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a b s t r a c t

Laboratory-induced remanent magnetization of polar ice constitutes a measurement of the magnetiza-
tion carried by the ferromagnetic dust particles in the ice. This non-destructive technique provides
a novel kind of information on the dust deposited on the surface of polar ice sheets. Measurements made
on ice samples from Greenland (North GRIP ice core) and Antarctica (Vostok and EPICA-Dome C ice cores)
allowed the recognition of a fraction of magnetic minerals in ice whose concentration and magnetic
properties are directly related to that of insoluble dust. The source of this fraction of magnetic minerals
thus appears closely related to terrestrial dust transport and deposition and its magnetic properties are
informative of the dust provenance areas. The rock-magnetic properties of the dust may reflect distinct
changes of dust source areas from glacial to interglacial periods in agreement with and adding further
information to the isotopic (87Sr/86Sr and 143Nd/144Nd) analyses. A second magnetic fraction consists of
particles of nanometric size, which are superparamagnetic at freezer temperature and whose concen-
tration is independent of the mass of aerosol dust found in the ice. The source of these nanometric-sized
magnetic particles is ascribed to fallout of “meteoric smoke” and their concentration in ice was found to
be compatible with the extraterrestrial fallout inferred from Ir concentrations. The diameter of the smoke
particles as inferred from magnetic measurements is in the range of about 7e20 nm.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Polar ice sheets are among the most detailed and direct archive
of atmospheric aerosol, providing a record of mineral dust which is
of aeolian origin andmostlywindblown fromcontinental areas over
very long distances. The concentration of dust entrapped in polar
ice, its grain size and physical properties, vary over geological time
scales as modulated by synergic factors directly or indirectly related
to climatic conditions. Dust flux and particle size are probably
controlled by a combination of factors such as source-area condi-
tions and extent, dust transport (advection time and life-time), and
accumulation of snow over polar areas.

The concentration of mineral dust is extremely low in Greenland
and Antarctic ice. Glacial/interglacial changes in dust concentration
recorded in ice cores range from about 1 � 104 ppbe50 ppb in the
interior of Greenland (e.g. Steffensen, 1997; Svensson et al., 2000;
All rights reserved.
Ruth et al., 2003) and from up to 700e800 ppb to about 10 ppb in
central East Antarctica (e.g. Petit et al., 1999; Lambert et al., 2008).
Thus, dust concentration decreased by a factor of 10e100 from
colder to warmer climate periods (glacial/interglacial periods);
most of the increase in dust concentration in Antarctica during
glacial periods with respect to Holocene climate has been related to
the synergetic change of source productivity, transport efficiency
and accumulation rate over the Antarctic ice sheet, that are all
climate dependent (e.g. Petit and Delmonte, 2009).

Arctic ice records originate predominantly from the many
Greenland ice sheet drilling sites (e.g. Langway et al., 1985, and
reference therein). Hamilton and Langway (1967) interpreted the
dust variations in Greenland ice as mainly due to higher aridity in
the dust source areas and/or a more vigorous atmospheric circu-
lation in the Northern hemisphere during cold intervals. Based on
mineralogical and isotopic (87Sr/86Sr and 143Nd/144Nd) analysis of
dust from Greenland ice cores, and comparison with samples from
possible Northern hemisphere source areas, those arid source areas
have been found to be the deserts of Eastern Asia from the Last
Glacial period through the present (Biscaye et al., 1997; Svensson
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et al., 2000; Bory et al., 2002; Lupker et al., 2010). Aeolian sediment
transported from these source areas is also considered the source of
the extensive loess deposits in the Chinese loess plateau, some of
the fine-grained fraction of which has been transported as far as
Greenland, especially during loess-depositing, glacial episodes
(Biscaye et al., 1997).

The best known dust records from Antarctica came from the
Vostok and EPICA (European Project for Ice Coring in Antarctica) ice
cores. Vostok provided the first dust record of the last 420,000
years (e.g. Petit et al., 1999) and revealed that the dust input to
Antarctica was maximum during glacial periods, lower during
stadials and interstadials, and minimum in interglacials. The
EPICA-Dome C ice core provided several high-resolution dust
records (Delmonte et al., 2008; Lambert et al., 2008) and to date
represents the longest polar ice core record (EPICA-Community-
Members, 2004; Jouzel et al., 2007), which extends into the Early
Pleistocene. Dust content in these sites has been extensively
studied for concentration (Petit and Delmonte, 2009) and isotopic
(87Sr/86Sr and 143Nd/144Nd) composition (e.g. Grousset et al., 1992;
Basile et al., 1997; Delmonte et al., 2008, 2010), which was
compared with possible source areas from the Southern hemi-
sphere (Revel-Rolland et al., 2006; Gaiero, 2007; Gaiero et al., 2007)
in order to gather information on dust provenance. Isotopic studies
suggested that Patagonia has been the most important source for
dust in the central part of the East Antarctic ice sheet during
Pleistocene glacial ages. However the isotopic fingerprint of ice core
dust is well documented only for dust deposited during Pleistocene
glacials (Basile et al., 1997) and only scarce information exists for
interglacials and modern dust (Delmonte et al., 2007; Bory et al.,
2010; Gabrielli et al., 2010; Vallelonga et al., 2010).

Iron oxides are magnetic minerals, which are able to carry
a remanent magnetization. They are common in nature and
constitute typically a small fraction of terrigenous minerals. The
most common and chemically stable magnetic minerals are
hematite (gFe2O3), maghemite (aFe2O3) and magnetite (Fe3O4).
They are likely to be found in the aerosol reaching polar regions,
which is mostly composed of terrigenous dust originating in desert
areas; as a consequence, polar ice is expected to show the charac-
teristic magnetic properties of these minerals that may reflect their
provenance and transport history. Investigating the magnetization
of ice is thus a method to obtain information about polar ice
mineral dust.

The extremely low concentration of magnetic minerals in ice
inhibits the possibility to study the natural remanent magnetiza-
tion. Currently the information obtained from the study of ice cores
is limited to the concentration and the nature of the magnetic
fraction of aerosol dust. These properties can potentially be used as
tracers that may reflect the total dust concentration as well as the
availability of iron oxides in the dust source area.

Meteoritic material provides another possible source of
magnetic minerals in polar ice. The magnetic minerals are nano-
meter-sized particles, which are part of the meteoritic smoke that
results from the vaporization of micrometeorites as they enter the
atmosphere. Because of the strong magnetization of meteorites
(e.g. Suavet et al., 2009), the meteoritic smoke can account for
a significant fraction of ice magnetization even far from placer
deposits and especially during interglacial periods when the
deposition of dust in the polar regions is greatly reduced. If the
magnetization carried by extraterrestrial material (meteoritic) is
distinguished from the terrestrial (dust) fraction, it may provide an
estimate of meteoritic accretion (Winckler and Fischer, 2006).

In this paper we review the investigations on the magnetic
properties of terrestrial airborne dust in polar regions and their
insight on the dust provenance, as well as the information that they
provided on meteoritic accretion.
2. Magnetization of polar ice

To our knowledge the first published work that described
attempts to measure magnetization in polar ice is the study of
Funaki and Sakai (1991) who successfully studied the acquisition of
natural remanent magnetization in ice samples with a high
concentrations of magnetic mineral from a tephra deposit in the
Southern Victoria Land, East Antarctica. Sahota et al. (1996)
measured Isothermal Remanent Magnetization (IRM) and coer-
civity of remanence in samples obtained by melting ice and snow
from Greenland and Himalayan ice cores through filter paper
although samples from Greenland did not give relevant results due
to their very low dust concentration. A few years later Funaki
(1998) successfully measured natural remanent magnetization
and IRM on ice samples from placer deposits (referred to as “dirt”
ice) on the Antarctic coast in order to identify micrometeoritic
contents. Thanks to the high concentration of magnetic particles in
these ice samples, Funaki (1998) was able to measure and stepwise
demagnetize the natural remanent magnetization of the highly
magnetic “dirt” ice. These ice samples from placer deposits had
saturation IRM of about 70e80 mA m2/kg (Funaki, 1998) that was
several orders of magnitude larger than the saturation IRM
measured by Funaki in the so-called “clean” ice from the Mizuho
Station ice core.

Subsequent experiments on ice magnetism (Lanci et al., 2001,
2004) have shown that the acquisition of remanent magnetization
in ice samples and its measurements need peculiar precautions in
order to obtain consistent and repeatable results. In particular Lanci
et al. (2001) noticed that an IRM in ice induced at “freezer”
temperature (about 255 K) produced erratic results in the intensity
and direction of the remanent magnetization. This unexpected
behavior was tentatively explained as the effect of the physical
reorientation of the magnetic particles in the ice matrix by their
local heating due to electromagnetic induction. Whatever the
reason of this peculiar behavior, Lanci et al. (2001) found that
repeatable results could be obtained by inducing IRM at lower
temperatures, which evidently keeps the magnetic particles more
solidly frozen in the ice and thereby inhibiting physical rotations.
Further experiments have shown that it is possible to perform
reliable measurements of IRM at w255 K if the magnetization was
previously induced at lower temperature. This effect and the need
to keep the ice sample frozen limit the kind of rock-magnetic
experiments that can be performed on ice samples.

With the above-mentioned limitations, polar ice samples can be
given IRMs that can be measured in the laboratory (Lanci et al.,
2001). To deal with the extremely low magnetic moment of ice,
the samples had to be carefully cleaned before measurements
similarly to what is routinely done in geochemical analyses. The
cleaning procedure performed in samples of polar ice cores
included scraping the external part of the sample with a non-
magnetic knife and multiple baths in ultra-pure water in order to
melt, and thus remove, the potentially contaminated external part
of the samples. The introduction of extra baths and the use of a class
100 laminar flow hood in Lanci and Kent (2006) and subsequent
works have noticeably reduced noise in the remanence measure-
ments relative to earlier results.

The extremely low ice magnetizations also require the verifi-
cation of the background noise level of the measurement proce-
dure. Lanci et al. (2004) measured artificial ice samples made with
ultra-pure water that were treated exactly as natural ice samples
and subject to the same cleaning, cooling, magnetization and
measurement procedure. Results gave an average mass magneti-
zation of about 3 nA m2/kg and a repeatability for each samples
ranging from 5% to 15% (s), which was considered satisfactory given
the very low magnetic moments (6e30 � 10�11 A m2) of these
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samples. Such a noise level (w3 nA m2/kg) included analytical
errors and possible laboratory contamination that could have been
accidentally acquired during handling, and was regarded as
adequate for ice measurements. Lower background noise can
probably be achieved by performing the whole measurements
procedure in a clean room.

Most of the magnetic measurements performed on ice samples
consist of stepwise IRM acquisition, which comprise the exposure
of the sample to a magnetic field and subsequent measurements of
the resulting remanent magnetization after each step. IRM is
usually induced in the sample at 77 K and can bemeasured keeping
the samples at nearly the same temperature (referred here as
IRM77K) or after warming the samples to “freezer” temperature
(IRM255K). IRM is normally acquired starting from zero-field (i.e.,
natural magnetization) and progressively increasing the field.
Alternatively, the “backfield” IRM method can be used, in which
case the sequence of measurements starts with a magnetization at
maximum field followed by stepwise increasing fields in the
opposite direction (Lanci et al., 2008a, b). This latter method also
allows to readily estimate the coercivity of remanence (Hcr), which
is defined as the field needed to nullify the backfield IRM and is in
practice computed by the intercept of the backfield IRM curve with
the zero of the ordinate axis. The shape of the IRM acquisition curve
and the field at which saturation is achieved give an indication on
the type of magnetic mineral whereas the intensity of IRM is
proportional to its concentration. Hcr is a convenient parameter to
distinguish high- and low-coercivity minerals and was also used to
reveal the magnetic mineralogy. The proportion of high- and low-
coercivity minerals was estimated by Lanci et al. (2008a) from Hcr

using a simple mixing model based on end-members data taken
from Robertson and France (1994) (Fig. 1). A computer program to
reproduce the Hcr mixing curve or to compute it using different
end-members is available from the authors upon request.

The consequence of thermal relaxation on fine magnetic parti-
cles (e.g. Néel, 1955; Brown, 1963; Bertotti, 1998) was used to
investigate the presence of nano-meter-sized magnetic particles
and estimate their concentration. In fine particles, the resistance of
remanent magnetization against randomizing thermal energy
depends on their blocking energy (Eb). For an assemblage of
randomlyorientedparticles Eb can be approximated as Eb¼ (vhcJs)/2,
where v is the particle volume, Js their spontaneous magnetization
and hc is the coercivity of the assemblage. Under the effect of
thermal energy an assemblage of particles relax to an equilibrium
state, thus loosing its remanentmagnetization,with a time constant
(t) that depends exponentially on the ratio of Eb to temperature (T)
(e.g. Bertotti, 1998). Due to this exponential relationship the
approach to thermal equilibrium mostly depends on temperature
and Eb rather thanelapsed time. In addition,within a givenmagnetic
mineral, hc and Js have a relatively restricted range of variability,
therefore Eb is largely controlled by particle volume. The grains that
became unstable with increasing temperature are referred to as
superparamagnetic (SP) particles, and their magnetization can be
effectively removedby letting the sampleswarm from77K, atwhich
the IRM was induced, to the freezer temperature (w255 K) over
a few hours.

Mineralogy is another factor controlling the thermal stability of
the magnetic particles. Chemistry of Fe in the mesosphere can be
rather complicated (Helmer et al., 1998) but IRM acquisition curves
and analysis of atmospheric dust particles (Rietmeijer, 2001)
suggest that the particles are mostly made of maghemite (gFe2O3)
or magnetite (Fe3O4). The dependence of remanent magnetization
on grain-size computed for magnetite (hc w 150 mT (Tauxe, 2002)
and Js ¼ 92 A m2/kg) using a frequency factor, f0 ¼ 1 � 109

(Moskowitz et al., 1997) is schematically shown in Fig. 2. The very
small particles at the left side of the diagram cannot carry any
remanent magnetization because the blocking energy is low and
their relaxation time is smaller than the time typically elapsed
between magnetization acquisition and measurement (here we
assume t � 1 s). At 77 K the diameter of a spherical equivalent
magnetite particle at which the thermal energy exceed the blocking
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energy is about 7 nm. The thermal effect will act effectively on
larger particles with increasing temperature and at 255 K the
particle diameter for the same kind of SP behavior is about 17 nm.
Therefore increasing the temperature from 77 K to 255 K causes the
remanence of particles betweenw7 nmew17 nm to be lost so that
the total magnetization of the samples may be reduced corre-
spondingly if such a grain-size fraction exists in the sample (Fig. 2).
Very similar results are obtained for maghemite. Calculations for
high-coercivity minerals such as hematite (Fe2O3) or goethite
(aFeOOH), which could represent minor magnetic minerals in ice,
would result in spherical equivalent diameters ranging from 5 nm
to 30 nm with a wider range due to their more variable magnetic
properties. Here we take the range from w7 nmew20 nm as
representative of SP particles and we refer to the magnetization
measured after warming to 255 K as IRM255K (also called Stable
Magnetization in previous papers) even if, for practical reasons, the
samples were sometimes cooled again at 77 K in a field-free envi-
ronment just before measurements. The magnetization carried by
the SP particle fraction (IRMSP), was computed as the difference
IRMSP ¼ IRM77K � IRM255K.
3. Dust concentration and ice magnetization

The Insoluble Dust Concentration (IDC) in polar ice is routinely
measured with a Coulter counter or laser scatter techniques (e.g.
Steffensen, 1997; Ruth et al., 2003). The grain-size distribution of
the aerosol dust reaching polar regions is usually approximated by
a log-normal curve with a modal value of about 1.5 mm in Green-
land and a larger mode of about 2 mm in Antarctica (Steffensen,
1997; Delmonte et al., 2002) with a minor variability between
glacial and interglacial ages. Measurements of the lower tail of the
grain-size distribution is restricted by the detection limit for the
Coulter Multizier II used for IDC measurements at about 0.2e1 mm,
depending on the apparatus settings. The stable remanent
magnetization is efficiently carried only by stable SD grains, which
in the case of magnetite/maghemite, have a rather narrow grain-
size range with diameter smaller than 0.07 mm according to the
calculations of Winklhofer et al. (1997) and the experimental
measurements of Dunlop (1973) (see also Dunlop (1981)). A slightly
larger range is suggested by the calculation of Newell and Merrill
(2000a) and Newell and Merrill (2000b) who suggest an upper
limit for stable SD particles of 0.1 mm and a rather sharp transition
between SD andmulti-domain grains. In any case the SDmaximum
Fig. 3. Location maps of ice cores st
size falls definitively below the minimum detection limit of the
Coulter counter (Fig. 2). One important question is if the
measurements of IDC are really informative of the amount of fine
magnetic particles in the ice since their dimension are very
different from that of the insoluble dust. To answer this question it
should be considered that iron oxides have a much larger density
than average silicates i.e., 5200 kg/m3 for magnetite compared with
the average silicate value of 2500 kg/m3 (e.g. Steffensen, 1997) and
their sedimentation speed or wind-shear effect (aerodynamic
diameter) is equivalent to those of larger silicate particles. More-
over, magnetic particles are often electrostatically attached to
larger clay particles, and the airborne dust has a relatively
well-shaped log-normal distribution allowing to extrapolate
concentration of the finest grains. However, more definitive
answers come from the results that show a linear correlation
between IDC and IRMs.
3.1. Results from North GRIP ice core

Results from the North GRIP ice core in central Greenland
(75.9N, 42.3W, Fig. 3a) are the outcome from a set of 50 ice samples
representing 5 different climatic intervals including ice from the
Pre-Boreal to the Last Glacial Maximum as described in Lanci et al.
(2004) and Lanci and Kent (2006). Fig. 4 shows the depth of these
intervals and their position relative to the dust and d18O records.
The IDC was measured with Coulter Multisizer II on samples taken
from the same core interval. The depth and the volumes of the IRM
and Coulter counter specimens do not correspond exactly and for
this reasonwe compare the average values at each of the five depth
intervals.

Another set of 30 samples from North GRIP was taken at the
onset of Dansgaard/Oeschger event #5 (Fig. 4) (Lanci et al., 2004;
Lanci and Kent, 2006). The IDC in these samples was measured by
Ruth et al. (2003) using a laser microparticle detector and
normalized to Coulter Multisizer measurements as described in
Lanci et al. (2004). Unfortunately one single laser detector
measurement represents the average of the entire, 50 cm long,
interval thus an estimate of the ICD variability is not available.

The magnetization of ice is expected to be proportional to the
concentration of magnetic minerals and to the IDC under the
simple assumption of a constant magnetic mineralogy of dust.
Measurements on the North GRIP ice core have shown that corre-
lation between ice magnetization and dust concentration is indeed
udied for magnetic properties.
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straightforward when the IRM255K is considered. The linear
regression of IDC and IRM255K is shown in Fig. 5. Each point
represents the average value of one climate interval with the
standard deviations (�s) shown as error bars. Therefore s repre-
sents the measurement error plus the natural variability of IRM and
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IDC at the different climatic stages. It is noteworthy that this vari-
ability is similar for both magnetization and dust contents.

The linear regression in Fig. 5, computed considering errors in
both coordinates, is highly significant (p > 0.99); it has a y-axis
intercept indistinguishable from the laboratory noise level of
w3 nA m2/kg, and a slope of the regression line
(b¼ 7.5 � 2.0 mAm2/kg) that represents the optimal mean value of
the insoluble dust IRM255K. Furthermore, the excellent linear
correlation suggests that there are no significant changes of the
dust magnetization, hence possible dust source areas from glacial
to interglacial periods.

The absence of major variations of magnetic mineralogy
between glacial and interglacial samples is confirmed by the
stacked IRM77K acquisition curves (Fig. 6), which show a similar
shape for glacial and interglacial samples and substantiate the lack
of significant changes in dust provenance during the last glacial to
interglacial transition. This finding is in good agreement with
geochemical analyses on wind-borne dust that have established an
Eastern Asia origin for the aerosol dust deposited in Greenland
during both glacial and interglacial periods (Biscaye et al., 1997;
Svensson, 1998; Svensson et al., 2000) with only minor seasonal
changes observed in recent snow (Bory et al., 2002, 2003). The
IRM77K acquisition curve of Greenland ice is also virtually identical
to that of pristine (i.e., unweathered) Chinese loess (Fig. 6), which
shares the same dust source area.

Concentration of magnetic minerals in Chinese loess, as
revealed by IRM, is also similar to that of aerosol dust in Greenland
ice. Data from loess horizons L1 to L14 from the central Chinese
loess plateau reported from Deng et al. (2004) have an average
saturation IRM at room temperature of 5.7�1.2mAm2/kg, which is
similar to the value of 4.5 mA m2/kg measured in loess sample
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BY55. Both values are compatible with the dust IRM255K
(7.5 � 2.0 mA m2/kg) measured in Greenland ice.

Differentmagnetic propertieswere found in ice samples taken at
the Dansgaard/Oeschger #5 transition. These samples do not fit the
linear trend of the other North GRIP samples in the IRM255K versus
IDC diagram (Lanci et al., 2004) and their average dust IRM255K at
800 mT has a lower value of w4.4 � 2.0 mA m2/kg compared with
the other North GRIP samples. Moreover, Dansgaard/Oeschger #5
samples showa different IRM acquisition stacked curve (Fig. 6) with
a larger contribution of high-coercivity minerals. This suggests that
themagneticmineralogy of insoluble dust changedduring the onset
of the Dansgaard/Oeschger #5 event, which is tentatively explained
as a different dust provenance and could be indicative of different
deflation areas, atypical atmospheric transport or both. Given these
incomplete results, the peculiar magnetic properties of the aerosol
dust during Dansgaard/Oeschger climatic events definitively
deserve further investigations.
3.2. Results from Vostok ice core

One of the two sets of samples from Antarctica came from the
Vostok ice core (78.47� S,106.8� E, Fig. 3b). Samples from the Vostok
ice core span in age from the current interglacial (Holocene) to the
last glacial period and are clustered in 10 groups of adjacent
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samples. Averaged SP magnetization follows the IRM255K trend with a large back-
ground in the Holocene samples which was interpreted as the result of Oeschger
fallout (Oeschger smoke).
samples (for a total of 72 samples) as shown in Fig. 7 and described
in Lanci et al. (2007).

The IRM77K acquisition curves, which were measured in most of
the Vostok ice core samples, exhibit a rather large variability even
within adjacent samples. Averaged (stacked) IRM77K acquisition
curves that capture the mean magnetic properties of each group of
samples are shown in Fig. 8. The variability in the shape of IRM77K
curves, shown by the error bars (�1s), suggests the presence of
a heterogeneous flux of high- and low-coercivitymagnetic particles
that varied with high time-frequency perhaps due to seasonal or
inter-annual variations. However, no significant differences were
observed when stacked curves from the glacial and interglacial
stages are compared. All stacked curves have a similar high-
coercivity component that does not saturate at the maximum
field of 1.6 T, which is indicative of the presence of hematite.

Despite the variability of the magnetic mineralogy the ice
IRM255K mimics fairly well the IDC from Petit et al. (1999). The
comparison of IRM and IDC downcore variations (Fig. 7) shows that
not only the increase of IRM from interglacial to glacial stages is
proportionally similar to that of IDC, but also that the overall
variability of these parameters are comparable, even though they
were measured in different samples. A precise correlation between
ice IRM255K and IDC is shown in Fig. 9 where the IRM255K and the
estimated IDC in equivalent core depth intervals are averaged in 10
groups of adjacent samples. Error bars represent the IRM255K

standard deviation (�1s), which was not computed for IDC because
of the sparsity of data. IDC and IRM255K show a statistically signif-
icant linear correlation; the offset a of the best-fit line is indistin-
guishable from zero, and the slope b represents the best estimate of
the average IRM255K of insoluble dust in the Vostok ice. This
corroborates the finding in North GRIP and confirms that IRM255K is
linearly dependent on IDC. The different values of average dust
IRM255K (the slope b of the best-fit line) reflect the different dust
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composition and mineralogy in the opposite hemispheres. In both
cores the saturation IRM255K give a measurement proportional to
the dust concentration while the independent values of IDC, when
available, allows the calculation of dust IRM255K which is an
intrinsic property of the aerosol dust.

3.3. Results from EPICA-Dome C ice core

A total of 41 ice samples from EPICA-Dome C (Lanci et al., 2008a,
b) drilled in Antarctica (75.1� S, 123.3� E, Fig. 3b) were selected
uniformly along an interval spanning 2 glacial and interglacial
cycles from Holocene to marine isotope stage (MIS) 6 (Fig. 10).

The magnetic properties of the aerosol dust in EPICA-Dome C ice
have been characterized mainly by IRM intensity and Hcr. In this ice
core the magnetic measurements showed a distinct difference
between glacial and interglacial dust mineralogy, as revealed by the
IRM77K acquisition curves of representative samples (Fig. 11). Ice
samples from interglacial stages saturate at a field of about 0.3 T,
which is interpreted as indicative of low-coercivity minerals, while
glacial samples donot reach saturation in themaximumfield of 1.5 T,
which indicates the presence of a large amount of high-coercivity
mineral. The different magnetic mineralogy is also shown by
distinct values of Hcr from which the fraction of IRM carried by
low-coercivity mineral (magnetite) can be estimated using the
mixing model of Lanci et al. (2008a) (Fig. 1). However, no significant
differences inmagnetic properties havebeenobserved in interglacial
samples from the Holocene and MIS 5.5. Similarly, glacial samples
from the Last Glacial Maximum and MIS 6 have virtually identical
magnetic properties. Because of the variability of magnetic miner-
alogy in samples from different climatic stages, and since different
magnetic minerals have different spontaneous magnetizations,
a linear correlation between ICD and IRM255K cannot be expected for
EPICA-Dome C samples. However, an excellent correlation can be
obtained if a subset of samples with uniform mineralogy is selected
(Fig. 12). This was obtained by choosing samples between a narrow
coercivity range (40.3 � Hcr � 51.6 mT).
Further differences from glacial and interglacial stages are found
in the dust IRM255K, which is computed by dividing the ice IRM255K
by IDC. The dust IRM255K is carried by the fraction of magnetic
grains larger than w20 nm, therefore it is not affected by the
background of Oeschger smoke fallout (Lanci et al., 2007) and is
indicative of the concentration of magnetic minerals in the insol-
uble dust. The large average dust IRM255K of the set of (mostly)
interglacial samples is shown by the regression-line slope
b ¼ 0.45 A m2/kg (Fig. 12). Interglacial dust in EPICA-Dome C ice
core was found to be up to 10 fold more magnetic than glacial dust
even disregarding some outliers of interglacial period (samples
EDC2712-07, EDC3082-07 and EDC302-07) with an extremely high
dust magnetization.

These two magnetic properties (dust IRM255K and Hcr) of EPICA-
Dome C are combined in Fig. 13, which shows the different clus-
tering of glacial and interglacial samples as well as the few outliers.
Such a marked difference in magnetic properties of interglacial
aerosol dust is suggestive of a different provenance and/or source.
The high dust magnetization of the outlier samples (EDC2712-07,
EDC3082-07 and EDC302-07) might need further explanation, such
as concentration of volcanic ashes or the occasional occurrence of
micrometeorites, which can have very large magnetization (e.g.
Suavet et al., 2009).
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Fig. 13. Magnetic properties of insoluble dust from the EPICA-Dome C ice core. The
analytical error of the dust IRM255K is estimated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q

(Lanci et al., 2008a). The dust IRM255K of EPICA interglacial samples is indistinguishable
from the average magnetization of Vostok (glacial þ interglacial) samples shown by
the long vertical band centered on the mean value with a 2s width whereas EPICA
interglacial samples are well distinct (short vertical band). The fraction of IRM carried
by a low-coercivity mineral corresponding to the Hcr, is estimated based on mixing
model of Lanci et al. (2008a) depicted in Fig. 1. Dashed lines are the estimated
concentration of iron oxides in the aerosol dust computed assuming a remanent
magnetization Mr ¼ 30 A m2/kg for the low-coercivity fraction and Mr ¼ 0.2 A m2/kg
for the high-coercivity fraction. Samples EDC2712-07, EDC3082-07 and EDC302-07
have an anomalous high magnetization and thus Fe-oxides concentration that could be
indicative of volcanic or meteoric dust (note the logarithmic scale).
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3.4. Dust provenance in Antarctica

The average value of dust IRM255K of EPICA-Dome C glacial
samples is practically indistinguishable from that of Vostok
samples, in this case from both glacial and interglacial stages.
However EPICA-Dome C interglacial samples display a much larger
dust magnetization and coercivity (Table 1, Fig. 13). The magnetic
properties of ice from EPICA-Dome C and Vostok show a similar
picture (Fig. 14). From a rock-magnetic point of view the EPICA-
Dome C ice during glacial times is completely similar to the Vos-
tok ice, but EPICA-Dome C interglacial ice is very different from
Vostok interglacial ice. Interglacial ice from EPICA-Dome C is in
general more magnetic and has occasionally a very large magne-
tization, comparable with glacial ice, which is not due to an
increase of dust concentration but rather to the occurrence of
highly magnetic aerosol dust that is not found in Vostok.

The different magnetic mineral concentrations observed in the
aerosol dust and the different magnetic mineralogy provide
evidence that dust load has a geographic variability and that Vostok
and EPICA-Dome C mineral dust sources were different during
Table 1
Summary of magnetic properties of insoluble aerosol dust.

Dust IRM255K (A m2/kg)

North GRIP 7.5 � 2 � 10�3

Vostok 0.12 � 0.02
EPICA (40.3 � Hcr � 51.6 mT) 0.45



80x10
-9

60

40

20

0

(IC
E)

 S
P 

M
ag

ne
tiz

at
io

n

120x10
-9

100806040200
(ICE) Stable Magnetization

 Vostok Interglacial
 Vostok Glacial
 EPICA interglacial (High Mag) 
 EPICA interglacial
 EPICA glacial

Fig. 14. Comparison of magnetic properties of Vostok and EPICA-Dome C ice. EPICA
interglacial samples are Holocene and MIS 5 in age, glacial samples include MIS 3 and
MIS 4. Glacial samples from EPICA are indistinguishable from Vostok samples based on
ice magnetization but a large difference is observed in interglacial samples. Samples
with anomalously high dust magnetization (EDC2712-07, EDC3082-07 and EDC302-
07) are marked with closed squares.

L. Lanci et al. / Quaternary Science Reviews 33 (2012) 20e3128
interglacial stages. These observations indicates the presence of
a local source of iron-rich dust particles that supplied Dome C
during interglacial stages. The very high magnetization of
EPICA-Dome C interglacial samples is probably derived from
volcanic rocks in the vicinity as supported by Pb isotopes data
indicating a local volcanic dust contribution to Dome C (Vallelonga
et al., 2010). A local volcanic contribution is also consistent with the
higher fallout of super-chondritic siderophilic elements on Dome C
compared with Vostok (Gabrielli et al., 2006) during the Holocene.
4. Meteoric smoke and superparamagnetic particles in polar
ice

Polar ice contains a significant amount of SP particles as shown
by the difference between IRM77K and IRM255K. Moreover, the
abundance of these ultra-fine magnetic grains is not proportional
to the IDC as they became the predominant magnetic signal during
interglacial periods. The increased concentration of SP particles
during interglacials is unlikely to be a consequence of a change in
the grain-size distribution of airborne dust from glacial to inter-
glacial periods. This would have required a dramatic change that
would have affected the entire range of grain distribution, while the
observed differences are small in Greenland (Steffensen, 1997) and
negligible in Antarctica (Delmonte et al., 2002).

We provide indirect evidence that part of the SP particles in ice
is constituted by meteoric particles of nanometric size and propose
a simple criterion to discern between terrestrial and meteoric SP
contributions.

Most of the meteoric material reaching the Earth is constituted
by micrometeorites with a diameter ranging from a few mm to
2 mm (e.g. Love and Brownlee, 1993); however, the large majority
of these particles are likely to vaporize during atmospheric entry at
high altitude (w100 km) and condensate in nanometric-sized
particles called meteoric smoke. Even though meteoric smoke has
never been observed directly its existence is suggested by theo-
retical considerations (Hunten et al., 1980; Love and Brownlee,
1991) and indirect measurements (Gabrielli et al., 2004). More-
over, its presence would offer an elegant explanation for the large
discrepancy between Earth accretion estimates measured from
micrometeorite flux outside the atmosphere by the LDEF experi-
ment (Love and Brownlee, 1993) and the many estimates from
micrometeorite counting in ice cores and other terrestrial sedi-
mentary archives (e.g. Taylor et al., 1998), which are often one order
of magnitude smaller.

Polar ice represents an ideal place to study meteoric smoke
because no alteration or in-situ production of magnetic particles is
likely to happen and the magnetic methods provide an interesting
method to access its concentration. Extraterrestrial material is rich
in iron (w20% on average), in the form of metallic-Fe, Fe-sulphides,
olivine and pyroxene. These primary iron phases are subjected to
high-temperature oxidation into magnetite (Fe3O4) during the
vaporization and melting following atmospheric entry (e.g. Love
and Brownlee, 1991; Genge and Grady, 1998; Toppani et al., 2001;
Genge et al., 2008) and the resulting meteoritic material is highly
magnetic as shown by Suavet et al. (2008, 2009). Because of their
dimensions, these nanometric-sized magnetite particles that may
constitute the meteoric smoke are expected to be super-
paramagnetic at temperatures of about 255 K, but they can carry
a remanent magnetization if cooled down below their blocking
temperature. Furthermore, the volume dependence of the blocking
temperature may provide a method to estimate the sizes of these
magnetic particles. The span of temperature used in this study, 77 K
(liquid Nitrogen) to 255 K (freezer) restricts the equivalent spher-
ical diameter of the SP particles to the range of 7e17 nm for the
most likely maghemite (gFe2O3) or magnetite (Fe3O4) composition
or about 5e30 nm for hematite (aFe2O3) (Lanci and Kent, 2006).

One difficulty in estimating the smoke concentration arises from
the fact that SP particles can be produced in a variety of environ-
ments and can be common in terrestrial material. The SP particles
measured in ice, therefore, are expected to contain a mixture of
extraterrestrial (smoke) and terrestrial material, which must be
distinguished. We attain this by assuming that terrestrial SP
particles are not produced in-situ and are carried to polar regions
together with airborne dust. Accordingly, their contribution should
correlate linearly with IDC (similar to what is observed with
IRM255K) and no terrestrial SP contribution to the ice magnetization
will occur for zero dust concentration. Extrapolating the regression
line between IDC and IRMSP to the intercept corresponding to zero
IDC will, thus, provide an estimate of extraterrestrial SP magneti-
zation of ice (Fig. 15). This method and the equivalent one, which
uses the regression between IRMSP and IRM255K, were used by Lanci
and Kent (2006) and Lanci et al. (2007) who reported an isothermal
magnetization of ice, due to meteoric smoke (IRMsmoke) for
Greenland (North GRIP ice core) of 11.0 � 10�9 A m2/kg and
10.9 � 10�9 A m2/kg for Antarctica (Vostok ice core) (Fig. 15). In
practical terms no difference has been found computing IRMsmoke
from IRM255K or from IDCwhen bothmeasurements were available.

Based on these same concepts, IRMsmoke can be calculated with
a simple linear model assuming that IRM255K is proportional to the
IDC, as observed in the data, and that IRMSP is proportional to IDC
plus a constant term due to meteoric smoke, which is also
supported by data (Fig. 15). The model is written as:

IRMSP ¼ IDC$md þ IRMsmoke
IRM255K ¼ IDC$m0

d

where m0
d is the dust IRM255K and md is the dust IRMSP. These

equations can be simplified and the IDC term removed from the
calculation obtaining:



8006004002000

120100806040200

IDC [ng/g]

80

60

40

20

0

SP vs. IRM255
best-fit line: y = a + bx
a = 11.3 [n A m2/kg]
b = 0.56

SP vs. IDC(averaged)
best-fit line: y = a + bx
a = 9.02 ± 2.5 [n A m2/kg]
b = 0.076 ± 0.01 [A m2/kg]

706050403020100
SP vs. IRM255
best-fit line: y = a + bx
a = 11.0 [n A m2/kg]
b = 0.60

SP vs. IDC (averaged)
best-fit line: y = a + bx
a = 12.1 ± 3.5 [n A m2/kg]
b = 4.4 ± 1.9 [m A m2/kg]

80006000400020000

60

40

20

0

SP
  [

nA
 m

2 /
kg

] 

IRM255 [nA m2/kg] 

IDC [ng/g]

SP
  [

nA
 m

2 /
kg

] 

IRM255 [nA m2/kg] b

a

Fig. 15. a) IRM versus IDC in North GRIP ice core samples. Samples are grouped and averaged by climatic stages, therefore error bars (�1s) represent the analytical precision plus the
variability of IRM and IDC within each set of samples. As expected, the variability is similar for both IRM and IDC. Best-fit lines and q probability are computed taking into account
errors in both coordinates. b) IRM versus IDC in Vostok ice core samples. Samples are grouped and averaged by climatic stages, therefore error bars (�s) represent the analytical
precision plus the variability of IRM within each set of samples. No errors are available for IDC. The probability q > 0.99 for all linear fit.

L. Lanci et al. / Quaternary Science Reviews 33 (2012) 20e31 29
IRMSP ¼ IRMsmoke þ
md

m0 IRM255K: (1)

d

The linear model (eq. (1)) can be used to fit the IRMSP and
IRM255K data in a least-squares sense, and to compute IRMsmoke and
the ratio md=m0

d for the terrestrial dust without the need of IDC
measurements. Results fromNorth GRIP, Vostok and EPICA-Dome C
ice cores are shown in Table 2, data from EPICA-Dome C were
selected among samples with Hcr, ranging between 40.3 and
51.6 mT. All results are highly significant according to a Student t-
test and, as expected, those from North GRIP and Vostok are similar
to previously published calculations (Lanci and Kent, 2006; Lanci
et al., 2007).

Our model (Eq. (1)) implicitly assumes that no major changes
occur either in themd=m

0
d ratio or in the dilution of meteoric smoke

in the icewithin the analyzed data set. The ratiomd=m0
d may change

as a consequence of different dust sources and indeed it changes
between the different cores. However, we have ensured that the
magnetic properties are sufficiently similar within each data set
and the small uncertainty (s) obtained formd=m0

d substantiates this
premise. The assumption of constancy of the meteoric smoke
dilution is supported by the excellent fit to the linear model. The
rather constant dilution during different climatic stages (in North
Table 2
IRMsmoke resulting from linear model, eq. (1)

IRMsmoke �1s
(A m2/kg)

md=m
0
d Significance

(t-test)

North GRIP 11.0 � 1.5 � 10�9 0.60 � 0.054 >99.9%
Vostok 12.4 � 1.8 � 10�9 0.55 � 0.042 >99.9%
EPICA 12.3 � 4.1 � 10�9 0.94 � 0.23 >95%
GRIP and Vostok ice cores), when the ice accumulation rate is
known to change, hinders a climatic control on meteoric smoke
deposition and supports the process of wet deposition for meteoric
smoke, which does not depend on snow accumulation rate.

4.1. Estimates of meteoric smoke concentration

The concentration of meteoritic material can be estimated from
magnetic measurements under the reasonable assumption that the
large majority of iron contained in the ablated material is subject to
high-temperature oxidation to magnetite during atmospheric
entry. The average weight concentration of Fe in ordinary chon-
drites, which are the most common type of meteorites (Lodders
and Fegley, 1998) and thus the principal source of meteoric
smoke, ranges from 18% to 32% with an average of 23.8% (Wilkison
and Robinson, 2000); CI chondritic composition for Fe is 19.04%
(Anders and Grevesse, 1989). Using the average ordinary chondrite
composition and assuming stoichiometric magnetite we expect
a mass magnetization (Ms) of meteoric smoke of w30 A m2/kg and
a saturation remanence Mr ¼ Ms/2 z 15 A m2/kg. This estimate is
compatible with Mr measured in micrometeorites by (Suavet et al.,
2009) and is used to estimate concentration of meteoric smoke and
Fe in polar ice (Table 3).

The magnetic estimates of meteoritic Fe from North GRIP are
virtually identical to chondritic Fe estimates based on chondritic Ir
and Pt measurements made on the same site, which range from
0.12 to 0.24 ng/g (average 0.18 ng/g) (Gabrielli et al., 2004).

Measurements of the concentration of Ir and Pt performed in
Antarctica (Gabrielli et al., 2006) find a more complex situation
with the presence of super-chondritic Ir/Pt ratio during interglacial
periods, which was explained as a consequence of the fallout of



Table 3
Concentration of meteoric smoke and meteoritic Fe in polar ice assuming average composition of ordinary chondrite. Ir data from Greenland and Antarctica are from Gabrielli
et al. (2004) and Gabrielli et al. (2006) respectively.

IRMsmoke �1s (A m2/kg) Smoke �1s (ng/g) Fe �1s (ng/g) Chondritic Fe from Ir (ng/g)

North GRIP 11.0 � 1.5 � 10�9 0.73 � 0.10 0.17 � 0.024 0.18 � 0.6
Vostok 12.4 � 1.8 � 10�9 0.83 � 0.12 0.20 � 0.029 0.39 � 0.16
Dome C 12.3 � 4.1 � 10�9 0.82 � 0.27 0.19 � 0.064 0.51 � 0.24a

a Not including the highly uncertain value dated at 22 kyrs BP.
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a volcanic aerosol enriched in Ir and Pt (Vallelonga et al., 2010). The
observed gradients between Dome C and Vostok of the super-
chondritic mass ratios and of the Ir and Pt fluxes (Gabrielli et al.,
2006) are in good agreement with the different dust magnetiza-
tions observed in EPICA-Dome C and Vostok ice samples, and
consistent with a stronger influence on Dome C of a nearby source
of volcanic dust exposed or active during interglacial stages.

Measurements of glacial ice in Dome C and Vostok gave more
reliable (chondritic) values of Ir and Pt with concentrations 1.1 fg/g
and 1.5 fg/g in Vostok and Dome C respectively (Gabrielli et al.,
2006). However even these concentrations are significantly larger
than the mean value of 0.45 fg/g measured in North GRIP and the
differences are further increased when fluxes are computed
assuming dry deposition, because the snow accumulation rate on
the East Antarctic plateau (2.5 g cm�2 y�1 of water equivalent in
Dome C) is about one order of magnitude smaller than in central
Greenland (23 g cm�2 y�1 of water equivalent in Summit).

Under our hypothesis of wet deposition for meteoric smoke, we
expect similar concentration of chondritic Ir and Pt at all studied
sites. We therefore re-examined the results from (Gabrielli et al.,
2006) simply selecting samples with Ir/Pt � 0.8 to avoid samples
with super-chondritic composition. As pointed out by Gabrielli
et al. (2006) these samples belong to glacial periods and their
average Ir concentration is 1.0 � 0.4 fg/g and 1.3 � 0.6 fg/g for
Vostok and Dome C, respectively, corresponding to meteoritic Fe
concentrations of 0.39 � 0.16 ng/g and 0.51 � 0.24 ng/g, respec-
tively. Although these concentrations are still higher that those
obtained from magnetic measurements (Table 3) they are not
completely incompatible especially considering that some influ-
ence of super-chondritic Ir is still possible. Further differences
might arise from the grain-size distribution since magnetic
measurements are restricted to a relatively narrow range of particle
diameters whereas Ir and Pt measurements might include not only
meteoric smoke but also smaller micrometeorites.
5. Conclusions

So far magnetic measurements have been performed success-
fully on ice core samples from central Greenland and East Ant-
arctica. We believe the magnetic measurements have shown
a good potential to investigate novel properties of aeolian dust
directly in ice samples. These measurements are in fact non-
destructive, they can be performed on small samples even with
dust concentrations as small as a few ppb, allowing to estimate the
contribution of aeolian dust including the smaller grain fraction
which are not seen by Coulter counter measurements. Moreover,
when IRM is combined with coercivity measurements it provides
information on the dust provenance that can be used to comple-
ment geochemical analysis. Low temperature magnetic
measurements revealed the presence of nano-meter sized Fe-
oxides interpreted as meteoric smoke. Magnetic measurements
of meteoric smoke concentration in ice are compatible with more
conventional proxy measurements of platinum group elements
and offer, for the first time, direct evidence of the range of grain
size of meteoric smoke.
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