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Physical properties of suspended dust during moist
and low wind conditions in Iceland
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ABSTRACT

We measured a dust event which occurred during wet and low wind/windless conditions as the result of
surface heating in August 2013. Maximum particle number concentration (PM~0.3-10 pm) reached 149,954
particles cm™ min! while mass concentration (PM<10 um) was 1757 ug m> min"'. The suspended dust was
very fine with the highest number of particles in the size range 0.3-0.337 pm, followed by particles 1.5-5 pm
in diameter. Close-to-ultrafine particle size distributions showed a significant increase in number with the
severity of the measured dust event (during dust peaks). Number concentrations were well correlated with
mass concentrations. The mineralogy and geochemical compositions showed that glaciogenic dust contains
sharp-tipped shards with bubbles and 80 % of the particulate matter is volcanic glass rich in heavy metals. Wet
dust particles were mobilized within < 4 hours. This is the first scientific study of particle size distributions
in an Icelandic dust event including findings on initiation of dust suspension.

Keywords: atmospheric measurements, dust storm event, surface heating, dust aerosol, climate aspects

YFIRLIT

Edliseiginleikar ryks vid vindrof i litlum vindi rék vedurskilyrdi d Islandi

Taekjum var komid fyrir 4 Melifellsandi nordan Myrdalsjokuls til malinga & ryki 4 upptakasvedi rykmeng-
unar agust 2013. Vid meldum einn ,,rykatburd* sem atti sér stad vid mjog lagan vindstyrk pegar sandurinn
hitnadi i solskyni. Hamarksstyrkur korna (PM~0,3-10 pm) nadi um 150 000 kornum cm™ minttu! 4 medan
péttleiki (PM<10 um) var 1757 pg m* minatu. Rykid var mjog finkorna med flest kornin 0,3-0,337 um en
nast felst af kornasterdinni 1,5-5 um. Hlutdeild mjog finna korna jokst med rykmagninu. Fjoldi korna og
kornastyrkur fylgdust vel ad. Bergfradi og jardefnafraedi kornanna syndi ad pessi jokulattudu rykkorn
voru sum oddhvdss og blodrott og ad 80% efnanna er gosgler med hau innihaldi af ymsum pungmalmum.
Rykkornin tokust a loft eftir ad hafa pornad < 4 tima. Pessar rannsoknir eru paer fyrstu sem syna kornasterdir
ryks & fokstad pegar rykframleidsla a sér stad og paer fyrstu til ad syna adstaedur pegar rykmengun verdur
nanast i logni.



26 ICELANDIC AGRICULTURAL SCIENCES

INTRODUCTION

Atmospheric dust has been measured in major
desert areas of the world since the 1950s
(Chepil & Woodruff 1957, Aston et al. 1973,
D’Almeida 1986, Wang et al. 2008). High lati-
tude and periglacial areas are also important
sources of dust, but the number of dust studies
in cold climate areas is significantly lower than
reported for the major dry deserts. Dust meas-
urements within cold region dust sources are
mainly seasonal and employ measurement
techniques focused mostly on the coarser silt-
sized or sand-sized particles (Nickling 1978,
Bullard 2013). Air particle monitoring using a
range of automatic instruments is conducted
far from the dust sources in the Arctic (NILU
2013).

Iceland is an active source of dust originat-
ing from glaciogenic and volcanic sediments.
Volcanic sandy deserts and glacial outwash
plains cover > 22% of the country (Arnalds et
al. 2001). These areas are subjected to strong
winds and severe wind erosion with dust depo-
sition exceeding 500 g m? yr' in some areas
(Arnalds 2010). Long-term observations of
atmospheric dust show a high frequency of
dust events in Iceland with > 34 dust days
annually over the last 60 years (Dagsson-
Waldhauserova et al. 2013a). The position of
the Icelandic low determines whether dust
plumes travel in a north-east or southerly
direction. An annual mean of 16.4 dust days
was recorded in NE Iceland and about 17.9
dust days occurred annually in southern parts
of Iceland in 1949-2011 (Dagsson-Waldhause-
rova et al. 2013a, 2013b). These figures repre-
sent minimum values as many dust storm
events occur without the dust passing the
weather stations that can record the events.
The frequency and the amount of dust meas-
ured in Iceland places the country among the
major dust areas of the world (Mongolia, Iran,
USA, China). Furthermore, Icelandic dust
storms have been found to be among the most
severe wind erosion events recorded on Earth
(Arnalds et al. 2012, 2013).

Measurements of particle mass concentra-

tions in Iceland have been mostly related to the
Eyjafjallajokull eruption in 2010 (Leadbetter
et al. 2012) or areas distal from the dust sourc-
es (Thorsteinsson et al. 2011, Blechschmidt et
al. 2012). No direct measurements of dust con-
centrations within the major dust sources in
Iceland have been made. Size segregated parti-
cle mass concentrations and number-size dis-
tributions (number of particles in defined parti-
cle size ranges) of dust aerosol can provide a
better understanding of physical properties,
such as textural, morphological and shape
characteristics, and the possible health impacts
of dust events (Harrison & Yin 2000, Morman
& Plumlee 2013). Studies on number concen-
trations including particles < 10 pm in Iceland
have not been published in the literature to
date.

Icelandic dust differs from dust originating
from continental dust sources, such as the
Saharan and Asian dust. The dust is volcano-
genic in origin, of basaltic composition, with
lower SiO, proportions (<50%) and higher
Al O,, Fe,0, and CaO content than crustal dust
(Dagsson-Waldhauserova et al. 2013c). Vol-
canic dust made of glass can be very sharp and
porous allowing particles as large as 50 um to
travel long distances (Navratil et al. 2013).

The main objective of this study was to pro-
vide an overview of physical properties of Ice-
landic dust, as exemplified by dust from
Mzalifellssandur, which is one of Iceland’s
main dust sources. Results of the first synchro-
nized measurements of particle number and
mass concentrations during a dust event direct-
ly within a dust source in Iceland are here
reported. This information is combined with
mineralogical and geochemical analyses of the
source material to discuss the possible risk of
Icelandic dust to human health.

METHODS

Location

Atmospheric Dust Measurements in Iceland
(ADMI 2013) is a pioneering project launched
to investigate the physical characteristics of
dust aerosol in situ at the dust source. The
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Figure 1. A map of Iceland with location of sampling site (Mzlifellssandur) and active volcanoes (marked with red
triangles). Based on the Agricultural University of Iceland Nytjaland and Erosion Databases, prepared by Sigmundur

Helgi Brink.

ADMI 2013 took place in southern and south-
western Iceland on 8-18 August 2013. It was
generally a period of high precipitation and
low winds when no major dust storm event
was observed. Nevertheless, one short dust
event was measured directly at a dust source
on 12 August 2013. Instruments were placed
on the dust source, the Mealifellssandur sand
plain, which is located north of Myrdalsjokull
Glacier in South Iceland (Figure 1, N 63.81569
W 19.12403, 601 m above sea level, 2 km N of
glacier). Melifellssandur is a 50-60 km? un-
stable glaciofluvial plain at 550-650 m eleva-
tion. It undergoes widespread flooding during
the summer melting of the glacier, leaving
unstable, silty materials behind, and is consid-
ered one of the major dust sources of Iceland
(Arnalds 2010). One of Iceland’s most active
volcanic systems, Katla, is located under the
Myrdalsjokull Glacier (Thordarson & Hosk-

uldsson 2008), and the materials deposited on
the sand plains are derived from this volcanic
system. The last eruption of Katla that reached
through the glacier was in 1918.

Instrumentation

Two TSI 8520 DustTrak Aerosol Monitors
(DustTrak) and one TSI Optical Particle Sizer
3330 (OPS) were placed one meter above the
surface on the dust source. The DustTrak is a
light-scattering laser photometer that measures
aerosol mass concentrations from 0.001 to 100
mg m for particles ranging in size from 0.1 to
10 pum. Particle concentrations recorded by
DustTrak instruments have been previously
found as a reasonably accurate measure of dust
storms in Arizona (USA) and Australia (Jay-
rante et al. 2011). The OPS provides particle
concentration and particle size distribution
measurements using single particle counting
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technology, for particles with optical diame-
ters from 0.3 to 10 um. It employs optical scat-
tering from single particles where particle
pulses are sized and binned in up to 16 differ-
ent channels.

The DustTraks were calibrated to measure
Particle Mass Concentrations (PMC) of two
particle diameters (PMC,  for particles <10 pm
and PMC, , for particles <2.5 pm). As result,
we measured simultaneously two PMCs
(PMC,, PMC, ) and Particle Number Concen-
trations (PNC) from the OPS. The OPS chan-
nels that best matched the PMC, | were of par-
ticle diameters 0.3-2.685 um.

Mineralogical and geochemical analysis
We used two instrumental approaches to
obtain physical and chemical characteristics of
the dust particles collected from the active sur-
face layer of the Melifellssandur dust source
right after the dust event. Firstly, semi-quanti-
tative estimates of mineral content (Bruker DS
Discover) were determined from X-ray pow-
der diffraction (XRD) data using the reference
intensity ratio (RIR) method and, secondly,
energy dispersive spectrometry EDS/(EDX),
with a BRUKER silicon drift detector (SDD)
on a VEGA3 XM TESCAN electron micro-
scope (polished sections) was used for elemen-
tal characterisation of glass and minerals in the
individual particles.

Using the Bruker D8 Discover, the semi-
quantitative estimates of the mineral content

were determined from X-ray powder diffrac-
tion data using the reference intensity ratio
(RIR) method as implemented in the Bruker
DIFFRAC.EVA software. To make the esti-
mates as accurate as possible the ICDD PDF2
database entries containing experimentally
determined RIR values were preferred. Such
determined mineral concentrations should be
correct within 10-20 rel. % range depending
mainly on absolute content of the particular
phase in the mixture under investigation, crys-
tallinity of the material, diffraction geometry
used to collect the database standard data, and
preferred orientation of the studied specimen.

The second approach involved back-scat-
tered-electron (BSE) detection of the size, out-
line and aggregation parameters of the mineral
and glassy components and, subsequently,
their EDS chemical element analysis. Such
detailed inspection of particle populations
allowed us to improve the previously obtained
XRD-based estimates of mineral proportions,
so that we assumed (although not exactly cal-
culated for each of the minerals) that the possi-
ble uncertainty for the mean values was
reduced to the order of a few percent.

For volcanic glass, the EDS measurements
of clustered points and inspection fields were
used. The composition of the volcanic glass
was determined with a chemical pattern for
eight main oxides which were recalculated to a
total of 100 % (Na,O, MgO, AlO,, SiO,, K0,
Ca0, TiO,, and FeO, where the latter denote

——

Figure 2. Photographs showing the dust suspension event measurements. The surface was exposed to solar radiation
for four hours before the event occurred (left). Surface heating resulted in cloud formation and upward air motion
causing uplift of dried silt particles from the upper surface layer (middle and right).
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Atmospheric dust measurements

The dust event was measured under unique
conditions, during low wind/windless condi-
tions when the surface was still moist after pre-
vious high precipitation. The main driver of
dust suspension was direct solar radiation and
consequent surface heating. The South Iceland
region experienced a period of high precipi-
tation for over a week before and during the
measurements. The closest weather station
equipped with a rain gauge, Laufbali, had an
accumulated precipitation of > 55 mm during a
period of five days, ending 14 hours before the
event. High relative humidity (77-90 %) and
low wind speeds (0-4 m s™') were measured at
the closest weather station, the high altitude

station Tindfjoll, 870 m a.s.l., during the dust
event. Daily mean temperature was 6.3 °C,
similar to the previous five-day mean (6.2 °C).
The first dust whirls were visible after the sur-
face was exposed to direct solar radiation for
about four hours. Surface heating resulted in
cloud formation and upward air motion during
which dust started to be mobilized (Figure 2).
Substantial dust repeatedly passed the instru-
ments from all wind directions for about 40
minutes and the corresponding dust peaks are
visible in Figure 3.

The maximum PNC,  (one-min average)
was 149,954 particles cm”® and PMC, (one-
min average) was 1757 pg m=. Maximum con-
centrations of the PM, , fraction were meas-
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Figure 5. Size distributions of dust particles in size range 0.3 pm to 10 pm determined from the dust peaks (a, b,
¢, e), between the dust peaks (d) and after the dust event occurred (f). N - particle number concentration.
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ured as 85,528 particles cm? in
number concentration, with the
mass reaching 116 pg m?3. PNC
were well correlated with PMC
readings (R?=0.939; Figures 3, 4).
The more prominent the dust

Table 1. Estimated amounts of components in the Melifellssandur
particulate matter. The semi-quantitative estimates are based on XRD
analyses, but the smallest mineral contents (around XRD detection
limits) also required verification of their presence by means of the
chemical composition (EDX) and morphology of crystals (SEM-BSE).
Note the predominance of glass (~ 80 wt. %).

plume was, the higher the number

) - MINERAL AND MATERIAL PHASES wt %
of fine particles mobilized and, .

h h . . Volcanic glass, amorphous component 78.2
thus, the mass. concentration 1n- Plagioclases (Na-rich anorthite + bytownite?) 12.2
creased accordmg}y. The amount Pyroxenes (augite) 4.6
of suspended particles, > 7.5 um, Olivine + serpentine minerals (antigorite-lizardite?) 1.8
was very small. Zeolites (wairakite?) 1.1
Figure 5 shows the particle size Quartz 0.8
distribution in 17 size classes rang- Magnetite + ulvospinel 0.7
ing 0.3 to 10 um for the dust peaks Amphiboles (actinolite-tremolite?) 0.3
(a, b, ¢, ), between the dust peaks Undetermined phases and other components 0.3

Total 100.00

(d) and after the dust event

occurred (f). Very fine particles,

0.3-0.337 pum in diameter, were most abundant
during all the measurements. When dust
plumes passed through the instruments, the
highest number of particles was found in the
size range of 0.3-0.337 pm and 1.5-5 pm in
diameter. The mean (median) particle diameter
during the dust event was 1.69 um (1.58 um)
with a range of 0.5-3.4 um. Overall, the mean
PMC,, and PNC,  measured directly on the
dust source during the dust event were 234 pg
m and 19,024 particles cm™, respectively.

Mineralogical and geochemical analyses

The population of volcanogenic particles in the
sample was homogenous, consisting mostly of
extremely angular, sharp-tipped shards of
largely homogeneous volcanic glass contain-
ing a small number of bubbles. These were
highly polydisperse, nanometric/micrometric
to coarse silt-sized (0.1-63 um) particles. The
shard faces were often curved and concave.
They corresponded to spontaneous fracture
patterns but, in part, also fragmentary outlines
of the bubbles which originally exceeded the
size of the particles. Most of these small shards
resembled the volcanic glass particles which
were found after the 2011 Grimsvétn eruption
in Scotland (SEPA 2011) and subsequently
also in the Czech Republic (unpublished data

of the authors). However, this morphological
similarity is incidental because of the different
elemental compositions of the Malifellssandur
tephra glass (see Table 2 and Oladottir et al.
2005, 2011). According to the XRD analysis
and the BSE inspection, the total amount of
glass in the particulate matter reached almost
80 wt. % (Table 1).

The grains exceeding silt sizes were rare but
their mass contribution was considerable. The
large, sand sized clasts (0.063—-0.95 mm) also
consisted of glass, but mineral crystallites and
phenocrysts made up a few to tens of %. In
these clasts, the occurrence of Na-rich anor-
thite and augite was the most typical feature
(Table 1, Figure 6). Olivine and antigorite
occurred in significant amounts, together with
ulvospinel, which typically formed tiny skele-
ton crystals in the glass. Other clinopyroxenes,
biotite, alkali feldspars or quartz, particularly
in their common sizes around 10 um of particle
equal diameter, were not found by the tech-
niques applied and amphiboles were rare.
Small amounts of zeolites (possibly wairakite
based on the XRD signal) were present, main-
ly in the fine crystalline matrix of well packed,
fine-silt lumps, and occasionally could be pre-
sent with altered augitic aggregates.

The geochemical composition pattern of the
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Figure 6. The BSE images of the Mlifellssandur particulate matter polished sections: Several examples of contrast-
ing clusters of larger clasts in otherwise monotonous masses of polydisperse silt-sized (< 63 pm) shards of volcanic
glass.

A — Meli-1, occurrence of friable lumps of sub-millimetre sizes where the smallest glass particles prevailed. These
were kept together due to dense packing, adhesion, and the presence of slightly developed (amorphous, crystallite
dotted) meniscus and pendant cements (precipitated solutes). B — Meli-3, a large shard of blocky glass containing
small An-rich plagioclase laths (grey) and pyroxene and spinel crystals (relatively bright). The shard contains irregu-
lar voids/bubbles, selectively filled by the finest glass-silt fraction. Fractures in glass are fresh and still can expand. C
—Meeli-4, a large clast with imperfectly crystallized plagioclases (grey) and pyroxenes (bright). The brightest dots are
Fe- and Ti-rich minerals, particularly the skeleton crystals of ulvospinel. D — Meli-5, pure homogeneous glass shard
with a bubble (left) and a rare clast which consists of Na-rich anorthite (dark), altered augitic mass with amphiboles
and zeolites (intermediate tones, structured), and an unusual hopper-shaped olivine (brighter, in upper right corner).
E — Meli-6, an uncommon spherical glass grain, with very slight initial crystallite dotting in its central part and
exfoliation at the surface. F — Meli-8, a millimeter-sized clast of fibre-like volcanic glass with long tubular bubbles.
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‘blackish’ particulate matter (PM) glass was
relatively stable. Based on the pattern of eight
main oxides, this volcanic glass showed a very
specific composition which could be easily
identified in any mixture of dust deposited at
some distance from the source (Table 2) and
was notably different to the glass from recent
eruptions. In particular, the Mealifellssandur
glass had substantially higher amounts of FeO,
MgO, CaO and TiO, than glass from the recent
eruption of Eyjafjallajokull, as shown in Table
2. The glass was more similar to historical
tephra from the Katla volcano (Table 2, Boy-
gle 1994, Sigmarsson et al. 2011) with high
levels of iron and titanium (FeO~17 %, TiO,~6
% on average for our sample and FeO~15 %,
TiO,~ 5% for the Katla tephra). The TiO, con-
tent was particularly high, being 6-7 times
higher than the content in the Eyjafjallajokull
glass and considerably higher than that report-
ed for tephra from the active Bardabunga and
Grimsvdtn volcanic systems under the Vatna-
jokull glacier to the east (Oladottir et al. 2011).
The high concentrations of TiO, and FeO were
accompanied by depletion of SiO, in the glass
to about 43 wt. % (Table 2). Such concentra-
tions were lower than that reported for the
MgO- and FeO-rich Laki tephra (ca. 50 %
Si0,, Kekonen et al. 2005), for Katla basalts
(46-50 %), and for the entire East Volcanic
Zone, including Eldgja and Vestmannaeyjar
(Oladottir et al. 2005). Strong depletion of
SiO, in the Melifellssandur material was a
specific feature having a great potential to
characterize the suspended particulates from
this main dust source.

In comparing the particle sizes of suspended
dust and the surface sample of deposit taken
after the dust event, the surface sample was
deprived of particles < 10 pm and significantly
lower in particles < 2.5 um than the measured
suspended dust. Figure 6 shows that the aggre-
gates consisted of fine and sub-micrometer
particles, but ‘single’ particles were often of
larger sizes (> 10 pm).

DISCUSSION
The ADMI measurements showed that dust
generation can be activated under specific con-
ditions such as from wet surfaces during the
high precipitation season, from low wind
speeds and low temperatures. The concentra-
tions and size distributions measured during
the short dust event give a unique insight into
the initiation of dust storm events. Aerosol
concentrations measured during wet back-
ground conditions on the dust source were
very low; PMC, ~1-5 pg m® and PNC, ~222-
2550 particles cm™. A gradual, steady surface
heating caused the concentrations to rise with
suspension of the dust and, in about four hours
of direct sun, the PNCs increased over 100
times while PMCs increased over 600 times.
This event was observed during low wind/
windless condition and we assume that the
time needed to initiate dust production or sus-
pension of the drying silt on the dust source
decreases with higher wind velocities.

Comparing PNCs recorded during dust
events elsewhere has shown the importance of
close-to-ultrafine particles (0.2-0.35 pum) in
respect to the total number concentration (Jay-
rante et al. 2011). The particle diameter mode
of 0.2-0.3 pum can contain up to hundreds of
thousands particles per cm™ during severe dust
storms or volcanic eruptions (Jayrante et al.
2011, Vogel et al. 2012). Background condi-
tion concentrations or concentrations meas-
ured by counters designed for particle diameter
>(0.5 um count up to hundreds of particles per
cm (Tittarelli et al. 2008, Jayrante et al. 2011,
Zhou et al. 2012). Such high PNCs of particles
0.3-10 pm as were measured here have only
been reported during a volcanic eruption
(Vogel et al. 2012). This shows that glacially
derived airborne sediments are very fine with
the highest number of suspended particles in
sizes 0.3-0.337 pum in diameter, at least during
the low wind speed events described here.
Therefore, such source material is easily sus-
pended within a short time.

Despite this, the mass concentrations meas-
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ured during this small event were significantly
lower than those measured during severe dust
storms elsewhere and further from major dust
sources (Wang et al. 2008, Jayrante et al. 2011,
Dagsson-Waldhauserova et al. 2013b). The
wind was not strong enough to lift many of the
wet particles > 5 um. The mean PMC  of 234
pg m? confirmed the long-term estimation of
PMC,; in NE Iceland calculated from visibility
observations (Dagsson-Waldhauserova et al.
2013a).

The special conditions at the dust source
during this dust event made the PNC and the
PMC strongly correlated (Figures 3, 4); a high-
er number of dust particles resulted in higher
mass concentrations. Such strong relationships
most likely resulted from the moist soil condi-
tions and high humidity. The glacial floodplain
was still wet and therefore only fine, dried par-
ticles were uplifted. The surface sample of
deposit taken after the dust event was deprived
of ‘single’ particles < 10 um while the fine and
sub-micrometer particles were only found in
the aggregates. We suggest that the fine parti-
cles were blown away and transported further
from the source. Fine mode particles are
usually scavenged by larger particles during
dust storms, and thus the mass concentration is
estimated to increase with decreasing number
of particles (Jayrante et al. 2011, Zhou et al.
2012), which is contrary to our findings. How-
ever, the highest number concentrations for
submicron particles are generally attributed to
wind speeds <2 m s (Weber et al. 2006). The
most extreme wind erosion events in Iceland
are characterized by limited amounts of parti-
cles <125 um (Arnalds et al. 2013). Further
research is therefore needed during the dust
events of higher wind velocity to understand
the opposite correlation of PNC and PMC.

Mineralogical and geochemical analyses

Considering the chemistry and morphology of
the material investigated, we suggest that the
Malifellssandur dust source materials, con-
taining mostly the recycled products of the
Katla volcano and adjacent volcanic system,

were the main component of dust coming from
the area. There are several reasons for this
assumption: i) the compositions of the glass
shards had narrow ranges in composition; ii)
the glass and glassy shards were marked by the
raised Ti—Fe concentrations together with a
scarcity of well crystallized mineral phases or
aggregate rock structures; iii) the marker crys-
tals embedded in the glass were Na-rich anor-
thite and very small and/or skeleton crystals of
ulvospinel; and iv) the majority of the glass
shards showed a very uniform morphology
which corresponds to explosively and sponta-
neously fractured, blocky rather than intensely
foamed glass. The morphology of the tiny
shards resembled the glassy particle deposits
from the very recent plumes of the active vol-
cano Grimsvotn, south-west of the Vatnajokull
massif. However, the tephra compositions,
with markedly low SiO, and high TiO,~FeO
concentrations, were different. They can most
likely be attributed to the Sléttujokull ‘old
tephra’ source in the Myrdalsjokull area, or
considered as characteristic of the chemistry of
the Katla volcanic system (see Larsen 2000,
Oladottir et al. 2005, Sigmarsson et al. 2011).
This indicates that the fresh volcanic material
from recent eruptions has been removed rela-
tively rapidly.

A strongly polydisperse mixture of glass
fragments, encompassing the sub-micrometer,
silt and even the lower coarse sand classes,
was indicative of multiple material sources.
This material must have been reworked by flu-
vial and glaciogenic processes that led to
extremely poorly sorted parts of the outwash
fans. The rarely observed, millimeter-sized
clasts of specific compositions (e.g., resedi-
mented frothy or extremely elongated tephra
grains, as exemplified in Figure 6D) belonged
to clasts ‘floating” in the common matrix of the
resedimented tephra. The light frothy clasts
could have drifted drift in the top layer of
streaming water, whereas the compact, heavy
rock fragments were either pushed up in the
granular flow (inverse grading) due to the rhe-
ological Brazil-nut effect or, more likely, rep-
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resented a relict material in deflation zones
(clast pavement on the surface of outwash
fans, Kjar et al. 2004). Similarly, they could
have been separately redeposited with snow
and ice cover before their fluvial reincorpora-
tion into the sediment.

The studied PM contained few crystals or
mineral phases, and zeolites with other sec-
ondary minerals were either rare or absent.
The well packed to slightly cemented, friable
lumps indicative of slightly hardened surfaces
(or laminae formed originally close under the
surface) contain a small amount of secondary
minerals, but even the smallest glass shards in
these lumps still have very fresh appearances
(Oskarsson et al. 2012). The studied suspended
particulates are considerably more uniform
than the more diversified, reworked sediment
units which characterize other parts of the
Melifellssandur plain and which have been
reported as typical for most of the jokulhlaup
outwash fans or plains in general (Maizels
1997, Kriiger et al. 2010).

Climate implications and health effects

Suspended glaciogenic dust contains substan-
tial numbers of close-to-ultrafine particles
which are sharp-tipped, curved, concave, and
which contain bubbles. These physical proper-
ties allow the dust to be quickly suspended.
Iceland is a region with high wind velocities,
large desert and ice-proximal areas, favouring
dust production. The country is therefore prone
to dust generation and frequent, severe dust
events. As a result, Iceland is a substantial
source of dust on a global level, with particles
being transported distances >1000 km from the
dust sources during the largest dust events
(Arnalds 2010, Navratil et al. 2013). Icelandic
cyclones are associated with the uplift of the
surface air to the upper troposphere while the
tropopause location is lower in altitude than at
more southern latitudes, at about 8§ km in
height. This suggests that Icelandic aerosol can
be transported into the stratosphere as well
(Rose et al. 2006, Roesli 2008), where the resi-
dence time is prolonged up to several weeks.

Due to its dark colour, the dust can act as an
absorbing aerosol and become an important
radiative forcing agent (Meinander et al.
2014). Rose et al. (2006) described the non-
volatile portion of the 2000 Hekla eruption
particulates, transported to a 10 km altitude to
the 75°N latitude in the Greenland Sea, as
‘heated aerosols’. Further observations are
needed to estimate any direct and indirect
effects of Icelandic dust aerosol on Arctic
warming. A warming climate with retreating
glaciers will result in larger sandy deserts in
Iceland, and a warmer climate will also
enhance the radiative forcing effect over these
dark surfaces.

The fine mineral dust from Malifellssandur
could affect human health because it is often
transported towards the capital of Iceland,
Reykjavik. A high amount of bioavailable
metals in respirable dust increases the inflam-
matory capacity of PM, which may lead to
negative health effects (Morman & Plumlee
2013). Perez et al. (2008) found that the effect
of PM,, , on mortality rose from 5.0% to
8.4% when an additional 10 pg m™ of metal-
rich Saharan dust was present in the atmo-
sphere. Melifellssandur dust has a 2.4 times
higher content of metals than Saharan dust and
the mean PMC, was > 180 pg m” above the
health limit of 50 ug m (Althingi, 2002). The
maximum PMC,; was about 30 times above
the health limit at the dust source, but we need
to emphasize here that this event was very
short. However, the PMCs we measured at the
dust source are commonly reached at the few
stations that measure particulate matter in Ice-
land, such as in Reykjavik, where PMC,  often
reaches >100 pg m? (Thorsteinsson et al.
2011). In vitro studies of Icelandic ash expo-
sure on immune system biomarkers in lung
cells found that biomarkers were increased
(Horwell et al. 2013) and responses to bacteria
were suppressed (Monick et al. 2013).

CONCLUSIONS
Here we introduced the first comprehensive
study of the physical and chemical properties
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of the Icelandic dust aerosol measured directly
within a dust source. This suspended glacio-
genic dust contained high concentrations of
close-to-ultrafine particles which were sharp-
tipped and contained bubbles. The material
consisted mostly of volcanic glass rich in iron
and titanium. Particles of such morpho-textur-
al characteristics are prone to suspension
despite meteorological conditions such as
moist surface or low wind. The surface heating
of a relatively dark basaltic dust source allows
mobilization of moist particles within several
hours. The close-to-ultrafine particles have a
significant impact on the total particle number
concentrations and are likely to contribute to
the commonality of Icelandic dust events.
PNCs during dust events are comparable to
that measured during volcanic eruptions indi-
cating that large Icelandic dust events might
have similar-scale impacts on climate. High
PNCs were, however, measured at the source
and the proportion of smaller particles will
increase travel distance from the source while
particle surface characteristics may change
with time and distance due to leaching. This
study brings new scientific findings in the field
of dust physics and cryosphere-atmosphere
interactions, which should serve as a platform
for climate modelling and projections of future
changes in climate. We emphasize that further
work on the nature of Icelandic dust sources is
needed.
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