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Abstract. Iceland is a highly active source of natural dust.
Icelandic dust has the potential to directly affect the climate
via dust–radiation interaction and indirectly via dust–cloud
interaction, the snow/ice albedo effect and impacts on bio-
geochemical cycles. The impacts of Icelandic dust depend
on its mineralogical and chemical composition. However,
a lack of data has prevented an accurate assessment of the
role of Icelandic dust in the Earth system. Here, we col-
lected surface sediment samples from five major Icelandic
dust hotspots. Dust aerosols were generated and suspended
in atmospheric chambers, and PM10 and PM20 fractions were
collected for further analysis. We found that the dust sam-
ples primarily consist of amorphous basaltic materials rang-
ing from 8 wt % (from the Hagavatn hotspot) to 60 wt %–
90 wt % (other hotspots). Samples had relatively high total
Fe content (10 wt %–13 wt %). Sequential extraction of Fe to
determine its chemical form shows that dithionite Fe (Fe ox-
ides such as hematite and goethite) and ascorbate Fe (amor-
phous Fe) contribute respectively 1 %–6 % and 0.3 %–1.4 %
to the total Fe in Icelandic dust. The magnetite fraction is
7 %–15 % of total Fe and 1 %–2 wt % of PM10, which is or-
ders of magnitude higher than in mineral dust from northern
Africa. Nevertheless, about 80 %–90% of the Fe is contained
in pyroxene and amorphous glass. The initial Fe solubility
(ammonium acetate extraction at pH 4.7) is from 0.08 % to

0.6 %, which is comparable to low-latitude dust such as that
from northern Africa. The Fe solubility at low pH (i.e. pH 2)
is significantly higher than typical low-latitude dust (up to
30 % at pH 2 after 72 h). Our results revealed the fundamental
differences in composition and mineralogy of Icelandic dust
from low-latitude dust. We attribute these differences to the
low degree of chemical weathering, the basaltic composition
of the parent sediments and glacial processes. Icelandic dust
contributes to the atmospheric deposition of soluble Fe and
can impact primary productivity in the North Atlantic Ocean.
The distinct chemical and mineralogical composition, partic-
ularly the high magnetite content (1 wt %–2 wt %), indicates
a potentially significant impact of Icelandic dust on the radi-
ation balance in the subpolar and polar regions.

1 Introduction

Airborne mineral dust has a major influence on the global
climate. Depending on the chemical and mineralogical dust
composition (together with the size distribution and shape),
dust particles affect the radiation balance by scattering and
absorbing the solar radiation and by scattering, absorbing and
re-emitting terrestrial radiation (e.g. Haywood et al., 2003;
Sokolik and Toon, 1999). This can produce cooling or warm-
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ing of the atmosphere and consequently alter the atmospheric
circulation, stability and cloud cover (e.g. Arimoto, 2001;
Carslaw et al., 2010; Choobari et al., 2014; Maher et al.,
2010). Dust can also act as cloud condensation and ice nu-
clei, influencing cloud properties and lifetime (e.g. Tang et
al., 2016; Atkinson et al., 2013). In the cryosphere, dust de-
position on snow and ice reduces the surface albedo, altering
the snow melting rate (e.g. Dumont et al., 2014; Meinander et
al., 2014; Peltoniemi et al., 2015; Qian et al., 2015). Finally,
dust can also affect the biogeochemical cycles of terrestrial
and marine ecosystems by deposition of nutrients and pol-
lutants (e.g. Jickells and Moore, 2015; Jickells et al., 2005;
Kanakidou et al., 2018; Mahowald et al., 2010; Shi et al.,
2012; Stockdale et al., 2016).

Natural dust is emitted from soil surfaces through wind
erosion and is generally associated with desert dust from
arid and semi-arid regions. However, significant dust events
also occur in cold regions at high latitude (Bullard et al.,
2016). In the Northern Hemisphere, high-latitude (>60◦ N)
dust sources include, for example, Alaska, Canada, Green-
land, and Iceland and contribute about 3 % to global dust
emissions (Groot Zwaaftink et al., 2016).

Iceland is among the most active dust source areas in the
world. Iceland has extensive sandy deserts subjected to in-
tensive aeolian processes (Arnalds et al., 2001). The active
aeolian areas cover 15 000 km2 and include super active dust
hotspots. These areas have the potential to generate millions
of tonnes of dust during major dust storm events (Arnalds et
al., 2016). Iceland experiences 34–135 dust events per year,
which is comparable to dust-active areas in arid regions in-
cluding northern Africa and China (Dagsson-Waldhauserova
et al., 2014a). The dust can travel long distances and reach
Europe and the high Arctic (Baddock et al., 2017; Moroni et
al., 2018; Dordevic et al., 2019; Prospero et al., 2012; Groot
Zwaaftink et al., 2016, 2017).

Iceland lies in the North Atlantic Ocean, just south of the
Arctic Circle. Iceland is a volcanic hotspot along the northern
end of the Mid-Atlantic Ridge and has intensive volcanic ac-
tivity (Oskarsson, 1980). Around 10 % of Iceland is covered
by glaciers (Björnsson and Palsson, 2008). Volcanic activity
within glaciers is common in Iceland (Jakobsson and Gud-
mundsson, 2008). Glacial flood plains contain fine glacial
volcanic sediments that supply the Icelandic dust hotspots
(Jensen et al., 2018; Arnalds, 2010; Arnalds et al., 2016).
Sandy areas in Iceland have a dark surface and are often dom-
inated by amorphous basaltic glass (Arnalds et al., 2001).
Therefore, Icelandic cold deserts are different from deserts
in arid continental areas such as Africa and Asia.

Arnalds et al. (2014) estimated that 30–40 Tg of Icelandic
dust is deposited annually on land, glaciers and sea. The ma-
jority is deposited on land, and around 18 %–35 % reach the
ocean. Icelandic dust can affect the climate via dust depo-
sition on glaciers. Wittmann et al. (2017) observed that the
deposition of small amounts of dust on the Vatnajökull ice
cap, the largest ice cap in Iceland, caused a positive radiative

effect and enhanced ice melting due to the reduced surface
albedo. Outdoor experiments found that thin layers of vol-
canic deposits on the Vatnajökull ice cap accelerated snow
melting as a result of the reduced surface albedo, while thick
layers of volcanic deposits (1.5–15 mm) had insulating ef-
fects because of reduced heat conduction to the glacier sur-
face (Dragosics et al., 2016; Möller et al., 2016, 2018). The
“Soot on the Snow” experiments in 2013 investigated the ef-
fect of black carbon (BC) and volcanic sand deposited on
snow (Meinander et al., 2014; Peltoniemi et al., 2015). The
results showed that the volcanic sand from Iceland reduces
the surface albedo and increases the melting rate of snow
similarly to black carbon. Icelandic dust is strongly light ab-
sorbing (Zubko et al., 2019). Icelandic dust is also rich in iron
(Fe) (e.g. Arnalds et al., 2014). The Fe speciation regulates
the light absorption properties of mineral dust in the short-
wave spectrum, as Fe oxide minerals strongly absorb solar
radiation (Caponi et al., 2017; Derimian et al., 2008; Di Bi-
agio et al., 2019; Engelbrecht et al., 2016; Formenti et al.,
2014a; Lafon et al., 2006; Moosmuller et al., 2012; Soko-
lik and Toon, 1999). In addition, atmospheric deposition of
soluble Fe to the ocean can stimulate primary productivity
and enhance carbon uptake, consequently affecting the car-
bon budget and climate (e.g. Jickells et al., 2005). As a con-
sequence, Icelandic dust contributes to the instantaneous ra-
diative forcing (IRF) in the Arctic (Kylling et al., 2018), and
it may influence the biogeochemical processes in the sub-
polar North Atlantic Ocean, which is seasonally Fe limited
(Arnalds et al., 2014).

Icelandic dust effectively scavenges SO2 and can possibly
participate in a variety of heterogeneous reactions in the at-
mosphere and thus influence the chemical balance of the at-
mosphere (Urupina et al., 2019). Icelandic dust is also a po-
tential source of ice-nucleating particles (Paramonov et al.,
2018). The increase in ice-nucleating particles may shorten
the lifetime and lower the albedo of mixed-phase clouds
(Vergara-Temprado et al., 2018), which have a significant im-
pact on the energy budgets in the Arctic region (Boucher et
al., 2013).

However, our knowledge on the chemical and mineralogi-
cal compositions of Icelandic dust is very limited, which pre-
vents us from providing a more realistic estimation on their
local and regional impacts.

Here we determine the chemical and mineralogical com-
positions of Icelandic dust from major dust source areas. In
particular, we focus on Fe speciation as it determines the
light-absorption properties in the shortwave spectrum. The
fractional Fe solubility of Icelandic dust is also determined.
The Icelandic dust composition and Fe solubility are com-
pared to northern African and Asian dust. The potential direct
radiative effect and the implications for primary productivity
in the North Atlantic Ocean are also discussed.
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Figure 1. Surface sediment sampling sites and major dust hotspots.
D3, Dyngjusandur hotspot; H55, Hagavatn hotspot; Land1, Landey-
jarsandur; Maeli2, Mælifellssandur; MIR45, Mýrdalssandur. In
green are the unstable sandy areas. In red are the very unstable
sandy areas. Note that the map was prepared by Ólafur Arnalds
using data created and owned by him at the Agricultural Univer-
sity of Iceland, older works (database housed by the Agricultural
University of Iceland).

2 Materials and methodology

2.1 Sample collection and experimental setup

Surface sediment samples were collected from five major
dust hotspots in Iceland: D3 (Dyngjusandur), H55 (Haga-
vatn), Land1 (Landeyjarsandur), Maeli2 (Mælifellssandur)
and MIR45 (Mýrdalssandur), which are shown in Fig. 1. The
coordinates of the sampling sites are reported in Table S1 in
the Supplement. A comprehensive description of the sites is
given in Arnalds (2010) and Arnalds et al. (2016). These ex-
tensive areas (10–140 km2) are subjected to intensive aeolian
erosion due to frequent dust storms and significantly con-
tribute to the total dust emissions from Iceland, which are of
the order of 30–40 Mt yr−1 (Arnalds et al., 2016).

In order to obtain dust particles which are representative
of the particles emitted into the atmosphere, we resuspended
the surface sediment samples in atmospheric chambers and
collected the PM10 and PM20 fractions (particulate matter
with aerodynamic diameters<10 and<20 µm, respectively).

The PM10 samples were used for offline composition and
mineralogy analyses. PM10 was collected using a custom-
made reactor schematically represented in Fig. S1 in the Sup-
plement. The method in Di Biagio et al. (2017) was adopted
to generate dust particles, allowing for the realistic gener-
ation of dust aerosols from parent soils. Firstly, the sedi-
ment samples were sieved to <1 mm to remove the non-
erodible fraction. Then, 15 g of sediments was placed in a
Büchner flask and flushed with pure nitrogen for 10 min to
eliminate gaseous contamination and residual water vapour.

The sample was then shaken for 5 min at 70 Hz on a sieve
shaker (Retsch AS200) and injected into a glass manifold
of approximately 1 L by nitrogen gas at 10 L min−1; air was
pumped at a flow rate of 30 L min−1 into a PM10 sampling
head (custom-made). The PM10 fraction was collected on
0.4 µm polycarbonate filters and transferred into centrifuge
tubes. The system was manually cleaned prior to each load-
ing and flushed for 5 min with pure nitrogen to ensure an
initial particle-free environment.

The PM20 fraction was collected using the large-scale at-
mospheric simulation chamber CESAM (French acronym for
Experimental Multiphasic Atmospheric Simulation Cham-
ber) (Wang et al., 2011). The CESAM simulation facil-
ity, made of stainless steel, consists of a 4.2 m3 multi-
instrumented environmental chamber, which allowed us to
measure the size distribution and the optical properties of
the generated dust aerosols while collecting filter samples
for offline analysis (Di Biagio et al., 2017, 2019). Dust par-
ticles were generated with the sieve shaker (Retsch AS200)
using the same protocol as for the small reactor as in Di Bi-
agio et al. (2017), and they were injected into the CESAM
chamber by flushing a Büchner flask with nitrogen carrier
gas at 10 L min−1 for 10 min. The dust aerosol injected into
CESAM was left suspended for about 10 min to allow the
particle mass concentration inside the chamber to become
spatially uniform. Dust particles corresponding to approxi-
mately the PM20 fraction were extracted from the chamber
using custom-made filter samplers as in Caponi et al. (2017).
Particles were collected by filtration on 0.4 µm pore size
polycarbonate filters of 37 mm diameter at 7 L min−1 for
approximately 1 h. The residence time of particles in the
chamber depends on their size. As shown in Di Biagio et
al. (2017), particles larger than 1 µm have a lifetime of 20–
30 min, while the lifetime of particles smaller than 1 µm can
exceed a day. A second filter sample was collected subse-
quently to the first one to verify if the chemical composition
of the dust was dependent on size. No significant difference
was observed (not shown). The relations between the compo-
sition, size distribution and optical properties of the aerosol
dust will be the subject of a future paper.

2.2 X-ray diffraction (XRD) analysis

XRD was used to quantify the mineral phases present and
to investigate the differences between the mineral fractions
of dust aerosols (PM10) and sediments. PM20 samples were
not analysed because the mass of dust particles collected
from CESAM was not sufficient for the XRD analysis. This
is because the mass concentrations in the CESAM cham-
ber are much lower compared to the custom-made reac-
tor used for the PM10 collection. The analysis was carried
out at the Université de Paris, Plateforme RX UFR – de
Chimie, using a Panalytical Empyrean powder diffractometer
equipped with a PIXcel detector fitted with a Cu anode tube
(Kα1= 1.5406 Å) operating at 45 kV and 40 mA. Diffrac-
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tograms were recorded in the 5–60◦ 2θ range. The samples
were placed on a flat silicon monocrystalline wafer, which
was loaded on the sample holder, a reflection spinner (1 s
rotation time). The mineral identification was performed in
Highscore Plus 3.0 (Degen et al., 2014) using the ICSD-Pan
(Inorganic Crystal Structure Database) and COD (Crystal-
lography Open Database) databases. The quantitative anal-
ysis of the mineral phases was conducted in MAUD (Ma-
terial Analysis Using Diffraction). MAUD is an XRD pro-
gram based on the Rietveld refinement method, which uses
least-square procedures to minimise the differences between
the observed and calculated diffractograms (Lutterotti et al.,
1999). The phase files identified with Highscore Plus were
loaded as references in MAUD. It is also possible to deter-
mine the proportion of amorphous phase with the Rietveld
method (Lutterotti et al., 1998). Augite was chosen as ref-
erence for the amorphous phase, having an Fe content close
to MIR45, which are the samples with largest proportion of
amorphous glass. The Rietveld model refines n− 1 phases.
As the total is fixed to 100, the last phase results from the
subtraction of the sum of the n refined phases. The analyt-
ical uncertainty is estimated by the software for the refined
phases and represents the lower limit of the uncertainty of the
proportion of each identified mineral phase.

The quality of the fitting was evaluated considering the χ2

calculated by the model close to one and by visually compar-
ing the observed and calculated diffractograms to achieve a
realistic chemical model (Toby, 2006). Small χ2 values can
be obtained when a large percentage of the intensity comes
from the background (Toby, 2006). For example, the esti-
mated χ2 for H55 is relatively high (2.3–3.8), primarily due
to missing minor mineral phases. However, H55 has the low-
est fraction of amorphous material, and compared to the other
samples having χ2 values very close to one, its diffraction in-
tensities are considerably higher than the background signal.

2.3 X-ray fluorescence (XRF) analysis

PM10 and PM20 samples were analysed by wavelength-
dispersive X-ray fluorescence (WD-XRF) to determine the
elemental composition of the dust aerosols. The WD-XRF
analyses were performed using a PW-2404 spectrometer by
Panalytical available at LISA. Excitation X-rays are pro-
duced by a Coolidge tube (Imax = 125 mA, Vmax = 60 kV)
with a Rh anode. The primary X-ray spectrum is controlled
by inserting filters (Al, at different thickness) between the
anode and the sample. Each element was analysed three
times, with specific conditions (voltage, tube filter, collima-
tor, analysing crystal and detector), lasting 8 to 10 s.

Data were collected for 24 elements (Cl, S, Ca, Fe, Na,
Mg, Al, Si, P, K, Ti, Mn, Zn, Cr, V, Ba, Co, Cu, Nd, Ni, Sr,
Cd, As, Pb) using the SuperQ software. The elemental mass
thickness (µgcm−2), which is the analysed elemental mass
per unit surface, was obtained by comparing the sample X-
ray yields with those measured in the same geometry on a

set of certified XRF calibration standards (Micromatter™).
The uncertainty of the measured elemental concentrations is
around 10 % (Caponi et al., 2017).

Data are reported as weight percentage of element oxides
(wt %) calculated by dividing the elemental oxide mass (µg)
by the total mass on filter (µg). The elemental mass on filter
(µg) was first determined by multiplying the measured mass
thickness by the ratio between the analysed surface area and
the collection area, and it was then converted into elemen-
tal oxide mass. The total mass on filter was calculated as the
sum of the mass of the oxides of the major crustal elements
reported in Table 1. Fe is assumed to be as Fe2O3. We recog-
nise that Fe(II) and Fe(III) can be found in the mineral phases
(e.g. magnetite, augite) and in the amorphous glass, but the
Fe(II)/Fe(III) ratio is not known.

In the XRF analysis, the concentration of light elements
(atomic number Z<19), such as Si and Al, can be under-
estimated due to self-absorption of the emitted fluorescence
X-ray in the individual particles when these exceed approxi-
mately 1 µm in diameter. This is problematic when compar-
ing elemental ratios such as Fe/Al (Formenti et al., 2010). In
this study, the concentrations of light-weight elements were
corrected for self-attenuation effects according to Formenti
et al. (2010).

2.4 Chemical weathering index

The degree of chemical weathering of Icelandic dust was cal-
culated based on the elemental composition. This is impor-
tant to evaluate the presence in the samples of secondary min-
erals such as clays. The chemical index of alteration (CIA)
(Nesbitt and Young, 1984) was considered most suitable for
the present datasets based on the chemical compositions. The
CIA is interpreted as a measure of the degree of weathering
of aluminium silicate minerals (in particular feldspars) into
clay minerals. In this study, the CIA was calculated accord-
ing to Price and Velbel (2003) using the molecular proportion
of the element oxides, which were obtained by dividing the
weight percentage of each oxide by the molecular weight of
the oxide:

CIA=
Al2O3

Al2O3+CaO+Na2O+K2O
× 100. (1)

CIA ≤ 50 represents the optimum fresh value, while 100 is
the optimum weathered value. The CIA uncertainty was es-
timated using the error propagation formula and is ∼ 14 %.

2.5 X-ray absorption near edge structure (XANES)
analysis

To qualitatively examine the Fe speciation in the dust sam-
ples, XANES spectra at the Fe K-edge were collected at
the Diamond Light Source beamline I18. A Si(111) double-
crystal monochromator was used in the experiments. The
beam size was 400µm× 400 µm. The XANES spectra were
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Table 1. Elemental oxide mass percentages, chemical index of alteration (CIA) and relevant elemental ratios in PM10 (custom-made reactor)
and PM20 (CESAM chamber).

Sample Size fraction Element oxide mass wt % CIA Si/Al Fe/Al Ca/Fe

CaO Fe2O3 Na2O MgO Al2O3 SiO2 P2O5 K2O TiO2 MnO

D3 PM10 11.6 16.3 2.3 4.9 13.7 47.5 0.2 0.5 2.7 0.3 35 3.06 1.58 1.38
H55 PM10 12.4 15.1 1.9 5.1 16.9 46.0 0.1 0.2 2.2 0.2 39 2.41 1.19 1.19
Land1 PM10 6.9 18.2 2.5 2.4 12.7 50.8 0.4 1.4 4.3 0.3 41 3.52 1.88 2.56
Maeli2 PM10 8.5 18.4 2.4 3.9 12.7 47.7 0.3 0.9 4.9 0.3 38 3.31 1.92 2.13
MIR45 PM10 8.6 18.8 2.6 4.0 11.4 47.4 0.4 0.9 5.5 0.4 35 3.68 2.18 2.14
D3 PM20 10.3 14.8 2.3 5.0 13.7 50.7 0.2 0.4 2.4 0.2 37 3.26 1.42 1.41
H55 PM20 11.3 13.8 2.2 5.1 18.1 47.1 0.1 0.1 2.0 0.2 43 2.30 1.01 1.20
Land1 PM20 5.8 16.8 2.9 2.8 13.6 52.2 0.5 1.2 4.0 0.3 45 3.39 1.63 2.82
Maeli2 PM20 7.6 17.6 2.5 3.9 13.1 49.2 0.3 0.8 4.7 0.2 41 3.32 1.78 2.26
MIR45 PM20 8.3 18.8 2.8 4.0 11.7 47.9 0.4 0.9 5.0 0.3 36 3.61 2.11 2.22

Note that the data uncertainty was estimated using the error propagation formula: ∼ 12 % for the elemental oxide mass percentage and ∼ 14 % for CIA and the element ratios.

collected from 7000 to 7300 eV at a resolution varying from
0.2 eV for 3 s in proximity to the Fe K-edge (7100–7125 eV)
to 5 eV for 1 s from 7100 to 7300 eV. Powder samples were
suspended in methanol and deposited on Kapton® tape. Filter
samples were loaded without prior preparation. The analysis
was repeated three times. We measured the XANES spectra
of PM20 fractions and mineral standards, including hematite
and goethite standards, magnetite, feldspar standards (Clay
Mineral Society), natural pyroxene, and olivine. Data were
processed using the Athena program, part of the software
package Demeter (version 0.9.26) (Ravel and Newville,
2005). For comparison, we also collected the XANES spec-
tra for mineral dust from the western Sahara and Mali regions
(Shi et al., 2011b).

2.6 Sequential extractions

Sequential extractions of Fe were used to determine the con-
tent of Fe oxides in the PM10 fractions. The samples were
suspended in an ascorbate solution buffered at pH 7.5 to ex-
tract highly reactive amorphous Fe oxide-hydroxide (FeA)
(Raiswell et al., 2008; Shi et al., 2009, 2011b). The ascorbate
extractant was prepared by mixing a deoxygenated solution
of 50 g L−1 sodium citrate and 50 g L−1 sodium bicarbonate,
with 10 g L−1 ascorbic acid. Then, 30 mg of dust was leached
in 10 mL of ascorbate extractant continuously mixed for 24 h.
The solution was then filtered through 0.2 µm membrane fil-
ters. The residue was subsequently suspended in a dithion-
ite solution (50 g L−1 sodium dithionite in 0.35 M acetic acid
and 0.2 M sodium citrate) buffered at pH 4.8 for 2 h to extract
crystalline Fe oxide-hydroxide, mainly goethite and hematite
(FeD).

Dithionite and oxalate sequential extraction was per-
formed to determine the content of iron associated with mag-
netite (FeM) in the samples (Poulton and Canfield, 2005).
First, the dust particles were treated for 2 h with the citrate-
buffered dithionite solution to remove crystalline Fe oxide-
hydroxide. After filtration, the residue was leached for 6 h

in a solution of 0.2 M ammonium oxalate and 0.17 M oxalic
acid at pH 3.2.

All the experiments were conducted at room temperature
and in darkness. The sample solutions were continuously
mixed on a rotary mixer and then filtered through 0.2 µm
membrane filters. The dissolved Fe concentration in the fil-
trates was measured using the ferrozine method (Viollier et
al., 2000) and inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis for the solution contain-
ing oxalate. Each experiment was repeated three times. The
range of relative standard deviations (rSDs) for each extract
for each site are the following: FeA, 2 %–18 %; FeD, 1 %–
11%; and FeM, 2 %–15 %, which have been considered the
measurement uncertainties.

2.7 Fe solubility and dissolution kinetics

The initial Fe solubility (Feisol) of PM10 fractions was de-
termined by extraction in 1.1 M ammonium acetate solu-
tion at pH 4.7 following the method in Baker et al. (2006).
About 1 mg of dust was weighed on polycarbonate filters and
leached for 2 h in 10 mL of ammonium acetate solution. The
solution was then filtered through 0.2 µm membrane filters
and acidified to pH 2 before storage. Three replicates were
performed for each sample (rSD 3 %–12 %).

The potential Fe solubility (Fepsol) was assessed through
leaching experiments in sulfuric acid solution at pH 2.
Around 1.5 mg of dust was weighed on polycarbonate fil-
ters and leached in 50 mL of pH 2 sulfuric acid for 72 h to
simulate atmospheric acid processing similar to the method
in Shi et al. (2011a, 2015). The solution was continuously
stirred in darkness at room temperature. A volume of 0.5 mL
of sample solution was collected at fixed time intervals (2.5,
15, 60 min as well as 2, 6, 24, 48 and 72 h after the dust sam-
ple was added) and filtered through 0.2 µm syringe filters into
1 mL centrifuge tubes. Dissolution kinetics of a dust sample
from Africa (Libya) showed a very good repeatability with
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a relative standard deviation at each sampling time ranging
from 4 % to 15 %.

All the experiments were conducted at room temperature
and in darkness. The sample solutions were continuously
mixed on a rotary mixer. The dissolved Fe concentration was
measured using the ferrozine method (Viollier et al., 2000).

2.8 Volume-average refractive index

The volume-average refractive index was calculated to eval-
uate the effect of the dust compositions on the optical proper-
ties. Using the volume-average refractive index, we assume
that the mineral phases in the dust samples are internally
mixed, which can be different from the real conditions and
may overestimate absorption (Formenti et al., 2014b):

ñ (λ)=
∑
j

fj × nj (λ), (2)

where fj =
Vj
Vtot

is the volume fraction of individual j miner-
als in the dust samples, and nj is the corresponding refractive
index. The mineral volumes Vj (cm3) are calculated as

Vj =
mj

ρj
, (3)

wheremj = wj×mtot is the mineral mass (g),wj is the min-
eral mass fraction, mtot is the total mass of the sample (g)
and ρj is the mineral density (g cm−3). The mineral mass
fractions were obtained by combining the content of the sili-
cate minerals and glass from the XRD analysis with the con-
tents of FeM and FeD in PM10. The total mass is calculated
as the sum of the element oxides mass from the XRF mea-
surements. The densities of the crystalline phases are from
http://webmineral.com/ (last access: 2 January 2020). The
density of the amorphous glass was estimated for each sam-
ple as

ρglass =

ρdust−
∑
j

wjCR× ρjCR

wglass
, (4)

where ρdust is the density of the sample, ρjCR and wjCR are
respectively the density and the mass fraction of the crys-
talline phases, and wglass is the mass fraction of glass. The
density of the samples (fraction <63 µm) was measured by a
He pycnometer and varied from 2.80 to 3.1 g cm−3.

The volume-average refractive index was calculated at se-
lected wavelengths (470, 520, 590 and 660 nm). The refer-
ence complex refractive indices of the individual minerals are
reported in Table S2; when necessary the original data were
interpolated at the selected wavelengths. Since it was not
possible to separate the relative contribution of hematite and
goethite, we assumed two extreme scenarios: FeD is goethite
and FeD is hematite. For hematite, we consider two reference
complex refractive indices from Bedidi and Cervelle (1993)
and Longtin et al. (1988) as in Formenti et al. (2014b). Also
for magnetite we used two different reference indices from
Querry (1985) and from Huffman and Stapp (1973).

3 Results

3.1 Elemental composition

Table 1 shows the results of the XRF analysis and also in-
cludes relevant elemental ratios. The PM10 fractions col-
lected using the custom-made system and PM20 samples gen-
erated using CESAM have similar elemental compositions
(Fig. S2). The difference between PM10 and PM20 in el-
ement oxide content >1 %, including CaO, Fe2O3, Na2O,
MgO, Al2O3, SiO2 and TiO2, is within 16 %. For Fe2O3,
Al2O3 and SiO2, which are the major element oxides in the
dust samples, the relative differences in content are <10 %.
The PM10 and PM20 fractions have basaltic compositions
like the parent material, with SiO2 representing 46 %–52 %
of the total estimated mass and the sum of the alkali oxides
(Na2O+K2O) between 2 % and 4 % (see Fig. S3 in the Sup-
plement). Al2O3 ranges between 11 % in MIR45 and 18 %
in H55. H55 has the lowest Si/Al ratio (2.3–2.4), while in
the other samples Si/Al is 3.1–3.7. The contents of Fe2O3
and TiO2 are relatively high. Fe2O3 is 14 %–16 % in H55
and D3, and 17 %–19 % in Land1, Maeli2 and MIR45. The
Fe/Al ratio is from 1 to 2.2. TiO2 is around 2 %–3 % in H55
and D3, and 2 %–5.5 % in Land1, Maeli2 and MIR45. CaO
is 6 %–9 % in Land1, Maeli2 and MIR45 and 10 %–12 % in
H55 and D3. The Fe/Ca ratio is 1.2–1.4 in H55 and D3 and
2.1–2.8 in Land1, Maeli2 and MIR45. Compared to D3 and
H55, Land1, Maeli2 and MIR45 have more Fe and Ti (tita-
nium) but less Ca.

3.2 Mineralogical composition

Table 2 reports the results of the XRD analysis. The miner-
alogy of Icelandic dust is compatible with the parent basaltic
material. The mineral composition of PM10 is similar to the
bulk sediments. In H55, the amorphous fraction is 8 % in
PM10 and 15 % in the bulk sediments. This is significantly
lower than the amorphous content observed in the rest of the
samples, ranging from 60 % to 90 %. MIR45 has the highest
proportion of amorphous glass, around 90 %.

Ca-rich plagioclase (anorthite) and pyroxene (augite) are
the dominant mineral phases. The content of plagioclase
varies from around 4 % in MIR45 to 46 % in H55, while py-
roxene is between 4 % in MIR45 and 30 % in H55. Olivine
(forsterite) is only present in Land1 at around 7 % and in
H55 at 1.5 %–1.6 %. K-feldspar (microcline) is also found
in Land1 and H55, but the content of K-feldspar is higher in
the PM10 fractions (around 9 % in Land1 and 10 % in H55)
compared to the bulk sediments (3 % and 1 %). XRD analysis
identified (titano)magnetite in all the samples (>1 %), except
for D3 (see Figs. S4–S8 in the Supplement).

3.3 Fe speciation

Figure 2 shows Fe phases in Icelandic dust from the sequen-
tial extractions. The total Fe (FeT) content is 10 %–13 %,
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Table 2. Mineralogical composition of PM10 and sediments. Standard deviation (SD) values of the identified mineral phases are estimated
by the MAUD software, except for anorthite, which is calculated using the error propagation formula.

Samples Size Anorthite Augite Forsterite Microcline Quartz Ti-magnetite Glass χ2

fraction wt % (SD) wt % (SD) wt % (SD) wt % (SD) wt % (SD) wt % (SD) wt % (SD)

D3 PM10 14.9 (0.9) 13.4 (0.2) – – – – 71.7 (0.9) 1.0
H55 PM10 43.3 (1.7) 29.7 (0.4) 7.3 (0.3) 10.3 (0.6) – 1.3 (0.1) 8.1 (1.5) 2.3
Land1 PM10 16.1 (0.9) 6.7 (0.1) 1.6 (0.1) 8.7 (0.3) 0.6 (0.04) 1.7 (0.1) 64.6 (0.9) 1.0
Maeli2 PM10 8.9 (1.2) 8.2 (0.2) – – – 1.6 (0.1) 81.3(1.2) 0.9
MIR45 PM10 3.6 (2.3) 3.6 (0.1) – – – 1.1 (0.1) 91.7 (2.4) 0.8
D3 Sediments 13.0 (0.9) 11.1 (0.2) – – – – 75.9 (0.9) 1.0
H55 Sediments 46.1 (1.5) 29.7 (0.4) 6.5 (0.3) 1.3 (0.3) – 1.2 (0.1) 15.2 (1.3) 3.8
Land1 Sediments 14.6 (1.1) 10.2 (0.3) 1.5 (0.2) 3.1 (0.2) 1.5 (0.1) 1.2 (0.1) 68.1 (1) 1.1
Maeli2 Sediments 9.3 (1.3) 7.1 (0.2) – – – 1.4 (0.1) 82.2 (1.3) 0.8
MIR45 Sediments 4.3 (2) 4.1 (0.2) – – – 1.7 (0.1) 89.9 (2) 0.8

Figure 2. Percentages of ascorbate Fe (FeA), dithionite Fe (FeD),
magnetite Fe (FeM) and other Fe to the total Fe (FeT) in Icelandic
dust PM10 samples (this study) and African dust (Shi et al., 2011b).
The data uncertainty was estimated using the error propagation for-
mula: 12 %–22 % for FeA, 11 %–16 % for FeD, 12 %–19 % for
FeM, and ∼ 11 % for FeT. The original data are reported in Table
S3 of the Supplement. Note that FeM was not measured in Shi et
al. (2011b), but it is expected to be negligible in northern African
dust (Lazaro et al., 2008; Moskowitz et al., 2016).

consistent with XRF analyses. The content of amorphous Fe
(FeA/FeT) is 0.3 %–0.4 % in MIR45 and H55 and around
1 % in D3, Land1 and Maeli2. Dithionite Fe (FeD/FeT) is
1 % in MIR45, 3 %–4 % in D3 and H55, and about 6 %
in Land1 and Maeli2. Magnetite (FeM/FeT) is 7 %–8 % in
Land1 and MIR45 and around 13 %–15 % in D3, H55 and
Maeli2. About 80 %–90 % of Fe is contained in other phases
including minerals and amorphous glass.

The Fe K-edge XANES spectra of Icelandic dust have
some common features (Fig. 3). In the pre-edge region, there
is a main peak around 7114.4 eV and a second less intense
peak around 7112.7 eV. In the edge region, a main peak is
observed around 7131.9 eV, but in H55 it is slightly shifted
to 7131.4 eV. The presence of large quantities of amorphous
material makes the quantitative analysis of the XANES spec-
tra challenging. The presence of two peaks at 7112.7 and

Figure 3. Fe K-edge XANES spectra of Icelandic dust, natural py-
roxene from Iceland and African dust. The y axis represents an ar-
bitrary intensity.

7114.4 in the pre-edge region suggests that Fe is present both
as Fe2+ and Fe3+ (Wilke et al., 2001). This agrees with the
fact that magnetite, pyroxene and the glass phase contain
Fe2+ and Fe3+. The composition and Fe speciation of the
amorphous glass varies in the different samples. H55 repre-
sents the most crystalline samples (see above), and its spec-
tral features are similar to the pyroxene standard. For all the
other samples, the glass fraction is dominant and controls
their spectral characteristics.

3.4 Initial Fe solubility and dissolution kinetics

The initial Fe solubility (Feisol/FeT) is 0.08 %–0.2 %, except
in D3, which is as high as 0.6 % (Fig. 4). We assessed the Fe
dissolution kinetics of Icelandic dust through leaching ex-
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Figure 4. Initial Fe solubility (Feisol/FeT, %) of Icelandic dust (this
study). The data uncertainty was estimated using the error propaga-
tion formula. Data for African dust samples (Tibesti and western
Sahara) were from Z. B. Shi et al. (2011).

periments in sulfuric acid at pH 2. Figure 5 shows a fast dis-
solution rate at the beginning, suggesting the release of Fe
from a highly reactive Fe phase. After 1–2 h, the percentage
of dissolved Fe increased at a slower rate, indicating that Fe
solubilises from more stable phases (Shi et al., 2011a). Af-
ter 72 h of leaching, the Fe solubility in D3 and Maeli2 was
30 %, up to 2 times higher than what was observed for the
other Icelandic dust. The potential Fe solubility after 72 h
(Fepsol/FeT) was around 13 % in MIR45, 17 % in H55 and
Land1, 26 % in Maeli2, and 29 % in D3.

4 Discussion

Our data indicate that Icelandic dust has a basaltic composi-
tion with relatively high Fe2O3 and TiO2 contents (Table 1,
Fig. S3). The principal crystalline mineral phases observed
are Ca-rich plagioclase and pyroxene, while the amorphous
fraction, mostly aluminosilicate glass, is 60 %–90 % (except
for the Hagavatn hotspot, which is only 15 %). Glacial pro-
cesses produce fine sediments (glacial flour), which accu-
mulate into glaciofluvial floodplains where the dust hotspots
are located (Arnalds, 2010; Arnalds et al., 2016). Our re-
sults are consistent with the composition of the volcanic sys-
tems supplying the dust hotspots: Bárðarbunga and Kverk-
fjöll volcanic systems (Dyngjusandur), Katla volcanic sys-
tem (Mýrdalssandur, Mælifellssandur and Landeyjasandur),
and Eldborgir and Skersli volcanic centres (Hagavatn) (Ar-
nalds et al., 2016; Baratoux et al., 2011; Oladottir et al.,
2008).

The large amorphous fraction found in Icelandic dust and
in volcanic sandy deposits is related to the volcanic activity
within glaciers (Baratoux et al., 2011). The rapid cooling of
magma upon interaction with water prevents crystallisation
and forms glass. Hyaloclastite deposits consisting of glass
fragments are then eroded by the combined action of wind
and glaciers. By contrast, sediments from the Hagavatn dust

Figure 5. Fe dissolution kinetics at pH 2. The data uncertainty was
estimated using the error propagation formula.

hotspots, south of the Langjökull glacier, are from the glacial
erosion of lava flows (Baratoux et al., 2011). This material is
more crystalline than hyaloclastites as the rate of cooling of
magma is relatively slower.

4.1 Mineralogical composition of Icelandic dust and
parent sediments

Our results show that the mineralogical compositions of
PM10 are similar to the bulk sediments from the five dust
hotspots. Mineralogical fractionation is observed in African
and Asian dust as a result of size segregation during emis-
sion (e.g. Claquin et al., 1999; Jeong, 2008). Quartz and K-
feldspars are abundant in the soil silt fractions, while clay
minerals are dominant in the clay fraction (Journet et al.,
2014; Shi et al., 2005). Mineralogical fractionation is not
evident in Icelandic dust, probably due to the low chemi-
cal weathering and the lack of larger mineral grains such as
quartz, K-feldspar and clays. Only the more crystalline sam-
ples from Hagavatn showed some fractionation with respect
to K-feldspar and glass, while the sediments from the other
sites are derived from the glacial abrasion of hyaloclastite;
thus, they tend to be more uniform.

Dagsson-Waldhauserova et al. (2015) reported the com-
position of dust deposited on snow after a snow-dust storm
in Reykjavik. Dust was transported from the Skeiðarársan-
dur and Hagavatn hotspots. About 75 % of the dust parti-
cles were volcanic glass with basaltic composition. Dagsson-
Waldhauserova et al. (2014b) investigated the composition
of dust from the Mælifellssandur hotspot. The dust particles
were primarily composed of basaltic glass (80 wt %). The
main mineral phases included plagioclases (12 wt %), py-
roxenes (4.6 wt %) and olivine (2 wt %). Volcanic deposits
supplying the major dust hotspots Dyngjusandur, Hagavatn,
Landeyjarsandur, Mælifellssandur and Mýrdalssandur have
basaltic compositions and relatively high Fe contents (over
10 %) (Baratoux et al., 2011; Oladottir et al., 2008). Basaltic
glass is the major component (up to 90 %) in sediments from
Dyngjusandur, Mælifellssandur and Mýrdalssandur (Bara-
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toux et al., 2011; Moroni et al., 2018). Baratoux et al. (2011)
reported 10 wt % amorphous glass in volcanic sand from the
Hagavatn hotspot area. Plagioclase, pyroxene and olivine
are dominant minerals in sediments from Dyngjusandur,
Hagavatn, Mælifellssandur and Mýrdalssandur (Baratoux et
al., 2011; Moroni et al., 2018). (Titano)magnetite has also
been identified in dust and sediments (Baratoux et al., 2011;
Dagsson-Waldhauserova et al., 2014b, 2015; Moroni et al.,
2018; Oladottir et al., 2008).

The chemical and mineralogical compositions of Icelandic
dust determined in this study are comparable to those of
rocks and volcanic sands from the Dyngjusandur and Haga-
vatn areas (Baratoux et al., 2011). The mineral phases ob-
served in the sediments from Dyngjusandur, Mælifellssan-
dur and Mýrdalssandur are also similar to those reported by
Moroni et al. (2018).

4.2 Comparison of Icelandic dust with northern
African and Asian dust

In Icelandic dust the Si/Al ratio is 2.3–3.7 and the Fe/Al
ratio is 1–2.2. In northern African and Asian dust, the Si/Al
ratio ranges between 1 and 7 (Scheuvens and Kandler, 2014).
Si/Al>10 is reported in dust from Bodele Depression, which
originates from Si-rich diatomite deposits (Scheuvens et al.,
2013; Formenti et al., 2014b). In northern African dust,
Fe/Al is mainly 0.4–0.8, with similar values reported for
Asian dust (Formenti et al., 2011; Scheuvens and Kandler,
2014). Compared to northern African and Asian dust, Ice-
landic dust shows similar Si/Al but higher Fe/Al ratio.

TiO2 catalyses heterogeneous photochemical reactions of
atmospheric trace gases including SO2, NO2, VOC and O3
and contributes to the chemical balance of the atmosphere
(Chen et al., 2012). In northern African and Asian dust, TiO2
is around 1 % (e.g. Formenti et al., 2014b; Jeong, 2008; Shi
et al., 2011b). In Icelandic dust, the element oxide concen-
tration of Ti is relatively high (2 %–5.5 %), although Ti can
exist in other forms not just as TiO2 minerals (anatase and
rutile). Ti may be present in magnetite and aluminosilicate
minerals (e.g. augite) or in the amorphous glass.

A comparison of our results for the PM10 fraction to north-
ern African desert dust (Shi et al., 2011b) and Asian dust
(Jeong, 2008) is provided in Fig. 6. The principal miner-
als in Icelandic dust are Ca-rich plagioclase and pyroxene,
with around 60 %–90 % of aluminosilicate glass. The min-
eral composition of Icelandic dust is therefore very differ-
ent from northern African or Asian dust that derives from
very different environments, which are composed mainly of
quartz, feldspars, calcite and clays (Avila et al., 1997; For-
menti et al., 2014b; Jeong, 2008; Jeong et al., 2016; Kandler
et al., 2009; Scheuvens et al., 2013; Shao et al., 2007; Shi et
al., 2005, 2011b).

The Fe mineralogy of Icelandic dust also differs signifi-
cantly from northern African and Asian dust (Fig. 2). The
total Fe content in Icelandic dust (10 %–13 %) is higher than

Figure 6. (a–b) Mineralogy of Icelandic dust (MIR45 and Land1;
PM10). (c) Mineral composition of northern African desert dust
(PM20), representing the average bulk composition by X-ray
diffraction of Tibesti, western Sahara, Niger and Mali samples (Shi
et al., 2011b). (d) Mineral composition of Asian dust (PM10); aver-
age bulk composition by X-ray diffraction of dust from arid regions
in Mongolia and northern China collected in Seoul (South Korea)
during eight dust events in 2003–2005 (Jeong et al., 2008).

in northern African dust (1 %–8 %). In northern African and
Asian dust, Fe is primarily as clay minerals and Fe oxides
(e.g. Formenti et al., 2014b; Shi et al., 2011b; Lafon et al.,
2006; Lu et al., 2017; Takahashi et al., 2011); in particu-
lar, goethite is dominant among the crystalline Fe oxide-
hydroxide (Formenti et al., 2014b; Lu et al., 2017). Ice-
landic dust has comparable amorphous Fe (FeA) content
to northern African dust but higher magnetite and lower
goethite and hematite (FeD) contents. Existing observations
show that the magnetite content in African dust is gener-
ally below 0.1 wt % or not detectable (Lazaro et al., 2008;
Moskowitz et al., 2016). Moskowitz et al. (2016) reported
0.6 wt % magnetite in surface sediments (PM63) collected in
proximity to the Tibesti volcanic system based on magnetic
measurements. The content of magnetite reported in Asian
dust source regions is in the range 0.1 wt %–0.8 wt % from
magnetic measurements and XRD analysis (Jia et al., 2019;
Maher et al., 2009; Song et al., 2014). Crusius et al. (2011)
reported 0.2 wt % of magnetite in glacial dust from the Cop-
per River valley. In Icelandic dust, the magnetite content es-
timated from XRD measurements and sequential extractions
is 1 wt %–2 wt %.

Magnetite and to a lesser extent hematite are common in
magmatic rocks (Cornell and Schwertmann, 2003). Basalts
have the highest magnetite content (Cornell and Schwert-
mann, 2003), which explains the high magnetite content in
Icelandic dust. Hematite, goethite and ferrihydrite are more
likely to form during weathering (Cornell and Schwertmann,
2003). Shi et al. (2011b) observed that the content of FeA
and FeD in mineral dust from northern Africa was variable
and dependent on the degree of weathering. The calculated
CIA for Icelandic dust is below 50 (i.e. 35–45 in Table 1),
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Figure 7. Correlation of the chemical index of alteration (CIA) with
(FeA+FeD)/FeT (%) performed using the standard major axis re-
gression. Data for African dust are from Shi et al. (2011b). The re-
gression line in blue was calculated including the whole dataset:
Icelandic dust (this study) and northern African dust (Shi et al.,
2011b). The regression line in light blue was calculated using only
the northern African dust data (Shi et al., 2011b).

indicating a low degree of weathering. The dust hotspots in
Iceland are characterised by the continuous input of mate-
rial by glaciofluvial processes that prevents the alteration of
minerals and the formation of soil (Arnalds, 2015).

Figure 7 shows the variation of CIA against (FeA+
FeD)/FeT for both Icelandic dust and northern African dust
(Shi et al., 2011b). Icelandic dust is weakly weathered and
has low CIA and (FeA+FeD)/FeT. By contrast, desert dust
in northern Africa tends to be more weathered and conse-
quently has higher CIA and (FeA+FeD)/FeT. Having plot-
ted the data from Shi et al. (2011b) together with the data
from this study, the positive correlation between CIA and
(FeA+FeD)/FeT is maintained. In summary, our results are
consistent with the findings in Shi et al. (2011b) and suggest
that the low contents of FeA and FeD observed in the sam-
ples is related to the low degree of weathering.

The XANES Fe K-edge spectra of Icelandic dust are
also quite different from those of the northern African dust
(Fig. 3). The spectra of the two African samples (western
Sahara and Mali) have a clear double peak in the pre-edge
region at around 7113.9 and 7115.2 eV and a main peak in
the edge region at around 7133.3 eV. This difference is con-
sistent with the difference in Fe mineralogy reported above.

4.3 Factors controlling Fe solubility in Icelandic dust

The initial fractional Fe solubility observed in mineral dust
from northern Africa and Asia is generally below 0.5 % (Des-
boeufs et al., 2005; Oakes et al., 2012; Schroth et al., 2009;
Z. B. Shi et al., 2011). In this study, the initial Fe solubil-
ity (Feisol/FeT) of Icelandic dust is determined through am-
monium acetate extraction at pH 4.7 (Baker et al., 2006), as

in Z. B. Shi et al. (2011). Icelandic dust Feisol/FeT varies
from 0.08 % to 0.6 %, which is comparable to Feisol/FeT in
African dust (around 0.2 %) in Z. B. Shi et al. (2011) (Fig. 4).

Icelandic dust has a similar origin to volcanic ash. Achter-
berg et al. (2013) observed an initial fractional Fe solubility
of 0.04 %–0.14 % for ash from the 2011 eruption of the vol-
cano Eyjafjallajökull (leaching in deionised water). Frogner
et al. (2001) and Jones and Gislason (2008) reported rela-
tively high initial fractional Fe solubility for ash from the
2000 eruption of the volcano Hekla, 2.5 % for 44–74 µm par-
ticle sizes and 0.6 % for 45–125 µm particle sizes (leaching
in seawater). For the same volcano, Olgun et al. (2011) ob-
served an initial fractional Fe solubility of 0.004 % in the ash
from the eruption in 1947 (leaching in seawater). The initial
fractional Fe solubility of volcanic ash primarily depends on
its surface properties determined by the eruption conditions,
which can be very different from the bulk composition con-
trolled by the source magma (Maters et al., 2017). The inter-
action of the ash with volcanic gases, mainly HCl, SO2 and
HF, within the eruption plume (plume processing) enhances
the dissolution of the ash surface and the Fe mobilisation
(e.g. Ayris and Delmelle, 2012; Duggen et al., 2010). As the
Fe speciation on the ash surface is determined by the eruption
history, the Fe dissolution behaviour can vary significantly,
even for ash emitted from the same volcano (Maters et al.,
2017). After deposition, the ash undergoes further process-
ing, which modifies its surface properties, and consequently
the Fe speciation in freshly emitted ash may be different from
the Icelandic volcanic dust. The range of initial fractional
Fe solubility observed for volcanic ash from Iceland is quite
large (0.004 %–2.5 %). Although both Hekla and Eyjafjalla-
jökull volcanoes have andesitic compositions (e.g. Frogner
et al., 2001; Olgun et al., 2011), the initial Fe solubility of
Icelandic dust still lies within this range.

Icelandic dust is strongly influenced by glacial pro-
cesses. The FeA and FeD contents in Icelandic dust are
similar to what were measured by Raiswell et al. (2016)
in ice-hosted sediments: 0.03 wt %–0.2 wt % for FeA and
0.04 wt %–0.7 wt % for FeD. Previous research investigated
the initial fractional Fe solubility of dust from glacial sedi-
ments in the Copper River valley, an important source of Fe
for the Gulf of Alaska, which is Fe limited (Crusius et al.,
2011; Schroth et al., 2009, 2017). Glacial dust and sediments
showed high initial fractional Fe solubility, which was asso-
ciated with a low degree of chemical weathering (Schroth et
al., 2009, 2017). The initial fractional Fe solubility reported
for the glacial dust from the Copper River valley is 1.4 %
(multiple leaches in Milli-Q water), 2–14 times higher than
the initial Fe solubility observed for Icelandic dust. Mineral-
ogy and Fe speciation control the Fe solubility in dust par-
ticles (Cwiertny et al., 2008; Fu et al., 2010; Journet et al.,
2008; Schroth et al., 2009; Shi et al., 2011a). Although differ-
ent methods were used, leading to uncertainties when com-
paring the results (Meskhidze et al., 2016), the large differ-
ences in initial fractional Fe solubility observed between the
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Icelandic dust and the glacial dust from the Copper River val-
ley here is more likely due to the distinctive mineralogy and
Fe speciation. Instead, measurements conducted on snow pits
from Roosevelt Island (Antarctica) reported similar initial
fractional Fe solubility to the Icelandic dust samples, around
0.7 % (dissolved Fe in snowmelt) (Winton et al., 2016).

Icelandic dust composition is different from northern
African and Asian dust, but they have similar initial Fe sol-
ubility. To better understand the factors controlling the Fe
solubility in Icelandic dust, we investigated the Fe dissolu-
tion kinetics at low pH. Icelandic dust showed a positive cor-
relation between the potential Fe solubility (Fepsol/FeT, de-
fined as the fractional solubility after 72 h of dissolution at
pH 2 sulfuric acid) and the content of pyroxene and mag-
netite, when the fraction of amorphous materials is signif-
icant (60 %–90 %) (Fig. S9 of the Supplement). But H55
weakens the overall correlation (Fig. S9). This could be ex-
plained by the significantly higher degree of crystallinity
(8 %–15 %) observed in H55, which affects the reactivity and
Fe speciation in the sample. The degree of crystallinity may
directly impact the Fe solubility, as amorphous materials are
generally more reactive than the crystalline forms with same
composition (Wolff-Boenisch et al., 2006). However, there
is no apparent correlation between the Fepsol and the amor-
phous glass content, which was also observed for volcanic
ash (Maters et al., 2017). This is because Icelandic dust con-
sists of a mixture of crystalline minerals and glass, and the
proportion of glass and its compositions vary in the different
samples resulting in different solubility (Maters et al., 2017).
The Fe minerals in Icelandic dust are mainly pyroxene and
magnetite, and there is a minor contribution from olivine,
hematite, goethite and ferrihydrite. Overall, the low degree
of weathering and low crystallinity are responsible for the
high potential Fe solubility in the samples.

Figure 8 shows that Icelandic dust Fepsol/FeT is signifi-
cantly higher than what was observed for intensively weath-
ered desert dust such as in Niger, Tibesti and western Sahara
samples (Shi et al., 2011b). Fepsol/FeT in D3 and Maeli2
is about 30 %. In H55, Land1 and MIR45, Fepsol/FeT is
13 %–16 %, which is comparable to the African samples
Bodele and Tunisia. These samples are from weakly weath-
ered palaeolake sediments. Adding all the new data in this
study to the data from Shi et al. (2011b) generates an in-
verse relationship between the degree of weathering and
Fepsol/FeT (Fig. 8), which is consistent with the finding in
Shi et al. (2011b).

4.4 Implications for the soluble Fe deposition to the
ocean

The subpolar North Atlantic Ocean including the Iceland
Basin is seasonally Fe limited (Moore et al., 2006; Niels-
dottir et al., 2009; Ryan-Keogh et al., 2013). Achterberg et
al. (2013) reported that deposition of volcanic ash from the
2010 Eyjafjallajökull eruption caused a significant perturba-

Figure 8. Correlation of the chemical index of alteration (CIA) with
Fepsol/FeT (%) performed using the standard major axis regres-
sion. The regression line in blue was calculated including the whole
dataset: Icelandic dust (this study) and northern African dust (Shi
et al., 2011b). The regression line in light blue was calculated using
only the northern African dust data (Shi et al., 2011b).

tion to the biogeochemistry of the Iceland Basin. Elevated
dissolved Fe concentration and nitrate depletion were ob-
served locally followed by an early spring bloom (Achterberg
et al., 2013). This suggests that additional Fe inputs to the
subpolar North Atlantic Ocean has the potential to perturb
the biogeochemical cycling of Fe and primary production in
the surface ocean.

Here we calculated the deposition of soluble Fe to the
North Atlantic Ocean based on the total Fe deposition es-
timated in Arnalds et al. (2014), which is 0.56–1.38 Tg yr−1.
The initial Fe solubility of Icelandic dust reported in this
study varies from 0.08 % to 0.2 % for the dust hotspots in
southern and central Iceland to 0.6 % for Dyngjusandur in
NE Iceland. As 90 % of the dust reaching the ocean is from
the southern coast of Iceland (Arnalds et al., 2014), a frac-
tional Fe solubility of 0.13 %, the average of the dust hotspots
in southern Iceland, is used in the calculation. The estimated
soluble Fe deposition from Icelandic dust to the ocean is
approximatively 0.73–1.79 Gg yr−1. This suggests that Ice-
landic dust contributes to around 0.3–0.7 % of the global an-
nual deposition flux of soluble Fe to the ocean (Myriokefali-
takis et al., 2018).

4.5 Implications for the direct radiative effect

Kylling et al. (2018) estimated that in 2012 the instantaneous
radiative forcing (IRF) of Icelandic dust in the Arctic was
0.02 W m−2 at the bottom of the atmosphere (BOA). They
assumed the same optical properties for dust from differ-
ent source regions, which is different from the real condi-
tions. The mineralogical composition and the Fe speciation
in Icelandic dust are different from examples from northern
African and Asian dust (Fig. 2, Table 2), leading to different
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spectral optical properties. Previous research investigated the
absorption properties of volcanic sand deposited on snow,
suggesting that the absorption properties of Icelandic dust
from the Mýrdalssandur hotspot is similar to black carbon
(Meinander et al., 2014; Peltoniemi et al., 2015). The spectral
reflectance estimated for the pure volcanic sand was about
0.03, which is very similar to a black body (0.0) (Dagsson-
Waldhauserova, 2014; Peltoniemi et al., 2015). Zubko et
al. (2019) measured the complex refractive index of milled
volcanic sand from the same area. The imaginary part of
the complex refractive index (k), responsible for absorption,
was 0.01 (λ= 647 nm), which is around 1 order of magni-
tude higher than the average values for natural dust from the
Sahel (0.002, λ= 660 nm) and northern-Africa–Sahara and
eastern Asia (0.001, λ= 660 nm) (Di Biagio et al., 2019). In
the shortwave spectrum, the k values reported in literature for
volcanic ash from Iceland range from around 0.0001 to 0.02
(Ball et al., 2015; Bukowiecki et al., 2011; Derimian et al.,
2012; Hervo et al., 2012; Reed et al., 2017; Rocha-Lima et
al., 2014; Schumann et al., 2011; Toledano et al., 2012; Vogel
et al., 2017; Weinzierl et al., 2012), which makes it difficult
to evaluate the absorption properties of volcanic dust.

Here we present a first estimate of the complex refrac-
tive index of Icelandic dust based on the mineral volume
fractions determined in this study. For the scenario assum-
ing all FeD as hematite, the calculations were repeated using
different reference refractive indices for hematite and mag-
netite, and four scenarios were considered. The real part of
the volume-average refractive index (ñ) has an average value
of 1.60 at the selected wavelengths consistently in the dif-
ferent scenarios. The imaginary part of the volume-average
index (k̃) calculated using the refractive index of magnetite
from Huffman and Stapp (1973) is up to 1 order of magni-
tude higher than when using the data from Querry (1985)
(Table 3). No significant variations were observed when ap-
plying the two different refractive indices for hematite (not
shown). If using the data for magnetite from Querry (1985),
k̃ showed little variation among the samples at the selected
wavelengths, ranging from 0.001 to 0.003. While using the
data from Huffman and Stapp (1973), k̃ generally decreased
from 470 to 660 nm, and higher k̃ values were observed for
D3, Maeli2 and H55 (0.006–0.01) compared to Land1 and
MIR45 (0.004–0.006). Note that D3 has almost twice the
magnetite content of Land1 and MIR45. Similar results are
observed if assuming all FeD is goethite (Table 3). Over-
all, the estimated ñ and k̃ values are within the range of
n and k reported for volcanic ash. The k̃ value of the dust
samples from the Mýrdalssandur hotspot is 0.002–0.004 at
λ= 660 nm, which is 2–5 times lower than what observed in
Zubko et al. (2019). The k̃ values estimated using the refer-
ence index of magnetite from Querry (1985) are comparable
to the k values reported in Di Biagio et al. (2019) for the
Sahel, northern-Africa–Sahara and eastern Asia. Using the
magnetite refractive index from Huffman and Stapp (1973),

the estimated k̃ values rise up to 12 times higher than the k of
northern African and Asian dust from Di Biagio et al. (2019).

Our results indicate that magnetite can be a key factor con-
tributing to the shortwave absorption of Icelandic dust, which
is in agreement with the findings in Yoshida et al. (2016),
who reported the presence of strongly light-absorbing miner-
als in Icelandic dust, which were identified as magnetite-like
particles. Our analysis suggests that Icelandic dust may ab-
sorb solar radiation more than northern African and Asian
natural dust, possibly leading to a stronger direct positive ra-
diative effect in the Arctic than the estimates by Kylling et
al. (2018).

There is large uncertainty in the estimated volume-average
refractive index, which is related to complex refractive index
of the amorphous glass and Fe oxides (Zhang et al., 2015).
In addition, the method used here may overestimate absorp-
tion as the mineral phases are considered internally mixed in
the dust samples (Formenti et al., 2014b). Direct measure-
ments are thus necessary to evaluate the optical properties of
Icelandic dust, which will be reported in a separate article.

5 Conclusions

In this study, we investigated the chemical composition and
mineralogy of dust samples representative of five major
dust hotspots in Iceland. Our results show that Icelandic
dust is fundamentally different from low-latitude dust. Ice-
landic dust has a basaltic composition, and it is mainly
composed of Ca-rich plagioclase, pyroxene and amorphous
glass. The amorphous materials account for 8 % (Hagavatn
dust hotspot) to 60 %–90 % (Dyngjusandur, Landeyjarsan-
dur, Mælifellssandur and Mýrdalssandur hotspots) of total
dust mass. Mineralogical fractionation was not observed be-
tween dust samples and sediments. Icelandic dust has a
high magnetite content and low hematite, goethite (FeD)
and amorphous Fe (FeA) contents. The initial Fe solubility
(pH 4.7) is 0.08 %–0.6 %. The low degree of weathering and
low crystallinity are responsible for the high Fe solubility at
low pH (up to 30 %).

Here we provide a comprehensive dataset including chem-
ical composition, mineralogy, Fe speciation and Fe solubil-
ity of Icelandic dust, which can be fed to global models to
estimate the flux of atmospheric soluble Fe to the sub-Arctic
and Arctic oceans and to assess the radiative effect of Ice-
landic dust. Our analysis suggests that the shortwave absorp-
tion properties of Icelandic dust are determined by the high
magnetite content, possibly leading to a stronger direct pos-
itive radiative effect in the Arctic than previous estimates.
The original measurements of the spectral optical proper-
ties together with the size distribution conducted at CESAM
will provide further insight into the absorption properties and
long-range transport of Icelandic dust, which is necessary to
estimate the radiative impact of Icelandic dust and its contri-
bution to Arctic warming.
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Table 3. Estimated imaginary part of the volume-average refractive index of Icelandic dust (PM10 fraction).

Assuming FeD is hematite Assuming FeD is goethite

Samples 470 nm 520 nm 590 nm 660 nm 470 nm 520 nm 590 nm 660 nm

k̃1 k̃2 k̃1 k̃2 k̃1 k̃2 k̃1 k̃2 k̃1 k̃2 k̃1 k̃2 k̃1 k̃2 k̃1 k̃2

D3 0.010 0.002 0.009 0.002 0.008 0.002 0.007 0.002 0.010 0.002 0.009 0.002 0.008 0.002 0.007 0.003
H55 0.009 0.002 0.008 0.002 0.007 0.002 0.006 0.002 0.009 0.001 0.008 0.002 0.007 0.002 0.007 0.002
Land1 0.006 0.002 0.005 0.002 0.004 0.001 0.004 0.001 0.005 0.001 0.005 0.002 0.005 0.002 0.004 0.002
Maeli2 0.011 0.003 0.009 0.002 0.008 0.002 0.007 0.002 0.010 0.002 0.009 0.003 0.008 0.003 0.008 0.003
MIR45 0.006 0.001 0.006 0.001 0.005 0.001 0.004 0.002 0.006 0.001 0.006 0.001 0.005 0.002 0.004 0.002

Note that the k̃1 and k̃2 values are calculated using two different complex refractive indices for magnetite from Huffman and Stapp (1973) and Querry (1985), respectively.
If assuming FeD is purely hematite, the data shown in the table are calculated using the data from Longtin et al. (1988).

Data availability. The element oxide mass percentages, the chem-
ical index of alteration and relevant element ratios for the differ-
ent Icelandic dust samples (PM10 fraction) are reported in Table 1.
The mineralogical composition of PM10 samples and parent sedi-
ments is provided in Table 2. The Fe speciation and solubility of the
PM10 fractions are provided in Table S3 in the Supplement. Data are
available at https://doi.org/10.25500/edata.bham.00000565 (Baldo,
2020).

Supplement. The supplement related to this article is available on-
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