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Abstract: X-ray absorption near edge structure (XANES) measurements at the Fe K-edge were
performed on aeolian dust in the TALos Dome Ice CorE drilling project (TALDICE) ice core drilled
in the peripheral East Antarctic plateau, as well as on Southern Hemisphere potential source area
samples. While South American sources show, as expected, a progressive increase in Fe oxidation
with decreasing latitude, Antarctic sources show Fe oxidation levels higher than expected in such
a cold polar environment, probably because of their very high exposure ages. Results from the
TALDICE dust samples are compatible with a South American influence at the site during MIS2
(marine isotopic stage 2, the last and coldest phase of the last glacial period), in particular from
Patagonia and Tierra del Fuego. However, a contribution from Australia and/or local Antarctic
sources cannot be ruled out. Finally, important changes also occurred during the deglaciation and
in the Holocene, when the influence of Antarctic local sources seems to have become progressively
more important in recent times. This research is the first successful attempt to extract temporal
climatic information from X-ray absorption spectroscopic data of the insoluble mineral dust particles
contained in an ice core and shows the high potential of this technique.
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1. Introduction

Mineral dust presents important climatic effects, both direct and indirect in relation to the
atmospheric radiative budget [1–4] and with important influences on marine biogeochemical cycles
and on the global carbon cycle [5]. During the last climatic cycles, the concentration of dust in the
Antarctic ice changed up to 50 times between interglacial-to-glacial periods [6,7] an amount that
corresponds to ~25 times in term of depositional flux [8]. The dust concentration dropped to extremely
low levels (ppb level) during the Holocene and earlier interglacial thus making dust liquid counting
and geochemical analyses extremely challenging [9]. Previous studies based on Sr and Nd radiogenic
isotopes on several East Antarctic ice cores from the inner part of the polar plateau concluded that
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southern South America—in particular Patagonia, including Tierra del Fuego, as well as the southern
part of central western Argentina [10–12], was the major dust supplier for central East Antarctica
during Marine Isotope Stage (MIS) 2 [8,13–15] and likely earlier glaciations. These conclusions have
been supported by Pb isotope data [13], and major and rare earth elements [10] analyses on the EPICA
Dome C ice core. According to these studies, dust source regions for the central part of the EAIS are
definitely homogeneous and well-defined during cold glacial periods. Open questions remain for
interglacials, when the geochemical signatures are much more difficult to interpret, and a mixture of
different remote sources is likely to have occurred [12].

Talos Dome is an area located at the margin of the East Antarctic Plateau (see Figure 1), close
to the Ross Ice Sea and to the Southern Pacific Ocean, where the TALDICE (TALos Dome Ice CorE
drilling project) ice core was recovered (72◦49′ S–159◦11′ E, 2,315 m a.s.l). The limited distance
from the Southern Ocean and Ross Sea is responsible for the relatively high snow accumulation rate.
The modern values of snow accumulation, in the order of 80 mm water equivalent per year (average
2004–1,259 AD, [16]) are relatively high compared to the inner Antarctica and for this reason highly
resolved climatic records have been obtained from this core [11]. A peculiar geographical feature
of Talos Dome in relation to the atmospheric dust cycle, is the presence of several sizeable ice-free
sites in the Northern Victoria Land at only a few hundred km from Talos Dome (exposed moraines,
raised beaches, regoliths and glacial deposits) some of which are located at high elevation and could
protrude from the ice surface, remaining continuously ice-free since million years [17]. The presence of
a coarse dust fraction (particles larger than 10 µm) in the atmospheric dust at Talos Dome [17] that is
lacking in the interior of Antarctica, is a strong evidence that local sources play an important role in
this marginal region of the ice sheet. The properties of dust in ice cores provide crucial information
about the geochemistry and geology of the dust sources, in addition they can also reveal details about
their environmental conditions during different climatic periods. However, the very low concentration
of mineral particles in Antarctic ice, and their small size represent limitations to the application of
well-established geochemical tools typically used in provenance studies.
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Also, single-grain analyses can be applied to ice core samples. Electronic microscope with energy 
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Figure 1. Map of the possible source areas in South America, Australia and Antarctica, the geographical
areas considered in this study. TD stands for Talos Dome and DC for Dome C. On the right a zoom of the
Antarctic region surrounding TD with highlighted the positions of the collection sites of the Antarctic
potential source areas (PSA) (triangles) and the principal volcanoes (red cones).

Geochemical techniques such as Thermo-Ionization Mass Spectrometry (TIMS), Proton-Induced
X-Ray and Gamma-ray Emission (PIXE-PIGE) techniques and low-background Instrumental Neutron
Activation (INAA) were successfully applied to bulk dust from Antarctic ice cores [15,18,19].
Also, single-grain analyses can be applied to ice core samples. Electronic microscope with energy
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dispersive probe (SEM-EDAX) and Raman spectroscopy provide information about minerals and
polymorphs, that are important to infer clues about the environmental conditions under which the
sediment transported to the considered site, was produced [20]. Among the major elements, iron is
particular important when considering the relationships existing between the biogeochemical cycles,
dust, and climate. Indeed, iron associated with mineral dust plays a significant role in controlling
the Southern Ocean primary bio-productivity and thus it directly influences the global carbon cycle,
with relevant climatic consequences [21–23]. Iron concentration in Antarctic ice is normally at the level
of 10−12∼10−9 gel·g−1

ice (grams of element/grams of ice) [24,25], and for this reason its detection is
a challenging analytical issue. However, not only concentration matters, there is another essential
factor that must be considered when attention is given to the biogeochemical significance of iron: its
speciation. The latter, together with the total amount of iron deposited at the ground in association
to dust, influences the oceanic bio-productivity. Indeed, the Fe speciation is directly related to its
solubility and thus to its bioavailability [26,27]. A major factor capable of influencing such geochemical
features is mineralogy, but at present few studies have focused on the construction of ice core records
about iron mineralogy and speciation, mostly because of the challenging analytical difficulties.

One of the most important features that influences iron bioavailability is its oxidation state.
In minerals and magmas, iron typically occurs as Fe2+ and Fe3+. Considering the superficial crustal
environment, the two species are present in different contexts. Fe2+ is indicative of relatively fresh
and unaltered rock outcrops, not subjected to intense chemical weathering. The reason is that Fe2+

is not stable in presence of atmospheric oxygen (it is oxidized to Fe3+), therefore rocks exposed for
a prolonged time to the atmosphere are generally depleted in Fe2+ and enriched in Fe3+. The latter
is dominant where chemical weathering is important and involves the exposition to the atmosphere.
For example, in soils or outcrops with a prolonged exposure history [28]. The degree of oxidation of
mineral Fe in dust samples could be thus potentially used to evaluate the degree of alteration and iron
speciation of dust samples from potential source areas (PSA) and from an Antarctic ice core, to infer
novel clues on the dust transport and deposition history in Antarctic during different climatic stages.
The primary aim of this work is to demonstrate the feasibility of such an approach. We present here
the first characterization concerning the Fe oxidation conditions of insoluble mineral dust particles
extracted from ice samples of the Antarctic TALDICE ice core and from PSA samples of the southern
hemisphere (Figure 1). After setting up the method [27,28] the goal has been reached through the
analysis of the Fe K-edge XANES (X-ray absorption near edge structure) spectra of samples prepared
following the procedure described in Section 4.

2. Materials and Methods

2.1. Ice Core Dust Samples

Given the extremely low concentration of dust in Antarctic ice, contamination issues are of primary
importance when dealing with such samples. To limit as much as possible the contamination during
preparation and measurement, it was necessary to develop a dedicated analytical protocol. Ice cores
were cut in a cold room (T < −20 ◦C) at the Eurocold Laboratory (DISAT, University Milano-Bicocca)
and decontaminated with repeated baths in ultra-pure water in an ISO6 class clean room, under
an ISO5 laminar flow bench [6]. After melting mineral dust was extracted from meltwater through
filtration, using pre-cleaned-acid rinsed [29]) polycarbonate membranes (pore size 0.4 µm). For each
membrane, an appropriate amount of meltwater was filtered, to obtain 2–10 µg of dust. After filtration,
the membranes were mounted on specifically designed PTFE sample holders and sealed in clean
plastic containers until the measurement at the synchrotron facility. For this study, a total of 44 samples
were prepared, covering the time period between 2 and 25 kyrs BP, corresponding to the last glacial
maximum (LGM, 25–18 kyrs BP), the deglaciation (or termination I, 18–11.7 kyrs BP) and the current
interglacial period, the Holocene (11.7 kyrs BP—present).
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2.2. PSA Samples

Despite it is relatively recent, elemental speciation with the XANES method is well established in
the field of geo- and environmental chemistry [30]. Through this technique it is possible to investigate
many elements, but Fe plays a relevant role and many XANES-based studies focused on it [31–35].
Among the geochemical features that is possible to retrieve by XANES, iron oxidation state can be
inferred from different spectral features related to the K-edge absorption properties: the pre-edge
peak [36] or even from the shift of the energy of the main absorption jump [37]. Since the analysis of
the pre-edge strongly depends on the resolution and on the S/N ratio, in this work we focused on the
analysis of the edge energy. Its position depends on two main factors: the oxidation state of Fe (i.e., the
Fe3+/Fe2+ ratio) and its coordination [37]. However, as discussed in the next paragraphs, dealing
with atmospheric dust and PSA, the iron coordination in the inorganic component can be considered
only octahedral, thus the position of the K adsorption edge is mostly related to changes in the relative
concentration of iron Fe3+ and Fe2+. Indeed, considering upper crustal samples, all the most common
iron oxides display a coordination number of six, i.e., it can be assumed that Fe is almost present in its
octahedral coordination state [27,35,36].

A total of 74 PSA samples were considered in this work. They were collected from Australia
(17), Antarctica (Victoria Land, 20) and South America (34) plus three samples of NIST standard
soil. The choice of considering these areas, stems from previous results about the provenance of dust
transported to Antarctica in different climatic periods. Several studies suggested South America as
the dominant source for the whole East Antarctic Ice Sheet (EAIS) during glacial periods, including
the LGM considered in this work [6,8,14]. Australia was suggested as a significant source for the dust
deposited in inner EAIS during interglacials [10,19]. Finally, local Antarctic dust sources located in
the Victoria Land region were considered since several evidence pointed to a regionalization of the
dust cycle in the Ross Sea area during the Holocene [19,21]. For the details about the collection sites
and their morphological and environmental features the reader is referred to previous works where
they are fully presented and discussed [7,10,17]. Samples considered here are the same considered
in [21], where attention was given to other geochemical features (Sr-Nd isotopic composition). The only
samples that are here considered for the first time are those from Tierra del Fuego, collected from
deflation surfaces and aeolian deposits, from 53◦ S to 49◦ S between Chile and Argentina on both sides
of the Magellan Strait. PSA samples were prepared to be as similar as possible to ice core dust ones.
A gravimetric wet method was used to extract the size fraction below 5 µm, i.e., the one subjected to
long range atmospheric transport [6].

2.3. XANES Analysis

In the 70’s the absorption peaks near the X-Ray absorption edges have been shown to arise from
shape resonances of the excited photoelectron confined by multiple scattering within a nanoscale
cluster centered at the absorbing atomic species in disordered oxides [38] and called with the
acronym XANES [39]. Nowadays this spectroscopy is widely used to investigate the site specific
electronic and the local geometrical structure (i.e., coordination and bond angles) of nanoscale clusters
surrounding the selected absorber atom thanks to the multiple scattering (MS) data analysis in the real
space [40]. This technique provides a unique tool to identify the different contributions in the spectra
of heterogeneous systems containing several iron oxides [41,42].

XANES experiments were performed at the Diamond Lightsource, on beamline B18, dedicated
to X-ray absorption spectroscopy [43]. It was necessary to adopt several expedients to limit sample
contamination during the experimental runs. At first a sealed plastic glove box was mounted in direct
contact to the experimental chamber of the beamline. Secondarily, clean plastic sheets were applied to
the inner walls of the experimental chamber, to limit the inelastic scattering given by the interaction
between the incident photons and the metallic walls and reduce the associated background. To further
reduce the background signal, measurements were carried out at high-vacuum conditions to exclude
the contribution from atmospheric gases. The acquisition of the spectra was done using a Vortex
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4-elements silicon-detector. Given its large collection surface, the high resolution (140 eV FWHM at the
5.9 keV Mn Kα line), and the sensitivity for low energy fluorescence and high peak-to-background
ratio, it proved to be suited for our low concentration samples. For each sample, the absorption
spectrum related to the Fe K-edge transition was acquired three times and averaged. Each acquisition
lasted for 0.5–1 h, depending on the sample concentration. The energy interval between 6900 and
7800 eV was considered and the average resolution of the spectra is 0.2 eV (Figure 2). Further details
can be found in previous works [44,45].
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Figure 2. (a) Comparison of Fe K-edge XANES spectra of soils from different local Antarctic sources;
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Spectra were normalized using the pre-edge baseline, and the Fe K-edge (E0) was determined
to be the inflection point, which is the maximum of the first derivative (see Figure 3 and Figure
SM2) or the zero of the second derivative of the XANES spectrum. To compare spectra, they were
normalized at the same energy. For the interpretation and analysis of the data we considered the
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energy corresponding to the normalized signal intensity of 0.8. This choice was made to consider
a robust value, minimizing possible electronic contributions at the edge [37]. The accuracy of the
method was monitored measuring between one sample and another, the XANES spectrum related to a
metallic Fe foil. In this way it was possible to maintain the same energy calibration during the entire
run. Conversely, precision was evaluated acquiring the Fe K-edge XANES spectrum of the NIST soil
standard reference material (SRM 2709a, San Joaquin soil). It can be seen in Table 1 that the standard
deviation of three successive acquisitions is 0.18 eV, a value lower than the detector spectral resolution.

Table 1. The main statistics parameters of PSA from the analysis of the Fe K-edge XANES spectra.

Antarctica Tierra Del Fuego Patagonia Pampa Australia NIST
N 18 7 14 12 17 3

Mean (eV) 7125.58 7124.74 7125.61 7126.57 7126.70 7126.25
Median (eV) 7125.53 7125.10 7125.70 7126.71 7126.73 7126.32

Std. Error 0.12 0.35 0.23 0.08 0.03 0.10
Variance 0.24 0.86 0.76 0.08 0.02 0.03
Std. Dev. 0.49 0.93 0.87 0.28 0.14 0.18

Coeff. Var. 0.006 0.013 0.012 0.004 0.002 0.003

Additional representative XANES spectra of PSA are showed in Figure 3 to demonstrate the
variability of these spectra as determined by the mixture of different iron oxides present in the soils
from different PSA. Some TD ice core samples are shown, together with their first derivative in Figures
SM1 and SM2 in the Supplementary Materials.
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representative spectra of sources discussed in the text.

3. Results

3.1. The PSA Fe K-Edge Energy Measurements

A summary concerning the data about the Fe K-edge of the PSA samples is reported in Table 1,
whereas the Student T-tests applied to data to highlight significant differences between the samples (see
Table SM1 of the Supplementary Materials). Australia presents the higher Fe K-edge energy, reflecting
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a strong oxidation of Fe, an expected scenario due to the climatic and environmental conditions
of this continent. Australian PSAs are related to temperate and tropical climatic conditions and
highly stable surfaces, characterized by long exposure histories. Such features determine a strong
chemical weathering and the occurrence of highly evolved outcrops and soils. Under similar conditions
oxidation processes and the in situ formation of iron oxides are both favored [46,47].

Typical soils found in Southern Australia are oxisols, Alfisols podzols, prairie soils and red earth
soils [http://www.clw.csiro.au/aclep/soilandlandscapegrid/]; their rusty colors directly reflect the
presence of Fe3+, in agreement with XANES spectra that show a high Fe K-edge energy (average
value 7126.7 eV), compatible with an almost complete oxidation of the Fe fraction present in these soil
samples. In addition to the high oxidation, another feature characterizing the Australian samples is
the homogeneity. In these samples the Fe K-edge energy ranges from 7126.39 eV to 7126.93 eV, with a
very low standard deviation: 0.14 eV (see also Figure 4).
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Figure 4. (a) the TD stable isotope record indicating the climatic changes between MIS2 and Holocene
(pink line, [48]). (b) the TD dust mass concentration record (blue line [22,34]) and the Fe K-edge
energy positions obtained through from the XANES analysis (circles, square, diamonds for Holocene,
Termination I and MIS2 samples, respectively). In the insets, linear regressions are added, together
with the equations and the correlation coefficients.

This is a relevant result since Australian PSA samples were collected in different geographic and
climatic areas. On the contrary, South America PSA samples [49] are characterized by a wider range of
Fe K-edge energy (from 7123.5 eV to 7127.0 eV). This evidence suggests a wide latitudinal extension of
the PSA considered in this work (ranging from 30◦ S to 55◦ S), implying very different climatic regimes.
For this reason, South America samples have been divided into three sub-groups related to their
geographical provenance: Pampas—Central Argentina (30◦–45◦ S), Patagonia (45◦–52◦ S) and Tierra
del Fuego (south of 52◦ S). Figure 4 clearly shows an inverse relationship between Fe oxidation and
latitude among the South America samples, while those from Pampas-central Argentina regions (30◦ S
to 45◦ S) display a Fe K-edge energy range from 7126 to 7127 eV. Patagonian samples (45◦ S to 52◦ S)
falls in a wider energy range from 7124.8 eV to 7127 eV, while those of Tierra del Fuego (south of 52◦ S)
show lower Fe K-edge energies, between 7123.5 eV and 7125.8 eV, suggesting conditions less favorable
for oxidative processes. Such results show that the position of the Fe K-edge in South American
PSA samples is strongly controlled by latitude and thus by the climatic conditions characterizing the
different areas where samples were collected. The relatively high oxidation of the PSA samples from

http://www.clw.csiro.au/aclep/soilandlandscapegrid/


Condens. Matter 2018, 3, 45 8 of 15

the Pampas—Central Argentina samples, comparable to the Australian ones, reflects the climatic and
pedogenetic processes occurring in this region. The Pampa area is originating from soils produced by
the strong alteration of acid parent materials (Andean rocks and volcanic products) and Mollisols and
Alfisols. The latter are from the humid Pampa area where the pedogenetic processes are responsible
for the processing formation of aluminum and iron oxides. Considering the arid mid-latitude area of
the Central Argentinean plateau, Entisols and Aridisols are common, pointing to a slower, but active,
oxides formation [50]. Despite the presence of soils that are very similar to the ones found on the
central Argentina plateau, Patagonian samples present lower energies for the Fe K-edge, in accordance
to less oxidized conditions. This could be related to the temperate-to-cold climatic conditions found
in Patagonia. Here, the degree of chemical weathering is weakened by the low temperatures and
reduces the oxidation processes [50]. Finally, the semi-arctic climate of Tierra del Fuego easily explains
the occurrence of very low Fe K-edge energies that confirms poor chemical weathering and a larger
amount of Fe2+. It should be also considered that during the LGM, this region was extensively covered
by a continental ice cap whose presence was responsible for the massive production and deposition of
glacial and volcanic sediments. Given the cold climate and the recent deposition of such sediments,
it is reasonable to associate these samples to a less weathered geochemical signature.

Focusing on the Antarctic PSA samples, it would have been expected to find very low values
for the energy of the Fe K-edge, owing to the cold and dry climate of Victoria Land, not favorable to
chemical weathering and to the development of soils conditions [17]. Cryoturbation and permafrost
processes represent the only active mechanism [51]. XANES results partly support these considerations.
Despite the average Fe K-edge energy of Antarctic PSA is actually the lower one among the considered
regions (7125.5 eV, see also Figure 4 and Table 1), its variability is high, and some samples shows
a moderately high energy, reflecting a relevant Fe oxidation. Only South America PSA showed a
larger variability, but in this case a wide geographical area was considered, at variance of the Antarctic
samples. All the Antarctic PSA were indeed collected in Victoria Land, representing the major area with
free-ice of this Antarctic sector, within a few hundred km. To explain the high variability, it is necessary
to consider additional factors. At first Antarctic PSA considered in this work are both ‘primary’ dust
sources, for example regoliths, i.e., the primary product deriving from the alteration (chemical and
mostly physical) of the many ice-free rocky outcrops characterizing Victoria Land, and ‘secondary’
sources. The latter consist in PSA samples obtained from reworked and mixed deposits, composed by
sediments that were already subjected to transport, for example glacial drifts, and aeolian deposits, as
it was extensively described in earlier studies [17]. In addition, we must underline that Victoria Land
presents a complex geological history, resulting in the outcropping of many different lithologies within
a few km. A final, but important feature, is the long exposure history of many ice-free sites of Victoria
Land, that in some cases remained deglaciated for several million years. Such long exposure ages and
the occasional occurrence of favorable conditions for chemical weathering [17,52] could explain the
high Fe K-edge energy displayed by some of these Antarctic samples.

3.2. Talos Dome Mineral Dust

The dust record of the Talos Dome ice core over the last 25 ky reflect the effects related to
the climatic transition from the last glacial period to the current interglacial one, the Holocene.
The effects on the dust cycle are well known: a drastic decrease of the atmospheric dust burden.
It was related to environmental and atmospheric changes that affected the southern hemisphere during
this period [20]. At Talos Dome the dust depositional flux during the LGM was 6–7 times higher
than in the Holocene [19]. As for the EPICA Dome C ice core, typical Holocene dust concentrations
in ice at Talos Dome were reached around 14.6 ky BP, just before the Antarctic Cold Reversal, about
3000 years before the effective onset of the Holocene, likely because of changes in the hydrologic
cycle [6]. Interestingly, the position of the Fe K-edge energy of Talos Dome ice core dust samples does
not follow the dust concentration during the last 25 ky (Figure 4a), but is more likely correlated with
the assemblage of Fe-bearing minerals that determining the final shape of the XANES spectra also tune
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the energy at the Fe K-edge. Data are summarized in Table 2, whereas the Student T-tests are reported
in the Table SM2 in the Supplementary Materials.

MIS2 presents a low variability of the Fe K-edge (mean energy 7125.19 ± 0.09 eV), despite dust
mass concentration changes measured in this period (between 300 and 800 ng g−1). This evidence
points to a homogeneous dust composition in term of Fe content minerals and supports the hypothesis
that during glacial periods dust transported to Antarctica is uniform at the continental scale [20].

Table 2. The statistical parameters related to the energy position of the Fe K-edge in the Talos Dome ice
core mineral dust samples for the different climatic periods considered in this work.

Holocene Termination I MIS2

Samples 21 11 12
Mean (eV) 7125.00 7125.50 7125.19

Median (eV) 7125.05 7125.42 7125.13
Std. Deviation 0.57 0.63 0.30

Variance 0.32 0.40 0.09
Std. Error 0.12 0.19 0.09

Correlation Coeff. R 0.64 0.23 0.19

The end of MIS2 occurred at around 18 ky BP, corresponding to the onset of the last deglaciation,
also known as Termination I (Figure 4a). This is an intermediate climatic period when changes from
full glacial to interglacial conditions occurred. The relevant climatic and environmental changes that
characterized this period are also confirmed by the dust concentration record of the Talos Dome ice
core, which shows a significant decrease of the concentration (Figure 4b). Also, the Fe K-edge energy
was affected by the climatic transition. In this period, it shows a high variability and slightly higher
average values with respect to MIS2 (mean: 7125.50 ± 0.63 eV).

During the Holocene, i.e., the current interglacial, the transition edge decreases quite uniformly
during the entire climatic period. From early to late Holocene a linear decreasing trend is recognized
(Figure 4b). The variance (0.32) and standard error (0.12) of the iron K-edge energy position remain
high also during the Holocene (Table 2). It must be noted that this could be related to the extremely
low dust concentration during this period. However, it is evident that a change from more to less
oxidized iron-bearing mineral phases occurred during the Holocene and the last part of Termination I
(the last 13,500 years).

4. Discussion

The energy of the Fe K-edge of PSA samples shows a clear difference between the less weathered
areas of Antarctica and the more oxidized Australian samples, reflecting the strong climatic differences
of these southern hemisphere regions (Figure 5b). Not only PSA, but also Talos Dome mineral dust
samples present a relevant variability with respect to the Fe mineral composition, in particular when
considering the three climatic periods that define the last 25 kyrs (Figure 5a and Student T-tests in
Table SM3 in the Supplementary Materials). In the last glacial period the Fe oxidation of TALDICE dust
is compatible with a South American provenance from Patagonia and Tierra del Fuego (the average
iron K-edge energy for the Talos Dome MIS2 dust is 7125.2 eV, while the average for the PSA America
origins from Patagonia and Tierra del Fuego is 7124.7 and 7125.6 eV respectively) although we cannot
rule out also the Antarctic sources, owing to a mean K-edge transition that is very close to the one of
southern South America samples (average value 7125.5 eV). When complementary data are considered,
it is very likely that the Antarctic local contribution was actually present during MIS2, also considering
that many Antarctic PSAs were ice-free also during this period [17,52], being probably negligible
considering the intense contribution from South America. During Termination I the transport of dust
from South America to Antarctica decreased, mainly because of changes in the hydrological cycle.
The iron K-edge energy in this period shows evident changes. The beginning of Termination I is
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characterized by an increase of Fe oxidation (increase of the Fe K-edge energy), decreasing in the next
period, and this trend is maintained during the entire Holocene.Condens. Matter 2018, 3, x FOR PEER REVIEW  10 of 14 
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The position of the Fe K-edge shift obtained considering the linear fit shown in Figure 4b changes
from 7125.5 eV at the beginning of the Holocene (12 Kyr BP), to less oxidized values during late
Holocene (7124.4 eV at 2.5 Kyr BP) when the local dust contribution became more relevant. It suggests
that the shift to interglacial conditions determined a first increase of the Fe oxidation, probably
related to a first mobilization of the glacial deposits accumulated during MIS2 and heavily reworked.
Successively the position of the edge starts decreasing, and the trend persists across the entire Holocene.
It is responsible for the decrease of the Fe K-edge from the maximum value of 7126.1 eV at 12 ky BP to
the minimum value of 7124.2 at 2.5 ky BP. The lower value (7123.55 eV) is from one sample at 6 ky BP,
with a possible volcanic contamination. Two hypotheses can interpret these findings:

1. the geochemical properties of the dust deposited at TD change in relation to environmental and
climatic modifications of the PSA [44];

2. the shift from glacial to interglacial conditions impacted the dust cycle and the atmospheric
circulation at TD, with changes in terms of dust provenance and of the relative contribute from
different PSA.

The climatic shift from cold and dry conditions of MIS2 to the interglacial period, characterized
by a wetter and warmer climate, affected the production and emission of dust over the continents,
with further consequences concerning the pedogenetic processes. Interglacial conditions, thanks to the
reinforcement of the hydrological cycle and to an increase of temperatures, favor chemical alterations
and oxidative processes with an expected increase of the Fe K-edge energy. If the first hypothesis was
correct, we would have appreciated an increase of the Fe K-edge as a consequence of the last climatic
transition, with a strong increasing oxidation (higher transition energies), characterizing the Talos
Dome Holocene dust. This is exactly the opposite of what has been actually observed (Figure 4b).
Consequently, the second hypothesis based on the change in the relative weight of the different sources,
appears the best scenario to explain the Holocene presented in Figure 4b. In agreement with earlier
studies [19,21] we suggest that during the deglaciation and Early Holocene a progressive change in



Condens. Matter 2018, 3, 45 11 of 15

terms of active dust sources with respect to TD occurred. While the transport of dust from South
America progressively decreased, local Antarctic sources gained importance and became dominant,
with possible but minor contributions also from Australia, in agreement with climate models [45].
This second scenario can thus explain the less oxidized Fe signature observed during the Holocene with
lower Fe K-edge energies, as expected for dust emitted by high altitude glacial deposits and regoliths
from Northern Victoria Land, such as those present in the Mesas outcropping area [21]. The role played
by local Antarctic sources is also supported by the dust grain size distributions observed in Talos
Dome ice core samples (Figures 4 and 5). They are containing local coarse particles (5–10 µm diameter).
Although present both during MIS2 and Holocene, these coarse particles became more abundant in
relative terms during the Holocene and especially during late Holocene, when they account for 50–70%
of total dust mass [17].

The possible role played by in situ oxidation of Fe minerals within ice is not discussed here,
despite preliminary results showed its relevance only in very deep ice, in agreement with what already
observed in the EPICA Dome C ice core [53] and, in the case of TALDICE below 1400 m [54].

In summary, the XANES-based Fe speciation analysis permits to evaluate the different
contributions of mineral dust from the possible source areas that supply dust to the East
Antarctic plateau. Some difficulties remain to distinguish unambiguously the contribution of some
geographically different sources with similar Fe oxidation conditions, and only a comprehensive
mineralogical study may help to clarify the role of different sources. However, as already demonstrated
by many researches on mineral samples containing iron atoms in both tetrahedral and octahedral sites
a clear energy shifts by 2–3 eV to high energy is observed increasing the Fe3+ occupancy. Moreover,
as shows in Ref. [48] the iron T-O distances are typically much lower than 2 Å (1.65–1.66 Å) while
octahedral distances are greater than 2 Å (2.06–2.11 Å). In addition, to the different potentials due to the
symmetry, a tetrahedral iron coordination should give a strong pre-edge feature while the difference
in distance of 20–25% should also imply a clear shift of the XANES features. Consequently, in our
samples the fractional presence of tetrahedral coordinated iron would give rise to a significant shift
in the edge position and of the XANES features. The joint analysis of pre-edge and XANES features
indicates that tetrahedral/non-centro-symmetrical components, if present, are small or negligible.
A discussion on the analysis of the pre-edge of iron in octahedral site in minerals has been recently
published [55].

Despite the limitations, spectroscopic data presented in this contribution support earlier evidence
of a South American provenance for the dust deposited in peripheral East Antarctica during MIS2
and highlights a progressive enhancement in the relative proportion of local dust sources during the
Holocene. Although preliminary, this research is the first attempt to extract climatic information from
XANES spectroscopic data obtained from the analysis of insoluble mineral dust particles contained
in an ice core. Although other methods such as the analysis of the pre-edge: centroid and/or fit,
represent powerful approach that can be used for the Fe speciation, at present we cannot obtain a
reliable Fe K-edge dataset to compare with the high concentrated PSA samples because of the very low
concentration and the complex composition of the mineral dust trapped in the Antarctic ice. For the
same reason, the possibility to extract the Fetot/Fe3+ ratio is not yet possible at this stage.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3896/3/4/45/s1.
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