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and a mixing with other poor  crystalline 
 fractions such as volcanic products 
(tephra), organic particles (i.e. spores 
and bacteria), biomass burning products 
(i.e. soot), human emissions products 
(i.e. black carbon, sulfates) and extra-
terrestrial materials (i.e.  micrometeorites) 
occur. Rare earth elements11,12 and major 
elements13 are related to dust prov-
enance and environmental conditions 
at the dust source areas. Due to the 
complex composition of dust, it is then 
mandatory for future climate research 
based on dust collected from deep ice 
cores to bring to these studies the ulti-
mate limits of all the available analytical 
methods.

The amount of mineral materials is 
generally around 10–100 ng g–1 of ice 

Introduction
Mineral aerosols affect climate directly by 
scattering and absorption of shortwave 
and longwave radiation. Indirectly, they 
also interact with clouds1 and by support-
ing heterogeneous chemistry reactions.2 
In addition, they affect climate by alter-
ing the albedo of surface snow3 and 
by modifying the main biogeochemical 
cycles.4

A substantial improvement in the 
study of the physical and radiative char-
acteristics of dust particles and in climate 
models has occurred in order to reliably 
predict their impact on climate. However, 
key properties of mineral particles are still 
little known5 so that global dust cycle 
simulations are still poor.6 Glacial archives 
such as polar ice sheets or high-altitude 
mountain glaciers, on the contrary, may 
offer unique information on modern and 
past aeolian dust trapped within ice. The 
background continental dust trapped in 
high-altitude glaciers and in polar ice 
sheets provides important information on 
dust transport in the troposphere, on the 
relative role of different source areas and 
on wind strength. Specific events, such as 
volcanic eruptions or the impact of extra-
terrestrial materials,7,8 can be detected 
in ice cores, along with their effects on 
climate. These events can also be used 
to establish ice core  chronologies.9 With 
respect to terrestrial and marine natural 
archives, where stored dust is affected by 
post-depositional processes, ice archives 
preserve the pristine dust signal, from 

which information on dust  morphology 
and aggregation state in the  atmosphere 
can be obtained (see, for example, 
Figure 1).

Dust size distribution is a key issue 
together with particle morphology, 
 mineralogical composition and  optical 
characteristics. Mineralogy of dust is 
required for source identification.10 The 
geochemical and isotopic  composition 
of mineral dust is also a useful tool 
for discriminating its geographic origin. 
However, the analysis of low concentra-
tion insoluble atmospheric dust depo-
sitions is a challenging research area 
because of the extremely small amount 
of material available in crystalline form. 
In addition, a large assemblage of 
mineral species within the same matrix 
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Figure & Figure captions 
 

 

 

Fig. 1. a) map of Antarctica and surroundings continents (source Japan Aerospace 
Exploration Agency); red circle, the TALDICE ice core; brown circle, the EPICA 
Dome C ice core; yellow circles, dust source areas in South America; purple circle, 
dust source area in Australia; b) an ice core in core barrel. 

Figure 1. (a) Map of Antarctica and surroundings continents (source Japan Aerospace 
Exploration Agency); red dot, the TALDICE ice core; brown dot, the EPICA Dome C ice core; 
yellow dots, dust source areas in South America; purple dot, dust source area in Australia; (b) an 
ice core in core barrel.
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(ppb). Therefore, ice core handling and 
decontamination, along with sample 
preparation for high-resolution analytical 
techniques, is challenging and prone to 
external contamination.

In our study, great efforts have been 
devoted to obtaining reliable data from 
these unique samples such as the 
mineralogical composition, Sr and Nd 
isotopic composition14 and anoma-
lous concentrations of heavy atoms 
contained in melted water from deep 
ice cores. Synchrotron radiation-based 
experiments performed both at the SSRL 
(Stanford) and at the Diamond (Oxford) 
Light Source facilities used synchrotron 
X-ray fluorescence (XRF) to determine 
elemental composition and X-ray absorp-
tion spectroscopy (XAS) to provide 
mineralogical information. Data obtained 
have demonstrated that the combination 
of techniques may provide unique infor-
mation on the sources of mineral parti-
cles and aerosol transport mechanisms 
that complement other datasets gath-
ered by conventional methods, providing 
a much more accurate characterisation 
of dust.

In this respect, a new frontier in the 
mineralogical analysis of dust has recently 
been opened by applying synchrotron-
radiation spectroscopic techniques such 
as TXRF and XANES to extremely small 
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Fig. 2 (left and right-top panel) Comparison of Fe K-edge XANES spectra 
representative of three different periods: Glacial, Interstadial and Holocene 
plus a volcanic event and samples of Middle Age-I and II; (top right) 
comparison among spectra of Antarctic Glacial, Volcanic Event and Middle 
Age II. The spectrum of the Middle Age II is significantly different and the shift 
of the edge to low energy points out a not negligible amount of Fe2+; (bottom 
right) Fe K edge shift measured in different samples. The behavior can be 
correlated with the different amounts of Fe3+ in the dust vs. time. 

Figure 2. (Left and right-top panel) comparison of Fe K-edge XANES spectra representative of 
three different periods: Glacial, Interstadial and Holocene plus a volcanic event and samples of 
Middle Age-I and II; (top right) comparison among spectra of Antarctic Glacial, Volcanic Event and 
Middle Age II. The spectrum of the Middle Age II is significantly different and the shift of the edge 
to low energy points out a not negligible amount of Fe2+; (bottom right) Fe K edge shift meas-
ured in different samples. The behaviour can be correlated with the different amounts of Fe3+ in 
the dust vs time.
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amounts of dust.15 These XANES exper-
iments opened the way to the iden-
tification of the dust source areas.15,16 
Fe K edge XANES spectra on Antarctic 
samples identify iron in octa hedral coor-
dination and show a clear edge shift that 
was correlated with different amounts of 
Fe3+ vs time corresponding to a concen-
tration higher in the glacial period than in 
the Holocene (see Figure 2).

In Figure 3 (left panel) we show 
results obtained with the XRF and XANES 
methods compared with rock and soil 
geochemical data as possible dust source 
areas (PSA) from the available literature. 
The main sources are South America, 
because of the overlap with our Antarctic 
ice samples, and Dome C samples from 
the Alps.13 Australian sediments seem to 
be excluded by atmospheric  modelling,17 
but also from TXRF data of Antarctic 
samples. Data from Colle del Lys (Italian 
Alps) that clearly identify a unique inde-
pendent set are reported to give a feel-
ing about the  resolution of the method. 
Indeed, they are well separated from the 
other samples. As Si concentration is 
critical (see Figure 3 right panel), silicon 
data have been validated with additional 

experiments in which a fraction of the 
dust was deposited onto polycarbonate 
membranes. 

To characterise the mineral compo-
sition, we also demonstrated that it is 
possible to collect XANES at the edges of 
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Figure & Figure captions 
Figure 1. (a) map of Antarctica and surroundings continents (source Japan Aerospace 
Exploration Agency); red circle, the TALDICE ice core; brown circle, the EPICA Dome C 
ice core; yellow circles, dust source areas in South America; purple circle, dust source 
area in Australia; b) an ice core in core barrel. 
Fig. 2 (left and right‐top panel) Comparison of Fe K‐edge XANES spectra 
representative of three different periods: Glacial, Interstadial and Holocene plus a 
volcanic event and samples of Middle Age‐I and II; (top right) comparison among 
spectra of Antarctic Glacial, Volcanic Event and Middle Age II. The spectrum of the 
Middle Age II is significantly different and the shift of the edge to low energy points 
out a not negligible amount of Fe2+; (bottom right) Fe K edge shift measured in 
different samples. The behavior can be correlated with the different amounts of Fe3+ 
in the dust vs. time. 
 
 

 
Fig. 3. (left) Fe, Mg and Ca oxides ternary diagram of dust and standards. The 
large distribution corresponds to samples belonging to the last glacial period. 
On the right, black dots are the Colle del Lys data. Their limited distribution is 
a clear characteristic of the different mineralogical source area. All data are 
expressed in mol/mol%; (top right) Dust elemental concentration of samples 
vs. silicon content, obtained by XRF (acquisition time 600 s at 10 keV incident 
beam); (bottom right) a magnified view of the upper panel to outline that also 
for elements with low concentrations such as Mg, S and Ti the analysis points 
out clear differences among different periods. 

Figure 3. (left) Fe, Mg and Ca oxides ternary diagram of dust and standards. The large distribution corresponds to samples belonging to the last 
glacial period. On the right, black dots are the Colle del Lys data. Their limited distribution is a clear characteristic of the different mineralogical source 
area. All data are expressed in mol/mol%; (top right) dust elemental concentration of samples vs silicon content, obtained by XRF (acquisition time 
600 s at 10 keV incident beam); (bottom right) a magnified view of the upper panel to outline that for elements with low  concentrations such as Mg, 
S and Ti the analysis also points out clear differences among different periods.
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Fig. 4 Comparison of Ti K-edge XANES spectra among samples collected in 
Antarctica belonging to different glacial periods and in Alps (Colle del Lys). 
Spectra show significant differences both in the XANES region (left panel) and 
in the pre-edge region (right panel). 

Figure 4. Comparison of Ti K-edge XANES spectra among samples collected in Antarctica 
belonging to different glacial periods and in Alps (Colle del Lys). Spectra show significant differ-
ences both in the XANES region (left panel) and in the pre-edge region (right panel).
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of motion trajectories, which allows us 
to scan complex surfaces with micro-
metre precision in the translation and 
a microradian precision in the rotations. 
The experimental set-up is completed 
by a 7 mm2 silicon drift detector (SDD) 
with a resolution < 149 eV at 5.9 keV and 
a 300 mm long snout, oriented at 45° 
from the vertical, perpendicularly to the 
beam direction in the horizontal plane.

At Diamond, on beamline B18, 
we also measured TXRF and grazing 
 incidence-XAS (XANES) using a He-filled 
sample compartment. We used a Vortex 
four-element detector to profit from the 
large collection surface, the high resolu-
tion, sensitivity for low energy fluores-
cence and high peak-to-background ratio. 
With the layout available at B18, XRD 
measurements were also performed 
on the samples deposited on nuclepore 
membranes, at 12 keV between 15–75°, 
using a Mythen silicon strip detector in 
an angular range of ~60°. The typical 

lighter elements, such as Ca or Ti (Figure 
4). Combining XANES information with 
XRF data, i.e. with the measurement of 
accurate elemental ratios, a recognition 
of minerals present in the dust then 
become possible.

X-ray absorption and X-ray 
fluorescence experimental 
methods
As mentioned before, the low amount 
of dust available from ice samples is the 
main bottleneck for the application of 
standard analytical methods. Ultraclean 
procedures are necessary to prepare 
samples for the experiments. At SSRL 
we used a high vacuum (HV) compat-
ible micro-positioning system, detectors 
and a cryogenic cooler inside a UHV 
chamber. The manipulator is a SpaceFAB 
prototype designed with MICOS GmbH 
that allows sample stage translations 
and rotations around the three axes. We 
have complete freedom in the choice 

collection time of an XAS experiment on 
dust ranges from ~three hours to one 
hour but significant improvements are 
expected within the next few months. 
We collected data on dust from differ-
ent firn cores drilled in Antarctica and 
from Alpine firn cores (Lys glacier, Mt. 
Rosa, Italy) at different edges (i.e. Ca, Fe 
and Ti). We measured TXRF and grazing 
incidence-XAS (XANES) at Ca, Fe and 
Ti K edges on samples deposited on 
Si wafers in total reflection. Elemental 
analysis has been performed from 
XRF data, calibrated using XRF standard 
samples prepared in the same way as 
the samples under  analysis.15

Results
Identifying a mineral species is particu-
larly difficult in the case of poor crystal-
line materials. Our study demonstrates 
that an evaluation of the dust compo-
sition contained in limited sections 
(~1–2 m) of deep ice cores is possible, 
 exploiting the unique capabilities offered 
by XAS spectroscopy combined with XRF 
measurements and analysis. In particu-
lar, the TXRF technique coupled with the 
grazing-incidence XANES  spectroscopy 
allows for the analysis of particles 
dispersed in small sections of ice. In line 
with the expected continental origin: Si, 
Al, Fe, Ca, Na, Mg, K and Ti are the main 
constituents of the dust present in ice 
core samples. The comparison of our 
data (see Fe K edge in Figure 2) with 
rock and soil from possible source areas, 
from literature and other experimental 
analysis13 points out clearly that, using 
the same sample procedures, a conver-
gence between different techniques 
such as PIXE and TXRF occurs. XAS Fe 
K-edge (Figure 5) data show that a clear 
difference between different paleo-
climatic periods emerges. In addition to 
Fe K edge XANES spectra, we success-
fully collected Ti K edge spectra (Figure 
4), particularly important because they 
allow discriminating oxides and silicate 
phases. Moreover, from available XRF 
data it is clear also that other edges 
may be collected and this is an addi-
tional unique opportunity to improve the 
mineralogical analysis.

However, because of the still long 
acquisition times, the present results 
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Fig. 5 Dust concentration vs. depth of the TALOS Dome ice core. Red dots indicate 
the ice core sections dust concentration corresponding to the investigated samples, 
the blue dots show the relative Fe2O3concentration, and purple diamonds represent 
the TiO2 concentration. Light orange bands correspond to the warm stages 
(Holocene and MIS 3), light blue bands correspond to cold stages (MIS 2 and MIS4). 

 

Figure 5. Dust concentration vs depth of the TALOS Dome ice core. Red dots indicate the ice 
core sections dust concentration corresponding to the investigated samples, the blue dots show 
the relative Fe2O3 concentration and purple diamonds represent the TiO2 concentration. Light 
orange bands correspond to the warm stages (Holocene and MIS 3), light blue bands corre-
spond to cold stages (MIS 2 and MIS4).



SPECTROSCOPYEUROPE 17

ARTICLE

www.spectroscopyeurope.com

 VOL. 24 NO. 3 (2012)

are limited by the reduced number 
of samples we measured. Work is in 
progress to reduce the acquisition time 
but also to improve the resolution in 
the time domain (i.e. samples corre-
sponding to ice core lengths < 1 m). 
A systematic work on Antarctic dust is 
in progress, in particular to achieve an 
 exhaustive comparison with PIXE data 
 spanning several climatic periods as 
shown in Figure 5 where the Holocene 
and the Marine Isotopic Stages (MIS) are 
 indicated. 

In the future, we also plan to study 
other ice cores drilled: in the northern 
hemisphere in Greenland, and in main 
high mountain chain glaciers in order 
to more deeply understand and recon-
struct the climatic variations that occurred 
during the Middle-Late Pleistocene. 
In particular, the analysis of dust from 
Greenland ice cores may certainly offer a 
unique comparison among climatic infor-
mation between the two hemispheres.18

A combined analysis of XRF, XAS 
and XRD data allow detecting reliable 
composition variations vs time and a 
strong support to studies showing how 
the air circulation patterns have been 
changing during climate transitions. We 
have already demonstrated the unique 
role played by XAS in this field but fore-
seen improvements in both the analyti-
cal procedures and in the time resolution 
of deep ice core studies may soon offer 
new unexpected surprises.

One of the main goals of the next 
decades is to understand the balance 
between positive feedback components 
such as greenhouse gases and negative 
feedback components such as mineral 
dust. The most precise information on 
Earth’s climate variation can be extracted 
from ice cores. Within this framework, 
the investigation on high altitude air 
circulation and the characterisation of 
low concentration of airborne particles 
in natural ice, although challenging, will 
become fundamental. 
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