identical
in all of the records is suggestive of an absolute accuracy of
<+1year. It is further notable that, in general, dating
accuracy in layer-counted ice cores is expected to decrease
with depth (age), since errors in layer counting will be
cumulative. In the case of the USITASE cores, however, the
accuracy should be approximately uniform in distribution,
because there is a roughly even distribution of well-dated
volcanic layers throughout the cores.

Accurate and precise dating of paleoclimate proxy
records is a critical step in using such records to extend
our knowledge of climate and environmental change prior
to the time period covered by the instrumental record. Our
analyses suggest that the use of multiple Antarctic ice cores
for quantitative investigation of climate variability on time-
scales significantly shorter than decadal is feasible with
existing data. Complete spatial coverage of the Antarctic
continent will be important. The spatial coverage of well-
dated ice cores from West Antarctica, plus published data
from East Antarctica, appears to be sufficient to reconstruct
Antarctic mean temperature over the last ~100-200 years
(Schneider and others, 2005), and may be adequate for
reconstruction of interannual variations in the ‘Southern
Annular Mode’ (Thompson and Wallace, 2000), but may be
insufficient to reconstruct higher-order patterns of variability,
such as the Pacific South America (Schneider and others,
2005) or ‘Antarctic Dipole’ (Yuan and Martinson, 2001)
patterns in temperature, sea-ice and geopotential height
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ABSTRACT. An updated compilation of published and new data of major-ion (Ca, Cl, K, Mg, Na, NO3,
SO,4) and methylsulfonate (MS) concentrations in snow from 520 Antarctic sites is provided by the
national ITASE (International Trans-Antarctic Scientific Expedition) programmes of Australia, Brazil,
China, Germany, Italy, Japan, Korea, New Zealand, Norway, the United Kingdom, the United States and
the national Antarctic programme of Finland. The comparison shows that snow chemistry concen-
trations vary by up to four orders of magnitude across Antarctica and exhibit distinct geographical
patterns. The Antarctic-wide comparison of glaciochemical records provides a unique opportunity to
improve our understanding of the fundamental factors that ultimately control the chemistry of snow or
ice samples. This paper aims to initiate data compilation and administration in order to provide a
framework for facilitation of Antarctic-wide snow chemistry discussions across all ITASE nations and
other contributing groups. The data are made available through the ITASE web page (http://
www2.umaine.edu/itase/content/syngroups/snowchem.html) and will be updated with new data as
they are provided. In addition, recommendations for future research efforts are summarized.
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INTRODUCTION

‘Ice cores provide the most direct and highly resolved
records of (especially) atmospheric parameters for the last
1,000,000 years’ (EPICA community, 2004). While ice-core
chemistry analyses have revolutionized our knowledge on
the working of the climate system and its variability through
time (Legrand and Mayewski, 1997; Mayewski and White,
2002), an improved understanding of the fundamental
factors that ultimately control the chemistry of a snow or
ice sample will allow even more detailed and accurate
interpretation of glaciochemical records reconstructing past
climate conditions with near-instrumental quality.

To reach this understanding, it is necessary to determine
individual sources and pathways of aerosols, mechanisms
that control precipitation efficiency as well as post-de-
positional effects (Legrand and Mayewski, 1997). Compar-
ing snow chemistry at different sites and investigating the
processes leading to spatial differences in snow chemistry
heip to improve our understanding of temporal variability
and teleconnections. Here, we provide an updated summary
of available data from 520 sites in Antarctica, developed by
the International Trans-Antarctic Scientific Expedition
(ITASE), with the goal of providing this new dataset along
with research recommendations to the wider ice-core
community, in order to stimulate and focus the discussion
towards a more comprehensive data interpretation.

BACKGROUND

ITASE has as its primary aim ‘the collection and interpret-
ation of a continental-wide array of environmental par-
ameters assembled through the coordinated efforts of
scientists from several nations’ (Science and Implementa-
tion Plan, 1990, http:/www?2.ume.maine.edu/itase/content/
scie_plan/intro.html). During the Seventh International
Symposium on Antarctic Glaciology, in Milan, lItaly, in
2003, the ITASE community established seven synthesis
groups, of which this group — the ITASE Chemistry Synthesis
group — is coordinating the compilation and interpretation of
the spatial variability in snow and ice chemistry across the
continent to address the knowledge gap on factors governing
the variability of ice-core chemistry in Antarctica. A two-
step approach was adopted. Firstly, broad patterns in
Antarctic snow chemistry are investigated using all available
reliable data (this paper). This will allow the strategy to be
formulated for the second step, in which the group will focus
on individual time periods in order to investigate the causes
for changes in chemistry patterns (future papers). This will be
achieved by contrasting, for example, El Nifio with La Nina
years or studying the years before and after volcanic
eruptions, such as the recent Pinatubo (Philippines) event.

In this first step, we summarize new and previously
published data and provide recommendations for future
common efforts. The new data are provided by the national
ITASE programmes of Australia, Brazil, China, Germany,
ltaly, Japan, Korea, New Zealand, Norway, the United
Kingdom, the United States and the national Antarctic
programme of Finland.

DATA SELECTION CRITERIA

Previous glaciochemical surveys showed that careful data
selection for an Antarctic-wide comparison is important
(Mayewski and others, 1992; Mulvaney and Wolff, 1994;

122

Bertler and others: Snow chemistry across Antarctica

Wagenbach, 1996; Legrand and Mayewski, 1997; Wolff and
others, 1998a, b; Kreutz and Mayewski, 1999; Kreutz and
others, 1999; Stenberg and others, 1999). Data from 520
sites are summarized here and can be obtained from the
ITASE Chemistry Synthesis group web page (http://www2.
umaine.edu/itase/content/syngroups/snowchem.html).
While the laboratory procedures of the individual groups are
of high standard, no cross-evaluation has yet been under-
taken. To obtain further information on individual datasets,
contact details are provided along with the data.

Because Antarctic glaciochemistry shows large seasonal
variability (Gow, 1965; Sigg and Neftel, 1988; Solomon and
Keys, 1992; Legrand and Mayewski, 1997; Curran and
others, 1998; Wolff and others, 1998a; Kreutz and others,
1999; Bertler and others, 2004b), it is desirable for any
continent-wide comparison to use either well-dated (sub-

ecotras o tht=yeatrave evapreeve

of age control of ice-core records is dependent on many
factors, but particularly on annual accumulation (and
sampling resolution) and therefore varies greatly across
Antarctica. Of the 520 available data sources, 194 records
are reliably identified as multi-year samples. The remaining
records are predominantly surface snow samples collected
along transects, and thus are an important contribution to
determine aerosol sources. For the comparison of new ITASE
data, however, we decided to aim in this first step for 5 year
averages. This allows short records to be included while
eliminating seasonai variability. A survey of iITASE metadata
indicates that the 5year interval most represented in the
currently available dataset is 1992-97. At present, 45 sites
provide well-dated chemistry measurements for this time
period. This interval coincides with the Pinatubo volcanic
eruption, and therefore provides an opportunity to study the
effect of volcanic eruptions in future papers when time series
are considered.

A second fundamental decision is whether to use
concentration or flux data (Kreutz and others, 2000). Due
to the spatially variable influence of dry and wet deposition
across Antarctica and the difficulty of obtaining reliable,
high-resolution annual snow accumulation measurements,
concentration data are preferred over flux. However, as
more accumulation data become available, the influence of
spatially and temporally varying snow accumulation leading
to varying contributions of wet vs dry deposition should be
investigated further. This can be achieved by merging the
data of this group with the currently compiled datasets of the
ITASE/ISMASS (Ice Sheet Mass Balance and Sea Level
programme) Mass Balance and Atmospheric Chemistry
Synthesis groups.

In the metadata survey, information on all glaciochemical
analyses has been compiled. Here, we focus on major ions:
sodium (Na), magnesium (Mg), calcium (Ca), potassium (K),
chloride (Cl), nitrate (NOs), sulphate (SO,4) and methane-
sulfonate (MS). An Antarctic-wide comparison of other
species, such as trace elements, organic acids, and particles,
is hampered by the limited number of data points currently
available. However, growing interest and improved analy-
tical methods will enable us to incorporate such data in the
near future.

DATA EVALUATION AND PRESENTATION

As Antarctica exhibits strong spatial contrasts, it is important
to evaluate how well the sampled locations represent
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Fig. 1. Reconstructed topography of Antarctica, derived from (a) RAMP 5 km elevation model (Liu and others, 2001); (b) sample locations
providing data for the period 1992-97; (c) sample locations providing multi-year averages; (d) all glaciological sample locations.

regional- to continent-scale gradients. Most parameters (e.g.
elevation, distance from the sea, annual accumulation)
change simultaneously along many transects and are there-
fore difficult to assess individually. The comparison between
the Antarctic topography, as inferred by the RADARSAT
Antarctic Mapping Project (RAMP) 5km elevation model

(Liu and others, 2001) (F|g 1a), and the reconstructed surface

i angothers, 2000 a), ang t econstructeg surtace

using only elevation information from the sampled sites
provides a means to evaluate how well Antarctic geographic
features are represented by the sampled locations. The
reconstructed surfaces in Figure 1b-d are calculated using
the interpolation method of linear kriging between sampling
sites. In Figure 1b the Antarctic surface is reconstructed using
only sites that provide data from the chosen 1992-97 time
period (45 data points). While the data are clustered and
separated by large geographical gaps, they represent con-
temporary glaciochemical concentration, generally exclud-
ing time-driven factors, such as climate variability. The
reconstructed topography lacks many of the significant
Antarctic features (e.g. neither ice shelf nor the Antarctic
Peninsula is yet represented). A number of sites provide
5 year averages for slightly different time periods or have an
associated dating error of more than +1 year. Incorporating
these sites enlarges the database significantly. In Figure 1c
the reconstructed topography using all multi-year data is
shown (194 data points). While main geographical features,

such as the East and West Antarctic ice sheets, the Ross and
Filchner-Ronne Ice Shelves are represented, other significant
details such as the Transantarctic Mountains, the Antarctic
Peninsula and the Lambert Glacier system are poorly or not
represented. The reconstructed topography in Figure 1d
incorporates all available data (520 data points), including
nen-annual samples. This is the most comprehensive dataset
currently available. As the data do not all represent the same
time period or might represent only seasons, their interpret-
ation in an Antarctic-wide comparison requires careful
attention. Although the reconstructed map incorporating all
available data is more detailed than Figure 1c, it still lacks
important elements across large regions of the Antarctic
continent. Overall, this comparison highlights the need for
many more traverses to provide better coverage, especially of
well-dated, muiti-year, contemporary time series.

ION CONCENTRATION VS ELEVATION

As discussed above, many site physical characteristics
influencing glaciochemistry change simultaneously, either
geographically or temporally. These include annual accu-
mulation, elevation and distance from the sea. Accurate,
high-resolution annual accumulation data are difficult to
obtain, as they require high-resolution dating and density
measurements. Furthermore, there are no well-documented,
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Fig. 2. Relationship between multi-year ion concentration data and elevation: (a) Na; (b) Cl; (c) CI/Na ratio; (d) NOs; (e) SO4; (f) MS; (g) Ca;

(h) Mg; and (i) K. All species are plotted on a logarithmic scale, except for (c) which is plotted on a linear scale. The logarithmic trends shown

are significant on the 99.9% level.

straightforward linear associations between chemistry and
accumulation rate. In order to determine distance from the
sea, it is necessary to understand the pathway of the
precipitating air mass for both wet and dry deposition. Local
atmospheric circulation patterns can be highly variable and
might change true distance to the sea from 10km to
1000 km depending on the pathway of the air mass (e.g.
Bertler and others, 2004a; Xiao and others, 2004; Kaspari
and others, 2005). Furthermore, large seasonal changes in
sea-ice cover further complicate the measurement of true
distance to the sea. One parameter that is relatively easy to
obtain and does not change significantly over short time
periods is elevation.

However, as annual accumulation and distance from the
sea exhibit a correlation with elevation in Antarctica, any
observed patterns are likely to be caused by a varying

combination of all three. Correlation between ion concen-
tration and elevation is shown in Figure 2. lon concentration
variability across Antarctica exhibits an amplitude of up to
four orders of magnitude. Therefore, ion concentrations are
plotted on logarithmic scales, with the exception of the Cl/
Na ratio.

The correlations between elevation and Na or CI (Fig. 2a
and b) show a statistically significantly inverse relationship
(logarithmic) of decreasing ion concentration with increas-
ing altitude of r=-0.73 and r=-0.51, respectively.
Furthermore, the scatter in both datasets is larger at lower
elevation than at higher locations. When correlating the Cl/
Na ratio with elevation (r= 0.56), sites below 2000m
predominantly show values close to the marine ratio of
~1.8 (Warneck, 1988), while the scatter in the data
increases significantly above 2000m, reaching values of
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up to 20 (Fig. 2c¢). This confirms that sites below 2000 m are
predominantly influenced by sea salt, and also suggests no
significant post-depositional aerosol loss or enrichment. The
larger scatter with increasing elevation is indicative of a
number of potential processes leading to relative enrich-
ment or depletion of either species (Gayley and Ram, 1985;
Mulvaney and Peel, 1988; Mulvaney and Wolff, 1994; De
Angelis and Legrand, 1995; Yang and others, 1996a;
Legrand and Mayewski, 1997; Kreutz and others, 1998;
Stenberg and others, 1998; Wagenbach and others, 1998b;
Wolff and others, 1998a, b; Kreutz and Mayewski, 1999;
Udisti and others, 1999; Kreutz and others, 2000; Aristarain
and Delmas, 2002; Proposito and others, 2002; Udisti and
others, 2004; Becagli and others, 2005; Benassai and
others, 2005).

No statlstlcally 5|gn|f|cant correlation at the 99 9%

(Fig. 2d). NOj is predomlnantly a secondary aerosol
pro oduced in the strato- and |nnncnhnrn Processes |n;m|!ng

to nitrate production in the higher atmosphere are thought to
be stratospheric oxidation of N,O, ionospheric dissociation
of N, and polar stratospheric clouds via HNO;. Addition-
ally, lightening in the mid-latitudes produces the primary
NO; aerosol in the troposphere (Parker and others, 1981,
1982; Parker and Zeller, 1980; McKenzie and Johnston,
1984; Evans and others, 1985; Legrand and Delmas, 1986;
Toon and others, 1986; Legrand and Kirchner, 1990;
Mayewski and others, 1990; Qin and others, 1992; Solomon
and Keys, 1992; Clausen, 1995; Wolff, 1995; Yang and
others, 1996a, b; Legrand and Mayewski, 1997; Wagenbach
and others, 1998a; Palmer and others, 2001). Higher NO3
concentrations are therefore expected within the boundary
of the polar vortex due to the influence of upper atmospheric
air masses. Furthermore, some post-depositional and photo-
chemical mechanisms lead to NOj loss, especially at low-
accumulation sites (De Angelis and Legrand, 1995; Legrand
and Mayewski, 1997; Mulvaney and others, 1998; Wagnon
and others, 1999; Rothlisberger and others, 2000, 2002;
Jones and others, 2001; Wolff and others, 2002; Udisti and
others, 2004), which partially offsets the trend towards
higher NOs in the Antarctic interior. As this effect takes
place in the upper few metres of the snowpack, it is
particularly important to compare not only contemporary
NOj; data, but also samples derived from similar depths in
the snow profile.

The correlation between SO, and elevation also shows no
statistically significant trend at the 99.9% significance level.
While concentration data exhibit a more scattered pattern at
lower elevations, total SO, input seems largely independent
of elevation. However, SO4 has many sources (Delmas and
others, 1982; Wolff and Mulvaney, 1991; Mayewski and
others, 1992; Mulvaney and Wolff, 1994; Legrand, 1995;
Legrand and Mayewski, 1997; Minikin and others, 1998;
Udisti and others, 1998, 1999; Becagii and others, 2005),
and individual SO, species might exhibit significant
correlations with elevation. While primary aerosol SO,
species (sea spray) and secondary marine-biogenic SO4
should exhibit a rapid decrease with increasing elevation,
volcanic SO, aerosols enters through the upper atmosphere
and therefore should have a stronger signal in the Antarctic
interior. Furthermore, the volcanic input of SO, often
exceeds average SO, input (Mayewski and others, 1995;
Zielinski and others, 1997; Dixon and others, 2004).
Because data used in this comparison represent different
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time periods, samples containing volcanic SO4 input have
the potential to obscure an existing relationship, especiaily
for the 1992-97 time period, which coincides with the
Pinatubo 1991 eruption.

MS shows a statistically significant decrease with in-
creasing elevation (Fig. 2f) of r=-0.42. While most ion
species have multiple sources, MS is thought to have a single
marine source and is derived via oxidation from plankton-
produced DMS (dimethylsulfonate) in polar oceans (Mulva-
ney and others, 1992), which explains its anticorrelation
with elevation. MS is observed to peak in summer, when
biological activity is highest (Welch and others, 1993;
Saltzman, 1995; Saltzman and others, 1997; Meyerson and
others, 2002). Delmas and others (2003) and Weller and
others (2004) describe a mechanism by which MS is lost to
|nterst|t|a| gaseous phase in the Antarctic interior, whlch

F|gure 3f. /—\s for NOs, it is therefore important to investigate
MS data in rn!:tnnnclmn to snow nlnnth of the samnln

Ca, Mg and K show an inverse relatlonshlp with
decreasing concentration at higher-elevation sites (Fig. 3g
and h), with r=-0.70 and r=-0.73, r = -0.52 respect-
ively. Furthermore, the scatter in the datasets appears higher
at lower-elevations sites, especially for Ca. These species
have local and global terrestrial, as well as marine sources.
In the vicinity of ice-free areas, such as the McMurdo Dry
Valleys, ion concentration is influenced from those local
sources (Gayiey and Ram, 1985; Aristarain and Deimas,
2002; Bertler and others, 2004b). Elsewhere, the input is
dominated by sea-salt and global dust input (Shaw, 1979),
with the former producing orders-of-magnitude higher
concentrations than the latter, thus explaining the overall
inverse relationship with elevation.

SPATIAL ION CONCENTRATION VARIABILITY

To further investigate the relationships observed in Figure 2,
the geographical variability is discussed in Figures 3-11. The
data for each species have been clustered into colour-coded
classes. Due to the large amplitude of variability in ion
concentration, the classes are distributed, not linearly, but,
rather, according to data distribution. This is necessary
because coastal regions, for example, show Na concen-
trations four orders of magnitude higher than those in the
Antarctic interior (Fig. 3). As a result, a
under-represent the variability, with only one class for the
entire Antarctic interior or for coastal sites. To compare sites
within the Antarctic interior, or various coastlines, it is
necessary to tune the classes so that variability at both low
and high concentrations can be observed. The legend shows
the percentage and number of data points contained in each
class. Furthermore, data have been distinguished into three
groups: well-dated data representing the period 1992-97
(solid circles), all other multi-year samples (solid triangies)
and undated or non-annual samples (crosses). The colour
coding for concentration classes is the same for all three
groups.

Spatial variability of Na concentration is shown in
Figure 3, ranging from 2 to 14680 ppb. As expected, the
East Antarctic interior shows significantly lower values
(~2-30ppb) than the coastal sites (~75-14 680 ppb). How-
ever, high values have also been reported from Marie Byrd
Land at high elevation, and low concentrations in the
vicinity of the East Antarctic coastlines (Kaiser-Wilhelm 1I.

linear scale would
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Na in ppb ‘@,0 X
Average 150.5 ’(/()’°
Median 26.8 8/7/
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No. of Data 463+ Undated data
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Fig. 3. Spatial variability of Na concentration measured in ppb. Solid circles represent 1992-97 data; solid triangles represent all other multi-

year data. Crosses represent non-annual or undated samples.

Land and Terre Adélie). Furthermore, the change from very
low to very high concentrations seems to occur within a
narrow band in the vicinity of the coast. While high Na
deposition is readily explained in coastal areas due to high
sea-salt input, the narrow zone of marine air-mass intrusions
(mesoscale cyclonic activity) coincides with the rapid
decrease of Na concentrations in the Antarctic interior.
Here the katabatic wind streams, transporting Na-depleted
air masses from the interior towards the coast, compete with
the Na-rich coastal air masses. In contrast, the Antarctic
Peninsula shows overall high values and no trends, caused
by strong sea-salt input all around and a secondary non-sea-
salt contribution from ice-free mountain peaks However, it is
important to note that most of the data points located on the
Antarctic Peninsula are surface samples representing winter
snow. As Na peaks in most regions of Antarctica during
winter, the higher Na concentrations reported from the
Antarctic Peninsula are partially explained by this bias.

Cl variability exhibits a similar pattern to Na (Fig. 4),
ranging from ~1 to 27740ppb. The highest values are
observed at coastal sites (~150-27 740 ppb), and lower
values in the interior (1 to ~150ppb). The Antarctic
Peninsula again shows overall high values and no significant
trend with elevation. Furthermore, Ci shows high concen-
trations in the centre of the East Antarctic interior, which are
also observed in the Na data, but to a lesser degree. In
Figure 5 the spatial variability of the Cl/Na ratio is shown,
ranging from 0.2 to 19.3. While most sites show a near-sea-
water ratio of 1.8 (Warneck, 1988), in the Antarctic interior
the ratio increases to an average value of 4.3, with data
ranging from 2 to 9. Whereas coastal sites are likely to show
sea-water Cl/Na ratios due to the direct input, elevated Cl/
Na ratio in the low-accumulation zones of the Antarctic
interior are suggestive of secondary Cl precipitation through

HCl (De Angelis and Legrand, 1995), which might be
partially offset by HCI re-emission from the upper layers of
the snowpack (Udisti and others, 2004; Benassai and
others, 2005). Overall, Antarctic interior Cl and Na
concentrations are depleted in comparison to coastal values
(Figs 3 and 4). However, in the East Antarctic interior, Cl
seems relatively less depleted than Na, causing an increase
in the Cl/Na ratio.

Figure 6 shows the spatial variability of NO;, ranging
from ~4 to ~800 ppb. Highest values can be observed in
Enderby Land, Dronning Maud Land and Victoria Land,
ranging from ~30 to 800ppb. Intermediate values are
reported from Marie Byrd Land, the Ronne Ice Shelf, the
South Pole region and northern Victoria Land (~35-
100 ppb), est
Antarctic Peninsula and in Kaiser-Wilhelm-II. Land (~0-
20 ppb). While NO; has been shown to be affected by post-
depositional loss at low-accumulation sites (Mayewski and
Legrand, 1990; De Angelis and Legrand, 1995; Legrand and
Mayewski, 1997; Mulvaney and others, 1998), the lowest
values for NO3 have been observed at sites with relatively
high annual accumulation, namely the Antarctic Peninsula
and Kaiser-Wilhelm-II. Land. Samples from those sites were
collected from the snow surface during August-September
1989 and February 1990, respectively, and contrast with
snow surface samples from Enderby Land collected during
October 1997, which show some of the highest values in the
entire dataset. This suggests that post-depositional loss of
NO; is strongly dependent on site-specific characteristics.

Spatial variability of SO, is shown in Figure 7. The data
range from 0.1 to 3800 ppb. It is important to note that SO4
is particularly prone to sporadic input through volcanic
events. As the dataset represents different time periods, some
of which coincide with volcanic eruptions, it is necessary

while the lowest values are cbserved on the
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@ Data from 1992-1997
A Multi-year data

=+ Undated data
Classesinppb | ® | A | 4+ | Total
0 to 10, 0 3 0
10 to 20 0 2 10 12
20 to 30 1 4| 25 30
30 to 40 4| 18 37 59
40 to 50 16| 15 23 54
50 to 60 3 17| 21 41
60 to 70 3| 11| 29 43
70 to 80 1/ 10| 30 4
80 to 9 2 7 24 33
90 to 100 3| 5 14 22
100 to 125 1| 10| 16 27
125 to 250 4 9| 30 43
250 to 500 0 12| 13 25
500 to 1000 11 13| 11 25
1000 to 2500 3 3 0
2500 to 30000 1 0 2
Total 43| 139| 285| 467

Fig. 4. Spatial variability of Cl concentration measured in ppb.

to interpret SO, variability carefully. However, many data
points in Marie Byrd Land, Victoria Land and Dronning
Maud Land are contemporary data from 1992-97 (Fig. 7,
solid circles). The SO, concentrations of those data are
higher in Victoria Land and Dronning Maud Land
(~30-3800ppb) than in Marie Byrd Land (~30-90 ppb).

Cl/Na ratio
Average 29
Median 23
Standard deviation +22 @ Datafrom 1992-97
Max 19.3| A Multi-year data
Min 0.2
No. of data 425| b Undateddata
Classes ®
@ A 0 to 04 0
@ A 04 to 08 0
08 to 12 1
1.2 to 16 1
16 to 2 14
2 to 24 7
24 to 28 5
28 to 32 4
32 to 3.6 2
36 to 4 2
4 to 6 1
6 to 8 1
8 to 10 [
10 to 15 0
15 to 20 0
Total 38

Fig. 5. Spatial variability of Cl/Na ratio.
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Furthermore, the transect leading from the Antarctic
Peninsula to Kaiser-Wilhelm-II. Land shows large variability.
The Antarctic Peninsula is characterized by low values
(~10-30ppb), with higher values only at coastal sites (~75-
1000 ppb). The values from Kaiser-Wilhelm-II. Land are also
relatively low, at 15-70 ppb. The central part of the transect,
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NO; in ppb |
Average 106.1
Median 59.9
Standard deviation +116.3| @ Data from 1992-97
M_ax 797.0| A Multi-year data
:‘Il‘l,n of data 4381\ + Undated data
Classesinppb | @ | A | 4 | Total +
0 to 50 [} 2 2
5 to 10 0 [} 14 14
10 to 15 0 3 (19 22
4 + 15 to 20 0 9 17 26
@ A 4 20 to 25 0 8 4 12
® A4 25 to 3 3 1 4 18
® A+ 30 to 35| 2 | 12 5 19
® A+ 35 to 40 4 |18 | 5 27
® A+ 40 to 45 3 1 7 21
@ A4 45 to 50 2 |17 3 22
® A+ 50 to 75 17 |32 50 99
® A+ 75 to 10 6 8 | 28 42
@ A+ 10 to 150 3 4 | 32 39
® A+ 150 to 200 1 3 29 33
® A+ 200 to 400 O 1 47 48
® A+ | 400 to 80 0 0 |20 20
Total 41 | 137 | 286 464

Fig. 6. Spatial variability of NO; concentration measured in ppb.

however, shows comparatively high values (~70-100 ppb).
In addition, the Enderby Land transect shows an increase in
SO, concentration with elevation (from ~10 ppb to 30 ppb).
This could be influenced by local accumulation rates and
variable SO, sources.

In Figure 8, spatial variability of MS data is shown, ranging
from 3 to 166 ppb. In contrast to NO3 and SO, MS is thought

S04 in ppb
Average 82.6 i
Median 47.2
Standard deviation +202.2| @ Datafrom 1992-97 <
Max 3787.5| A Multi-year data
m," of data 402; =+ Undated data -
Classesinppb (@ | A [ 4 [Total| % | + ‘* f
0 to 5 0 4 2 6 14 |
5t 10 00 0 o0 00| +
0 to 15 0 | 0 3 | 3 07 t..
15 to 20 0 | 0 12 12 28 }
® A+ 20 to 25| 0 2 23 25 5.9 ®
® A4 25 to 30 1 2 30 33 78
® A+ 30 to 35 2 | 3 44 49 115 ]
® A+ 35 to 40 1 | 6 |28 35 |82
® A+ 4 to 45 5 5 | 25| 35 | 82
® A+ 45 to 50 3 8 18 29 |68 |
® A+ 50 to 75 7 29 35 71 167
® A+ 75 to 100 13 | 30 20 @63 |14.8|
@ A+ 100 to 150 6 16 | 12 34 | 8.0
® A+ 150 to 200 2 | 2 | 4 8 | 19
® A+ | 200 to 400 3 |7 |6 | 16 |38
® A+ | 400 to 4000 2 3 | 1 6 14
Total 45 117 263 425 45 |
Fig. 7. Spatial variability of SO, concentration measured in ppb.
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its high Henry constant (Udisti and others, 1998; Becagli and
others, 2005). Overall, the data show highest concentration
at coastal sites, with deceasing trends inland, except for two
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MS in ppb |
Average 19.8
Median 14.3
Standard deviation +18.1| @ Datafrom 1992-97
M_ax 165.6| A Multi-year data
:‘ﬂtl’l'l of data 2012 + Undated data
Classesinppb | @ | A | 4 [Total | % L
0 to 2.0 0 2 2 09
2 to 4l 1|1 | 2 4 19
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@ A+ 8 to 10 7 |8 9 | 24 13
@ A+ 10 to 12/ 9 | 5 9 | 23 108
@ A+ 12 to 14| 7 |5 3 | 15 7.0
o A+ 14 to 16/ 2 |10 10 | 22 103
® A+ 16 to 18 1 | 6 6 | 13 6.1
® A+ 18 to 20/ 1 | 5 2 8 38
o A+ 20 to 30 1 | 5 15 21 | 99
® A+ 30 to 40/ 2 | 2 18 | 22 103
® A+ 4 to 50 0 1 17 | 18 85
® A+ 50 to 75/ 0 | 0 4 4 |19
® A+ 75 to 100/ 0 | O 1 1 05
® A+ | 100 to 20|00 | 2 2 09
Total | 34 | 63 116 | 213

Fig. 8. Spatial variability of MS concentration measured in ppb.

sites (~0-2 ppb), the latter shows a trend from low MS values
(0-14 ppb) at low elevation to high MS concentrations (14—
50ppb) further inland. A similar but less pronounced
increase in concentration along the Enderby Land transect
is also observed in the SO, and NO; data.

Ca, Mg and K are shown in Figures 9-11, respectively.
Concentration values range from 0.1 to 740 ppb for Ca, from
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0.2 to 1930 ppb for Mg, and from 0.1 to 600 ppb for K. All
three species show overall low concentration values across
Antarctica, with a few exceptions. Local dust sources such
as the McMurdo Dry Valleys, a strong marine influence such
as Terra Nova, or coastal sites at the Antarctic Peninsula
cause orders-of-magnitude higher concentrations. Inter-
mediate concentration levels are rare. The continent-wide
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Fig. 9. Spatial variability of Ca concentration measured in ppb.
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Fig. 10. Spatial variability of Mg concentration measured in ppb.

pattern might therefore be used to distinguish typical ‘global’
or hemispherical dust content from local Antarctic sources.

SUGGESTIONS FOR FUTURE WORK

The primary objectives of this paper are to provide an
updated summary of available chemistry data from Ant-
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recommendations for future efforts.

arctica and make
observed variability across Antarctica clearly shows the need
for an improved understanding of the mechanisms that
ultimately control the chemistry of a snow or ice sample. By
making this dataset available, we invite and encourage the
wider science community to participate in this continent-
wide effort.

Based on our findings and on previous papers, we aim for
the following research outputs as the next step for the ITASE
Chemistry Synthesis group:

Investigation of the snow chemistry signal migration
and spatial variability of significant climate events and
oscillating and non-oscillating climate drivers

This can be achieved by intercontinental comparison of
snow chemistry variability contrasting, for example, El
Nifio with La Nifa years, high-index Antarctic Oscilla-
tion years with low-index years, and the snow chemistry
signal before, during and after volcanic eruptions

Furthermore, cross—correlation of snow chemistry data
with re-analysis data, such as NCEP/NCAR (US National
Centers for Environmental Prediction/US National Center
for Atmospheric Research) and ERA-40 (European re-
analysis), will allow us to link characteristic geographic
chemistry patterns to typical climate modes, establishing
transfer functions, and to identify Antarctic teleconnec-
tions and their variability through time

Bertler and others: Snow chemistry across Antarctica
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Tuning general circulation models to reconstruct snow
chemistry patterns in recurring synoptic and mesoscale
climate events, using contemporary chemistry data as a
training set, will allow us to use these models in reverse,
to output climate events using chemistry data further
back in time.

investigation of the reiationship between atmospheric
aerosol loading and contemporary snow chemistry

Quantification of contemporary aerosol precipitation
and deposition efficiency by linking surface snow
chemistry concentration with atmospheric aerosol load-
ing measurements can be establis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>