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Abstract

Polar ice cores contain many proxies, of which mineral dust is a key one in understand-
ing past climate variability. In fact, dust and climate have a strong influence on each other.
Dust has both direct and indirect effects on climate by interacting with solar radiation and
influencing cloud formation processes, while climate itself can strongly affect production,
transport and deposition of dust. For example, it is well known that dust fluxes respond
to the transition from glacial to interglacial regimes. Deposition of dust on the Antarctic
continent is controlled by a number of climatic and environmental factors, and a reliable
reconstruction of the dust record is essential to understand how these factors have changed
in the past. But evidence has shown that, at certain depths in the ice, the dust record may
be subjected to some degree of alteration.

This work was conceived with the main objective of enhancing our comprehension of
deep ice processes through the use of an array of different techniques applied to the Talos
Dome ice core. In particular, we aim at studying the chemical and physical anomalies
present in the deeper part of the dust record and confirm the existence of post-depositional
processes which may alter the climatic signal embedded in deep ice. Moreover, we wish to
observe how different elements partition between soluble and insoluble phase, at different
depths of the ice core and link the geochemical patterns of the considered elements to the
main climatic oscillations covered in the Talos Dome ice core.

The Talos Dome ice core, drilled from a peripheral dome in Eastern Antarctica, is
1620m long and covers more than 250k years of climate history. We prepared samples
from the entire length of the ice core, with a focus on depths lower than 1450m, which
have not yet been dated. In this work, the published dust record has been integrated in its
deepest part, by analyzing 125 samples through Coulter Counter. The dust concentration
in the Talos Dome ice core exhibits the well known correlation with the oxygen isotopic
ratio; levels are low during interglacials and rise during the last glacial stage. South
America, and Patagonia in particular, has been recognized as the major dust supplier for
Eastern Antarctica during glacial stages, while during interglacials other sources become
more relevant. When the hemispheric dust influx from remote sources is dampened, local
sources become more important to the total dust budget at Talos Dome.

We calculated two indexes, Fine Particle Percentage (FPP) and Coarse Local Particle
Percentage (CLPP), to assess the relative contribution of fine and coarse particles to the
total dust record. The deeper section of the ice core displayed some anomalies: FPP drops to
very low values, while CLPP shows a significant increase. Moreover, we found that modal
values for the volume size distribution shift from 2µm to higher values at deeper depths.
We interpret this as a sign of dust aggregation, which was confirmed by our observations at
SEM. We found evident weathering features in grains belonging to samples from the deep
section. Elemental maps of individual grains show that precipitates present in the deep part
are typically composed by Fe, S and K, which is compatible with the chemical formula of
jarosite, while the “residual” cores of the grains mostly consist in Si or a mixture of Si and
Al. These results are compatible with the acidic weathering of basalt in a closed system.
Jarosite is also known to act as a cement during weathering, explaining the difficulty we
encountered in breaking the aggregates when we performed tests with an ultrasonic bath.

We further investigated the elemental composition of dust in the Talos Dome ice core
with INAA and ICP-SFMS measurements, covering 36 different elements with the former
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and 38 with the latter; 22 elements overlapped between the two techniques, allowing com-
parisons between the two. Our principal aim was to study the fractionation of elements
between soluble and insoluble phase and how this may change at different climatic stages.
We consider INAA results to reflect the composition of the insoluble fraction of dust, while
filtered ICP-SFMS samples should reflect the soluble fraction, and untreated ICP-SFMS
samples are considered as a benchmark for the total dissolvable concentration. We also
used enrichment factors and correlation matrices to assess the crustal or non crustal origin
of the considered elements.

The high correlations and low enrichment factors found among insoluble elements con-
firm a prevalent crustal source for mineral dust. Other minor contribution to mineral dust
can derive from volcanic eruptions and marine emissions, in the form of sea salt sprays and
biogenic emissions, as testified by our records of mercury and selenium. The concentration
of some elements, namely As, Sr, Ni and Ca, is the probable result of a mixture of different
sources, both terrestrial and marine, making the signal harder to read.

Rare Earth elements were measured both with INAA and ICP-SFMS. They present a
typical crustal behavior, with crustal-like concentrations and low solubility. No evident
differences were observed along the core, confirming that these set of elements is among
the most suited to track crustal material, regardless of weathering.

In our solubility study, the majority of elements exhibits a minimum in solubility during
the last glacial maximum. This is the result of higher fluxes of mineral dust which were
transported to the Antarctic continent from remote sources and is consistent with the crustal
origin we documented for the better part of the elements considered. Many elements also
showed a maximum in solubility in shallower samples, belonging to the Holocene. Despite
this, no clear trends connected to depth were found, except for iron. The decrease of iron’s
solubility with depth further supports the chemical weathering of the deeper sections of
the ice core. When comparing INAA and ICP-SFMS data, the soluble fraction typically
remains constant while the total and insoluble fraction vary. Concentrations are higher
during glacial stages and lower during interglacials, showing a good correlation with total
dust content. Deep samples always display an intermediate behavior, which could point to
a disturbance in the paleoclimatic signal of this section, leading to a homogenization of
the concentration from different climatic periods.

Five elements (Ag, Ni, Ta, Li, Na) were found to be completely soluble throughout the
entire ice core, and three more (Rb, Cs, Bi) have shown strong solubility tendencies. We
suggest this may be due to a significant bond of these elements with insoluble particles
smaller than 0.2µm, which would not be retained by the filter thus altering our soluble
fraction. Because these elements do not display the typical glacial/interglacial pattern of
aeolian dust, we can also hypothesize a predominant local origin for these elements, and
in particular the result of aeolian remobilization of local volcanic material.
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Chapter 1

Introduction

Glaciers and ice sheets are a key point in understanding the changes that
the climate is undergoing, as they have a major influence on the hydrological
cycle and on the net surface energy budget. They also provide highly resolved
records of climate signals, atmospheric parameters and forcing factors. In
this chapter we will briefly discuss the current state of the cryosphere in the
light of climate change, and we will see how the climate of the past can be
reconstructed through the use of natural archives. We will then focus on the
Antarctic ice sheet, from its birth to present day state. This will serve as a
general introduction to the core of this thesis, which aim is to expand the
general knowledge of the elemental composition of mineral dust in Antarctic
ice cores and to investigate the presence and the influence of post-depositional
effects on the climatic record of deeper ice core sections.

1.1 Climate change

Anthropogenic climate change is today an undeniable reality. A warming of
the climate system has been observed since the 1950s, and many of the ob-
served changes are unprecedented over the last decades to millenia (IPCC,
2013b). Both the atmosphere and the ocean have experienced a progressive
warming, ice sheets and glaciers worldwide have been continuously losing
mass over the last few decades, and the rate of sea level rise since the indus-
trial revolution has been larger than the mean rate during the previous two
millennia (IPCC, 2013b).
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1.1.1 The Cryosphere in a Changing Climate

The cryosphere and climate change are deeply interconnected, such that the
Intergovernamental Panel on Climate Change (IPCC) issued in 2019 a spe-
cial report focusing on the links between climate change, the oceans and the
cryosphere (IPCC, 2019a). Global snow and ice cover directly affect the heating
and cooling of the planet by modifying the surface albedo. This plays a role
in determining how much energy is absorbed or reflected, influencing Earth’s
energy balance. Changes in snow and ice cover also affect air temperatures,
sea levels and ocean currents all over the world. Vice versa, climate change
strongly affects the various components of the cryosphere, although this may
happen with different timescales. This is already very evident if we look at
mountain regions, where changes in glacier area, length and mass show a
global negative trend (Zemp et al., 2015; Medwedeff and Roe, 2017). The IPCC
Special Report on the Ocean and Cryosphere in a Changing Climate considers
very likely that atmospheric warming is the primary driver for global glacier
recession and it has been estimated that the anthropogenic fraction of mass
loss of all mountain glaciers has increased from 25 ± 35% during the period
1851–2010 to 69 ± 24% during the period 1991–2010 (Marzeion et al., 2014).

Polar regions, and especially Antarctica, may be slower in their response to
climatic variations, due to the volume of ice involved and to nonlinear re-
sponses which involve thresholds. Nonetheless, not only glaciers, but also ice
sheets are expected to experience irreversible mass losses on time scales rel-
evant to human societies (IPCC, 2019b). There is high confidence that both
polar oceans have continued to warm in recent years, with the Southern Ocean
being disproportionately and increasingly important in global ocean heat in-
crease (IPCC, 2019b). It is also extremely likely that the rapid ice loss from
the Greenland and Antarctic ice sheets (Slater et al., 2021) during the early
21st century has increased into the near present day, adding to the ice sheet
contribution to global sea level rise (IPCC, 2019b).
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Figure 1.1: Contribution of Glaciers and Ice Sheets to Sea Level Change. Cumulative ice mass loss from
glacier and ice sheets (in sea level equivalent) is 1 to 1,4mm/year for 1993-2009 and 1.2 to 2.2mm/year
for 2005-2009. Adapted from IPCC (2013a).

1.1.2 Paleoclimatology

During Earth’s geological history, the climate has greatly varied as a com-
plex response to both internal and external forcings, which ultimately alter
the global energy budget. For example, it is known that orbital parameters
play a key role in driving long term climatic changes, but also that the nat-
ural oscillations of greenhouse gasses’ concentrations have a deep connection
with global temperatures, which in turn are strongly linked with atmospheric
circulation patterns.

The study of the past climate variations may help us to better understand
present ones and predict future scenarios. As defined by Bradley (2014), Pa-
leoclimatology aims at the study of natural phenomena which are climate-
dependent and which incorporate into their structure a measure of this depen-
dency. Such phenomena provide a proxy record of climate that span beyond
the period of instrumental measurements. Table 1.1 reports the main natural
archives and their characteristics. Chapter 2 will further expand on the use of
ice cores as paleoclimatic archives.
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Table 1.1: Main natural archives and their characteristics. Adapted from (Bradley, 2014).

Archive Minimum Sampling Temporal Range Potential Information
Interval (years) Derived

Tree rings Season/year 104 Temperature; Precipitation or Humidity;
Biomass information; Volcanic eruptions;
Solar Activity

Lake sediments Year to 20 years 104 − 106 Temperature; Precipitation or Humidity;
Biomass information; Volcanic eruptions;
Geomagnetic field variations;
Chemical composition of water

Corals Year 104 Temperature; Precipitation or Humidity;
Sea level; Chemical composition of water

Ice cores Season/year 106 Temperature; Precipitation or Humidity;
Biomass information; Volcanic eruptions;
Solar Activity; Geomagnetic field variations;
Chemical composition of air

Pollen 20 years 106 Temperature; Precipitation or Humidity;
Biomass information

Speleothems Year 5 ∗ 105 Temperature; Precipitation or Humidity;
Biomass information; Volcanic eruptions;
Chemical composition of water

Paleosols 100 years 106 Temperature; Precipitation or Humidity;
Biomass information

Loess 100 years 106 Precipitation or Humidity; Biomass information;
Geomagnetic field variations

Geomorphic features 100 years 106 Temperature; Precipitation or Humidity;
Volcanic eruptions; Sea level

Marine sediments 100 years 107 Temperature; Precipitation or Humidity;
Biomass information ; Sea level; Solar Activity;
Geomagnetic field variations;
Chemical composition of water
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1.2 The Antarctic Ice Sheet (AIS)

The Antarctic continent, situated over the south pole, is almost entirely covered by the Antarc-
tic Ice Sheet.

Ice sheets are large masses of ice which bury the underlying topography and cover an area
of more than 50 000 km2. Unlike glaciers, which only flow in one direction, ice sheets flow
from a center point in all outer directions. The center point is generally a Dome, which is
also among the preferred sites for deep ice coring, as here the ice flow velocity is minimum,
translating in lesser disturbances in the vertical record of the ice.

Figure 1.2: Ice flow velocity in Antarctica, from Rignot et al. (2011).

1.2.1 Present day AIS

The Antarctic ice sheet today contains more than half of Earth’s freshwater reservoir, which
would translate in a sea level rise of 57m if it were to melt completely (Fretwell et al., 2013).
Some studies have estimated that between 1992 and 2017, the Antarctic Ice Sheet has lost mass
at an average rate of 66 ± 18Gt/year, translating to an average 4.6 ± 1.2mm contribution to
global sea level over the same period (Shepherd et al., 2019). Others report total mass losses
of 166 ± 18Gt/year in the period 1999-2009 and 252 ± 26Gt/year in the period 2009-2017,
signaling to a fast acceleration in the last decades (Rignot et al., 2019). Overall, the majority
of melt is concentrated where the Circumpolar Deep Water, a warm and salty oceanic current,
meets the ice shelves (Rignot et al., 2019).

While it is commonly considered in its entirety, AIS is actually composed of two separated ice
sheets: Eastern Antarctic Ice Sheet (EAIS) and Western Antarctic Ice Sheet (WAIS), divided
by the Transantarctic Mountains, a 4000m high mountain range which emerges from the ice
sheet. EAIS rests on bedrock which is mainly above sea level, giving good stability to the
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Figure 1.3: Satellite view of Antarctica (from Blue Marble: Next Generation series (Stockli et al., 2005))

ice sheet and thus permitting thicker ice growth, while WAIS seats prevalently over bedrock
which is below sea level, making it more unstable. Multiple studies agree on the growing
instability of West Antarctica, especially in the area around the Amundsen Sea (Mouginot
et al., 2014; Rignot et al., 2014; Jenkins et al., 2018), and predict a significant contribution to
sea level rise in decades to come. It has been estimated that West Antarctica experiences a
mass loss which is three to four times larger than that from East Antarctica (Rignot et al.,
2019). Eastern Antarctica covers a more extensive area than its occidental counterpart (85%
of AIS) and shows a complex configuration. Ice flows from the ice divide towards the outer
margins, feeding multiple ice streams. Frequently these end in ice shelves, floating glacier ice
which has lost contact with the bedrock. EAIS, which was for long thought to have a positive
mass balance, has also shown signs of distress: Rignot et al. (2019) concluded in their study
that East Antarctica is a major participant in AIS mass loss.

A peculiar feature of the Antarctic continent are the Dry Valleys, in Northern Victoria Land
(East Antrarctica). These are considered among the driest places in the world, experiencing an
annual maximum precipitation of 50mm weq (Fountain et al., 2010), and are the largest ice-
free zone of Antarctica. They are in a precipitation shadow of the Transantarctic Mountains
which block the moist air coming from the Ross sea sector, and the surrounding mountains
prevent ice flow from the nearby ice sheet into the valleys.

1.2.2 Paleoreconstruction of AIS

Earth underwent a climatic transition from a green-house state to an ice-house state starting
from the early-middle Eocene, 50 to 48 Million years ago (Ma), when temperatures began to
drop (see Figure 1.4) (Liu et al., 2004). An initial decrease in deep-sea temperatures triggered
negative feedback mechanisms which lead to an abrupt cooling at 34 Ma, during the Eocene-
Oligocene transition (Zachos et al., 2001), usually referred to as Earlieast Oligocene Glacial
Maximum (EOGM) (Zachos et al., 1996). It is around this time that the Antarctic ice sheet
was established. EOGM is an excellent example of how a better understanding of past climate
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changes can help us forecast the future. In fact, atmospheric CO2 variation rates during
EOGM has been shown to be close to modern day trends (Barrett, 2003), and it has been
observed that at the time the partial pressure of atmospheric CO2 was the primary influence
on the overall climate state and variability of AIS volume (Galeotti et al., 2016).

The Antarctic ice sheet has since experienced numerous cycles of advances and retreats as a
response to different climatic conditions (Marchant et al., 1993; Miller et al., 2008). During
the subsequent 11 million years, temperature decreased progressively and the ice sheet grew
in size, as testified by high sedimentation rates along the continental slope of East Antarctica
and in deltaic systems on the continental shelf of West Antarctica (Hochmuth et al., 2020).
After the Oligocene-Miocene boundary (23 Ma) and up to the mid-Miocene climate transition
at 14 Ma, warmer and colder periods followed one another, modifying the ice volume of the
ice sheet, which in turn altered the climate system, in a complex feedback system. Ice sheet
models have predicted the presence at the time of an Ice Sheet in East Antarctica, which
retreated during interglacials, while the West Antarctic Ice Sheet was significantly smaller
than today, and it likely collapsed during severely warm interglacials (Gasson et al., 2016).

At 14 Ma, cold climate conditions were established leading ultimately to a new phase of ex-
pansion for the AIS and establishing the current conditions of an ice-covered continent. East
Antarctica has experienced limited changes since the Mid-Miocene to present time (Marchant
et al., 1993; Sugden et al., 2006), while West Antarctica has proven to have a more hetero-
geneous response to climatic variations (Sugden et al., 2006). A general cooling of Earth’s
climate continued during the Pliocene (5 to 2.6 Ma) culminating in the beginning of the Qua-
ternary glaciation, which saw the formation of a permanent ice sheet on the North Pole, which
survives today in the from of the Greenland Ice Sheet. At this time, the AIS transitioned from
a wet-based ice sheet to a cold based one (Levy et al., 2019; Pollard and Deconto, 2020).

Data from the Pleistocene show an extension of the ice on the Antarctic Ice Sheet which
in several occasions exceeded present day one; EAIS overrode the Transantarctic Mountains
during several episodes of extensive glaciations while WAIS was considerably thicker than at
present on several occasions during the Early and Middle Pleistocene (Ingolfsson, 2004, and
references therein). Ice from the mid-Pleistocene has survived intact in East Antarctica until
today, giving us a detailed record of 8 glacial-interglacial cycles directly from the ice (EPICA
Community Members, 2004).
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Figure 1.4: Climate from 65 million years ago to present day. The x-axis on the left is a stacked deep-
sea benthic foraminiferal oxygen-isotope curve smoothed with a five-point running mean, expressed in
parts per thousands (�). The figure clearly shows the Early Eocene Climatic Optimum and both the
Mid-Eocene and Mid-Miocene Climatic Optimums. Adapted from Zachos et al. (2008).
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Chapter 2

Ice cores

Ice cores are remarkable archives of past climate and environmental conditions of the Earth,
giving us access to information on temperature, greenhouse gases, aerosols, atmospheric cir-
culation patterns, sea-ice extent, volcanic eruptions and solar activity. Furthermore, by syn-
chronization with climatic records from the northern hemisphere, we now have a much better
understanding of how climatic changes across the globe are interconnected. In this chapter
we will explore how snow transitions to ice and ultimately forms glaciers and ice sheets. We
will see how some proxies are interpreted to extract paleoclimatic information, with a special
attention on mineral dust. At last, we will retrace the history of deep ice coring in Antarctica
and focus on the main features of the Talos Dome drilling site.

2.1 Formation of glacier ice

Snow is a highly porous material made up of single crystals bound in a continuous structure
and with a continuously connected pore space. During its transformation, porosity is gradually
reduced as grains pack together and recrystallize, and density becomes an exponential function
of depth, slowly turning snow to ice. Metamorphism is a complex mechanism, mainly driven
by temperature, pressure and time. In dry conditions, when the temperature is always below
freezing point, we can hypothesize two ideal situations: 1) the temperature is uniform across
the snow pack, or 2) a temperature gradient is present. We must keep in mind that natural
conditions will in reality reflect a somehow intermediate condition between the two extremes
(Sommerfeld and LaChapelle, 1970). Equi-temperature metamorphism is characterized by a
change in structure of the crystal, which is subjected to rounding. This decreases the surface
free energy, which is proportional to the ratio between surface area and mass, and is in
accordance with the laws of physics: a system will always shift to the lowest possible energy
configuration. During an initial phase the snow crystal may break up to form several smaller
grains, but in a second phase, to further reduce surface energy, grains grow bigger in size
and decrease in number. Temperature-gradient metamorphism leads to the formation of
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a particular type of crystals called depth hoar, which consist of large and faceted grains.
Because of the temperature gradient, sublimation is favored on the top of the grain whilst
deposition is favored on the bottom. This reduces the temperature gradient, which has to be
maintained from the outside for the process to continue. In any case, when a threshold of
580-600 kg/m3 in density is reached (Anderson and Benson, 1963), snow properties change
and snow becomes firn. As firn is progressively buried by new snowfalls, pressure becomes the
main metamorphic agent. At a density of 800-830 kg/m3 (Sommerfeld and LaChapelle, 1970)
pores close off, losing communication between each other, and the firn by definition becomes
ice. Accumulation of ice over the years leads to the formation of a glacier: when the mass of
ice reaches a critical thickness, it cannot sustain itself anymore and starts to flow under the
action of gravity.

2.2 Ice core proxies

Ice cores are circular sections of ice, extracted vertically from glaciers or ice sheets. They
are archives which record climatic information. For example, past atmospheric concentrations
can be measured from gas bubbles entrapped in the ice, giving us a direct measure of CO2 and
CH4 from the past. Other parameters, such as temperature, humidity, volcanic activity, solar
activity and sea ice extent, have to be measured indirectly through the use of proxies. Proxies
are physical, chemical or biological materials which can be linked to climatic parameters such
as temperature and humidity. By understanding and calibrating the relationship between
the measurable material and the climatic parameter, we obtain an indirect measure of said
parameter. In Fig. 2.1 we present an example of different parameters measured in the EPICA
Dome C ice core (Lambert et al., 2008). Eight glacial/interglacial cycles covering the last
800kyrs can be seen in the figure, showing good correlations between proxy measurements for
temperature (δ18O) and humidity (δD), gas concentrations (CO2 and CH4) and dust records.

Here we will briefly discuss the use of the stable isotopes of water, which are the main proxy
for temperature. Section 2.3 will discuss in detail the use of mineral dust as a climatic proxy
in antarctic ice cores.
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Figure 2.1: Main features from the EPICA Dome C ice core plotted against age (in Ka B.P.). Dotted
line indicates the Mid-Brunhes Event, which marks a shift in the amplitude of glacial/interglacial cycles.
In particular: a) δD with numbers indicating Marine Istopic Stages (2-18.3) and glacial terminations
(TI-TVIII) b) δ18O c) Methane record (ppbv) d) Carbon dioxide record (ppmv) e) Aeolian dust (log ppb).
Redrawn from Lambert et al. (2008).

11



2.2.1 Stable Isotopes of Water

Among the most used proxies, not only in ice cores but also in a range of other natural
archives, we find the study of the stable isotopes of water. These provide information on past
temperature and humidity values. Stable isotope profiles can also be used to estimate past
changes in accumulation through inversed glaciological dating methods (Parrenin et al., 2001).
The relationship between stable isotopes and accumulation also forms the basis for the dating
of deep ice cores, through the modeling of accumulation and ice thinning (Masson-Delmotte
et al., 2008).

Isotopes are atoms of the same element, which differ by the number of neutrons, and thus in
their mass. This does not alter their chemical properties, but modifies their physical behavior.
In nature, isotopes exists in fixed relative proportions, but physical processes may modify them
locally. Oxygen has three stable isotopes, 16O, 17O, 18O, and Hydrogen has two, 1H and 2H,
leading to nine possible isotopic combination for water molecules. Of these, only two are
important for paleoclimatic reconstructions: 1H2H16O and 1H 18

2 O, which we will refer to as
“heavy” water molecules. The vapor pressure at which a molecule may evaporate or precipitate
also depends on the mass of the molecule: a “light” water molecule (1H 16

2 O) will evaporate
more easily than a heavy one, leading to the formation of vapor which is depleted in heavy
isotopes with respect to the original water source. Vice versa, heavy molecules will condensate
more easily, leading to precipitations which are initially enriched in heavy isotopes.

Essentially, the ratio of 18O/ 16O and of 2H/ 1H is a function of temperature at the time of
condensation (Johnsen et al., 1972). This ratio is measured in the sample and compared with
a water standard in order to calculate two parameters: δ18O and δD. The spatial variations of
these two parameters are strongly related to the spatial variation of temperature, which in turn
is strongly related to the distance from the open ocean, latitude, elevation, and atmospheric
circulation (Masson-Delmotte et al., 2008). For an accurate interpretation of the climatic
signal it is necessary to correctly consider all of these factors.

Moreover, δ18O and δD are linked by a strong relationship which was empirically derived and
can be expressed as Equation 2.1 (Craig, 1961).

δD = 8δ18O + 10 (2.1)

This relationship is valid globally under equilibrium conditions. The offset value (d) can be
derived from Equation 2.1:

d = δD − 8δ18O (2.2)

d is referred to as the deuterium excess and varies under non equilibrium conditions, giving
us further information on humidity, wind speed and sea surface temperatures (Jouzel et al.,
1982; Petit et al., 1991).
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2.3 Mineral Dust in Antarctica

Dust and climate share a strong but complex relationship with each other. On one hand, dust
has direct effects on climate (Maher et al., 2010) as it interacts with solar radiation influencing
the Earth’s radiative budget (Tegen, 2003), and indirect effects linked to its role in the for-
mation of clouds and to its influence in atmospheric chemistry. To date, the net contribution
of aerosols to climate forcing is still prone to high uncertainties (Huang et al., 2013). On
the other hand, climate itself can strongly affect production, transport and deposition of dust
(Mahowald et al., 2006). It is well known that dust fluxes respond to the transition from
glacial to interglacial regimes (Petit et al., 1999; EPICA Community Members, 2004; Jouzel
et al., 2007; Lambert et al., 2008).

Deposition of dust on the Antarctic continent is controlled by a number of factors, such as the
primary supply of dust particles from the continents (Petit et al., 1999), the long range transport,
the hydrological cycle and the snow accumulation rate (Lambert et al., 2008; Wegner et al.,
2015). Different aspects provide different kinds of information: total dust deposition is a proxy
of climate conditions at the dust source (Fischer et al., 2007), particle size distribution reflects
transport efficiency (Wegner et al., 2015) and chemical composition provides information on
the geographical provenance (Delmonte et al., 2010a). Thus, it can be used to reconstruct past
patterns and intensities of atmospheric circulation at hemispherical scale (Delmonte et al.,
2002; Gabrielli et al., 2005a; Vallelonga et al., 2010; Gabrielli et al., 2010; Gili et al., 2017).

2.3.1 Dust Flux and Particle Size Distribution

As mentioned before, a strong correlation between dust fluxes and temperatures exists during
glacial periods. During these periods, dust fluxes have shown to be 25 times stronger than in
interglacials (Petit et al., 1999; Lambert et al., 2008). The cause of this lies in a strengthening
in the deflation of dust from source areas, linked to vegetation patterns and soil humidity
(Rothlisberger et al., 2003), and in a more efficient transport to deposition sites in Antarctica
(Petit et al., 1999; Vallelonga and Svensson, 2014; Delmonte et al., 2017). This strong corre-
lation with temperature implies that the intensity of dust flux can be used as an indicator
of Southern Ocean climatic variability at millennial scale, at higher resolutions than the δD
in deeper parts of ice cores (Lambert et al., 2012). It has also been observed that during
transitions from glacial to interglacial periods, dust levels usually drop 4000 years before
temperature and CO2, suggesting changes in wind circulation patterns and in the hydrological
cycle at the dust source (Lambert et al., 2012).

The mass-size distribution of dust particles in East Antarctica is usually well sorted around a
mean mass diameter of 2µm and rarely exceeds 5µm (Delmonte et al., 2004). This is compat-
ible with prolonged transport in the atmosphere, indicating remote sources as the major dust
input to inner Antarctica. At peripheral sites, such as Taylor Dome, Talos Dome and at the
WAIS divide ice core site, dust records with higher contributions of coarser particles has been
identified (Aarons et al., 2016; Albani et al., 2012; Koffman et al., 2014b). This points to the
presence of local dust sources which become detectable especially during interglacial periods
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when the atmospheric circulation is dampened. This is also confirmed by dust provenance
studies (see 2.3.2).

2.3.2 Dust Composition

Geochemical analysis of dust in ice cores can be used to trace dust provenance using various
parameters. The use of enrichment factors is a simple and intuitive way to determine the
crustal provenance of dust particles, as was done for the first time in Antarctic ice cores by
Petit et al. (1981). A geographical estimation of dust sources is possible through the study of
the isotopic signature (87Sr/86Sr vs 143Nd/143Nd) of dust inside the ice and in Potential Source
Areas (PSA) (Grousset et al., 1992; Basile et al., 1997). Similarly, lead isotopes have also been
used as dust provenance tracers (Vallelonga et al., 2002). Patterns of rare earth elements
concentrations, which are widely used geochemical tracers due to their low environmental
mobility, have also been applied to paleoclimatic reconstruction on ice core records (Gabrielli
et al., 2010).

South America has been broadly recognized as the main source area for glacial dust across
Eastern Antarctica (Basile et al., 1997; Delmonte et al., 2008, 2010a; Gili et al., 2017), both
during glacial and interglacial periods (Paleari et al., 2019), although for these latter a more
complicate pattern emerges. Actually, for the Holocene and the earlier interglacial, geochemi-
cal fingerprints do not allow excluding Australia as a potential contributor to dust input (De
Deckker et al., 2010; Revel-rolland et al., 2006; Delmonte et al., 2008; De Deckker, 2020). At
peripheral sites, like Talos Dome, located close to high elevation ice-free areas, local sources
also become relevant, especially during warm periods when the remote dust flux is at minimum
(Delmonte et al., 2010b; Bory et al., 2010; Aarons et al., 2016).

2.4 Antarctic ice cores

2.4.1 History of Antarctic Ice Cores

The first complete ice core, which reached bedrock, was drilled at Camp Century, Greenland,
from 1960 to 1966. The site was chosen due to its easy accessibility as part of a “city under the
ice” experiment during the cold war (Jouzel, 2013). Shortly after, in 1968, the first deep drilling
was completed in Antarctica, at Byrd Station. Deep drillings went on in both ice sheets. The
major differences between ice cores from Greenland and Antarctica are the ice flow velocity
and the mean snow precipitation. In Greenland, ice flows quite fast and accumulations rates
are relatively high if compared to Antarctica. This translates to a higher resolution record
but also a challenge in finding undisturbed records. In Antarctica, accumulation is lower and
ice flow is slower, allowing to retrieve older and deeper records, especially in EAIS where
accumulation rates are very low and the ice thickness is maximum. The ice core drilled at
Vostok, East Antarctica, in 1999 is the deepest to date reaching 3623m of depth. This was
dated at 420 000 years B.P., corresponding to a depth of 3310m. (Petit et al., 1999). The
EPICA-Dome C (EDC) ice core, also drilled in East Antarctica, reached bedrock at 3260m of
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Figure 2.2: Location of main deep ice core drillings in Antarctica. Adapted from Neff (2014).

depth in 2005 and provided the oldest ice record covering 800 000 years of climate history
(EPICA Community member 2004, jouzel 2007a). Table 2.1 and Figure 2.2 show the principal
deep drillings in Antarctica.

Table 2.1: Main deep ice cores drilled in Antarctica.

Site Last year Bottom depth Reconstructed age References
of drilling (m) (years B.P.)

Byrd 1968 2164 50 000 (Hammer et al., 1994)
Law Dome 1993 1196 2000 (Morgan et al., 1997; MacFarling Meure et al., 2006)
Taylor Dome 1994 554 230 000 (Steig et al., 1998; Grootes et al., 2001)
Vostok 1996 3623 420 000 (Petit et al., 1999)
Dome Fuji 1996 2503 330 000 (ice core research group, 1998; Watanabe et al., 2003)
Siple Dome 1999 1004 98 000 (Nereson et al., 1996; Taylor et al., 2004; Brook et al., 2005)
Dome C 2005 3260 800 000 (EPICA Community Members, 2004)
Berkner Island 2005 948 120 000 (Mulvaney et al., 2007)
Dronning Maud Land 2006 2760 150 000 (EPICA Community Members, 2006)
Dome Fuji 2006 3035 720 000 (Motoyama, 2007; Kawamura et al., 2017)
Talos Dome 2007 1620 150 000 (Stenni et al., 2011)
WAIS divide 2011 3405 62 000 (Fudge et al., 2013)
Roosevelt Island 2012 763 83 000 (Lee et al., 2020)

2.4.2 Talos Dome

Talos Dome is an ice dome situated in peripheral East Antarctica (159°04′21′′ E, 72°47′1′′ S;
2315m asl) (Frezzotti et al., 2004). Due to its vicinity to the Southern Ocean and the Ross
Sea, it experiences relatively high accumulation rates (87 ± 8mm/yearwe) (Scarchilli et al.,
2011). This permitted the reconstruction at relatively high resolution of the last climatic cycle,
reaching the penultimate interglacial (MIS5) (Veres et al., 2013). TALDICE is synchronized
to the AICC2012 chronology, which in turn is tied to the Greenland chronology, permitting a
global scale reconstruction of climatic processes (Bazin et al., 2013; Veres et al., 2013).

During glacial periods, Talos Dome exhibits similar dust isotopic fingerprints, and comparable
dust flux and grain distribution, to those of inner sites, such as Vostok and Dome C. This
points to a common and remote source for East Antarctica, which has mainly been identified
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Figure 2.3: Mesa Range, Northern Victoria Land, East Antarctica. Adapted from Damaske et al. (2014).

in the Patagonia region (Delmonte et al., 2010a,b, 2013). During interglacials major isotopic
differences between Talos Dome and central Antarctica point to a shift in the dominant dust
sources. The presence of a relevant fraction of coarser particles, having diameter larger than
5µm, which are not present in dust records from inner sites of Antarctica, suggest that at
Talos Dome local sources are important, particularly during Holocene, and can be used as
proxy for local atmospheric circulation changes. The site is in fact located near high altitude,
ice-free sites in Northern Victoria Land, such as the Mesa Range for example, located about
150 km away in an E–SE direction. Under such conditions, strong atmospheric dust uplift is
not necessary for mineral aerosol transport to the site, while only wind direction is important
(Delmonte et al., 2010b).

2.4.3 Future and challenges of deep ice core drillings

In the last decade international efforts have focused on the search for an appropriate site
for a new deep ice core drilling. The objective is to expand the ice core climatic record
from the current 800 kyr to 1.5 million. This would cover the mid-Pleistocene transition, a
climatic event which is currently poorly understood. Approximately 0.9-1.2 Ma Earth’s climate
experienced a change of pace in the glacial/interglacial cycles, which went from a 41 kyr cycle
to the current 100 kyr. This has been documented by records of benthic foraminifera (Lisiecki
and Raymo, 2005), but the hope is that the higher resolution generally provided by ice core
will shed light on what forced this transition.

East Antarctica, where the current oldest ice was drilled, has always been considered the best
candidate for a new drilling site for obvious reasons. But the dynamic nature of ice sheets
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and the influence of geothermal heat make it difficult for such old ice to survive, despite the
fact that the East Antarctic ice sheet has existed continuously for much longer than 1.5 million
years (Fischer et al., 2013). Ice thickness, which according to models must be over 2000m, is
not the only parameter to consider, and may be in fact counterproductive in some cases as
too large ice thickness may lead to excessive bottom melting (Fischer et al., 2013; Liefferinge
and Pattyn, 2013). Rough bedrock topographies and surface velocities above 2 m/yr must also
be avoided (Fischer et al., 2013; Liefferinge and Pattyn, 2013). Sites in the vicinity of Dome
Fuji and Dome C were identified as the most suitable for Oldest ice drilling (Van Liefferinge
et al., 2018), and finally the European Project for Ice Coring in Antarctica (EPICA) selected
Little Dome C as the best site and was set to start drilling during 2020/2021 season.

Selection of the most appropriate site is not the only challenge concerning the quest for Oldest
ice. Spectral analysis from the EPICA Dome C core have revealed enhanced isotopic diffusion,
high values of ice grain size and strongly smoothed records of soluble ions occurring in the
deepest ice (Durand et al., 2009; Pol et al., 2010). Evidence of clear anomalies (Tison et al.,
2015; Faria et al., 2010) and possible in situ processes have been documented in deep ice
samples (De Angelis et al., 2013; Baccolo et al., 2018a, 2021) possibly modifying both physical
and chemical features. It is clear that these processes have to be fully understood in order to
correctly interpret the climatic signal from a new deep ice core.
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Chapter 3

Material and Methods

3.1 Objectives of this work

This work was conceived with the main objective of enhancing our comprehension of deep ice
processes through the use of an array of different techniques applied to the Talos Dome ice
core. In particular, our aims were:

� To study chemical and physical anomalies present in the deeper part of the dust record

� To confirm the existence of post-depositional processes which may alter the climatic
signal embedded in deep ice

� To observe how different elements partition between soluble and insoluble phase, at
different depths of the ice core

� To link the geochemical patterns of the considered elements to the main climatic oscil-
lations covered by TALDICE

The Talos Dome ice core was drilled between 2005 and 2007 from a peripheral dome in
Eastern Antarctica, in the framework of the European project "TALDICE" . The ice core is
1620m long and covers more than 250k years of climate history (Stenni et al., 2011; Bazin
et al., 2013; Veres et al., 2013). We prepared samples from the entire length of the ice core,
with a focus on depths lower than 1450m, which hereafter we will refer to as the deep section
of the core. This section has not yet been dated due to anomalies in the δ18O record (Bazin
et al., 2013) and to the presence of anomalously large ice crystals (Montagnat et al., 2012),
which questioned the integrity of the stratigraphy.
During this work, the published dust record (Delmonte et al., 2010b; Albani et al., 2012) has
been integrated in its deepest part. A geochemical investigation was carried out using ICP-
SFMS and INAA techniques, mainly to study the fractionation of elements between soluble
and insoluble phase and how this may change at different climatic stages. Samples were also
prepared for single particle analysis with EDS-SEM to investigate the presence of aggregates

18



in the deep part and study their elemental composition.

3.2 Coulter Counter

Coulter Counter measures the volume and size of solid particles inside the sample, and thus
permits an estimate of the equivalent spherical volume of the particle. The sample is placed in
contact with a capillar tube with a small aperture through which the sample passes while an
electric potential difference is applied. As dust particles pass through the opening, the change
in electrical conductivity of the circuit is measured. The intensity of the potential variations
is proportional to the volume of the particle.
Two Beckman Multisizers (4 and 4e), present at University of Milano-Bicocca, were used,
equipped with a capillar tube with a 30µm aperture, which allows the detection of particles
between 0.6 and 18µm.

3.2.1 Sample preparation

We analyzed 125 samples belonging to the deep part of the ice core. Each sample was
decontaminated using three subsequent baths of ultrapure water, following the procedure
described in Delmonte et al. (2002). All ultrapure water used in this work is produced through
a Millipore Milli-Q Reference system and has a resistivity of 18.2 MΩ at 25 ◦C. Samples were
melted at room temperature in polypropylene centrifuge tubes, precleaned using ultrapure
water. For analysis, samples were then transferred in precleaned polystyrene accuvettes,
where an electrolyte solution (NaCl, 20%) was added until a concentration of about 1-2% was
reached. Each sample was measured twice, so that the final data is represented by the mean
value of the two measurements. Blanks were measured daily together with the samples.

3.2.2 Sonication

After Coulter Counter analysis, several samples were placed in an ultrasonic bath in order to
study the presence of aggregates. Here samples are exposed to high frequency sound waves
(ultrasounds) which are diffused through water, and had previously shown the ability to break
aggregates in ice core samples (De Angelis et al., 2013). Various tests were made to assess
the validity of the technique, by changing: the type of container, the positioning of the sample
inside the ultrasonic bath, the time passed before changing the water and the sonication time.
After sonication, samples were immediately measured again with the Coulter Counter.

3.3 SEM-EDS

We prepared ten samples for analysis with a Scanning Electron Microscope (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS). The latter relies on the interaction of the
sample with an X-ray beam, which produces an emission spectrum. The instrument measures
X-rays generated by excited electrons returning to their ground state, which are characteristic
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of the atomic structure and thus permit to know the elemental composition of the sample.
Samples were decontaminated and melted following the same procedure used for Coulter
Counter measurements. An aliquot was used for Coulter Counter measurements, while the
remaining one was filtered using a Millipore vacuum-driven filtration system. Dust was
collected using polycarbonate filters (0.4 µm cutoff) which were then mounted on specimen
stubs for SEM measurement. Before analysis, samples need to be coated with an ultra thin
layer of electrical conducting material. This is done to avoid the sample becoming electrically
charged, which would ultimately degrade the resolving power and analytical capabilities of the
system (Goldstein et al., 1992). We used grafite for samples that required EDS, since carbon
is transparent to the electron beam but still conductive. Some samples were coated with gold
to have a better imaging resolution.
The University of Milano-Bicocca is equipped with a Zeiss Gemini 500 SEMs coupled with
a QUANTAX EDS 4000 microanalysis system. For the gold coating, a Sputter Coater S150B
was used.
The prepared samples were all from the deep section of the ice core, ranging from 1504m of
depth to 1610m, except for two Holocene samples, which were used for comparison. Due to
the low concentration of dust in the Holocene samples, these were prepared merging several
adjacent samples.

3.4 INAA

Neutron activation is a nuclear technique used in elemental analysis, which exploits the
ability of atomic nuclei to capture neutrons when exposed to a neutron flux. When the
product of this nuclear reaction is an unstable nuclide, its radioactive decay will emit gamma
rays and particles which can be detected, allowing the quantification of the original element
concentration in the sample. After irradiation the sample can either be chemically treated
to separate the various elements (Radiochemical Neutron Activation Analysis - RNAA) or
kept intact and analyzed through high-energy resolution equipment (Instrumental Neutron
Activation Analysis - INAA). We will deal with the latter. This technique was used early
on in the analysis of ice core impurities (Rauter and Stauffer, 1977; Petit et al., 1981; Angelis
et al., 1987; Legrand and Delmas, 1988; Koyama and Fujii, 1988) but was outcompeted by other
elemental analysis techniques such as ICP-SFMS, CFA, PIXE and XRF. It was only recently
that neutron activation was applied again to polar ice cores (Baccolo et al., 2015, 2016a).
Its main advantages are the fact that it does not require destruction of the sample and that
it poses a low risk of contamination as the sample treatment is quite simple. Following
Greenberg et al. (2011), we can divide INAA into three steps:

1. Activation of the samples via irradiation using a neutron flux.

2. Measurement of the subsequent gamma radiation using germanium detectors.

3. Identification of radionuclides and associated elements by analyzing the resulting gamma
spectra.
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Each atomic nucleus, when exposed to a neutron flux, has a certain probability of capturing
a neutron, expressed by its neutron cross section (σ). When this happens, the nucleus will
change its atomic mass and may undergo different reactions, the most common of which is
the immediate emission of a gamma prompt radiation. An alternative is the emission of a
proton. These reactions are commonly indicated with (n,γ) and (n,p). All reactions considered
in this work are reported in Table 3.1.

If the newly formed nuclide is unstable, it will undergo radioactive decay by emitting ionizing
radiation in order to return to its less energetic, more stable, asset. Ionizing radiation can take
different forms, but here we will only consider γ-radiation which due to its nature provides
a straightforward identification of the radionuclide via its emitted energy. Each radioactive
decay is characterized by a half-life (t1/2), which gives us the statistical probability that a
certain nucleus will decay in a certain time interval. This will influence the interval of time
needed between sample irradiation and sample measurement in order to detect the different
radionuclides of interest. To cover the largest number of elements, we decided to measure
the samples in three different time intervals: immediately after irradiation for short lived
radionuclides (< 3 h), after one week for medium lived radionuclides and after one month
for long lived radionuclides. Gamma spectra are analyzed by fitting each energy peak with
a gaussian function and subtracting its background using the most appropriate polynomial
function.

3.4.1 Apparatus

The Laboratory for Applied Nuclear energy (LENA) at University of Pavia is equipped with a
250 kW Triga Mark II reactor, available for irradiations. For short irradiations (<15min) we
used the “Rabbit” channel which has a neutron flux of 7.40±0.95×1012 s−1 cm−2, while for long
irradiations (60 h) we used the “Lazy Susan” channel, which has a neutron flux of 2.40±0.24×
1012 s−1 cm−2 (Borio di Tigliole et al., 2014). Samples were later analyzed with p-type high
purity germanium detectors specifically designed for low background measurements (Salvini
et al., 2006). A coaxial germanium detector was used at LENA for samples coming out of
the “Rabbit” channel; its relative efficiency is 30% and its energy resolution at the 1.332MeV
is 1.8 keV FWHM. A well-type germanium detector installed at the Radioactivity Laboratory
of the University of Milano-Bicocca was used after the “Lazy Susan” irradiations; it has a
very high efficiency with a total active volume of 350 cm3 and its energy resolution at the
1.332MeV is 2.2 keV FWHM.
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Table 3.1: Nuclear reactions used for the determination of elements, with associated main γ energies
used during the analysis of the spectra, reported half time, and used channel. Data from Chu et al.
(1999)

Element Reaction Energy (keV) Half Time Channel

Al 27Al (n,γ) 28Al 1779 2.3 min Rabbit
As 75As (n,γ) 76As 559.1 1 d Lazy Susan
Ba 130Ba (n,γ) 131Ba 216.1 - 373.2 11.5 d Lazy Susan
Ca 46Ca (n,γ) 47Ca β− 47Sc 159.4 3.3 d Lazy Susan
Ce 140Ce (n,γ) 141Ce 145.4 32.5 d Lazy Susan
Co 59Co (n,γ) 60Co 1173.2 - 1332.5 5.3 y Lazy Susan
Cr 50Cr (n,γ) 51Cr 320.1 27.7 d Lazy Susan
Cs 133Cs (n,γ) 134Cs 604.7 - 795.9 2.1 y Lazy Susan
Eu 151Eu (n,γ) 152Eu 344.3 - 1408 13.5 y Lazy Susan
Fe 58Fe (n,γ) 59Fe 1099.3 - 1291.6 44.5 d Lazy Susan
Hf 180Hf (n,γ) 181Hf 345.9 - 482.2 42.4 d Lazy Susan
Hg 202Hg (n,γ) 203Hg 279.2 46.6 d Lazy Susan
Ho 165Ho (n,γ) 166Ho 80.6 26.8 h Lazy Susan
K 41K (n,γ) 42K 1524.7 12.4 h Lazy Susan
La 139La (n,γ) 140La 815.8 - 1596.2 1.7 d Lazy Susan
Lu 176Lu (n,γ) 177Lu 208.4 6.7 d Lazy Susan
Mg 26Mg (n,γ) 27Mg 843.7 9.5 min Rabbit
Mn 55Mn (n,γ) 56Mn 846.8 - 1810.7 2.6 h Rabbit
Na 23Na (n,γ) 24Na 1368.6 - 2754 15 h Lazy Susan
Nd 146Nd (n,γ) 147Nd 91.1 - 531 11 d Lazy Susan
Ni 58Ni (n,p) 58Co 810.8 70.9 d Lazy Susan
Rb 85Rb (n,γ) 86Rb 1076.7 18.6 d Lazy Susan
Sb 121Sb (n,γ) 122Sb 564.1 2.7 d Lazy Susan
Sc 45Sc (n,γ) 46Sc 889.3 - 1120.6 83.8 d Lazy Susan
Se 74Se (n,γ) 75Se 400.7 119.8 d Lazy Susan
Si 29Si (n,γ) 29Al 1273.4 6.6 min Rabbit
Sm 152Sm (n,γ) 153Sm 103.2 46.3 h Lazy Susan
Sr 84Sr (n,γ) 85Sr 514 64.8 d Lazy Susan
Ta 181Ta (n,γ) 182Ta 1189.1 114.4 d Lazy Susan
Tb 159Tb (n,γ) 160Tb 879.4 - 1178 72.3 d Lazy Susan
Th 232Th (n,γ) 233Th β− 233Pa 300.3 - 312.2 27 d Lazy Susan
Ti 50Ti (n,γ) 51Ti 320.1 5.8 min Rabbit
Tm 169Tm (n,γ) 170Tm 84.3 128.6 d Lazy Susan
U 238U(n,γ) 239U β− 239Np 106.1 - 277.6 2.4 d Lazy Susan
V 51V (n,γ) 52V 1434.1 3.7 min Rabbit
W 186W (n,γ) 187W 618.4 - 695.8 23.7 h Lazy Susan
Yb 174Yb (n,γ) 175Yb 282.5 - 396.3 4.2 d Lazy Susan
Zn 64Zr (n,γ) 65Zr 1115.5 244.3 d Lazy Susan
Zr 96Zr (n,γ) 97Zr 743.4 16.9 h Lazy Susan
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3.4.2 Reference Materials and INAA Calculations

In order to calculate the final element concentration we used a relative method. This implies
the use of certified reference materials (RM) and allows to neglect a series of parameters such
as isotopic abundances, branching ratios, neutron capture cross sections, neutron flux and
detector efficiencies. Reference materials have a known composition, and are prepared and
analyzed using the same methodology as the samples. Nine RMs were used for this work, as
reported in detail in Table 3.2.

Table 3.2: Reference Material

Name Type Elements

STD-Al Pure Al Al

STD-Si Pure Si Si

STD1 Liquid multielemental Mg, Ti

STD2 Liquid multielemental Al, Mn, V

STD3 Soil Ag, Al, As, Au, B, Ba, Ca, Cd, Ce, Co, Cr, Cs, Cu,
Dy, Eu, Fe, Gd, Hf, Hg, In, K, La, Lu, Mg, Mn, Na,
Nd, Ni, P, Pb, Rb, Sb, Sc, Se, Si, Sm, Sr, Ta, Tb,
Th, Ti, Tl, U, V, W, Yb, Zn, Zr

STD4 Andesite Al, Ba, Be, Ca, Ce, Co, Cr, Cu, Dy, Fe, Gd, K, La,
Mg, Mn, Na, Nb, Nd, Ni, P, Pb, Pr, Rb, Sc, Si, Sr,
Th, Ti, U, V, Y, Yb, Zn, Zr

STD5 Soil Al, As, B, Ba, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Eu,
Fe, Gd, Hf, Hg, K, La, Lu, Mg, Mn, Na, Nd, Ni, P,
Pb, Rb, Sb, Sc, Se, Si, Sm, Sr, Ta, Tb, Th, Ti, Tl,
U, V, Yb, Zn, Zr

STD6 Basalt Al, Ba, Ca, Ce, Co, Cr, Eu, Fe, Ga, Gd, K, La, Mg,
Mn, Mo, Na, Nd, P, Rb, Sc, Si, Sr, Th, Ti, U, V, Y,
Yb, Zn, Zr

STD7 Soil Al, As, Au, B, Ba, Be, Bi, Br, Ca, Cd, Ce, Cl, Co,
Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho,
I, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni,
P, Pb, Pr, Rb, S, Sb, Sc, Se, Si, Sm, Sn, Sr, Ta,
Tb, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr

STD1 and STD2 were prepared by using adsorbent paper to which the liquid RM was added;
these were irradiated in the “Rabbit” channel. For short lived radionuclides it was also nec-
essary to prepare a pure Al and a pure Si reference to correct some interferences. 28Al can
be in fact produced by two reactions: 27Al (n,γ) 28Al and 28Si (n,p) 28Al; similarly 27Mg can
be produce by the reaction 26Mg (n,γ) 27Mg or by 27Al (n,p) 27Mg. The irradiation of pure Al
and Si permits the quantification of the contribution of the additional reaction to the final
budget of the element. STD3 was prepared using a certified soil and was used both for short
and long lived radionuclides. The remaining RMs, prepared from certified soils and powdered
rocks, were used for long lived radionuclides.
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Because several certified elements overlap between the chosen reference materials, we were
able to evaluate the accuracy of the measurement. After calculating the Specific Activity for
each element in each reference material, the mean and its standard deviation were calculated.
When the uncertainty was higher than 20%, the measurement was not considered reliable and
the element was discarded. This was the case for Mg, W and Zr, which were not considered
in the final results.

Before we introduce the equations used in INAA calculations, it is necessary to explain the
concept of dead time during the acquisition of a spectrum. Dead time is an interval, usually
a small fraction of a second, in which the detector is busy acquiring the pulse it has just
received and is therefore not acquiring. This leads to the definition of a real time (tr), which
is the time that has actually passed between the start and the end of the acquisition, and a
live time (tl), which is the real time minus the dead time. Both of these will be used in the
following calculations.

The specific activity of the RM [counts ·s−1 · g−1] is calculated following Eq. 3.1,

Aspec(RM) =
A/tl ∗ eλ∗td ∗ Ka

m
(3.1)

where:

A = integral of the considered photopeak
tl = live time
λ = decay constant for the considered radionuclide
td = time passed between irradiation of the sample and acquisition of the spectrum
m = mass of the considered element present in the RM
Ka = correction factor

Ka only becomes relevant when the real time and the half life are comparable, as it accounts
for the radioactive decay which occurs during the acquisition of the spectrum and is calculated
following Equation 3.2.

Ka =
λ ∗ tr

1 − e−λ∗tr
(3.2)

where:

tr = real time

The specific activity of the sample [counts ·s−1 · g−1] is calculated following Eq. 3.3, similarly
to the RM.
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Aspec(sample) = A/tl ∗ eλ∗td ∗ Ka ∗ Ki (3.3)

Ki is another correction factor which accounts for the different irradiation time of sample and
RM, and is calculated following Equation 3.4.

Ki =
1 − e−λ∗ti(sample)

1 − e−λ∗ti(RM) (3.4)

where:

ti(sample) = irradiation time of sample
ti(RM) = irradiation time of RM

Finally, the concentration [pg/ml] of the considered element in the sample is calculated fol-
lowing Equation 3.5.

Csample =
Aspec(sample)

Aspec(RM)
∗

1
V(sample)

(3.5)

where:

V(sample) = filtered volume of sample

We refer to Greenberg et al. (2011) and Baccolo et al. (2016a) for a more extensive description
of the procedure.

3.4.3 Sample preparation

Four samples from the deep part of the ice core were prepared during the course of this project;
these were considered together with twelve other samples from the same ice core previously
analyzed by our research group, obtaining a final set of sixteen samples which span the entire
length of the ice core. Table 3.3 reports details for all the samples and Fig. 3.1 reports a flow
scheme depicting sample preparation.

The preparation procedure was the same for all the samples. To avoid any contamination
samples were prepared in a class 1000 clean room. 81 initial samples, each 25 cm long and
spanning from 1490 to 1590m of depth, were selected. Samples were decontaminated and
melted following the same procedure used for Coulter Counter analysis. An aliquot of the
sample was used to determine the mass dust of the sample through Coulter Counter analysis.
The remaining aliquot of each sample was filtered using a vacuum driven Millipore filtration
system, merging several adjacent samples together in order to obtain ad adequate amount of
dust on each filter. Approximately 20 samples covering the depth range indicated in Table
3.3 were merged together for each INAA sample. Dust was collected on PTFE filters (13mm
diameter, 0.4 µm cutoff) and stored in polyethylene vials. Both the filters and the vials
underwent several weeks of an acid bath prepared with hyper pure HNO3 at 5%.
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Table 3.3: INAA Samples

Sample Depth (m) Age (ky B.P.) Dust mass (µg) Filtered Volume (ml)

T1 439-529 6.3-8.3 29 ± 2 580
T2 531-649 8.3-11.1 32 ± 2 1048
T3 669-798 11.6-16.3 29 ± 2 676
T4 802-813 16.5-17.1 32 ± 2 187
T5 816-903 17.3-25 34 ± 2 145
T6 906-931 25.4-28.1 37 ± 2 120
T7 939-957 28.9-30.6 36 ± 2 151
T8 1067-1199 39.6-51.4 42 ± 3 542
T9 1210-1255 52.8-59.3 17 ± 1 198
T10 1259-1298 59.8-70.1 28 ± 3 199
T11 1423-1441 136.5- unknown 30 ± 2 204
T12 1445-1477 unknown 31 ± 3 280
T13 1489-1512 unknown 59 ± 12 378
T14 1513-1530 unknown 34 ± 10 238
T15 1535-1552 unknown 32 ± 8 239
T16 1560-1590 unknown 32 ± 6 308

Figure 3.1: Flow scheme of sample preparation for INAA. Ice core samples were decontaminated and
melted inside a clean room, and divided into two aliquots. The first aliquot was used for Coulter Counter
analysis. The second aliquot was prepared for INAA. At this point several samples were merged together
and filtered using a vacuum driven Millipore filtration system. The employed PTFE filters were then
stored in precleaned polyethylene vials and brought to the nuclear reactor for irradiation with a neutron
flux. Finally, the filters were analyzed through gamma spectroscopy.
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3.4.4 Blanks and Detection Limits

Seven blanks were prepared, in order to cover all the preparations made for the RM and the
samples. Three blanks (B1, B2 and B3) were prepared using the same filtration methodology
as the one used for the samples, but filtering ultrapure water. Additionally, three more blanks
(BA1, BA2 and BA3) were specifically prepared for Rabbit irradiations, two being for the
liquid reference material and one for the pure Al and Si reference. Finally, two blanks (B6
and B7) where prepared for the multielemental RMs, and were constituted of an empty clean
vial. During INAA calculations, both RM and samples were corrected for the corresponding
blank.

Detection Limits were calculated using Equation 3.6, following Currie (1968). 3.3 and 3.5
were then applied in order to have the Detection Limit expressed as concentration values.

DL = 2.71 + 4.65
√

Ab (3.6)

where:

Ab = integral area of blank sample at the considered gamma energy

Table 3.4 and Figure 3.2 present Detection limits, minimum and median values, all in µg,
for the considered elements. A range is presented for detection limits as they were calculated
separately for each different batch of irradiation. Differences can be ascribed to longer or
shorter periods of time passed between irradiation and measurement of the blank. For each
batch of irradiation, sample values were evaluated with respect to the corresponding Detection
Limit. Ba, Hg, Ho, Se, Tm and Zn were not considered for the last batch of irradiation, which
corresponds to the 4 deeper samples.
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Table 3.4: Statistics for Detection Limits and Samples for the Talos Dome ice core in neutron activation
analysis. All values reported are in µg.

Element Detection Limit (µg) Sample Minimum (µg) Sample Median (µg)

Al 0.004 - 0.008 1.353 2.551
As 0.000008 - 0.0002 0.0002 0.0004
Ba 0.009 - 0.3 0.01 0.02
Ca 0.04 - 0.5 0.4 0.7
Ce 0.0001 - 0.0002 0.001 0.003
Co 0.000005 - 0.0005 0.0003 0.0006
Cr 0.0002 - 0.0004 0.0007 0.002
Cs 0.000005 - 0.00009 0.0001 0.0002
Eu 0.000004 - 0.00004 0.00003 0.00006
Fe 0.006 - 0.02 1.172 2.185
Hf 0.00001 - 0.0001 0.0002 0.0003
Hg 0.00001 - 0.0001 0.00006 0.0001
Ho 0.0000005 - 0.00001 0.00002 0.00004
K 0.002 - 0.3 0.3 0.7
La 0.00003 - 0.0002 0.0006 0.001
Lu 0.000001 - 0.00001 0.000007 0.00001
Mn 0.0002 - 0.02 0.01 0.02
Na 0.0002 - 0.008 0.2 0.5
Nd 0.0001 - 0.001 0.0004 0.001
Ni 0.0006 - 0.005 0.0006 0.001
Rb 0.0004 - 0.001 0.002 0.003
Sb 0.00001 - 0.00003 0.00002 0.00003
Sc 0.000001 - 0.000006 0.0003 0.0006
Se 0.00001 - 0.00003 0.00003 0.0001
Si 3 - 10 5 10
Sm 0.000001 - 0.000007 0.00007 0.0002
Sr 0.002 - 0.02 0.01 0.02
Ta 0.000002 - 0.00002 0.00008 0.0001
Tb 0.000003 - 0.00003 0.00001 0.00003
Th 0.00002 - 0.0001 0.0002 0.0005
Ti 0.02 - 0.04 0.2 0.3
Tm 0.000001 - 0.000007 0.000004 0.00002
U 0.00003 - 0.0001 0.00006 0.00009
V 0.0001 - 0.0004 0.003 0.004
Yb 0.00001 - 0.0002 0.00008 0.0001
Zn 0.0001 - 0.001 0.002 0.008
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Figure 3.2: Statistical features of INAA measurements: detection limits (blue), minimum (red) and
median (yellow) concentrations for all considered elements. y-axis presents µg values on logarithmic
scale.

3.5 ICP-SFMS

Inductively Coupled Plasma Sector Field Mass Spectrometry (ICP-SFMS) is an established tool
for elemental analysis. Since its first invention in the ‘80s, it has constantly evolved becoming
at present highly automated and easy to operate. This, together with its low detection limits,
its applicability to a wide range of different fields of study and the ability to measure the
majority of the elements in the periodic table, makes it the forefront of elemental analysis.
Since it works with liquid samples, we chose to employ it with INAA, which instead works
on solid matrices.

ICP-SFMS employs electronic lenses and a magnetic sector field, which separates ions based
on their mass-to-charge ratio, combined with a plasma torch where the sample is atomized.
Plasma is generated through the use of argon: high frequency oscillating magnetic and elec-
trical fields are applied at the top of the torch, so that when argon is lit by a spark, electrons
can be stripped from argon atoms. This eventually creates a chain reaction which will go
on as long as the electrical and magnetic fields are maintained and the gas is supplied. The
high temperature of the plasma (6000 - 10000K) induces the ionizations of atoms which pass
through it. The ions are then accelerated and channeled through an interface into the instru-
ment, which is vacuum sealed, where oscillating electrical and magnetic fields are applied:
here each ion will have its distinct trajectory and can be recognized and counted by a detector
that is installed at the end of this path.
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3.5.1 Apparatus

The Byrd Polar Climate and Research Center at Ohio University is equipped with a Thermo
Element 2 Inductively Coupled Plasma Sector Field Mass Spectrometer coupled with a micro-
flow nebulizer and a desolvation system (ApexQ, ESI). This setup enhances sensitivity and
reduces the interferences due to the formation of oxides by removing water vapor from the
sample (Gabrielli et al., 2006).
The stability of the instrument was checked by measuring a solution containing 1 ppb of
indium every six samples and variations were never above 15% during daily analysis.
Samples were analyzed in all three available resolution modes (low, medium, high), as reported
in Table 3.5.

Table 3.5: Resolution Modes for each analyzed isotope

Resolution Mode Isotope

Low 109Ag, 137Ba, 138Ba, 209Bi, 111Cd, 140Ce,133Cs, 163Dy, 164Dy,
166Er, 167Er, 151Eu, 158Gd, 160Gd, 165Ho, 139La, 7Li, 175Lu,
95Mo, 23Na, 93Nb, 143Nd, 144Nd, 208Pb , 141Pr,85Rb, 121Sb,

147Sm, 152Sm, 120Sn, 86Sr, 181Ta, 159Tb, 205Tl, 169Tm, 238U, 172Yb, 174Yb

Medium 27Al, 59Co, 52Cr, 63Cu, 56Fe, 69Ga, 24Mg, 55Mn, 60Ni, 48Ti, 51V, 64Zn

High 75As, 72Ge

The choice of the resolution mode for a selected element depends on the potential spectral in-
terferences which may arise. These depend on the presence of atomic or molecular ions with
the same mass-to-charge ratio than the element of interest. Elements which lack relevant
spectral interferences can therefore be analyzed with low resolution, in order to maximize
transmission, while elements which may potentially present interferences have to be deter-
mined at higher resolution, reducing the sensitivity and increasing the detection limits.

3.5.2 Calibration solutions

External calibration for each analyzed element was carried out using multielemental stan-
dards. All calibration solutions were prepared in a clean room at Byrd Polar Climate and
Research Center. For trace analysis, we prepared a set of five calibration solutions of grow-
ing concentration, each containing all the trace elements of interest. Trace elements inside
each multielemental standard are divided into 4 different groups with different concentra-
tions, based on the potential concentration which can be found in the samples. For rare
earth elements (REE) analysis, we prepared two sets. The first one consists of seven solu-
tions of growing concentration, each containing all the REE. The second one consists of four
solutions of growing concentration of barium. This was necessary as barium had previously
shown potential relevant interferences with REE spectra owing to the formation of barium
oxides (Gabrielli et al., 2006). Therefore, calibration curves were checked to see if any corre-
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lation between Ba and mass ranges charactered by REE was found in the calibration solution,
pointing to the presence of interferences. None were found. Table 3.6 reports details on
the elemental concentrations used in the calibration solutions for this study. All calibration
curves used for sample analysis had R2 >0.99.

Table 3.6: Concentration of elements used for each calibration solution in this study

Set of Calibration solutions for REE

Elements Concentration values [ppt]

La, Ce, Pr, Nd, Sm, Eu, Gd,
0.0004 0.02 0.1 1.2 5.6 22.5 113.5Tb, Dy, Ho, Er, Tm, Yb, Lu

Set of Calibration solutions for Ba

Elements Concentration values [ppt]

Ba 3.3 37.7 193 1205

Set of Multielemental Calibration solutions

Elements Concentration values [ppt]

Al, Fe, Mg, Na, Ti 11.1 136 698 1415 2804

Ba, Co, Cr, Cu, Ga, Li, Mn,
1.11 13.6 69.8 141.5 280.4Nb, Ni, Pb, Rb, Sr, V, Zn

As, Cs, Ge, Mo, Sn, Ta, U 0.11 1.36 6.98 14.15 28.04

Ag, Bi, Cd, In, Sb, Tl 0.01 0.14 0.70 1.42 2.80

3.5.3 Sample preparation and leaching procedure

Twenty-three samples spanning the entire ice core were selected for ICP-SFMS analysis, as
reported in Table 3.7.

Preparation of the samples was carried out in a class 1000 clean room at University of Milano-
Bicocca. All the containers used to store, even temporarily, the samples had been subjected
to two weeks acid bath (HNO3 5%) prior to use. Samples were decontaminated and melted
following the same procedure as the INAA samples. Samples were then divided into tree
aliquots. The first one was used for Coulter Counters analysis. The second aliquot was filtered
using a Nalgene filtration system (0.2µm cut off). This filtration system gives the possibility
to change the holder and the receiver for each sample, thus diminishing the possibility for
cross-contamination between the samples. This was not the case for the Millipore filtration
system that was used for the preparation of the INAA samples. The filtrate was transferred
to polypropylene (PP) centrifuge tubes. The third aliquot was transferred in the PP centrifuge
tubes without further treatment. Figure 3.3 reports a flow scheme for ICP-SFMS sample
preparation.
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Table 3.7: Samples prepared for ICP-SFMS analysis

Sample Depth Age Dust Concentration
(m) (kyr B.P.) (ng/g)

TD-0209 209 2.3 31 ± 6
TD-0262 262 3.1 32 ± 1
TD-0383 383 5.2 48 ± 3
TD-0398 398 5.6 21 ± 1
TD-0438 438 6.3 40 ± 3
TD-0849 849 19.5 480 ± 32
TD-0893 * 893 23.9 156 ± 5
TD-0950 949 29.8 232 ± 52
TD-1030 1030 37.1 240 ± 5
TD-1186 1186 49.8 160 ± 3
TD-1249 1249 58.4 95 ± 5
TD-1269 1269 61.6 255 ± 7
TD-1303 1303 72.2 80 ± 6
TD-1313 1312 76 106 ± 9
TD-1391 1390 118.9 34 ± 3
TD-1397 1396 122.5 45 ± 10
TD-1492 1492 unknown 142 ± 22
TD-1496 * 1496 unknown 86 ± 8
TD-1524 * 1524 unknown 83 ± 4
TD-1544 1544 unknown 94 ± 6
TD-1558 1558 unknown 204 ± 62
TD-1571 1571 unknown 112 ± 21
TD-1616 1616 unknown 64 ± 3

* not filtered due to small volume
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All samples (untreated and filtered) were acidified with ultrapure HNO3 at 1% v/v for the
leaching procedure. The effectiveness of leaching is highly dependent on leaching time, on the
element and on the mineral in which the element is enclosed (Koffman et al., 2014a; Rhodes
et al., 2011; Uglietti et al., 2014). It is also difficult to quantify how much of the inconsistencies
are actually due to incomplete leaching and how much to partial atomization of the single
mineral particle in the plasma. Thus, all results obtained with this procedure have to be
considered approximated to a certain degree.

Nonetheless, leaching remains the best choice for ICP-SFMS analysis of Antarctic ice samples
since the alternate procedure, full digestion, has a much higher contamination risk. More-
over, the majority of aeolian dust in Antarctic samples is composed of very small particles
(modal value for Talos Dome is around 2 µm), which typically suffer less from leaching and
atomization problems. To reach allowable recovery rates, samples have to be leached for at
least one month (Koffman et al., 2014a; Uglietti et al., 2014). Our samples were allowed to
leach for six weeks before analysis. Al and Fe has been shown to be among the most difficult
elements to leach (Grotti et al., 2011). In our case, during analysis, we noticed very high
standard deviations during the acquisition of the aluminum spectrum. We therefore chose to
not consider Al measurements for our study.

Figure 3.3: Flow scheme of sample preparation for ICP-SFMS. Ice core samples were decontaminated
and melted inside a clean room, and divided into three aliquots. The first aliquot was used for Coulter
Counter analysis. The second aliquot was filtered using a Nalgene filtration system. The filtrate and the
third aliquot were subsequently treated with HNO3 and allowed to leach for 6 weeks before ICP-SFMS
analysis.

3.5.4 Blanks and Detection Limits

We prepared two instrumental blanks (B1 and B2) and four procedural blanks, all with ultra-
pure water. The instrumental blanks simply consist of ultrapure water with 1% v/v HNO3. Of
the procedural blanks, two were frozen blanks (B3 and B4) which were melted and decontam-
inated following the same procedure as the samples, and two were filtered blanks (BF1 and
BF2) which were subjected to the same filtration procedure as the samples.

Detection Limits were calculated by measuring ten times an instrumental blank, and then
considering 3 times the standard deviation of this measurement. For some elements, namely U,
Cu, Pr, Er, Ho, Dy, one of the ten measurements had to be discarded due to anomalously high
values. Table 3.8 lists detection limits and measured blanks for all the elements considered in
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this work.

Table 3.8: Detection limits and measured blanks. For each type of blank, the mean and standard
deviation are reported.

Untreated sample Filtered sample
Isotope LOD Instrumental blank Procedural blank Min. Median Procedural blank Min. Median

(pg/g) µ ± σ (pg/g) µ ± σ (pg/g) (pg/g) (pg/g) µ ± σ (pg/g) (pg/g) (pg/g)

Ag 0.08 0.94 ± 0.02 1.1 ± 0.1 0.44 0.54 0.97 ± 0.02 0.45 0.55
As 0.42 0.6 ± 0.1 3 ± 2 1.22 2.94 0.58 ± 0.03 0.55 1.08
Ba 29.04 149 ± 127 45 ± 21 33.54 85.63 105 ± 68 30.02 29.04
Bi 0.01 0.07 ± 0.01 0.06 ± 0.01 0.08 0.22 0.20 ± 0.04 0.06 0.17
Cd 0.058 0.8 ± 0.7 3.6 ± 0.5 5.34 20.20 3 ± 1 0.36 1.99
Ce 0.153 0.17 ± 0.01 0.27 ± 0.03 1.44 23.17 1.1 ± 0.8 0.30 0.89
Co 0.2 1.37 ± 0.06 1.39 ± 0.02 0.91 3.12 1.6 ± 0.2 0.55 1.05
Cr 15 35 ± 11 35 ± 5 22.44 36.79 78 ± 49 31.33 62.87
Cs 0.77 1.9 ± 0.3 2.3 ± 0.2 1.17 1.88 2.0 ± 0.4 0.79 1.24
Cu 0.79 6 ± 1 6.65 ± 0.45 8.36 22.29 12 ± 2 7.35 21.81
Dy 0.020 0.04 ± 0.01 0.024 ± 0.002 0.11 1.22 0.08 ± 0.05 0.02 0.06
Er 0.012 0.015 ± 0.002 0.019 ± 0.006 0.07 0.64 0.05 ± 0.02 0.02 0.04
Eu 0.050 0.112 ± 0.000 0.104 ± 0.007 0.12 0.64 0.11 ± 0.01 0.08 0.10
Fe 1036 1575 ± 435 1717 ± 96 1056.13 6315.16 1596 ± 238 1445.74 1036.00
Ga 0.67 5 ± 1 4.41 ± 0.19 2.11 4.81 7 ± 1 1.08 2.20
Gd 0.026 0.095 ± 0.007 0.110 ± 0.005 0.13 1.77 0.13 ± 0.04 0.06 0.11
Ge 2.88 4 ± 1 3.35 ± 0 3.01 2.88 3.6 ± 0.2 3.01 2.88
Ho 0.002 0.003 ± 0.001 0.003 ± 0.001 0.02 0.24 0.022 ± 0.001 0.003 0.01
La 0.066 0.2 ± 0.1 0.4 ± 0.1 0.97 12.18 0.8 ± 0.5 0.17 0.51
Li 30 263 ± 13 268 ± 5 144.98 187.29 265 ± 12 143.51 172.60
Lu 0.005 0.006 ± 0.001 0.005 ± 0.001 0.01 0.08 0.009 ± 0.004 0.01 0.01
Mg 233.90 676 ± 1 731 ± 125 2340.37 6362.23 1322 ± 91 1253.94 1870.79
Mn 13.33 21 ± 8 19 ± 1 18.86 160.89 19 ± 4 14.93 22.64
Mo 0.21 0.6 ± 0.2 0.50 ± 0.03 0.58 1.34 2 ± 1 1.07 2.34
Na 777 3215 ± 452 2953 ± 171 17848.10 40992.28 17597 ± 12962 16449.87 44723.47
Nb 0.48 0.9 ± 0.3 0.55 ± 0.04 0.50 2.18 2 ± 1 0.56 0.48
Nd 0.056 0.073 ± 0.02 0.12 ± 0.02 0.65 10.23 0.3 ± 0.2 0.10 0.33
Ni 28 359 ± 23 342 ± 3 156.47 201.36 348 ± 15 154.36 191.81
Pb 0.14 0.7 ± 0.1 2 ± 1 1.95 7.45 2 ± 1 0.95 1.82
Pr 0.015 0.031 ± 0.006 0.029 ± 0.001 0.17 2.93 0.09 ± 0.06 0.03 0.09
Rb 5 24.1 ± 0.4 29 ± 6 22.92 38.92 23.85 ± 0.01 15.82 24.08
Sb 0.37 0.24 ± 0.05 0.17 ± 0.03 0.39 0.37 0.9 ± 0.6 0.39 0.65
Sm 0.065 0.214 ± 0.001 0.27 ± 0.01 0.30 2.44 0.29 ± 0.06 0.19 0.28
Sn 0.20 3.15 ± 0.06 3.1 ± 0.1 2.09 2.99 4.5 ± 0.3 2.58 3.53
Sr 5.59 85.7 ± 0.3 91 ± 2 70.14 145.72 126 ± 36 38.53 61.38
Ta 0.201 0.27 ± 0.06 0.18 ± 0.01 0.21 0.22 0.27 ± 0.01 0.20 0.21
Tb 0.006 0.0119 ± 0.0001 0.012 ± 0.000 0.02 0.25 0.02 ± 0.01 0.01 0.02
Ti 97 152 ± 36 97 ± 25 109.29 502.17 141 ± 37 99.76 126.92
Tl 0.072 0.08 ± 0.02 0.05 ± 0.02 0.10 0.24 0.07 ± 0.02 0.08 0.07
Tm 0.004 0.008 ± 0.001 0.008 ± 0.001 0.01 0.09 0.012 ± 0.004 0.01 0.01
U 0.16 0.06 ± 0.02 0.10 ± 0.06 0.10 0.16 0.14 ± 0.04 0.04 0.36
V 3.95 9 ± 1 6 ± 1 5.58 14.01 6 ± 2 4.08 3.95
Yb 0.027 0.037 ± 0.003 0.044 ± 0.001 0.06 0.60 0.06 ± 0.02 0.03 0.04
Zn 3 990 ± 900 709 ± 50 164.40 837.91 1487 ± 925 408.05 997.68

Elements with blank values too much high with respect to the minimum and median values
of the sample data set were discarded; namely Ba, Cr, Ge, Sb, U, Zn. Similarly we discarded
Nb, Nd and Mo values for the filtered samples.
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Chapter 4

Results and Discussion

4.1 Talos Dome dust record

Here we expand the published dust profile (Delmonte et al., 2010b; Albani et al., 2012) for the
Talos Dome ice core in the deep section. We analyzed 125 samples from 1450m to the bottom,
integrating the profile which in this section previously counted only 80 samples. The dust
record for the deep part can be seen in Figure 4.1, while the complete dust record is shown in
Figure 4.2 together with the δ18O record (from Stenni et al. (2011) and two dust size indexes
(FPP and CLPP) which will be discussed later. The δ18O record stops before 1500m, since
beneath this depth dating is still uncertain as the isotopic signal may be disturbed.

The dust concentration in the Talos Dome ice core exhibits the well known correlation with
the oxygen isotopic ratio, and thus temperature (Lambert et al., 2008; Delmonte et al., 2010b).
Levels drop during the Holocene and the earlier interglacial (MIS5) and rise during the last
glacial stage (MIS2). South America, and Patagonia in particular, has been recognized as the
major dust supplier for Eastern Antarctica during glacial stages (Grousset et al., 1992; Basile
et al., 1997; Lambert et al., 2008; Delmonte et al., 2008; Vallelonga et al., 2010; Delmonte
et al., 2017). It seems that during interglacials other sources become more relevant. When
the hemispheric dust influx from remote sources is dampened, local sources become more
important to the total dust budget at Talos Dome. This is highlighted by higher concentrations
of larger particles (Albani et al., 2012; Aarons et al., 2016) and by geochemical evidences
(Baccolo et al., 2018b).
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Figure 4.1: Dust profile for the deep part of the Talos Dome ice core, from 1400m of depth to the bottom.
In light blue the raw dust concentration in ppb, in dark blue the same data smoothed using a gaussian
filter with a window size of 5.
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Figure 4.2: Features of the Talos Dome ice core. Four records are presented, each one with a lighter
color indicating data points and a darker color showing the 10-point moving average, which highlights
significative patterns. All data are plotted with respect to sample depth, expressed in meters, on the
x-axis. Dotted vertical lines underline different climatic periods, using the Marine Isotope Stage (MIS)
timescale (Railsback et al., 2015). At the top, in green, we present the δ18O record (from Stenni et al.
(2011)). Underneath, in blue, we show the total dust concentration, expressed in parts per billion (ppb).
The last two records show the fine particle percentage (FPP) in yellow and the coarse local particle
percentage (CLPP) in red (Delmonte et al., 2004; Baccolo et al., 2018b). FPP is defined as the ratio
between fine particles (0.6-2µm) and 0.6-5µm ones, while CLPP represents the ratio between coarse
particles (5-10µm) and the total dust (0.6-10µm).
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Two indexes were calculated to assess the relative contribution of fine and coarse particles
respectively: FPP (Fine Particle Percentage) and CLPP (Coarse Local Particle Percentage)
(Delmonte et al., 2004; Baccolo et al., 2018b), as seen in Figure 4.2. These are calculated
following Equations 4.1.

FPP =
0.6 − 2
0.6 − 5

CLPP =
5 − 10
0.6 − 10

(4.1)

where:

0.6 − 2 = dust concentration between 0.6 and 2µm
0.6 − 5 = dust concentration between 0.6 and 5µm
0.6 − 10 = dust concentration between 0.6 and 10µm
5 − 10 = dust concentration between 5 and 10µm

Both indexes display a correlation with climatic stages. FPP is higher during the last glacial
stage, in accordance with the remote source of dust transported to Antarctica during this
period. In fact the longer the atmospheric transport, the smaller the diameter of dust particles,
since the coarse ones are progressively removed due to gravitational settling. Thus, the
coarser fraction is less represented with respect to the total dust flux during the last glacial
stage, translating in a lower CLPP. As Talos Dome is located near ice-free zones, the site
receives a constant dust flux from local sources (Baccolo et al., 2018b). This is characterized
by coarser particles with respect to distant sources, as the transport is much more limited.
This is evident if we compare the Talos Dome dust record with inner sites, such as Vostok or
Dome C (Delmonte et al., 2004, 2010b).

4.1.1 Granulometric anomalies

Figure 4.2 highlights some anomalies in the deeper part of the Talos Dome dust record; in
particular the FPP drops to very low values, while CLPP shows a significant increase. We
interpret this as a sign of dust aggregation, as was previously observed in the EPICA Dome
C ice core (De Angelis et al., 2013). Dust particles originally present in the ice, as a result of
the high pressure that characterizes deep ice and of ice metamorphism, are pushed towards
crystal boundaries and bound together. This mechanism leads to a post-depositional artefact
consisting in an increase of coarser grain size in the dust record which is uncorrelated to
dust sources and transport. This post-depositional effect can be observed exclusively from the
analysis of dust grain size spectra, while it cannot be appreciated from the concentration data
only.

In the TALDICE core, 98% of samples from surface to 1450m depth show modal values
around 2µm for the volume size distribution. For comparison, samples from the deep section,
show in 25% of cases a mode between 2 and 4µm. Examples are shown in Figure 4.3.

Various sonication tests were made to break the aggregates into its original constituents, but
the methodology overall was not successful. In total 79 samples were sonicated, with varying
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Figure 4.3: Example of grain size distribution in a glacial (left) and deep (right) sample. We show
diameter values between 0.6 and 10µm plotted against dust concentration (ng/g). The mode for both
samples has been calculated: 1.8µm for the glacial sample and 3.9µm for the deep sample, showing a
net increase in the latter distribution.

time intervals between 3 and 15 minutes. 47% of the sonicated samples displayed an increase
of the total volume of particles, pointing to possible contamination, while 32% showed a
decrease and only 21% showed no variation. No correlation with sonication time was found.
Looking at grain size distribution, if sonication was successful, we would expect to find an
increase in fine particles and a decrease in coarse particles. Considering the 0.6 - 10µm
range, 28% of samples showed an increase across all grain size categories, and 10% showed a
decrease in all categories. Only 22% of total samples showed the expected decrease of coarse
dust aggregates and an increase of particles below 5µm. These numbers clearly demonstrate
that sonication is not a reliable method of study for deep ice particle aggregates.

We interpret these results in the following way:

� Microparticle increase in all grain size channels reflect a possible contamination of the
samples during the sonication procedure, possibly related to the containers used, includ-
ing their lids. Lids and caps typically release much more particles during sonication
than the container itself. This means that the sample has either to be maintained in an
upward position inside the sonicator, or the container has to be changed. Further study
is needed in this respect, as even blank samples with the same sonication parameters
(type of container, position of container, time of sonication and period since water in-
side the sonic bath was changed) sometimes displayed contamination and sometimes did
not. In any case, we conclude that an increase in dust concentration spread throughout
all the dust spectrum is related to contamination.

� Change in the size spectra towards smaller particles after sonication may actually reflect
the presence of uncemented aggregates, as those found in the EPICA Dome C ice core
below 2800m depth.

� No change in the dust grain size spectra and persistence of large dust particles reflects the
presence of cemented aggregates formed into the ice and difficult or impossible to break.
This is further sustained by our observations at SEM (see Section 4.2) where we found
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evidence for a newly-formed mineral into the deep ice, deriving from chemical alteration
of dust grains, and acting as a cementing agent for the residual partly-weathered or
unweathered particles.

4.2 Jarosite formation

During our observations at SEM, we analyzed single dust particles deposited on a polycarbon-
ate filter. On these samples we also performed EDS to assess the composition of the particles.
While the upper part of the core typically displays micrometric particles and volcanic glasses,
the deeper part showed grains characterized by evident weathering features (Figure 4.4).

Figure 4.4: SEM images of dust grains from deep samples (>1450m) of the Talos Dome ice core. The
scale bar is 1µm.

We found precipitates ranging from globular shapes (Figure 4.4a) to layered plates (Figure
4.4b) and hexagonal crystals (Figure 4.4f). A few volcanic glasses, covered by precipitates
(Figure 4.4a) or aggregated together (Figure 4.4c,d) are recognized. Poorly ordered aggregates
of relatively big dimensions were also spotted (Figure 4.4e,g,h). Elemental maps of individual
grains show the different composition between particles from the deep part and other sections
of the ice core. Typically, precipitates that are present in the deep part are composed by Fe, S
and K, which is compatible with the chemical formula of jarosite [KFe3(SO4)2(OH)6], while the
“residual” cores of the grains mostly consist in Si or a mixture of Si and Al (see Figure 4.5).
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Jarosite is a ferric-potassium hydroxide sulphate mineral which typically forms as a result of
chemical weathering in environments which are acidic, rich in iron and with limited presence
of liquid water (Papike et al., 2006). Moreover, it is known that the acidic weathering of basalt

Figure 4.5: Elemental maps of individual grains obtained with SEM-EDS analysis. Starting from the
top row, we show: a Holocene sample, a glacial sample and four deep samples. For each sample, from
left to right, the SEM image and the elemental concentrations of Si, Fe, S, K, Al, Mg, Ca and Na are
presented.

in a closed system produces jarosite and amorphous silica (Madden et al., 2004; Zolotov and
Mironenko, 2007). This matches the observed composition of the grains observed in our
deep samples. Since its discovery on Mars soil by the Opportunity Rover, jarosite has been
a mineral of great interest because of its connection to water-related weathering on Mars.
Jarosite is also known to act as a cement during weathering (Long et al., 1992): this would
explain the difficulty in breaking the aggregates experienced with the ultrasonic bath.

The distribution of other elements further supports chemical weathering in the deep section
of the ice core: Mg, Ca and Na are almost absent from jarosite precipitates and scarce
within Si-rich grains. This confirms what had already been observed in a previous elemental
characterization of TALDICE mineral dust (Baccolo et al., 2018a). It is possible that the
acidic environment of deep ice favors chemical reaction of these elements which lead to the
formation of soluble compounds. These findings led to the publication of Baccolo et al. (2021).

4.3 Elemental composition

We further investigated the elemental composition of dust in the Talos Dome ice core with
INAA and ICP-SFMS measurements. Raw concentration values are reported in Appendix
A. We consider INAA results to reflect the composition of the insoluble fraction of dust,
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while filtered ICP-SFMS samples should reflect the soluble fraction, and untreated ICP-SFMS
samples are considered as a benchmark for the total dissolvable concentration. We note
that the total dissolvable concentration actually represents the fraction which can both be
dissolved in acid and atomized in plasma. We will consider separately the data from the three
different methodologies by looking at correlation matrices and enrichment factors (EFs) for
each dataset.

The correlation matrices were calculated by using the Pearson correlation coefficient (r), which
is expressed by dividing the covariance of the considered variables by the product of their
standard deviations. This coefficient varies between -1 and +1, where -1 represents a per-
fect negative correlation; 0 represents no correlation at all; +1 represents a perfect positive
correlation.

The enrichment factor was calculated with respect to the average concentration of the upper
continental crust, following Equation 4.2 and using Wedepohl (1995) for elemental crustal
values.

EF =
Elementice/Ceice

Elementcrust/Cecrust
(4.2)

The reference element is chosen as to be an element with low geochemical reactivity and
mobility; in this way an EF close to 1 tells us that the considered element in our sample is
prevalently of crustal origin, while higher numbers testify to an enrichment of the element.
We chose cerium as the reference element, since it was measured both with INAA and ICP-
SFMS. This will allow us to compare EFs calculated for the same element measured with the
two different techniques.

As indicated in literature (Gabrielli et al., 2005a), we chose a threshold of 10 to discriminate
between enriched and non enriched elements and in the figures we divided samples in three
different color-coded categories:

� Interglacial samples, with Holocene samples indicated in red shading and MIS5 samples
in yellow;

� Glacial samples, which cover MIS2 to MIS4, in blue shading;

� Deep samples,from 1450m of depth to the bottom of the ice core, in green shading.

4.3.1 Insoluble fraction

Below we show a graphical representation of the correlation matrix of INAA data for major
and trace elements (Figure 4.6), and for rare-earth elements (Figure 4.7).

Al, As, Ba, Co, Cs, Fe, K, Mn, Na, Sc, Si, Sr, Ti, V all show a high degree of correlation
between each other, with values always above 0.7 (two exceptions are Ba-Si and V-Si, both
with r = 0.67). Among these, Al, Fe, Ti, Mn, Co and V show very high correlation with r values
always above 0.85. Rb and Zn also display a good correlation with this group of elements.
This indicates a common source for these elements, which we expect to be mainly of crustal
origin. On the other hand, Cr is the element that shows the least amount of correlation with
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Figure 4.6: Graphical representation of the correlation matrix for INAA data for major and trace
elements. Both color (see legend) and dimension of the dots represent the degree of correlation. The
bigger the dot, the closer the number is to 1.
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other elements. Ca, Se and Hg appear to be correlated to one another, pointing to a probable
common source, as will be explained while discussing EFs.

<0.25 0.25-0-5 0.5-0.75 >0.75

EuLa YbTmHoTbCe Nd Sm

Figure 4.7: Graphical representation of the correlation matrix for INAA data for Rare Earth Elements.
Both color (see legend) and dimension of the dots represent the degree of correlation. The bigger the
dot, the closer the number is to 1.

Looking at REEs, correlation is very high (r > 0.9) only for Ce, Ho, La, Sm and Tb. An
anomaly is represented by Lu, Nd, Tm and in minor part Yb, which do not show a good
correlation with other REEs. This could be due to analytical problems as these elements had
detection limits similar to the minimum concentrations found in the samples.
No element showed any correlation with depth.

Figure 4.8 shows the enrichment factors calculated for INAA measurements. Most of the
elements show values close to 1, which confirm the prevalent crustal origin of the mineral
dust. This is not unexpected since INAA focused on the insoluble fraction of the impurities
present in the Talos Dome ice core which mostly consist in mineral particles. Hg and Se
are the elements in the insoluble fraction with the highest EFs throughout the entire length
of the ice core, with values always above 10. Both these elements are volatile species which
are typically oxidized and partitioned to the particulate phase before being deposited (Mosher
and Duce, 1987; Wen and Carignan, 2007; Jitaru et al., 2009). These elements also showed a
general weak correlation with other elements except with each other (r=0.82) and Ca, pointing
to a common source. These elements have been shown to derive prevalently from emissions
from the marine biosphere, with minor contributions from volcanic activity and sea salt
sprays (Nriagu, 1989; Schroeder and Munthe, 1998; Wen and Carignan, 2007). Additionally,
the biogeochemical cycle of mercury in polar regions is affected by the seasonal absence of
photochemical reactions, leading to accumulation of Hg on snow and ice (Ebinghaus et al.,
2002). The observed enrichment could thus be related to the volatile elements partitioning to
the solid phase and bounding with mineral dust particles, as reported by Jitaru et al. (2009).

As, Sb, Zn and Cr have lower EF if we consider mean values, but single samples may display
values higher than 10 in all the three categories. These elements, while having a higher
crustal contribution than Se and Hg (Nriagu, 1989), also have significant sources from sea
salt aerosols, biogenic sources and volcanic emissions.

44



Figure 4.8: Enrichment Factors calculated for INAA measurements. Samples were divided into 3 cate-
gories: interglacial samples (a), glacial samples (b) and deep samples (c). Each line represents a single
sample. For deep samples, some elements (Ba, Zn, Se, Hg, Ho, Tm) were not considered in all the
samples, leading to some broken lines.

45



Nickel displays a different behavior throughout the different categories: in glacial and inter-
glacial samples EF values are quite low, with means respectively of 3.2 and 1.8 and single
values always under 5, while in the deep core we find several samples above 5 and a single
value of 19.2. Nickel concentrations can be strongly influenced by volcanic activity, which is
abundant at Talos Dome and may be the origin of single high values. Further studies will be
needed to better understand the enrichment of nickel in deep samples.

Between the elements which do not display an enrichment trend, titanium is the element with
the highest variability in all three categories, together with tantalum; hafnium shows great
variability only in glacial samples. Ti, Hf and Ta can be enriched in atmospheric mineral
dust as a consequence of weathering processes occurring during the atmospheric transport
(Vlastelic et al., 2015; Baccolo et al., 2016b). In addition, we note that all these elements are
highly fractionated in heavy minerals, thus the presence of a few heavy mineral grains could
lead to a high variability in terms of elemental concentration.

Rare earth elements in general do not display enrichment tendencies. It is interesting to look
at ytterbium, which consistently displays higher values only in glacial samples.

4.3.2 Total dissolvable fraction

Figures 4.9 and 4.10 report a graphical representation of the correlation matrix for the total
dissolvable fraction, respectively for major and trace elements, and for REEs.
Co, Fe, Mn, Ti and V display a very good correlation between each other, with values always
above 0.7. This is in line with what was observed for the insoluble fraction.

Mo and Nb also have a very high degree of correlation between each other (r=0.95) and with
both Ta and Sn (r=0.83-0.88). Nb and Ta usually occur together in minerals due to their
chemical similarities, such that their most widespread mineral is known either as columbite
or tantalite depending on the predominating element. Mg and Na only seem to show a high
correlation with each other, pointing to a strong influence of sea salt emissions, of which both
elements are major components, to their total concentration.

On the other hand, Cd, Cu, Li and Ni do not display any correlation with the other elements
suggesting a heterogeneity of sources.

REEs have a very high degree of correlation between each other, with r values always between
0.98 and 1, except for Eu which displays values between 0.8 and 0.9. This is indicative of the
various degrees of the well-known Eu anomaly.

Enrichment factors were also calculated for this dataset, as shown in Figures 4.11 and 4.12.
Ti, V, Mn, Fe, Co and Nb consistently show low values in all samples, in line with what
was observed before. Mg, Rb, Sr, Cs, Ta, Ga, Pb and Tl, while always remaining under the
chosen threshold of 10 for enrichment values, display a higher inter-sample variability. This
confirms the main crustal origin of this group of elements, with possible minor influences from
sea salts, especially for Mg and Sr. It is clear that Cd appears to be greatly enriched in all
samples, with values ranging several orders of magnitude. We interpret this as a background
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Figure 4.9: Graphical representation of the correlation matrix for ICPM-SFMS untreated data for major
and trace elements. Both color (see legend) and dimension of the dots represent the degree of correlation.
The bigger the dot, the closer the number is to 1.
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Figure 4.10: Graphical representation of the correlation matrix for ICPM-SFMS untreated data for rare
earth elements. Both color (see legend) and dimension of the dots represent the degree of correlation.
The bigger the dot, the closer the number is to 1.
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volcanic signal, but further analysis will be needed in order to be sure such extreme values
are not due to contamination. Li and Ag also display high EF throughout the entire ice core.
Li enrichment had previously been documented in antarctic ice cores (Gabrielli et al., 2005b;
Siggaard-Andersen et al., 2007; Aarons et al., 2017), although with lower values than what
was found on our study.

Rare earth elements have EFs always very close to one, with very low variability, except for
the europium anomaly observed in deep samples which may testify to unknown processes
involving this element. In general there is good agreement between interglacial, glacial and
deep samples, with good agreement especially with the glacial pattern found for REEs in other
antarctic ice cores (Gabrielli et al., 2010; Wegner et al., 2012).

Figure 4.11: Enrichment factors calculated for ICPMS measurements of major and trace elements. Sam-
ples were divided into 3 categories: interglacial samples (a), glacial samples (b) and deep samples (c).
Each line represents a single sample. Note that Cd was plotted with a logarithmic y-axis.
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Figure 4.12: Enrichment factors calculated for ICPMS measurements for rare earth elements. Samples
were divided into 3 categories: interglacial samples (a), glacial samples (b) and deep samples (c). Each
line represents a single sample.
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4.3.3 Soluble fraction

Figures 4.13 and 4.14 report a graphical representation of the correlation matrix for the soluble
fraction, respectively for major and trace elements, and for REEs. Looking at major and
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Figure 4.13: Graphical representation of the correlation matrix for ICPM-SFMS filtered data for major
and trace elements. Both color (see legend) and dimension of the dots represent the degree of correlation.
The bigger the dot, the closer the number is to 1.

trace elements, it is clear that correlations are much less stronger than in the total dissolvable
fraction. The only elements which showed high correlations were Ti and Fe (r=0.87), Mn and
Co (0.79), Rb and Ag (r=0.78), Ta and Sn (r=0.73). REEs still have a high degree of correlation,
although slightly lower than what was found in the total dissolvable fraction. Ce is an evident
exception: values are quite low, between 0.5 and 0.6.
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Figure 4.14: Graphical representation of the correlation matrix for ICPM-SFMS filtered data for rare
earth elements. Both color (see legend) and dimension of the dots represent the degree of correlation.
The bigger the dot, the closer the number is to 1.

4.3.4 EF comparison

Because some elements were measured with both techniques, we were able to calculate two
enrichment factors for these elements, one for the INAA dataset and one for the ICP-SFMS
dataset. Agreement is generally good for Ti, Mn, V, Fe and Co, although ICP-SFMS values are
consistently lower than INAA values. As said before, ICP-SFMS values may be underestimated
due to incomplete leaching or partial atomization of the reference element with respect to other
elements in the sample.

Nickel was also measured with both techniques, but displays some discrepancies. For inter-
glacial samples, values are quite close to 1 for INAA samples, but approach 100 for ICP-SFMS.
For glacial samples, values are consistently higher for ICP-SFMS measurements. Deep samples
display great variability for both techniques. Sodium displays the same differences between
the two techniques. Some minor discrepancies are also found for Cs, Rb, Sr and Ta, for
which INAA values are always quite close to 1, while ICP-SFMS tend to display higher values,
although never higher than 10.

Rare earth elements also display some discrepancies in EF calculations. Data from ICP-SFMS
are generally quite close to 1, with some samples displaying positive Eu anomalies during
interglacials and both positive and negative Eu anomalies in the deep section. EF from INAA
samples show more variability. In particular, in glacial samples Yb appears to be greatly
enriched and Tm is consistently depleted.

4.4 Solubility study

We performed a solubility study by comparing data from the three different methodologies.
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At first we calculate a Solubility Index (SI) using the untreated and filtered ICP-SFMS data,
following Equation 4.3.

S I =
Filtered

Untreated
· 100 (4.3)

where:

Filtered = Element concentration in the filtered sample
Untreated = Element concentration in the untreated sample

This index was calculated for each sample, and then the mean value was calculated for
different climatic stages: Holocene, last glacial maximum (LGM), MIS 3-4, MIS5 and deep
samples. Because some samples displayed filtered values higher than the untreated samples, we
decided to only consider them if the difference was lower than 10%, to account for instrumental
errors. We thus decided to not consider copper and tin, which had too many samples discarded
after this selection and may have suffered from contamination during analysis.

Based on this index, we consider:

1. Soluble elements: score > 80

2. Partially Soluble: score 50 - 80

3. Partially insoluble: score 20 - 50

4. insoluble: score < 20

Results can be seen in Tables 4.1, 4.2 and 4.3.

Table 4.1: Solubility Index for major and trace elements

Climatic Stage Ag As Bi Cd Co Cs Fe Ga Li Mg Mn Na Ni Pb Rb Sr Ta Ti Tl V

Holocene 102 71 58 35 64 71 71 78 93 51 41 101 99 27 69 71 79 50 47 67
LGM 81 17 58 3 12 25 8 19 93 10 5 82 92 55 41 27 68 8 25 20
MIS3/4 90 25 50 22 22 60 12 40 91 26 24 88 99 21 57 43 96 40 25 28
MIS5 98 28 74 31 48 47 23 45 90 33 18 87 100 32 66 38 75 34 38 31
Deep 94 39 44 7 41 43 13 34 94 24 25 87 98 44 60 31 80 20 42 28

Table 4.2: Solubility Index of REEs.

Climatic Stage La Ce Pr Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Holocene 24 26 21 35 43 33 31 20 25 21 34 23 31
LGM 1 1 1 4 8 2 3 2 1 2 4 2 3
MIS3/4 3 11 2 8 13 4 5 2 2 3 7 6 6
MIS5 5 9 6 16 23 10 12 9 8 14 19 11 12
Deep 5 8 8 13 15 11 11 10 10 11 14 10 13

Silver, lithium, sodium, nickel and tantalum are prevalently soluble throughout the ice core.
Sodium is expected to have a high solubility as it main source are sea salt sprays. On
the other hand, such high solubilities for the other four elements were not expected. For
example, Siggaard-Andersen et al. (2007) reported a change in the solubility of lithium in
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EPICA Dome C samples during the last glacial/interglacial transition, and attributed it to a
shift to different remote source areas. Our findings would suggest a rather uniform supply
of soluble Li, probably of local and marine origin. Silver, nickel and tantalum will have to
be further investigated to confirm our findings and exclude eventual contamination of the
samples. An hypothesis to consider is that some, or all, of these elements may be carried
by insoluble particles which are smaller than the filter cut-off (0.2µm), thus resulting in the
soluble fraction when they are indeed insoluble.

The majority of the remaining elements display a similar pattern: highest solubility during
Holocene and lowest during LGM, while MIS3/4, MIS5 and deep samples display intermediate
behaviors. This is true for As, Cd, Co, Cs, Fe, Ga, Mg, Mn, Sr, Ti, Tl and V. In particular,
iron is the element in which this tendency is more pronounced as it shows very high solubility
in Holocene samples, and very low solubility for all other samples. Precipitation of iron in
deeper samples leading to the formation of jarosite, as previously stated, can explain the de-
crease in solubility of this element. Iron is also the only element of the dataset which showed
a relevant correlation (r2 > 0.5) between depth and SI (Figure 4.15). Bismuth and rubidium
show quite intermediate behaviors oscillating between partially soluble and partially insoluble
during different periods. Lead is the only element which shows a maximum in solubility
during LGM. Rare earth elements display a very consistent insoluble behavior, with slightly

Figure 4.15: Solubility Index of iron plotted against depth (m).

higher values in the Holocene samples.

We also combined the measurements made with ICP-SFMS and INAA to further investigate
the solubility of some elements throughout the entire length of the Talos Dome ice core. As
before, we assume the untreated ICP-SFMS samples to represent the total concentration of an
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Table 4.3: Solubility of the Elements

Solubility Elements

Soluble Ag, Li, Na, Ni, Ta
Partially soluble Bi, Cs, Rb,
Partially insoluble As, Cd, Co, Fe, Ga, Mg, Mn, Pb, Sr, Ti, Tl, V

Insoluble Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Pr, Sm, Tb, Tm, Yb

element and the filtered ICP-SFMS samples to represent the soluble fraction of the element,
while the INAA samples represent the insoluble fraction. Ideally, the sum of soluble and
insoluble should roughly correspond to the total concentration. This is not always the case, as
the data for the insoluble fraction does not correspond to the same samples as the total and
soluble. We also remind that the total concentration is actually the total dissolvable fraction.
Despite this, agreement is generally well inside the error bar. For 21 elements we were able to
compare data, as seen in Figures 4.16, 4.17, 4.19, and 4.18. Elements were divided by chemical
affinity. We report median values with the corresponding median absolute deviation for three
distinct categories of samples: glacial, interglacial and deep.

In Figure 4.16 we show the six transition metals (Ti, V, Mn, Fe, Co and Ni) we were able to
measure with all three methodologies.

Figure 4.16: Solubility of transition metals. Soluble and total are from ICP-SFMS measurements, insol-
uble is from INAA.

Titanium, vanadium, manganese, iron and cobalt display a similar behavior. The soluble
fraction remains constant and typically quite low with respect to the total, throughout the
different categories. On the contrary, the total and insoluble fraction vary: concentration is
higher during glacial stages and lower during interglacials, showing a good correlation with
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total dust content. This points to a crustal origin of these elements, which travel as aeolian
dust from remote sources and are therefore affected by oscillations in the general atmospheric
circulation. Deep samples always display an intermediate behavior, which could point to a
disturbance in the paleoclimatic signal of this section, leading to an homogenization of the
concentration from different climatic periods.

In our samples, iron showed very low concentrations in the dissolved phase, the majority being
under our DL, and a higher variability for interglacial and deep samples. Iron in mineral dust
typically displays a low fractional solubility 10−12 − 10−9 g/g (Gaspari et al., 2006; Edwards
et al., 2006), while we display concentrations of an order of magnitude higher. Fractional
solubility percentages are in line with Winton et al. (2016). Spolaor et al. (2013) found that
iron associated with fine particles is in a more soluble and bioavailable form during glacial
periods than that present during interglacial periods.

Absolute values of cobalt are in line with Gabrielli et al. (2005a) Dome-C samples. Frac-
tionation found in the interglacial is almost equally distributed between soluble and insoluble
phase, respectively 55% and 45%, in line with what was found by Grotti et al. (2011) in
Antarctic snow samples. For glacial samples the ratio changes to 25% soluble and 75% insol-
uble. Manganese and vanadium follow a very similar pattern: fractionation between soluble
and insoluble for the interglacial is 40:60 for both elements, which shifts to 15:85 for glacial
samples. Vanadium interglacial values are in line with De Angelis et al. (1983), while glacial
values are quite lower. There is good agreement with data from Greenland snow (Herron
et al., 1977). Since particulates are a major contributor to atmospheric vanadium, its transport
is expected to closely follow dust profiles (Huang et al., 2015). Titanium displays a similar
behavior, but the dissolved phase is significantly and constantly lower than the particulate
phase, reaching a ratio of 95:5 for glacial samples and 70:30 for interglacial samples. This is
expected as titanium is consistently considered an insoluble element (Wagenbach and Geis,
1989). Nickel displays a very stable behavior through different climatic stages, suggesting a
predominant local origin which is not affected by the typical glacial/interglacial pattern of
aeolian dust. Comparison between total and soluble is very good, while the insoluble frac-
tion is consistently low. Twining et al. (2012) has shown high levels of nickel in diatoms
in the Southern Ocean, which could point to our signal being partially of biological origin.
As was also previously mentioned, nickel concentrations can be also influenced by volcanic
emissions, which are abundant near Talos Dome. It has to be considered that the ICP-SFMS
data displayed high instrumental blanks, comparable to sample level. Nickel is often affected
by contamination problems and is rarely determined in ice core samples, such that to our
knowledge no comparable data exists.

Figure 4.17 shows the four elements determined from the alkali and alkaline earth metals
groups: sodium, rubidium, strontium and cesium. These elements display a higher solubility
with respect to the elements from the transition metals group. While it is possible that the
soluble Na measurements suffer of a certain degree of contamination from the filtration system,
the comparison between the total and the insoluble leaves no doubt of the high solubility of
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Figure 4.17: Solubility of alkali and alkaline-earth metals.
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this element in our samples. This points mainly to a local origin from sea salts. This is
coherent with the peripheral position in the Antarctic of the Talos Dome site. In this case the
local signal is so strong that even in glacial samples, the insoluble contribution is negligible,
unlike what has been observed in inner continental sites such as Dome C and Vostok (De
Angelis et al., 1983; Petit et al., 1981). Cesium, rubidium and strontium’s insoluble fraction
follow the usual glacial-interglacial pattern of aeolian dust. The fractionation ratio of glacial
and interglacial samples is inverted with respect to transition metals: during the interglacial
both Cs and Rb have a ratio soluble to insoluble of 85:15, while during glacial it is very close
to 50:50. Sr displays a perfect inversion: 65% soluble and 35% insoluble for the interglacial
samples, the exact opposite for glacial samples. Sr was found to have a significant contribution
from sea salts during interglacials (Gabrielli et al., 2005b). The high solubility displayed by
this group of elements in interglacial samples is in line with what was found in Antarctic
snow samples by Grotti et al. (2011). All four elements display an intermediate behavior in
deep samples, as previously observed.

While arsenic displays the typical trend previously seen in transition metals, tantalum shows
a peculiar behavior. The insoluble fraction is anomalously high with respect to the total
concentration. Tantalum is commonly considered an insoluble element (Filella, 2017) and
since our ICP-SFMS values for Ta are quite close to the blank samples, these results have to
be considered carefully.

Figure 4.18: Solubility of arsenic and tantalum

Rare earth elements display a consistent insoluble behaviour, as seen in Figure 4.19.

For glacial samples, all considered REEs show very high insoluble fractions: apart from Eu
and Sm which have respectively 80% and 85%, all other REEs display percentages above
90%. This is consistent with the geochemical properties of REEs, which are only poorly
soluble (Henderson, 1984). The restricted mobility of REEs is related to their adsorption
on solid particles due to the formation of ion pairs on the particle surface (Dubinin, 2004).
Europium represents an exception. While other lanthanides exclusively form trivalent ions,
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Figure 4.19: Solubility of REEs
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Eu also holds the possibility to form bivalent ions, thus gaining the possibility to substitute
Ca+ in plagioclase minerals. This translates to an higher environmental mobility of Europium.
Cerium also represents an anomaly as it forms quadrivalent ions.
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Chapter 5

Conclusions

5.1 Physical and chemical alterations of deep ice

We decided to deepen our knowledge of the deep section of the Talos Dome ice core, since due
to its dating uncertainties it had been neglected. Grain size anomalies emerge from the mineral
dust record, and are much more evident if we look at granulometric indexes such as FPP and
CLPP. The increase in modal dust size and the departure from a log-normal distribution point
to post-depositional artefacts consisting of dust aggregates. These are uncorrelated to dust
sources and transport.

Physical alteration is not the only evidence for post-depositional processes occurring inside
deep ice. We have documented the presence of jarosite, a ferric-potassium hydroxide sulphate
mineral which typically forms as a result of chemical weathering in environments which are
acidic, rich in iron and with limited presence of liquid water. We hypothesize that jarosite
acts as a cement in the aggregates, making them resistant to breaking through the use of
ultrasonic waves. The distribution of other elements further supports chemical weathering in
the deep section of the ice core: Mg, Ca and Na are almost absent from jarosite precipitates
and scarce within Si-rich grains, while more present in Holocene and glacial samples. The
removal of soluble and labile fractions in mineral is one of the most common weathering
processes.

Our findings suggest that dust alteration in deep ice happens as a result of specific conditions:
1) concentration of impurities at graind boundaries, which is a consequence of ice metamor-
phism taking place at depths where the ice temperature is close to the pressure melting point;
2) occurrence of highly saline and acidic fluids, spatially limited to the grain boundaries.
When both these conditions are met, dust alteration in the form of dissolution of the original
dust particles and precipitation of new mineral phases, such as jarosite, may take place.
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5.2 Crustal and non-crustal contributions to the concen-
tration of impurities

We further investigated the elemental composition of dust in the Talos Dome ice core with
INAA and ICP-SFMS measurements and used enrichment factors and correlation matrices to
evaluate the crustal origin of elements.

The high correlations and low enrichment factors found among insoluble elements confirm a
prevalent crustal source for mineral dust. In particular transition metals (Fe, Ti, Mn, Co, V)
are very highly correlated (r>0.85) and maintain this correlation in both the insoluble and the
total dissolvable fraction confirming no other significant contributions other than the crustal
one.

Apart from the Earth’s crust, contribution to mineral dust can derive from volcanic eruptions
and marine emissions, in the form of sea salt sprays and biogenic emissions. Although marine
contributions are generally considered to be more soluble, fractionation to the solid phase is
not negligible, as testified by our records of mercury and selenium. These two elements are
heavily enriched and highly correlated between each other in our insoluble record, pointing to
a common source; biogenic emissions and sea salt sprays play an important role as a source
for these elements.

When pronounced differences in correlations between the insoluble and the total fraction are
found, it points to a major contribution of the soluble fraction to the total budget of an
element. It is evident if we look at sodium, which displays a high correlation to crustal
elements in its insoluble fraction,but not in the total dissolvable concentration, where it only
matches with magnesium. This result clearly points to a strong signal from sea salt aerosols,
of which both sodium and and magnesium are major components, affecting concentrations at
Talos Dome.

Finally, the concentration of some elements is the probable result of a mixture of different
sources, both terrestrial and marine, making the signal harder to read. Some, like arsenic
and strontium, may display high correlation with crustal elements but also high enrichment
factors. Others, like calcium and nickel, may present counterintuitive correlations with other
elements and will need further studies in order to draw significant conclusions.

5.3 Solubility trends across different climatic periods

By comparing ICP-SFMS filtered and untreated samples we evaluated the solubility for each
considered element at different depths of the ice core. Overall, the majority of elements
exhibits a minimum in solubility during the last glacial maximum. This is the result of higher
fluxes of mineral dust which were transported to the antarctic continent from remote sources
and is consistent with the crustal origin we documented for the better part of the elements
considered.
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Many elements also showed a maximum in solubility in shallower samples, belonging to the
Holocene. This is especially evident when we look at rare earth elements, which displayed
a consistently insoluble behavior except for Holocene samples. Despite this, no clear trends
connected to depth were found, except for iron. The decrease of iron’s solubility with depth
further supports the chemical weathering of the deeper sections of the ice core involving Fe
precipitation to form jarosite. This result also highlights the high sensitivity of iron with
respect to post-depositional processes, posing issues on its study in deep ice cores.

When comparing INAA and ICP-SFMS data, the soluble fraction typically remains constant
throughout the different categories (interglacial, glacial, deep) while the total and insoluble
fraction vary. Typically, concentrations are higher during glacial stages and lower during
interglacials, showing a good correlation with total dust content. This further confirms the
crustal origin of these elements, which travel as aeolian dust from remote sources and are
therefore affected by oscillations in the general atmospheric circulation. It is also possible that
remote dust experiences chemical alteration during its prolonged transport, removing the most
volatile and soluble fraction of dust before it reaches Antarctica and deposits. Interglacial
samples which have a higher contribution from local sources would be less affected by these
processes, retaining a higher proportion of the more soluble elements.

Deep samples always display an intermediate behavior, which could point to a disturbance
in the paleoclimatic signal of this section, leading to an homogenization of the concentration
from different climatic periods. The consistency of the soluble fraction suggest this is mainly
derived by local sources and therefore less affected by glacial/interglacial cycles. This may be
linked to local mineral dust sources, contributions from sea salt sprays and volcanic signals.

Five elements were found to be completely soluble throughout the entire ice core, and three
more have shown strong solubility tendencies. These elements belong mainly to the alkaline
series (Li, Na, Rb, Cs), but we also find some transition metals (Ni, Ag, Ta) and a metal
(Bi). High EFs for these elements further suggest a non-crustal source. While we can safely
point to sea salt aerosols as the dominant source for sodium, further studies will be needed
for the other elements in order to exclude contamination of the ICP-SFMS samples and better
determine their sources. We can suggest two plausible hypothesis, which do not exclude one
another:

� a predominant local origin for these elements, which is not affected by the typical
glacial/interglacial pattern of aeolian dust. It is possible that enrichment of these el-
ements is of volcanic origin. Talos Dome is in fact characterized by a pervasive and
constant presence of a volcanic signal detected as background aerosol, which is the
result of aeolian remobilization of local volcanic material (Delmonte et al., 2013).

� a significant bond of these elements with insoluble particles smaller than 0.2µm, which
would not be retained by the filter thus altering our soluble fraction.

Rare Earth elements were measured both with INAA and ICP-SFMS. They present a typical
crustal behavior, with crustal-like concentrations and low solubility. No evident differences
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were observed along the core, confirming that these set of elements is among the most suited
to track crustal material, regardless of weathering.

5.4 Future perspectives

With this study we have proven the existence of post-depositional processes which physically
and chemically alter mineral dust in the deeper sections of the ice core. These findings are
of particular relevance for future intepretation of dust records in deep ice cores, especially in
the light of new drillings which aim at retrieving older and deeper ice cores.

In particular, we have observed the presence of dust aggregates. Our first attempts in pro-
cessing them through the use of an ultrasonic bath were not successful, due to high risk of
contamination and to the high persistence of the aggregates, which are likely tightly bound
together by jarosite, which acts as a cement. Further studies are needed in this direction in
order to noticeably lower the risk of contamination and to find appropriate intensities and
sonication times in order to break the aggregates.

Furthermore, this study was a first attempt in comparing INAA and ICP-SFMS data to study
the solubility of different elements inside ice cores. Further studies will have to expand the
current record, especially for INAA samples, which were only 16 in this study as they take
longer analysis, in order to obtain a better statistical significance. A special focus on analysis
of the more soluble elements in the deep part of TALDICE with ICP-SFMS may provide
further insight in chemical weathering processes which were briefly investigated through SEM
analysis in this work. At last, expanding a similar study to different ice cores may help
to better pinpoint the different contributions of the elements in their soluble and insoluble
fractions.
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Appendix A
Concentration values for INAA and ICP-SFMS measure-
ments

Table 1 and 2 report concentration values, expressed in ng/g, for INAA data.

Table 3 and 4 report concentration values, expressed in ng/g, for untreated ICP-SFMS data.

Table 5 and 6 report concentration values, expressed in ng/g, for filtered ICP.SFMS data.
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Appendix B
Authored and Coauthored publications

The core of my PhD project focused on the geochemical analysis of dust from the Talos Dome
ice core, as has been discussed in depth in this thesis. This work has lead, up to now, to two
publications which I have coauthored:

� Baccolo, G., Cibin, G., Delmonte, B., Hampai, D., Marcelli, A., Di Stefano, E., Macis
S., Maggi, V. (2018). The contribution of synchrotron light for the characterization of
atmospheric mineral dust in deep ice cores: Preliminary results from the Talos Dome
ice core (East Antarctica). Condensed Matter, 3(3), 25.

� Baccolo, G., Delmonte, B., Niles, P. B., Cibin, G., Di Stefano, E., Hampai, D., Keller, L.,
Maggi, V., Marcelli, A., Michalski, J., Snead, C., Frezzotti, M. (2020, in review). Jarosite
formation in deep Antarctic ice provides a window into acidic, water-limited weathering
on Mars.

During the three years of my phD I have also conducted research involving different aspects
of radioactivity, atmospheric circulation and glacier dynamics. Here I will present a brief
overview on the four publications (one as first author) to which this research led, reporting
for each one my involvement in the project together with the full reference for the article.

�
137Cs contamination in the Adamello glacier: Improving the analytical method

This work is part of a bigger project which aims at studying the radioactive contamina-
tion inside the Adamello glacier (Italy). This will be done by fully reconstructing profiles
of 137Cs and 3H inside the Adamello ice core. 137Cs is measured with γ-spectroscopy
through the use of germanium detectors, while 3H is measured with β-spectroscopy us-
ing liquid scintillation. The reconstruction of these profiles will first of all aid the dating
of the ice core, since these radioactive isotopes provide well know fixed temporal hori-
zons inside the ice. Moreover, since cesium mainly travels bound to particulate matter
while tritium is incorporated in the water molecule, the comparison of the two profiles
may help shed a light on percolation processes which occur inside the temperate glaciers.
I have carried out all laboratory measurements, data analysis and result interpretation
for this project. This article represents a first methodological study on the analysis of
137Cs. Another publication which will include extended profiles of both 137Cs and 3H is
in preparation.

Di Stefano, E., Clemenza, M., Baccolo, G., Delmonte, B., Maggi, V. (2019). 137Cs
contamination in the Adamello glacier: Improving the analytical method. Journal of
environmental radioactivity, 208, 106039.

https://doi.org/10.1016/j.jenvrad.2019.106039

� Giant dust particles at Nevado Illimani: a proxy of summertime deep convection
over the Bolivian Altiplano
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This work concerns the study of a firn core extracted from Nevado Illimani (Bolivia),
with the aim of better constraining atmospheric circulation at the site. A thorough study
of dust particles through an array of techniques was conducted. I mainly worked on
the data analysis of neutron activation, the same technique applied in this thesis to the
Talos Dome samples.

Lindau, F. G. L., Simões, J. C., Delmonte, B., Ginot, P., Baccolo, G., Paleari, C. I.,
Di Stefano, E., Korotkikh, E., Introne, D. S., Maggi, V., Garzanti, E., and Andò, S.:
Giant dust particles at Nevado Illimani: a proxy of summertime deep convection over
the Bolivian Altiplano, The Cryosphere Discuss., in review, 2020.

https://doi.org/10.5194/tc-2020-55

� Artificial and natural radionuclides in cryoconite as tracers of supraglacial dy-
namics: Insights from the Morteratsch glacier (Swiss Alps)

This works concerns the study of cryoconite samples from Morteratsch glacier (Switzer-
land). A radioactive characterization of this sediment present on the surface of glaciers
was performed in order to investigate the connection between the formation and dis-
tribution of cryoconites and hydrological supraglacial processes. I was involved in the
measurements and data analysis of cryoconite samples through neutron activation anal-
ysis.

Baccolo, G., Nastasi, M., Massabò, D., Clason, C., Di Mauro, B., Di Stefano, E., Lokas,
E., Prati, P., Previtali, E., Takeuchi, N., Delmonte, B., Maggi, V. (2020). Artificial and
natural radionuclides in cryoconite as tracers of supraglacial dynamics: Insights from
the Morteratsch glacier (Swiss Alps). CATENA, 191, 104577.

https://doi.org/10.1016/j.catena.2020.104577

� The Ruthenium-106 plume over Europe in 2017: a source-receptor model to
estimate the source region

The aim of this work was to use the combination of air measurement datasets and
atmospheric circulation models to constrain the location of an unknown emission source
of 106Ru. This radionuclide, which is a fission product of uranium and plutonium,
had been detected between the end of September and the beginning of October 2017
throughout Europe, including Italy. Radioactivity levels of particulate matter trapped
in the air filters installed at Milano-Bicocca university were also measured and 106Ru
contamination was indeed found. I carried out the measurements and data analysis of
these filters through the use of γ-spectroscopy.

Maffezzoli, N., Baccolo, G., Di Stefano, E., Clemenza, M. (2019). The Ruthenium-106
plume over Europe in 2017: a source-receptor model to estimate the source region.
Atmospheric Environment, 212, 239-249.

https://doi.org/10.1016/j.atmosenv.2019.05.033
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