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Abstract

Implementing a new method to measure 534S, , inice cores to assess sulfate sources
in West Antarctica

Emily Ann Doyle

Sulfate sources in Antarctica can reveal information about the interconnection of climate
systems and past climate events. The major sulfate sources in Antarctica are sea salt, biogenic
activity, and volcanic activity, though volcanic events have a limited 1-2 year deposition
period. Each source can be identified by its unique sulfur isotopic composition of sulfate
(8%*Sg0 ,). However, 53*Ss0 , measurements in Antarctic ice cores are scarce and have poor
temporal resolution due to the large sample volume required for isotopic analysis.

For this thesis, I established a new method to measure 83*S so, in ice cores via multicol-
lector inductively coupled mass spectrometry (MC-ICP-MS) at the University of Cambridge.
This technique requires < 30 nmol of sulfur compared to the 1 umol previously required
for analysis with gas source mass spectrometry (GS-MS). Using this method, I produced the
first seasonal record of 83*S 50, 1n an ice core to reconstruct sub-annual changes in sulfate
sources at Dyer Plateau in West Antarctica. I also confirmed the §34S so, signature of sea salt
from the sea ice surface and further constrained the sulfur isotopic composition of biogenic
sulfate. However, I was unable to reconstruct short-term changes in sea ice extent, which was
the original aim of this research, because of the presence of an additional unknown sulfate
source. This source has a low 84S so, signature and increased winter deposition, suggesting
that it is likely of volcanic and/or stratospheric origin.

I then measured §3*Sgo , 1in two additional West Antarctic ice cores to explore potential
spatial variability in the third sulfate source. Sherman Island and Skytrain Ice Rise ice cores
both showed the same unknown sulfate source with a low sulfur isotopic composition that I
had found in the Dyer Plateau ice core. A similar source has been reported for numerous ice
cores in East and West Antarctica, but the source was 3x greater in the West Antarctica

study. My results were similar to the East Antarctica findings, suggesting that there is no



vi

clear distinction in the third sulfate source between East and West Antarctica, but instead
significant variability on a smaller spatial scale.

Lastly, I considered long-term changes in sulfate sources in Antarctica. 1 found a
significant increase in sea salt and biogenic sulfate emissions at Skytrain Ice Rise between
the early and late Holocene, supporting the proposed retreat of the Ronne Ice Shelf 8,000
years ago. I also measured §3*Sg , in glacial and Holocene samples to explore the possibility
of a large terrestrial sulfate source during the Last Glacial Maximum. Glacial o 348504 values
were 3—5%o lower than in Holocene samples, which could be explained by a sulfate-rich
terrestrial dust source that was 50% of total sulfate. However, the origin of such a source
with the required low 83*Sgo , Signature is unclear.

This thesis highlights the importance of additional §3#Sgg , measurements in Antarctic ice
cores. My results show that sulfur isotope ratios can be used to reconstruct past climate events,
but background sulfate sources must be better characterized before we can use 53*Ss0 , 1o

reconstruct short-term climate processes.
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Chapter 1

Introduction

1.1 Understanding Climate

Earth's climate comprises many different systems, such as ocean currents, atmospheric
composition, ice sheet melt, and the many feedback processes that link them. How these
components interact creates a global system that affects all aspects of life. For example,
agriculture, biodiversity, and human migration are all impacted by climate. Understanding
these connections is essential to diagnose the short and long-term consequences of climate
change. Current climate behavior can reveal short-term responses to a shifting global
environment. To fully understand the climate system, however, today's climate must be
viewed in the context of a longer climate record. Climate models are a valuable tool to study
and predict climate behavior, but they must be based on ground truth from paleo data. For
these reasons, paleoclimate reconstructions are an essential component of climate research.

1.2 Paleoclimate

Paleoclimate reconstructions reveal how climate subsystems interacted in the past. Climate
models can then extrapolate from this data and predict how the climate may change in the
future. Without direct observations, e.g., satellites, paleoclimate conditions are reconstructed
using proxies. A proxy is preserved, measurable data that has recorded characteristics of past
climates. For example, tree ring width is a proxy for temperature and precipitation. Trees
thrive in favorable growing conditions, so narrower tree rings suggest a colder, drier climate.
Narrow tree rings can also re ect large climate events like volcanic eruptions, which can
cause signi cant climate shifts like the Little Ice Age (Briffa, 2000). In another example,
carbon and oxygen isotopes in foraminifera can be used to reconstruct past ocean temperature,
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salinity, and ocean circulation patterns (Bahr et al., 2017; Mackensen and Bickert, 1999;
Rothlisberger et al., 2010).

Paleoclimate reconstructions highlight the cause and effect of many climate processes.
Therefore, changes in paleoclimate not only provide context for today's climate, but also
suggest how the climate may change on a longer timescale.

1.2.1 Reconstructing sulfate sources in Antarctica—Research aim

Ice sheets are a valuable tool in paleoclimate reconstructions because they contain a chemical
and physical archive of past climate conditions. One such archive is a chronological record
of sulfate (S(ﬁ ) deposition, which contains information about numerous past climate
events such as volcanic eruptions (Sigl et al., 2013). In another example, the sulfur isotopic
composition of sulfatec(34sso4) can be used to identify sulfate sources (e.g., Patris et al.,
2000) and may reveal past changes in sea ice extent, both of which are the focus of my
research.

To examine sulfate sources in Antarctica, | established a new method to ma&&sseg,
in small ice samples. | then used this technique to look for spatial variability of sulfate
sources as well as any changes in the sulfate signal on glacial/interglacial timescales. In
addition to sulfur isotope analysis, | also measured the concentration of major ion species in
the ice cores and used these data conjointly to assess their use as a new sea ice proxy. Overall,
| analyzed three ice cores from West Antarctica. The number of Antarctic sulfur isotope
studies is extremely limited (e.g., Alexander et al., 2003; Kunasek et al., 2010; Uemura et al.,
2016), and my work is a valuable contribution to the current literature.

1.3 Ice sheets as archives of paleo data

1.3.1 Ice sheet dynamics

There are many sources of paleo data used for climate reconstructions and models, including
corals, stalagmites, and marine sediments. Another valuable archive for paleoclimate data is
ice sheets in Greenland and Antarctica, which contain histories of temperature, atmospheric
composition, and other climate factors (e.g., Jouzel et al., 2007; Simpson et al., 2007). An
ice sheet is a permanent mass of glacial ice overlaying a continent. Ice sheets are formed
when the net snow accumulation is positive, i.e., the amount of ice gained is greater than the
amount of ice lost. As long as this mass balance remains equal, the ice sheet is stable. Ice
mass is gained by precipitation. Snow that falls on an ice sheet is buried and compacted over
time, creating a chronological archive of climate data. The longest recovered record spans
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the past 800 thousand years (kyr), but older records may exist (EPICA community members,
2004, Parrenin et al., 2017). Ice mass is primarily lost by 1) surface melting, 2) basal melting
under oating ice shelves, and 3) iceberg calving (Benn et al., 2017; Depoorter et al., 2013;
Rignot et al., 2013). An ice sheet is constantly spreading under its own weight, and the base
of the sheet is often lubricated by a thin layer of meltwater from contact with the warmer
continent (Figure 1.1).

Ice sheet dynamics affect how climate signals are archived in the ice. For example, annual
layer thickness and, therefore, the temporal resolution depend on numerous factors like the
accumulation rate and depth of the ice sheet. Deeper layers are thinner because of increased
compaction and ice sheet spreading. Therefore, shallow ice records from high-accumulation
areas have the greatest resolution, but they are spatially limited and have relatively short
timespans. Ice sheet data is recovered by drilling an ice core from the surface of the ice sheet
to the bedrock. During the drilling process, the core is retrieved from the borehole several
meters at a time and then transported to a lab for analysis.

Fig. 1.1 Diagram of ice sheet mechanics showing ice sheet spreading, ice mass gain by
precipitation, and ice mass loss by surface melt, basal melt, and iceberg calving.

1.3.2 Climate signals in ice sheets

Ice sheets record numerous environmental signals that are used for climate reconstructions.
For example, air bubbles in the ice contain direct samples of ancient atmospheres (e.g.,
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Chappellaz, 1994, Staffelbach et al., 1991), dust records can reveal when ice sheets advanced
or retreated (Simonsen et al., 2019), and black carbon is a proxy for biomass burning (Legrand
et al., 2016). Ice sheets can record some signals at up to seasonal resolution and have clear
winter and summer depositional layers. These layers can sometimes be identi able by sight
if, for example, winter layers are darker than summer layers due to increased dust content and
compaction. Another technique is to reconstruct seasonal signals of temperature or chemical
content during the deposition period (Rasmussen et al., 2006; Sommer et al., 2000). Sea salt
aerosols, for example, have a clear seasonal signal with high sodiuh) ¢Nacentrations in

the winter (Minikin et al., 1994; Wagenbach et al., 1998), and oxygen isotopes can be used
to construct a temperature history (Jouzel et al., 2007).

1.3.3 Overview of isotope systems

Ice sheets record isotope data that can be used to reconstruct various paleoclimate properties,
such as temperature and biogenic activity in the ocean (Jouzel et al., 2007; Legrand and
Pasteur, 1998; Minikin et al., 1998). Isotopes are variants of an element that have the same
number of protons but a different number of neutrons and, therefore, a different molecular
mass. For example, sulfur has four stable isotogés; 33s, 34S, and®6s, with natural
abundances of 95.02%, 0%54.324, and 0.020, respectively. Isotopes are expressed as
ratios relative to the major isotope, e #'SF?S. This ratio is then normalized to the isotope

ratio of a reference standard and reported as a delta d)ue permil %o). The equation is

as follows:

o 1

ax
dbxsample: %bx—Sample 1& 1000 (1.1
X Standard

where X is the measured element, a is the major isotope, and b is the minor isotope. The
isotope ratio of an elemenitX/2X) is also referred to as R. The reference standard for all
sulfur isotope measurements is Vienna-Canyon Diablo Troilite (VCDT).

Elements have distinct R values because of different variables that favor one isotope over
another. For example, the oxygen isotope ratf®(1°0) of water in ice sheets is lower than
that of seawater because of evaporation and transport. Lighter water moléetle$80)
evaporate from the ocean surface more easily than heavier water molé¢ifie$80), and
they condense less easily. Therefore, the water vapor is depletéd ielative to seawater
and has a lower R value. This difference increases as the moist air is transported toward the
pole, and heavier water molecules are preferentially lost by precipitation as the air cools.
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This alteration of isotope ratios is called isotope fractionation and is re ected in the isotope
signature of a material. In the above example, the lower R value of precipitation at the poles
means that ice sheets have IO\Mé?OHzo values than seawater. In addition to external forces
like transportation, the type and degree of isotope fractionation depend on the element source
and processes during formation. For example, the sulfur isotopic composition of sulfate
deposited on an ice sheet can range between -2-2dsed on its source (e.g., Baroni et al.,
2008; Castleman et al., 1973; Nielsen et al., 1991; Rees, 1978).

1.4 Sulfate in ice sheets

Sulfate is another signi cant chemical signal recorded by ice sheets and has ve major
sources: sea salt, anthropogenic activity, biogenic activity, volcanic activity, and terrestrial
input (Figure 1.2) (Rankin et al., 2002; Réthlisberger et al., 2002; Seguin et al., 2014). Source
emissions vary in strength and are temporally and spatially dependent.

Fig. 1.2Diagram showing the three primary sources of sulfate in Antarctica: sea salt (blue),
marine biogenic activity (green), and volcanic emissions (orange). Because of Antarctica's
remote location, anthropogenic and terrestrial sulfate does not reach Antarctica in signi cant
quantities.

1.4.1 Sea salt sulfate

Sea salt is emitted from both the sea ice surface and the open ocean. The transport mechanism
of sea salt to the ice sheet is much debated. d18sq, of sea salt is 21.0 0.1%., derived
from global ocean values (Rees, 1978).
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1.4.2 Anthropogenic sulfate

Anthropogenic sulfate does not reach Antarctica in signi cant quantities because the continent
is so remote. This conclusion is supported by stable sulfate concentrations recorded in the
Antarctic ice sheet over the lastl50 years (Graf et al., 2010; Legrand, 1995). In contrast,
anthropogenic sulfate does reach Greenland because the majority of emissions are in the
Northern Hemisphere; therefore, sulfate concentrations in the Greenland ice sheet increase
sharply after the mid-19 century (Goto-Azuma and Koerner, 2001). Multiple studies have
found that thed34S of anthropogenic sulfate ranges betweeh4—®. (e.g., Patris et al.,

2000; Seguin et al., 2014).

1.4.3 Biogenic sulfate

Sulfate is also produced by biogenic activity in the open ocean and around the sea ice edge
(Curran and Jones, 2000; Trevena et al., 2000; Turner et al., 1995). Marine phytoplankton pro-
duce dimethylsul de (DMS), which is oxidized to sulfate and methanesulfonic acid (MSA).
These aerosols are then transported to and deposited on the ice sheet surface. Biogenic sulfate
has a strong seasonal signal, with low emissions in the winter when there is maximum sea ice
extent and peak emissions in the summer when there are warmer temperatures and prolonged
sunlight (Oduro et al., 2011). ThE*S of biogenic sulfate has often been cited ds8%o

(Patris et al., 2000), although values as low as 15%1%. have been reported (Calhoun

etal., 1991).

1.4.4 \olcanic sulfate

Volcanic eruptions emit large volumes of sulfur dioxide p@to the atmosphere, which

is oxidized to S@ and then deposited on the ice sheet surface (Alexander et al., 2002;
Savarino et al., 2003; Sigl et al., 2013). These spikes in sulfate concentration typically span
1-2 years (Legrand and Pasteur, 1998; Robock, 2000) and swamp all other sulfate sources.
A wide range of volcania:i‘?"'SsQ1 values has been reported (Baroni et al., 2008); however,
average values range betwee@—-5%0 (Alexander et al., 2003; Burke et al., 2019; Nielsen

et al., 1991; Patris et al., 2000).

Sulfur dioxide from large, tropical eruptions can enter the stratosphere, where it is exposed
to ultraviolet light and undergoes mass-independent fractionation (MIF). Mass-independent
fractionation occurs when the separation of isotopes by a physical or chemical process is
not proportional to their difference in mass. This process is marked by a norD%?thgQ
signature (Burke et al., 2019), as calculated below:
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0:515

34
">q , 4 1 (1.2)
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D¥Ss0,= d¥Ssq, 1000

Sulfate from stratospheric eruptions can be deposited on both the Greenland and Antarctic
ice sheet. However, sulfate from smaller, tropospheric eruptions reaches only one polar
ice sheet or may not be recorded at all (Sigl et al., 2013). These eruptions do not carry a
MIF-derivedD*3Sgq, signal. Taken together, thiE**Ssq, andd33Sgq, values of ice sheets
can be used to identify the size and timing of a volcanic eruption and determine how that
event affected the climate.

1.4.5 Terrestrial Sulfate

Sulfate in ice sheets can also derive from terrestrial sources, primarily dust that contains
sulfate-bearing minerals (Goto-Azuma et al., 2019; Kaufmann et al., 2010; Wolff et al., 2006).
Terrestrial biogenic activity has also been considered but does not contribute a signi cant
amount of sulfate to the Antarctic ice sheet (Jonsell et al., 2005; Wolff et al., 2010). The
dust source derives primarily from the Patagonia region of South America, where terrigenous
material is uplifted by winds and transported to Antarctica (Kohfeld and Harrison, 2001;
Oyabu et al., 2020; Wolff et al., 2010). Continental dust has a wide ran@%“sgq between
0—20%0 depending on its source, which makes it dif cult to isolate the terrestrial component
from other sulfate sources (Nielsen et al., 1991). The primary sulfate mineral in continental
dust is gypsum (CaSfp, which is a major component of evaporites (Babel and Schreiber,
2014). Gypsum can also form from the reaction of terriginous calcium carbonate gcaCO
with marine sulfate emissions during transport (Angelis et al., 2012; Usher et al., 2003). This
secondary gypsum has the sad?éSsQ as marine biogenic sulfate, further complicating
the quanti cation of the terrestrial source. However, the terrestrial sulfate source is minimal
because of the long transport distance between the source origin and nal deposition. As
such, the terrestrial sulfate component is often considered negligible (e.g., Alexander et al.,
2003; Kunasek et al., 2010).

Both the soluble and insoluble components of terrestrial input are measured to quantify
the terrestrial sulfate source. Insoluble dust particles are measured to calculate the dust
ux, but they are primarily silicon and do not contain sulfur (lizuka et al., 2009; Kohfeld
and Harrison, 2001; Oyabu et al., 2020; Wolff et al., 2010). Terrestrial input can also be
determined by measuring the concentration of soluble terrestrial-derived species, such as
aluminium, calcium, and iron (e.g., Kunasek et al., 2010; Legrand et al., 1988a; Palais
and Legrand, 1985), and studies report good agreement in terrestrial input calculated with
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both insoluble and soluble measurements (lizuka et al., 2009). Because terrestrial sulfate
derives primarily from soluble CaSQit can be quanti ed using calcium concentration
measurements (Goto-Azuma et al., 2019; Rothlisberger et al., 2002).

1.5 Background sulfate in Antarctica

1.5.1 Spatial patterns in sulfur isotope ratios

Sulfur isotope data from Antarctica is limited, and most studies have focused on East
Antarctica (Figure 1.3, Table 1.1). Results have shown a distinct difference in background
sulfate in East and West Antarctica, although this nding is only supported by two studies in
West Antarctica. Further research is needed to better characterize this spatial variation and
how it relates to the overall sulfate system in Antarctica.

1.5.1.1 West Antarctica

Kunasek et al. (2010) and Pruett et al. (2004) both measured sulfur isotope ratios on the West
Antarctic Ice Sheet (WAIS), and their results showaSsq, values up to 10%. lower than

values in East Antarctica (Table 1.1 and the references therein). Theslé“ﬁm1 values
suggested a large sulfate source with a low sulfur isotopic composition in addition to sea salt
and biogenic sulfate. Both studies proposed a signi cant volcanic contribution from known
regional volcanoes or a large stratospheric sulfate input due to increased cyclonic activity
and lower elevation in West Antarctica compared to East Antarctica. Kunasek et al. (2010)
also suggested sulfate input from volcanic activity in the southern Andes.

However, these hypotheses are not fully supported by other studies. A modeling study
by Stohl and Sodemann (2010) showed no signi cant difference in stratospheric sulfate
between West and East Antarctica, suggesting the third sulfate source was solely volcanic.
The bordering volcanoes considered by Kunasek et al. (2010) are inactive and likely provide
little sulfate input. However, an atmospheric model by Graf et al. (2010) suggested that
Mount Erebus could be a signi cant sulfate source in West Antarctica because of the high
elevation of its summit (3794 m). These ndings are limited by the dearth of sulfur isotope
data from West Antarctica, and additional studies are necessary to further constrain the spatial
extent of the area with low3*Sgq, values.
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1.5.1.2 East Antarctica

Althoughd34ssq values are higher in East Antarctica than West Antarctica, they are still
lower than expected based on the assumed sulfate sources and their resﬁésgm
signatures (Table 1.1 and the references therein). Patris et al. (2000) and Akata et al. (2011)
are the only two studies that produced sulfur isotope data consistent with the generally
acceptedj34SsQ signatures for sea salt, biogenic, and volcanic sulfate. Alexander et al.
(2003) proposed that their onle"‘SsQ1 values resulted from the isotopic fractionation of
sulfate during chemical transformation and transport. They invoked this argument to explain
Iowerd34SsQ values in glacial periods because the larger ice sheets increased the transport
time before deposition. Changes in the atmospheric composition and, therefore, sulfate
oxidation pathways, were also proposed to explain th%o. difference between glacial and
interglacial samples.

However, sulfur isotope fractionation was not observed by Uemura et al. (2016), who
measured3*Ssq, in a latitudinal transect of shallow cores in Dronning Maud Land. Simi-
larly, Jonsell et al. (2005) comparelci“sso4 measurements in a coastal core to one further
inland on the Antarctic Plateau. Both studies reported spatially and temporally consistent
d34Sgq, values with no signi cant altitudinal effects. As in the West Antarctica studies, Jon-
sell et al. (2005) suggested sustained volcano outgassing as an explanationdéﬂgu
values. They also suggested, however, that the accepted marine bid%@ signature
of 18%. was too high. This idea was further developed by Uemura et al. (2016), who used
a range of biogenid3‘"S.3Q1 values between 12.5-2%a3in their source reconstructions,
based on additional previously reported bioge]‘ﬁéssq values (Amrani et al., 2013; Oduro
etal., 2012). A lower marine biogenit**Ssq, signature was also supported by direct sulfate
aerosol measurements above the Southern Ocean that recatéft8g value of 15.6
3.1%0 (Calhoun et al., 1991), perhaps caused by sulfate oxidation in the marine boundary
layer (Uemura et al., 2016). Using this lower bioged%SsQl signature, Uemura et al.
(2016) calculated that 84 16% of sulfate in East Antarctica was of biogenic origin.

1.5.2 Background sulfate in sea ice extent reconstructions

Sulfate in ice cores may also be helpful in sea ice extent reconstructions. Sea salt is a major
source of sulfate, and the strength of the sea salt source depends on the ratio of sea ice to
open ocean. If this relationship could be quanti ed, sea salt would be a valuable sea ice proxy.
The success of this proxy depends not only on interpreting sulfate sources in Antarctica, but
also on understanding the sea ice system.
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Fig. 1.3 Map of ice core sites used in Antarctic sulfur isotope studies and the reported
d34SSQ values at each site. See Table 1.1 for corresponding location names, sample dates,
and references.
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1.6 The seaice system

1.6.1 Formation and seasonal cycle

Sea ice forms on the ocean surface when seawater freezes, unlike icebergs that originate
on land and are made from freshwater snow. Sea ice extent uctuates throughout the year:
ice begins to form in fall, reaches a maximum in winter, breaks up in spring, and reaches a
minimum in summer. There are four stages to sea ice formation: nilas, young ice, rst-year
ice, and multiyear ice. Multiyear ice occurs less in Antarctica than in the Arctic because
Antarctica is surrounded by large, open areas of ocean with relatively warm temperatures, and
S0 most Antarctic sea ice melts in the summer (Abram et al., 2010; Curran, 2003). Because of
this strong seasonality, Antarctica is an excellent site for short-term, seasonal reconstructions
of sea ice extent. However, not all Antarctic sea ice melts in the summer. The majority of this
multiyear ice is found in the Weddell Sea, where it is constrained by ocean currents (Abram
et al., 2007). As a result, it may be more dif cult to detect seasonal uctuations in sea ice
extent in this region.

1.6.2 Seawater fractionation during sea ice formation

Sea ice formation fractionates seawater and results in sulfate-depleted salt on the sea ice
surface (Frey et al., 2020; Rankin et al., 2002; Wagenbach et al., 1998). This process depends
on the temperature gradient between the ocean, sea ice, and atmosphere. Seawater freezes at
-1.8°C. As sea ice forms, salty brine is excluded between the ice crystals and forms pockets
and channels within the ice (Butler and Kennedy, 2015; Perovich and Richter-Menge, 1994).
The brine is carried to the sea ice surface by a thermomolecular pressure gradient between the
seaice and the colder atmosphere (Martin et al., 1996; Rankin et al., 2002). As the brine cools,
salts begin to precipitate out into the ice structure, including mirabilite §0-10H,O)
at -8C (Butler and Kennedy, 2015). Other salts precipitate at colder temperatures, such as
sodium chloride (NaCl) at -2Z. However, because of the temperature gradient between
the cold atmosphere and the relatively warm ocean surface, such low temperatures are only
reached at the top of thick, multiyear ice (Rankin et al., 2002).

The seawater freezing process results in a salty, sulfate-depleted slush layer on the sea ice
surface. Because of the precipitation of mirabilite, this layer hasfa B@" mass ratio of

0.05-0.1 compared to the 0.25 ratio in seawater (Hall and Wolff, 1998; Rankin et al., 2000,

2002; Roscoe et al., 2011; Seguin et al., 2014; Wagenbach et al., 1998). This iO\N\@D
ratio may be useful in sea ice extent proxies to separate sea salt from the sea ice surface from
sea salt from the open ocean.
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1.6.3 Frost owers and blowing snow

Frost owers are dendritic ice crystal structures that grow on the surface of newly-formed sea
ice (Figure 1.4). Frost owers form on protrusions on the ice surface and appear because of
the temperature gradient between the ice and the atmosphere (Martin et al., 1996; Perovich
and Richter-Menge, 1994; Rankin et al., 2002). Air temperature rapidly decreases above the
sea ice surface, creating a supersaturated boundary layer as the brine evaporates (Alvarez-
Aviles et al., 2008; Martin et al., 1996; Rankin et al., 2002). Water vapor condenses out
of this layer between -TZ and -18C, forming frost owers that are typically 10-20 mm

tall (Martin et al., 1995, 1996). Sulfate-depleted brine from the ice surface is then wicked
into the owers by surface tension (Perovich and Richter-Menge, 1994; Roscoe et al., 2011).
Frost owers do not form on multiyear ice, and the surface snow is less saline than snow on
rst-year sea ice because brine production and salinity decrease over time (Cox and Weeks,
1974; Rankin et al., 2002; Rhodes et al., 2018). dﬁ”éssq of frost owers does not differ

signi cantly from that of sea salt, at 20.8 0.4%0 (Seguin et al., 2014), and they have the
same S@ /INa" mass ratio as the surface brine (Rankin et al., 2002).

Fig. 1.4Diagram showing frost ower formation on the surface of rst-year seaice and a
typical temperature gradient between the ocean, ice, and atmosphere.

Frost owers can have a salinity 3x that of seawater (Roscoe et al., 2011), and they were
previously considered a major source of sea salt aerosols (SSA). Because of their dendritic
shape, it was assumed that frost owers could be easily lifted and blown inland from the sea
ice surface (Hall and Wolff, 1998; Rankin et al., 2000; Rankin and Wolff, 2003). However,
laboratory studies found that frost owers have a relatively strong mechanical structure and
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can withstand winds up to 12 m/s (Obbard et al., 2009; Roscoe et al., 2011; Yang et al.,
2017). Furthermore, when frost owers did break, they were primarily reincorporated into
the brine (Roscoe et al., 2011). Based on these results, frost owers are now considered to
play a minimal role in SSA production (Huang and Jaeglé, 2017; Yang et al., 2019, 2017).

Frost owers are typically covered by snow within several days of formation (Rankin
et al., 2002). This snow accumulation is relatively low closer to the coast but increases with
distance offshore and has been measured at 1.65 m deep (Massom et al., 2001). Brine on
the sea ice surface is carried upward via capillary action and can penefr@tem into the
snow column; however, the bulk of the salinity is in the bottom 0-5 cm (Massom et al., 2001,
Yang et al., 2008). When the snow is thick enough to push the ice beneath the ocean surface,
the seaice is ooded with seawater that can migrate up20 cm into the snow column
(Domine et al., 2004; Massom et al., 2001). Flooding is less common for thicker, more stable
multiyear ice, which further contributes to the relatively low salinity of its surface snow
(Massom et al., 2001).

Sublimated blowing snow from the sea ice surface has also been proposed as a potential
source of sea salt aerosols (Yang et al., 2008). The rate of sublimation depends primarily
on wind speed, with a threshold velocity of7f m/s (Hara et al., 2014; Yang et al., 2019).
Snow age and salinity also affect sublimation, with increased SSA production above young
snow on rst-year sea ice (Box et al., 2004; Frey et al., 2020; Yang et al., 2019). The blowing
snow hypothesis is supported by both climate models and direct observations, which show
high SSA production even with relatively low snow salinity (Frey et al., 2020; Nishimura
and Nemoto, 2005; Rhodes et al., 2017; Yang et al., 2019).

1.7 Seaice extentreconstructions using marine and ice core
proxies

Sea ice is a major component of the global climate system. For example, sea ice re ects solar
radiation, which has a cooling effect on the climate called the albedo effect. If the amount of
sea ice decreases, more radiation is absorbed, and the climate warms. These processes create
a positive feedback loop that leads to continuously rising temperatures. Since the 1970's,
satellites have provided direct observations of sea ice cover, showing a drastic decrease in
Arctic sea ice (Serreze and Barry, 2011) but a more regional pattern in Antarctica. Sea ice
extent has been increasing in the Weddell and Ross Sea sectors (e.g., Parkinson and Cavalieri,
2012) but decreasing in the Bellinghausen Sea (e.g., Hobbs et al., 2016). Numerous proxies
have been used to reconstruct Antarctic sea ice extent prior to the satellite-era. However,
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most of these proxies are qualitative, do not extend beyond 1700 CE, and are from shallow,
coastal ice cores (Abram et al., 2013; Thomas et al., 2019). Additional studies and improved
proxies are necessary to gain a better understanding of regional, sub-annual, and long-term
changes in Antarctic sea ice extent.

1.7.1 Marine sediment core proxies

Many sea ice reconstructions are based on paleo data from marine sediment cores. Over
time, dead organisms, fecal matter, and other inorganic particles in the ocean fall to the
sea oor and create a record of past ocean conditions. Using these archives, sea ice extent
has been reconstructed based on past fossil assemblages, including sea ice related diatoms
and dino agellates (e.g., de Vernal et al., 2005; Gersonde et al., 2005; Turner et al., 2015).
Other geochemical markers such as the lipid IP25 have also been used to reconstruct changes
in sea ice extent (Belt and Muller, 2013; de Vernal et al., 2013). Marine sediment core
records extend into the Last Glacial Maximum (LGM) and provide valuable data about long-
term changes in sea ice cover that serve as constraints in modeling exercises (Bracegirdle
et al., 2015). However, the low temporal resolution and spatial scarcity of marine sediment
cores limit their use in continuous, high-resolution sea ice extent reconstructions. For more
complete sea ice records, marine core data is often combined with other ice core proxies like
sea salt and halogens in ice cores (Thomas et al., 2019).

1.7.2 Ice core proxies

Numerous physical and geochemical markers in ice cores have been used as proxies in sea
ice extent reconstructions. For example, bromine chemistry is affected by the salt-rich snow
cover on sea ice, leading to “bromine explosions” in the summer/spring (Impey et al., 1997).
The ratio of bromine to sodium can also be used to calculate a bromine enrichment factor
that may correlate with the production of rst-year sea ice (Vallelonga et al., 2017). Other
proxies include organic compounds such as fatty acids (O'Dowd et al., 2004), water isotopes
(Holloway et al., 2016), and snow accumulation (Thomas et al., 2015). Two of the most-used
sea ice proxies are MSA from marine biogenic activity and sea salt.

1.7.21 MSA

One of the most-used proxies for sea ice extent is MSA, which derives from the oxidation
of DMS produced by marine biogenic activity. Multiple studies have shown increased
MSA concentrations in the sea ice zone relative to the open ocean because of increased
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phytoplankton DMS production around the sea ice edge (Curran and Jones, 2000; Turner
et al., 1995). As previously discussed, biogenic activity increases as winter sea ice begins to
break up, causing a summer peak and a winter trough in MSA concentrations (Curran and
Jones, 2000; Thomas and Abram, 2016; Turner et al., 1995). The oxidation of DMS to MSA
also produces sulfate that could potentially be used to track sea ice extent. However, sulfate
also derives from other sources such as sea salt. Biogenic activity is the sole producer of
MSA, making it a preferable proxy for sea ice extent. The MSA proxy has been used in many
sea ice studies with varying success (e.g., Criscitiello et al., 2013; Rhodes et al., 2009; Xiao
et al., 2015). MSA concentrations are best used for regional sea ice extent reconstructions
and must be considered in the context of longer records of environmental variables that can
affect MSA production.

1.7.2.2 Sea salt

Another major proxy for sea ice extent is sea salt in ice cores. Sea salt is quanti ed by the
sodium concentration in the ice because the reactivity of chloride makes it an unreliable
tracer (Rothlisberger, 2003). Sea salt was originally believed to primarily come from bubble
bursting in the open ocean (Petit et al., 1999; Wagenbach et al., 1998). By this theory, sea salt
would be negatively correlated with sea ice extent. However, the reverse was observed, with
sodium peaks in the winter, lows in the summer, and higher overall sea salt concentrations in
glacial periods relative to interglacials (e.g., Minikin et al., 1994; Mulvaney and Wolff, 1994).
Numerous mechanisms were proposed to explain this result, including increased storminess
in the winter and/or glacial period (Petit et al., 1999) and changes in circulation patterns
(Goodwin et al., 2004; Peel and Mulvaney, 1992). However, these hypotheses were not
supported by climate models (Genthon, 1992; Mahowald et al., 2006; Reader and McFarlane,
2003).

Numerous studies discovered that sea salt in ice cores was signi cantly depleted in
sulfate, with scﬁ /INa" mass ratios of 0.05-0.1 instead of the expected 0.25 (e.g., Gjessing,
1989; Hall and Wolff, 1998; Rankin et al., 2000; Wagenbach et al., 1998). These results
suggested sea ice as the primary source of sea salt because of seawater fractionation during
ice formation (Rankin et al., 2002; Wagenbach et al., 1998). As discussed previously, blowing
snow from the ice surface is a major source of sea salt aerosols. Also, Frey et al. (2020)
found that sea salt aerosol production is signi cantly greater above the sea ice zone than the
open ocean, further supporting the use of sea salt as a sea ice proxy.

The sea salt sea ice proxy has shown mixed results when applied to various Antarctic
ice cores. Multiple cores in East Antarctica and Dronning Maud Land showed a correlation
between sea salt and atmospheric circulation patterns rather than sea ice extent (Fischer,
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2004; Udisti et al., 2012). Sea salt proxies also risk underrepresenting multiyear sea ice
because of its lower salinity (Rhodes et al., 2017). However, some West Antarctic ice cores
were more promising, such as the positive correlation between sea salt in the Siple Dome
core and sea ice extent in the Amundsen Sea (Kreutz et al., 2000). Numerous factors other
than sea ice extent can affect the sea salt concentration in ice cores, such as transport distance,
changes in atmospheric circulation patterns, and polynyas (Criscitiello et al., 2013; Kaspari
et al., 2005). Therefore, the sea salt proxy may be optimal for longer timescales to eliminate
any potential in uence from short-term processes. This hypothesis is supported by 6 kyr sea
ice extent reconstructions in the Ross and Weddell Seas and the measured increase in sodium
concentrations during the LGM, all of which are well-documented in marine sediment core
data (Gersonde et al., 2005; Hodell et al., 2001; Steig et al., 1998).

A limitation of the sodium sea salt proxy is its inability to separate sea salt from sea ice
and sea salt from the open ocean. This distinction could be accomplished by analyzing the
SO; /Na* mass ratio of the salt; however, sulfate from sea salt must rst be isolated from
other sulfate sources. This suggests the possibility of developing a new sea ice proxy that
combines elemental and sulfur isotope analysis.

1.7.3 A new sea ice proxy: Combining elemental and sulfur isotope
analysis

A new, two-step sea ice proxy can be developed based on sodium and sulfate concentrations
and sulfur isotope analysis. This proxy is predicated on the assumption of two sulfate sources:
sea salt and marine biogenic activity. Because Antarctica is so remote, anthropogenic
sulfate can be considered negligible, and volcanic sulfate can be avoided by analyzing only
background sulfate, determined by total sulfate concentration measurements. Total sea salt
sulfate can be isolated using an isotope mixing equation, and the sea ice and open ocean
proportion of the sea salt component can then be quanti ed based onﬁtsﬁﬂ;ﬂ ratio. The

viability of this proxy depends on the background sulfate sources in the region and the validity
of the two-source assumption, as well as the accuracy of the known sea salt and biogenic
d34SSQ1 signatures. As | will show, background sulfate sources are less understood than
generally assumed. This nding shifted the focus of my research toward greater consideration
of spatial variability in sulfate sources.
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1.8 Research Objectives

To enable high-resolution sulfur isotope measurements, | implemented a new method at
the University of Cambridge to measwté“ssq in ice cores. Sulfur isotope ratios have
traditionally been measured with gas source mass spectrometry (GS-MS), which requires
a 1-2 kg ice sample (e.g., Alexander et al., 2003; Jonsell et al., 2005). Based on work
by Paris et al. (2013), | established a method to measure < 30 nmol of sulfur using multi-
collector inductively coupled mass spectrometry (MC-ICP-MS). This technique requires
only milliliters of sample, enabling up-to seasonal resolutiomi%f‘fSSQ1 in ice cores. |

used this technique to measunr%‘SsQ1 in multiple Antarctic ice cores to examine sulfate
sources in West Antarctica and assess the potential of a new sea ice proxy. By focusing on
West Antarctica, | greatly expanded the current literature and facilitated further comparisons
with East Antarctica. Overall, my research increases our knowledge of sulfate sources in
Antarctica and what they may reveal about other climate subsystems.

1.8.1 Thesis roadmap

Chapter 1—Introduction Chapter 1 provides a brief overview of ice sheet dynamics, sulfate
sources in Antarctica, and the sea ice system. Existing proxies for sea ice extent are reviewed,
and a new potential sea ice extent proxy is introduced.

Chapter 2—Developing an analytical method to measur@l34ssq in ice cores using
multicollector inductively coupled mass spectrometryChapter 2 introduces the analytical
method used for all isotope measurements. This chapter describes the development pro-
cess for both sample preparation via column chromatography, as well as th:dag‘ﬁ@,bt
measurement via MC-ICP-MS.

Chapter 3—Seasonality of sulfate sources in West Antarctica and a potential new sea

ice proxy Chapter 3 includes the rst seasonal recomﬂ@)‘FSsQ1 in ice cores. Fluctuations

in d34SSQ are initially explored in an attempt to reconstruction sea ice extent around the
Antarctic Peninsula. Unexpected results lead to a re-examination of sulfate sources in West
Antarctica as well as previously-establishi?tj‘SsQ1 signatures of major sulfate sources.

Chapter 4—Spatial variability in sulfate sources in West Antarctica and implications

for the past retreat of the Ronne Ice ShelfChapter 4 examines$3*Ssq, records of two
additional ice cores from West Antarctica. This data and the results from Chapter 3 are
then integrated with previous sulfur isotope studies to present a spatial map of sulfate
sources in West and East Antarctica. Both early and late Holocene samples are analyzed to
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explore changes in the extent of the Ronne Ice Sh8|D00 years ago. Finallyi,34ssq
measurements of several samples at each site are evaluated to identify volcanic eruptions that
can be used to re ne the ice core age scale.

Chapter 5—Changes in sulfate sources in West Antarctica from the Last Glacial Maxi-
mum to the HoloceneChapter 5 examines**Sgq, measurements from LGM and Holocene
sections of the Skytrain Ice Rise ice core in West Antarctica. A large terrestrial dust source
during the LGM is explored as a potential explanation for%s{ower d34SSQ1 values in
glacial periods.

Chapter 6—Conclusion Chapter 6 concludes this thesis by summarizing the develop-
ments in our understanding of sulfate sources in Antarctica on a seasonal, spatial, and
glacial/interglacial scale.






Chapter 2

Developing an analytical method to
measured3*Ssq, in ice cores using
multicollector inductively coupled mass
spectrometry

2.1 Introduction

A primary component of this research was to establish a new analytical method for the
determination of sulfur isotope ratios in ice cores at the University of Cambridge. This
technique could then be used to develop proxies for Antarctic sea ice extent. Column
chromatography was used to separate sulfatél ($fom ice samples, followed by isotope
analysis via multicollector inductively coupled mass spectrometry (MC-ICP-MS) to measure
the sulfur isotopic composition of sulfatd36ssq). An MC-ICP-MS can measure < 30
nmol of sulfur compared to the1 pmol required for gas source mass spectrometry (GS-
MS), a prevalent technique for sulfur isotope analysis (e.g., Alexander et al., 2003; Jonsell
et al., 2005). Therefore, MC-ICP-MS is the ideal instrument to measure sulfur isotope
ratios in dilute ice samples. Only two labs in the world conduct these ice measurements, St.
Andrew's University and the Institut des Géosciences de I'Environnement, so it was valuable
to establish this technique at the University of Cambridge.
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2.2 Developing a column chromatography method to sepa-

rate sulfate in ice cores

2.2.1 Introduction to column chromatography

Column chromatography is used to separate a liquid sample into its individual components,
often to isolate a particular analyte. The column is packed with a polymer ion-exchange
resin, and the sample is loaded onto the resin bed. A series of solutions, called eluents, are
then run through the column, and different components of the sample are eluted at different
times. The desired sample fraction is collected for analysis when it leaves the column. A
diagram of a chromatography column is shown in Figure 2.1. For this research, | developed a
column chromatography method to isolate sulfate in ice cores, with a goal sample size of 30
nmol. Details of column development, resin selection, and the elution method follow below.

Fig. 2.1 Diagram of a chromatography column showing the column reservoir (a), resin
column (b), frit (c), and eluate (d). The sample is loaded on top of the resin column, which
is supported by a permeable frit. Eluent is introduced into the reservoir, and it carries the
sample into the resin column. As the sample ows through the column, certain sample ions
exchange with the resin, and others are eluted at the column base.
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