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Abstract: Natural mineral particulate matter deposited from aerosols and trapped in glaciers—
herein defined as “cryodust”—may be an excellent indicator of atmospheric circulation, if terrestrial
sources of dust can be identified. In this study, we analyzed the composition of cryodust in shallow
ice cores taken from five glaciers in Southern Spitsbergen (Svalbard Archipelago, Northern Norway).
The chemical composition, magnetic properties and radiogenic ages of individual grains were
measured, where possible, to provide indicators of source areas. To identify mineral and rock fragments,
solid particulates were examined by Scanning Electron Microscope fitted with a backscattered electron
and Energy Dispersive Spectroscopic detectors. An Electron MicroProbe was employed for the
U-Th-Pb chemical dating of monazite grains. Magnetic measurements comprised analyses of magnetic
susceptibility (k) vs. temperature (T) variations and determination of magnetic hysteresis parameters.
Monazite ages span 445423 Ma, consistent with mineral growth during the Caledonian orogeny.
Caledonian rocks are exposed in the Nordaustlandet area of North-Eastern Svalbard, and this is the
most probable source for monazite grains. Magnetic analyses show a predominance of ferrous (Fe!')
over ferric (Fel") phases, consistent with a lack of input from subtropical sources. The results from
both methods are consistent with local sources of dust from exposures in the Svalbard archipelago.

Keywords: Svalbard; Spitsbergen; glacier core; mineralogy; magnetism; dust sources; aerosol

1. Introduction

The deposition of solid phases in glaciers is increasingly recognized as a critical component of the
Earth'’s climate system, due to their influence on the physicochemical properties of ice, with consequences
for global-scale processes [1-4]. Dust particulates include space dust (micrometeorites), grains from
weathered rocks [5,6] and fine ejecta from volcanic eruptions [7,8]. Other particles in ice can be products
of wildfires [9], industrial activity (e.g., black carbon particles, BCPs) [10-13] or biological activity, such as
spores and pollen [14].

The dust particles can contribute to deposits of cryoconite (named from Greek “kryos”—cold and
“konis”—dust), infilling small water reservoirs on the ice surface, called cryoconite holes [15]. Whereas
cryoconite is a mixture of biotic and abiotic elements, in this study, we coin the term “cryodust” to
describe only abiotic particulate matter distributed within the ice of glaciers. This study aims to
use the composition of solid abiotic particles deposited in glaciers of the Southern Spitsbergen to
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identify potential source areas of aerosol dust. Our first working hypothesis was that Fe-(hydro)oxides,
if transported from weathered rocks at lower latitudes, should have a different geochemical signature
from local minerals, expressed by a predominance of more oxidized ferric (Fel) over ferrous (Fell)
phases. The second working hypothesis was that we can constrain dust source areas by using
geochemical dating of radioactive minerals, since the age of these minerals provide a provenance from
exposures of rock of equivalent age. The problems of dust sources and compositions is important
for better understanding of the behavior of glaciers on Svalbard, since the different reflectivity and
absorption of dust components can change physical properties of the ice, decreasing albedo and
increasing the pace of glacial melting [16-18]. To test our hypotheses, scanning electron microscope
(SEM) Energy Dispersive Spectrometry (EDS) and back-scattered electron (BSE) imaging were employed
for geochemical identification, and an Electron MicroProbe (EMP) was used for mineral dating.
Additionally, magnetic methods commonly used in paleomagnetic and rock-magnetic studies were
employed for identification of magnetic phases.

2. Field and Laboratory Work

2.1. The Origins of Cryodust

More than half of Svalbard is covered by ice, strongly influencing the climate in Europe [19].
The ice caps and glaciers of Svalbard have been frequently analyzed in terms of water-soluble ion
chemistry [20-23]. However, with the exception of studies on tephra layers [7] and locally derived
dust particles [24] in glaciers, natural micrometer-sized mineral particulates have not been a subject of
detailed studies.

Deposited with snow on the surface of the glacier, the dust gradually becomes incorporated
into the ice. In the accumulation zone, cryodust trapped in the firn and subsequently in the ice
becomes an inherent component of the cryosphere [25], forming laterally variable seasonal layers.
Most deposition of dust occurs when wind speed decreases or when the sediments get mixed with
falling snow in autumn and winter, through niveo-aeolian deposition [26,27]. Recent estimation of
dust load in the Central Spitsbergen ranges from 3 X 107 kg m~2 to 1.7 kg m~2 for the summer
season [27,28], with rates of niveo-aeolian deposition in the years 2000-2005 ranging between 70
and 115 g m =2 a~! [26]. In comparison, aeolian deposition at Hornsund, southern Spitsbergen,
was estimated at 300—400 g m~2 a~! for the winter of 1957/1958 [29]. Measurements in 2019 show
that the maritime Hornsund region experienced lower High Latitude Dust deposition rates than
the drier and more continental region of Central Spitsbergen, with averages of 3.8 and 9.3 g m~2,
respectively [30].

2.2. Sampling in the Field

Sampling of cryodust-bearing ice was performed in April 2018. Shallow cores were drilled from
five glaciers in Southern Spitsbergen. Two different core lengths were drilled: (a) up to 0.5 m on
Recherchebreen, Hornbreen (Flatbreen), Storbreen and Werenskioldbreen; and (b) 1.0 m on Hansbreen
(Figure 1 and Table 1, [31,32]).

The coordinates of sampling spots are given in Table 2.

The samples (90 mm in diameter) were collected away from snow scooter tracks and other
potential sources of contamination, using the hand-operated Mark II Coring System (Kovacs Ice
Drilling Equipment, Roseburg, USA). Cores were packed into polyethylene bags, secured, transported
to the Polish Polar Station Hornsund and stored in the deep freezer, in the dark, for a maximum of
five days.

Although core material was collected underneath the snow cover, the ice could have been temporarily
exposed to solar radiation during ablation periods. Each collected core may comprise accumulation
spanning a maximum of a few years; however, this does not necessarily imply synchronicity (within this
time limit) of the core samples, due to the unknown depth/degree of ablation.
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Figure 1. Map with coring sites (see Tables 1 and 2 for details). Red dots mark cores investigated in

this study. Source: Map data © Norwegian Polar Institute, version: September 2017.

Table 1. Selected details for glaciers sampled in this study. ELA, Equilibrium Line Altitude.

Glacier Area (km?) Slope (°) Mean Elevation ELA
(m a.s.l.) (m a.s.l.)

Recherchebreen 120.2 3.6 430 555
Hornbreen

(Flatbreen) 176.2 1.3 289 398

Storbreen 196.5 1.3 287 383

Werenskioldbreen 27.1 3.7 358 475

Hansbreen 53.8 1.7 291 342

Table 2. Sample names and coordinates of the coring sites. Fe classes are determined subjectively,
to illustrate proportion of ferrous to ferric minerals in the dust samples as interpreted from magnetic
susceptibility k (L denotes low k; H denotes high «). Coordinates in Universal Transverse Mercator

(UTM) 33X.
Fe Class
Glacier Name X Y
dia para ferro
Recherchebreen RIC2 8,590,996 497,999 L H
RIC3 8,588,426 505,117 L H
Hornbreen FIC2 8,567,866 545,461 L H
(Flatbreen) FIC3 8,568,521 545,461 L H
SIC2 8,571,862 522,493 L H
Storbreen
SIC4 8,569,458 527,542 L H
W1 8,556,674 512,219 too weak
w2 8,554,873 510,970 L H
W3 8,558,594 510,424 L H
Werenskioldbreen
W4 8,557,076 510,049 L H
W5 8,554,458 509,747 L H
w7 8,555,045 507,838 L H
Hansbreen H6 (H6/1, H6/2, H6/3, H6/4) 855,6118 515,814 L L
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2.3. Cryodust Extraction

The core samples were taken to the chemical laboratory of the Polish Polar Station Hornsund.
Core transportation, sample preparation, filtration and filter packaging assured the highest possible
standards to protect cryodust samples from contamination.

The core samples were rinsed, using deionized water (conductivity < 0.06 uS/cm; Norm PN-EN
ISO 3696:1999; Polwater DL100, Labopol-Polwater, Poland), and melted at room temperature, in closed
new polyethylene bags. After melting samples were passed through pre-rinsed sterile Millipore Mixed
Cellulose Ester filters (white-gridded, 0.45 pm pore size; Merck Millipore, Germany).

Samples SIC2 and SIC4 were shorter than others and were filtered in combination, so that the
filtered residuum is mixed. The 1.0 m long ice/firn core sample from Hansbreen glacier broke into four
pieces during transportation. Each piece was weighed, measured and filtered separately.

After filtration, the residue was placed in a dryer chamber for two hours at 60 °C. Each sample was
then stored in a separate polystyrene Petri dish, secured by the Parafilm sealing film and transported
to Poland.

Cryodust samples from Hansbreen (H6/1, H6/2, H6/3 and H6/4), Hornbreen (Flatbreen; FIC2 and
FIC3) and Werenskioldbreen (W1, W2, W3, W4, W5 and W7) were analyzed, using magnetic methods
only, whereas samples from Storbreen (SIC2 and SIC4) and Recherchebreen (RIC2 and RIC3) were also
analyzed under the electron microscope.

2.4. Geochemical Experiments

2.4.1. Sample Preparation

For electron microbeam studies, dust material was mounted in epoxy discs and polished to expose
midsections of grains. The mounts were cleaned and imaged, to aid in identification of deposited material.
Analyses were taken by using the JEOL JSM-6380 Scanning Electron Microscope (JEOL, Yokogushi, Japan)
at the Warsaw University. An accelerating voltage of 20 kV was used. EDS analyses were performed
with an XFlash 6110 Bruker detector (Warsaw, Poland). After BSE imaging, mounts were carbon coated
for analysis by electron microprobe (EMP, Cameca, Genevilliers, France).

2.4.2. Monazite Dating by Electron Microprobe

Electron microprobe analyses were performed at the Electron Microprobe Laboratory, State Geological
Institute of Dionyza Stdra in Bratislava, Slovakia, utilizing a Cameca SX-100 electron microprobe
(Cameca, Genevilliers, France), equipped with four wavelength-dispersive spectrometers. Large high-
sensitivity LPET and LLIF crystals and a conventional TAP crystal were used for analysis. Analytical
conditions were chosen to balance the best analytical conditions against reasonable acquisition times.
At the start of each dating session, a set of monazite reference materials (Thompson Mine and 44069),
reliably dated by SHRIMP (Sensitive High Resolution Ion Microprobe) [33] were analyzed. These were
used to test the effectiveness of correction factors, with the weighted mean of “apparent ages” from
analyses accepted when within 5 m.y. of the published age of each standard. Analytical spot positions
on sample grains were carefully selected with the use of high-contrast BSE images. Chemical-dating
methodology is based on the assumption that no initial Pb was present in the mineral (i.e., the only
Pb comes from the radiogenic decay of U and Th) and the mineral system was closed. The software
DAMON [34,35] by P. Kone¢ny was used for data handling, age calculation and construction of
histograms. The software calculates ages by following a published methodology [36]. The analytical
routine has already been successfully applied for dating monazite [37,38].

2.5. Magnetic Experiments

Rock magnetic methods included the determination of low field magnetic susceptibility and
parameters of magnetic hysteresis at the Laboratory for Paleomagnetism and Environmental Studies
located at the Institute of Geophysics, Polish Academy of Sciences in Warsaw, Poland.
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Fifteen samples were used for studies of magnetic properties. For two samples (RIC3 and SIC2-SIC4),
a minor amount of collected dust was previously separated to perform SEM analysis. The mass of the
filters was measured with a RADWAG WAX 62 laboratory weight balance (accuracy 0.01 mg, Radwag,
Radom, Poland). No filter seasoning at controlled temperature/humidity conditions was performed
prior to mass determination. The mass of reference empty filters was used to calculate the approximate
mass of dust residue remaining in filters for rock magnetic measurements. It was decided that very
detailed mass determination is not needed for rock magnetic studies, and the cryodust mass was used
only for reference.

More details on the Chemical Th-U-total Pb Isochron Method (CHIME) procedure are given in
Appendix A, while details on magnetic susceptibility measurements and hysteresis loop acquisition
are given in Appendix B.

2.5.1. Magnetic Susceptibility Experiments

At the first step, a low field magnetic susceptibility (k) at room temperature was determined for
filters with MFK-1 magnetic susceptibility bridge (Agico, Brno, Czech Republic). For cryodust residue
with determined mass, the mass specific k could be calculated. The distribution of raw and mass
normalized k values of dust filters was further evaluated.

The dependence of k upon heating and cooling «(T) was determined with KLY5 magnetic
susceptibility bridge with high-temperature CS4 unit attached (Agico, Brno, Czech Republic), at the
field of 300 A/m at 1440 Hz, at the temperature range of 20 to 700 °C. Halves of filters were carefully
shredded to smaller segments and placed in the quartz holder, to be heated in the furnace. Curves of
k(T) upon heating and cooling in the air atmosphere k(T) were processed to remove the signal of the
measuring vessel with Cureval 8 software (Agico, Brno, Czech Republic). The data of k(T) curves can
indicate the presence of ferromagnetic phases like magnetite, pyrrhotite, goethite or hematite.

2.5.2. Magnetic Hysteresis Experiments

Samples for hysteresis were prepared for all studied dust filters, as well as empty filters. For each
type of experiment (hysteresis loop, backfield and isothermal remanence), the signal of the quartz
holder was initially measured and later subtracted. Saturation magnetization (Ms) and remanence
magnetization (Mr), as well as coercive force (Hc), were calculated from the ferromagnetic loop,
using Hystlab software [39]. Backfield experiments with initial magnetization of up to 0.5 T and
consecutive stepwise demagnetization up to 100 mT was done to determine the coercivity of remanence
(Hcr). Isothermal remanence magnetization (IRM) curves were also obtained upon magnetizing in
a field up to 500 mT, to check whether a high coercivity component that is not saturated in a field of
500 mT is also present. The procedure was used for one empty filter, 15 non-heated dust samples and
for a residue from one previously heated sample (SIC2-SIC4).

The ratios of Mr vs. Ms and Hcr vs. Hc were plotted on a Dunlop-Day diagram to compare
results with theoretical curves of mixtures of magnetite with different domain states [40]. Apparent
contributions of paramagnetic/diamagnetic phases vs. ferromagnetic phases in the cryodust sample
were evaluated based on magnetic hysteresis data for 13 out of 15 samples.

All quantitative results can be compared between samples based only on a similar range of mass
of samples used for experiments.

3. Results
3.1. Geochemical Results

3.1.1. SEM-EDS Results

Mineral variety of the cryodust is illustrated in Figures 2-8, where both scanned images and
elemental spectra of solid fractions from Recherchebreen and Storbreen are presented. Along with
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rock-forming minerals (e.g., quartz, feldspar and amphibole), various accessory minerals were identified
in samples from both glaciers (Figures 2—4). Amongst particles identified, micrometeorites (Figure 3)
and particles of elemental carbon, probably BCPs, were found. These are of various sizes (up to ca.
100 um) and have sharp edges. Accessory minerals include pyrite, which occurs as inclusions in
feldspar (Figure 2) and independently in framboidal form (Figure 5). The presence of zircon, ZrSiO4
(Figure 6), and monazite, CePO4 (Figure 7), has the potential for geochronology. We utilized an electron
microprobe with a beam size of <5 um to measure total U, Th and Pb and calculate chemical ages of
monazite particles.

. zireon

100 uym

.
feldspar

8.

s )
"N,

" rutile

Figure 2. (A) Cryodust in a back-scattered electron (BSE) image of the dust sample from Recherchebreen.
A micrometeorite (Ni+Fe, see also Figure 3) and a zircon grain are visible in sector (B) (see Figure 3 for
details). Sample RIC 3.

10.pm BSE 15 kW

Figure 3. Cont.
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Figure 3. A close-up BSE image of the micrometeorite grain in Figure 2, with EDS analysis (below).
The blurry image is due to extremely small grain-size, taken at the lower limit of SEM resolution.
Sample RIC 3.

Figure 4. Cryodust in a secondary electron image of uncoated dust sample SIC2-SIC4 from Storbreen.
SEM. Particles of elemental carbon (BCPs) are shown circled. Sample SIC 4.

WD = 8.8 mm EHT =20.00 kV Signal A =AsB

Figure 5. Cont.
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Figure 5. Framboidal pyrite (above) with EDS analysis (below). Microcrystallites are close to the limit
of SEM resolution. The star indicates a peak of the C which is coming from the carbon coating of the
sample. Sample RIC 3.
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Figure 6. A close-up BSE image of the zircon grain (above) and EDS analysis (below). The star indicates
a peak of the C which is coming from the carbon coating of the sample. Sample RIC 3.
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Figure 7. A close-up BSE image of a monazite grain (above, white phase) and EDS analysis (below).
Sample RIC 3.

Figure 8. . Cont.
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1365 Ma

Figure 8. Dated monazite grains from Recherchebreen (A-D) and Storbreen ((E,F), the position of the
grain in the background SEM image is encircled). Five of six analyzed grains yielded Silurian ages,
with one monazite grain of mid-Mesoproterozoic age. Scale bars are shown.

3.1.2. EMP Dating Results

Four monazite grains from Storbreen were dated (Sample SIC4), yielding an age range of
423-436 Ma, with one outlier of 1365 + 34 Ma (20). The grains contain up to 4.7 wt% Th and up
to 0.3 wt% U (Table A1l). Eight analyses on six monazite grains from Recherchebreen were done,
with a similar Silurian age range of 423-468 Ma. Outliers include ages of 1644 + 42 Ma and 1780 + 42 Ma
(data from one monazite grain), together with a much younger age of 256 + 36 Ma. The relatively
large 20 errors of individual analyses come from the low U and Th content in the monazite grains
and, as a consequence, low Pb content. There is no correlation between age and error. Representative
monazite grains with spot ages are presented in Figure 8.

3.2. Magnetic Results

3.2.1. Mass and Magnetic Susceptibility of Dust

Dust residues in filters used for measurements of rock magnetism weigh between 8 and 43 mg
(Figure 9a; empty filters weigh ~ 78 mg). A few filters (e.g., H6/3 and H6/4 samples) had some dust
removed for other experiments before magnetic susceptibility determination. Therefore, for these
samples, measured mass of residue is not the total amount collected.
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Figure 9. (a) Mass of residues collected on filters (see Table 2 for sample details). (b) Bulk magnetic
susceptibility k for residues. (c) Mass specific susceptibility x (m3/kg); EF—empty filter.

Magnetic susceptibility shows a substantial scatter of values between samples, from 1.3 x 107 SI
vol. for H6/3 up to 7.35 x 107 S vol. for SIC2-SIC4 (Figure 9b), within the sensitivity range of the MFK-1
device. The standard error of measurement was less than 1.5 X 1078 SI vol. for all samples. The very low
k of sample H6/3 is probably due to removal of a significant amount of dust residue for geochemical
studies. The combined SIC2-SIC4 sample had an extremely high « (Figure 9b). Susceptibility normalized
by mass (x) shows significant variation between the samples (Figure 9c).

3.2.2. Magnetic Susceptibility upon Heating/Cooling

Curves of change in magnetic susceptibility upon heating and cooling are shown in Figure 10
for dust samples, as well as for empty filters. The matrix of the filter was burned when heated up to
700 °C. When heated in the sample tube with limited access to the atmospheric air, the dust residue
can also undergo continuous change. Consequently, changes in magnetic susceptibility upon heating
may reflect not only the response of dia-, para- and ferromagnetic phases to increasing temperature
but also mineralogical changes. For the empty filter, only minor decay of susceptibility upon heating is
observed, with no ferromagnetic contamination (Figure 10a). The stable susceptibility of the empty
filter upon cooling indicates the removal of any paramagnetic phase. The background signal of the
empty filter was subtracted from the total signal of dust and filter (Figure 10b—p). For dust samples,
an increase in susceptibility upon heating occurs up to 500 °C, especially above 400 °C. A drop in
susceptibility on heating to 580-600 °C is present for all samples. In the 600-700 °C range, signals show
more noise and are difficult to interpret. Cooling curves from 600 °C have a typical strong increase
below 580 °C, and upon cooling to room temperature, the susceptibility remains significantly higher
than before heating.
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Figure 10. Changes in magnetic susceptibility during heating—cooling cycles (20-700 °C). Red—heating
curves; blue—cooling curves. (a) Curve for an empty fresh filter; (b—p) curves for dust residues, with the
signal from the empty filter subtracted. Data from a KLY5/CS4 device (Agico, Brno, Czech Republic).

3.2.3. Magnetic Hysteresis Results

For an empty filter of mass 1.06 mg, the magnetic moment was a few times higher than for
a diamagnetic sample holder. This indicates that, for most samples measured, results fall within the
sensitivity of the equipment. The hysteresis loop for an empty filter reveals a weak ferromagnetic and
diamagnetic contribution, as well (Figure 11), due to external impurities/contamination.

For dust samples collected on filters, experimental conditions were the same for all samples with
mass in the range of 0.8-2.6 mg. The contribution of different phases to the initial (low field) susceptibility
was evaluated based on the comparison of initial slope for the whole loop (Figure 11a, the contribution
of all dia-, para- and ferromagnetic phases) and slope corrected values (Figure 11b, the contribution of
a ferromagnetic phase only). Saturation magnetization moment Ms varied widely from —1.1 nAm?
(sample W1) to 287 nAm? (sample SIC2-SIC4, Figure 12b-i) for raw (i.e., not slope-corrected) loops.
In the case of two samples (W1 and W7), saturation magnetization Ms was negative due to a dominant
diamagnetic background in dust collected in the filter. For sample W1, the ferromagnetic phase
contribution was too low to calculate hysteresis parameters. For samples H6/1 to H6/4, a dominant
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paramagnetic phase was detected with a variably minor contribution of a ferromagnetic phase

(Figure 12f-).
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Figure 11. Hysteresis data for an empty filter placed in the quartz holder; (a) the whole hysteresis
loop, with peak field of 500 mT; (b) after slope correction, ferromagnetic contribution to the hysteresis
loop, high field linear component removed (here diamagnetic); (c) backfield data—Hcr—coercivity of
remanence value after DC magnetization at the field of 500 mT; (d) isothermal remanence magnetization
(IRM) acquisition curve after prior DC demagnetization of the sample with peak 500 mT field.
Data plotted after removing the signal of the quartz holder.
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Figure 12. Hysteresis loops for all samples (each identified by symbols)—before slope correction:
(a) data for an empty filter (EF), (b) for W1 dominant diamagnetic phase, (c—e) dominant ferromagnetic
phase and (f-i) dominant paramagnetic phase.

The apparent contribution of phases to magnetic susceptibility was approximated based on the
ratio of the initial slope after slope correction to the initial slope before slope correction (Figure 13).
If such ratio is lower than 0.5, a dominant paramagnetic phase is observed (e.g., samples H6/1-H6/4,
Figure 12f-i).
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Figure 13. A comparison of the contribution of ferro-, para-, diamagnetic phases to initial susceptibility
(normalized by initial slope value for uncorrected curve). Samples W1 and H6/3 do not yield realistic
values for the ferromagnetic phase due to very weak signals. EF, empty filter.

Further analysis of hysteresis parameters included interpretation of IRM acquisition curves
and coercivity of remanence values. No noticeable increase in IRM intensity was observed above
300 mT in any sample, indicating that a high coercive ferromagnetic phase is not present (Figure 14a).
The coercivity of remanence values (1646 mT) is also typical for low-coercive ferromagnetic phases
(Figure 14b,c). The product of heating of SIC2-SIC4 dust shows much lower coercivity, pointing to
a phase transformation of some dust components, e.g., magnetite from pyrite (Figure 14c).

For samples where hysteresis parameters Mr, Ms, Hc and Hcr for ferromagnetic phases were
calculated (all samples except for W1 and H6/3), the Day-Dunlop plot of apparent ratios Mr/Ms
vs Her/Hc was compared with theoretical curves calculated for several mixtures of single domain,
superparamagnetic and multi-domain (SD, SP and MD) magnetite (Figure 15). Samples show a
well-developed cluster of values characterized by a mixture of SD+MD or SD+SP magnetite grains.
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Figure 14. Remanence curves for dust residues: (a) example of IRM acquisition curve (H6/2 sample)—
fast saturation with a low H, specific for a low-coercivity phase; (b) example of a backfield curve,
Her value is determined (H6/2 sample); (c) distribution of Her values (heated SIC2-SIC4 sample shown
on the far right—see also Table A3, Appendix B).
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Figure 15. Day-Dunlop plot for empty filter and dust residues (Mr/Ms vs. Her/Hc ratios [40]).
The theoretical mixture lines for SP, SD-SP, PSD-SP and SD-MD magnetite after Reference [40]

are drawn.
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4. Discussion

To our best knowledge, there have been no studies to date involving geochemical dating
of a dust particulates as small as < 20 pum, to infer dust sources, specifically using non-isotopic
methods. In contrast, magnetic methods have been used for determination of the dust sources both
at low-to-moderate latitudes (e.g., Reference [41]), and in polar regions (see References [42,43] and
references therein). Magnetic studies (IRM) of the whole-ice specimens from Antarctica and Greenland
were performed at temperatures of 77 K [42] or 100 K [43], using superconductive magnetometers
(SQUID) for IRM measurements, which were then used for Hc; calculation. We also performed
magnetic studies, but at room temperature, using a Micromag AGM magnetometer to obtain hysteresis
parameters from direct measurements on cryodust concentrates. Unlike the IRM method, magnetic
susceptibility vs. T analyses (not possible on ice cores) allowed us to determine the Curie temperature,
which unequivocally identifies the magnetic phase.

4.1. Geochemical Results

Interestingly, zircon and monazite are present among heavy mineral particles, and, consequently,
geochronological measurements by electron microprobe could be performed. Although electron
microprobe analysis is not as precise as isotope dating, it has high spatial resolution, and age of particles
less than 10 microns across can be estimated without damaging the material. For the purpose of our
study, age information is very important in recognizing the potential sources of aerially transported dust.
Most of the data from both geochemically analyzed glaciers, indicate Silurian (syn-Caledonian) ages.
Age data of 1.3 Ga (Figure 8D), 1.6 Ga and 1.8 Ga may be derived from basement rocks, as such data were
documented from granitic-gabbroic rocks of the Skalfjellet Subgroup in Southwest Spitsbergen [44].

Spherical aggregates of minute pyrite (framboids) are the most common sulfides in the natural
environment. There are various proposals for the formation of framboids, mostly involving a biogenic
origin (see Reference [45] for a comprehensive overview). Pyrite framboids often occur along with organic
matter, silicates and/or carbonates. Although framboids are widely dispersed in rocks and sediments
worldwide, we suggest that framboids in glacier ice stem from a local cryoconite microenvironment,
in which biotic-abiotic interactions in the presence of sulfur and iron ions facilitated the formation of
FeS,. This is supported by the well-preserved spherical forms of the framboids (Figure 5).

Black carbon particles are emitted as a result of the incomplete combustion of fossil fuels and
biomass (e.g., see Reference [11]). Once deposited in or on snow, BCPs can reduce snow albedo
and accelerate snow melting, depending on their size distribution on the surface. We note that the
BCPs identified in this study are relatively large, perhaps pointing to nearby combustion sources and
anthropogenic activity.

4.2. Magnetic Results

For all dust residue samples collected in filters, magnetic methods brought information about the
magnetic phase composition. It should be underlined that magnetic analysis comprised all magnetically
active mineral particulates in the sample, regardless of their size. The amount of collected material
was sufficient to produce interpretable k(T) and hysteresis curves for all but two samples.

4.2.1. Susceptibility Results

Changes in magnetic susceptibility upon heating revealed the presence of magnetite that could
be of two origins—primary or produced in the laboratory as the product of oxidizing of initial
non-ferromagnetic phases. The increase of the amount of magnetite upon heating, revealed by the
cooling curves, can be attributed to the oxidation of iron sulfides. High-temperature segments of «(T)
curves are difficult to interpret. The presence of a small amount of weakly ferromagnetic hematite
cannot be excluded (Figure 10c,f-i). Such hematite could be both primary and secondary, generated
during laboratory experiments due to oxidation of Fe-bearing minerals. However, in fresh non-heated
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samples, no significant amount of high coercivity phases, such as hematite and/or goethite, was observed
when IRM acquisition curve data are examined. Given these circumstances, it is advised to perform
k(T) experiments in the presence of Ar gas, to assure a neutral ambient atmosphere for heated samples.
We noted an important variation of magnetic susceptibility for unheated samples (Figure 9c¢), pointing
to differences in the concentration of magnetic fractions between coring sites.

4.2.2. Hysteresis Parameters

Magnetic hysteresis studies indicate that the concentration of para-, dia- and ferromagnetic phases
in the cryodust is variable even within the same long ice-core (Hornbreen (Flatbreen) H6/1-H6/4).
Variation in the concentration of magnetic grains along the core implies temporal changes in the dust
supply, although time bracketing for sedimentation rates is difficult to assess for lack of time constraints.

In general, three types of cryodust can be distinguished on a basis of the predominant
contribution of the mineral grains to magnetic properties (see Table 2): A—diamagnetic type,
B—paramagnetic type and C—ferromagnetic type. Ferromagnetic dust is overwhelmingly present in
all cores, making a natural background for variable concentrations of paramagnetic and diamagnetic
fractions. Such variation may be dependent on local bedrock exposed to weathering. Good examples are
the cores from Werenskioldbreen, compared with those from Storbreen and Hornbreen (Flatbreen).
The former includes higher diamagnetic fractions, consistent with proximity to exposures of the
Carboniferous-Permian carbonates (note that CaCOj is diamagnetic, while phases such as clay minerals
and pyrite are paramagnetic) of the Kapp Starostin Formation and the Hyrnefjellet Formation [46].

4.3. Dust Source Areas

4.3.1. Sedimentological Indicators

Dust particles are poorly sorted, coarse and irregular in shape, indicating limited transport. Grain sizes
within the aerosol range, spanning from a few up to 60 um, are common. Larger grains, up to ca.
100 um are also present (Figures 2 and 4), and they were probably transported by extremely strong
winds from mountain exposures surrounding the glaciers.

4.3.2. Geochemical Indicators

Chemical analysis indicates a Silurian age for most of the dated monazite (Figure 8). The nearest
area with rock exposures of this age is the Nordaustlandet (Figure 1) [47]. Although direct transport
from the source area is possible, we also allow for stepwise transportation of the monazite grains,
with temporal settling at intermediate grounds/places. Interestingly, a few monazite grains yielded
Proterozoic ages, dated 1.35 Ga (see Figure 8D), 1.6 Ga and 1.8 Ga. These grains could be derived from
the sedimentary protoliths of the Isbjernhamna schists, which contain detrital grains of Paleoproterozoic
zircons [44].

Erosion of the Svalbard mountain ranges is the most probable source of dust deposited on and
preserved in the local glaciers, although we cannot exclude external sources located in Scandinavia,
Greenland or the Canadian Arctic. Minerals and glass fragments diagnostic of rocks from tholeiitic
volcanics, as would have been derived from Icelandic eruptions (see References [8]), were not observed.
This may indicate that the sources of dust in our study do not include volcanic aerosols of Icelandic
origin. Consequently, the cryodust in this study was probably deposited during a period lacking in
volcanic eruptions.

4.3.3. Magnetic Indicators

The likelihood of local (in the sense of Svalbard archipelago) sources of cryodust can be supported
by the predominance of magnetite among magnetic phases, with only a trace presence of hematite (if
any), and an apparent lack of Fe-hydroxides. Unlike in ice samples from Greenland and Antarctica [42,43],
no noticeable traces of high-coercivity grains, such hematite or goethite, were found. Such a magnetite-
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dominant assemblage also contrasts with the predominance of goethite and hematite in the dust of the
subtropical/tropical zones (e.g., see References [41,48-51]). Goethite is the dominant Fe-hydroxide in
cryoconite holes of glaciers on the Tibetan Plateau, supplied by the wind from the Tibetan desert [52].
In the polar zone, a low temperature and generally dry climate (i.e., limited concentrations of the
water vapour in the atmosphere) hamper the process of oxidation from Fe?* (ferrous, Fe'l) to Fe®*
(ferric, Fe!ll; see Reference [53] for a comprehensive discussion), preventing magnetite grains from
oxidizing into goethite or hematite. Additionally, pyrite grains in the cryodust do not exhibit evidence
of oxidation (Figure 3).

The poverty of Felll

magnetic phases in the cryodust points to a lack of the cross-latitudinal
influx, constraining source areas to the Arctic zone (i.e., within polar convection cells). We propose
that magnetite in the cryodust originated from Svalbard itself. Indeed, there are many sedimentary
and/or igneous rocks exposed around Southern Spitsbergen that could be sources of magnetite [54-59].
Magnetite has also been found in the exposed Triassic rocks of Eastern Edgeoya [60]. The latter area
is particularly likely as a source area for dust over Southern Spitsbergen, due to its easterly position
relative to the sampling sites (Figure 1) and the dominance of easterly winds [61-63]. Edgeoya Island
(Botneheia Fm) may be also a potential source area for framboids of iron sulfide [61] identified in SEM
images (Figure 3). Moreover, flakes of carbon in the core sample from Storbreen (Figure 4) could be
sourced from the Botneheia Formation, which is strongly enriched in organic carbon occurring in the
form of kerogen and syngenetic bitumen [64].

Concerning the presence of hematite, one potential source could be the Devonian (Old Red)
sandstones of Dicksonfjorden [65], which are currently exposed to weathering.

All of these premises speak in favor of local-to-regional (in the scale of Svalbard) aeolian transport,
with main areas located to the East and to the Nord from the coring sites, at Edgeoya and Nordaustlandet
areas, respectively. Easterly winds prevail on Svalbard at both local [66-68] and archipelago scales [69],
with wind speeds capable of transporting dust particles on a regional scale [70]. Some identified
mineral phases (silicates and carbonates, all essentially diamagnetic), are light in color, contributing
less to the glacier albedo than dark materials, such as Fe-oxides, pyrite grains and BCP. We note that
the cryodust of Werenskioldbreen is enriched in diamagnetic phases, in contrast to Recherchebreen,
Storbreen and, partly, to Hansbreen (Table 2). Questions of how strongly cryodust contributes to the
mass balance of glaciers by lowering their albedo [71-74] and the effects of cryodust on the rheological
properties of ice are certainly worthy of further study. Particularly, the latter issue remains essentially
unexplored, except in some cases of small planetary bodies [75].

5. Conclusions

1. The mineral fraction of aerosols (here defined as cryodust, < 6.10™ m in size) deposited in
glaciers of the Southern Spitsbergen includes an assemblage of common rock-forming phases
accompanied by heavy minerals, such as monazite and zircon.

2. Despite a low concentration in ice cores, sources of cryodust can be determined by a combination
of geochemical, geochronological and/or magnetic methods.

3. Chemical dating by electron microprobe analysis was effective for monazite grains as small as
20 pm, and yielded syn-Caledonian ages (429423 Ma), pointing to nearby Nordaustlandet (NE
Svalbard) as a possible source area, where a Caledonian orogenic belt is exposed to weathering.

4. Magnetic analyses of the cryodust demonstrated the predominance of magnetite and an apparent
lack the of Fe!l'-bearing minerals that are more characteristic of low-latitude weathering zones,
indicating a lack of cross-latitudinal, far-distance transport of aerosols.

5. Magnetite in association with pyrite and prevailing easterly winds suggest near-distance transport
from the exposed Triassic rocks of the western part of Edgeoya.

6. The presence of intact and non-oxidized framboids of pyrite may point to an origin in local
cryoconite holes.
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Appendix A

Details of Geochemical Procedures and Methods

An accelerating voltage of 15 kV was used, with a probe current of 200 nA. The line measured,
standard used, counting time and detection limit for each element are presented in Table A1 Difficulties
introduced by line interferences among REE, Th, Pb and U were dealt with, in the case of strong
peak overlaps, by choosing alternative lines, usually of lower intensity. Remaining interferences
were resolved by empirically measured correction factors [76]. PbM«x was preferably measured over
PbM, due to higher intensity and resolvable interferences. To obtain correct Pb estimates, a critical
interference of YLy2,3 on PbMa had to be corrected. An interference at PbMo position results from the
combined effect of ThM(1 and ThM{2 lines. This interference is relevant in case of high Th monazites.
Uranium measured on UM also suffers from interference with the Th lines ThMy, ThM5-P3 and
ThM4-O2. Moreover, the background position on the higher wavelength side is affected by the presence
of a Th-M5 absorption edge. Consequently, background intensity is measured on the lower wavelength
side of UM and a slope factor 0.888 is used to extrapolate the background at the line position. In the
chemical dating method, U analyzed in monazite is converted into the hypothetical equivalent of Th
with respect to production of radiogenic Pb. is represented by Th* (Table A1).

Table A1l. Chemical dating of monazite from Storbreen and Recherchebreen glaciers. All measured
values are given in weight %. See text for further explanation. Th* is the sum of measured Th and

hypothetical Th.
Age Error *
Label Th U Pb Y by Ma, 20) Th
SIC4_mnz1 3.26 0.122 0.078 0.3908 436 38 35
Storb SIC4_mnz2 0.601 0.045 0.019 0.3345 425 175 0.71
orbreen SIC4_mnz3 3.75 0.082 0.082 0.1929 423 34 3.8

SIC4_mnz4 471 0.346 0.378 1.358 1365 34.5 5.6
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Table Al. Cont.

Label Th U Pb Y &g; a\zr‘;ﬂ Th*

RIC3_mnz1-1 456 0.190 0.108 0.6591 423 27 49

RIC3_mnz2-1 3.09 0.178 0.056 1.176 256 36 35

RIC3_mnz3-1 4.24 0.264 0.427 0.6639 1780 42 4.9

Recherchebreen,  RIC3-mnz3-2 415 0.208 0.373 0.7671 1644 42 4.6
RIC3_mnz4-1 1.22 0.057 0.034 0.3451 468 91 13

RIC3_mnz1-2 425 0.177 0.105 0.5828 445 29 4.6

RIC3_mnz5 341 0.104 0.082 0.5562 439 37 35

RIC3_mnz6 1.71 0.049 0.043 0.3691 445 72 1.8

Appendix B

Appendix B.1. Details of Magnetic Procedures and Methods

Measurements of k for an empty filter and 15 filters with dust residues were performed in
a magnetic field of 200 A/m at 976 Hz. Filters were placed in the standard plastic holder, and the
previously determined « of the holder was subtracted automatically. Due to the weak k of samples,
at least four measurements were performed for each filter, and results were averaged to obtain raw
magnetic k value un-normalized for the sample volume.

For magnetic hysteresis properties, square pieces of the original filters, roughly 3 by 3 mm and
weighing 1-2 mg, were used. Due to the very low mass of such filter pieces, the real mass of dust residue
at the sample was not determined, and mass data were not used for calculations and normalization.
The pieces were wrapped in plastic foil, to avoid loss or contamination of dust. A Micromag AGM
2900-02 magnetometer from Princeton Measurements Company (USA) with 2-inch coils and field up
to 1.4 T was used to determine the hysteresis parameters of filter samples, as well as the backfield
coercivity of the remanence and isothermal remanence curves at room temperature.

Initial magnetization curves and hysteresis loops were obtained for samples weighing 1-2 mg in
a magnetic field of up to 500 mT (398 kA/m). After the subtraction of the signal from the diamagnetic
quartz holder, the resultant curves were processed with Micromag AGM software, to determine
high-field linear response (paramagnetic or diamagnetic) and to calculate the parameters of the
remaining ferromagnetic component loop. The high-field slope value was calculated to assess the
paramagnetic contribution to susceptibility, and the initial slope value was used to evaluate the
ferromagnetic contribution to susceptibility.

In addition, hysteresis curves were processed with Hystlab software [39], to smooth data,
and slightly corrected Ms, Mr and Hc values were obtained (difference of up to 10% of their value).
For two samples with very noisy hysteresis curves (H6/3 and W1), the use of Hystlab software was
not effective.

Appendix B.2. Additional Figures and Tables
Appendix B.2.1. Magnetic Susceptibility Data

Table A2. Magnetic susceptibility data and bulk magnetic susceptibility («) of the filter with dust and
for dust residue are listed; mass specific susceptibility (x) for dust residue is listed.

Mass of k - Bulk K - Bulk
. o et -
Location Sample Mass (1.0 kg) Residue .SuSCel:ztlblllt}t of Suscepflblllty X Susceptlballlty
Name of Filter (10-6ke) Filter with Residue  of Residue = per Mass m°/kg
8 (SI vol) (SI vol)
Flath FIC2 106.7 28.6 1.420 x 1076 1.450 x 1076 5.065 x 10~/
atbreen FIC3 115.06 36.6 9.130 x 1077 9.460 x 107 2.584 x 1077
H6/1 100.2 21.9 1.333 x 1076 1.369 x 1076 6.262 x 1077
Hansbreen Hé/2 90.6 12.3 1.018 x 107° 1.104 x 107® 9.005 x 1077
Heé/3 87.5 9.1 9.421 x 108 1.296 x 107 1.418 x 1077

H6/4 89.4 11.1 8.742 x 1077 9.095 x 1077 8211 x 1077
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Table A2. Cont.

Mass of - Bulk - Bu'lk. . i ers
Location Sample Mass (107 kg) Residue .Suscep-hblllt)t of Suscepflblllty X Susceptibility
Name of Filter (10-%kg) Filter with Residue  of Residue  per Mass m®/kg
(SI vol.) (SIvol.)
Recherche-breen RIC2 121.5 43.1 2.720 x 1077 3.050 x 1077 7.073 x 1078
RIC3 88.5 10.1 7.850 x 10~/ 7.902 x 1077 7.811 x 1077
Storbreen SIC2-SIC4 120.7 423 7.098 x 1076 7.346 x 1070 1.736 x 1076
W3 110.9 325 6.270 x 107¢ 6.300 x 107 1.937 x 1076
W4 89.9 115 1.510 x 107® 1.540 x 1076 1.339 x 1076
Werenskiold-breen w1 87.2 8.8 7.030 x 1077 7.889 x 1077 8.934 x 1077
W2 96.1 17.7 1.650 x 106 1.680 x 1076 9.469 x 1077
W5 107.2 28.9 3.590 x 10~¢ 3.620 x 1076 1.255 x 1076
W7 92.6 14.3 1.113 x 107® 1.199 x 107® 8.387 x 1077

empty filter 784 -8.588 x 1078 -1.096 x 1078
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Appendix B.2.2. Magnetic Hysteresis Data

Table A3. For signal after para-/diamagnetic slope correction: coercivity (Hc), magnetic remanence moment (Mr), saturation moment (Ms), the coercivity of remanence;
data not normalized per mass/volume. Initial slope parameters for an initial magnetization curve to calculate the contribution of para-/dia- and ferromagnetic
components for low field susceptibility. Location of samples according to Table 2. Data for Hc, Mr and Ms were obtained after processing with Hystlab software [39];
Her data were calculated with the AGM magnetometer software.

Initial Initial Initial i ips .
Sample WA AmD  mAmD  Geammy  M7Ms  HafHe IO armed o P Normalired  Normalised
empty filter 8.0 0.20 135 3037 0.15 3.80 125 135 1.0 dia 1.08 ~0.08

- RC2 800 148 1490 2589 010 324 1 1570 1506 64  para 0% o004
= T 840 197 1550 2727 013 325 1 1864 1755 109 para 094 o006
 Het 064 015 085 243 017 305 203 83 120 para 041 05
- He2 736 010 077 2892 013 393 279 70 208 para 025 o075
~ HeB  na 008  -021 3% - - 149 -18 67 para 012 112
 Hes 504 012 151 563 008 509 29 137 92 paa 060 o040
. RC2 1040 040 260 3002 016 289 199 286 86 dia 43 043
- RIG3 688 079 56 209 014 423 612 634 22 dia 4 004
sic2sica 1384 027 19800 3779 02 273 24230 22050 2180 | para 091 009
oW 440 035 579 1805 006 410 549 624 74 dia 4 014
Wi na 006  -017 4651 - - 31 -0z 24 dia 023 077
o owe 264 976 13500 1634 007 619 7o I 02 dia 2 012
ows 504 573 7700 1875 007 372 8551 8202 349  para 0% o004
ws 768 150 1550 2479 010 323 1 917 151 356 para 081 019
owr 712 089 860 25 010 35 748 980 - 233 dia e 031

SIC2-SIC4 (ht) 7.44 40.20 175,00 13.96 0.23 1.88 3383.0 3438.0 -55.0 dia 1.02 -0.02
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