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10ICREA, Catalan Institution for Research and Advanced Studies, 08010 Barcelona, Spain

anow at: Palas GmbH, 76187 Karlsruhe, Germany
bnow at: Danish Meteorological Institute (DMI), 2100 Copenhagen, Denmark

Correspondence: Konrad Kandler (kandler@geo.tu-darmstadt.de)

Received: 2 February 2025 – Discussion started: 12 March 2025
Revised: 11 June 2025 – Accepted: 20 June 2025 – Published: 15 September 2025

Abstract. Iceland is a significant high-latitude dust source area. Airborne Icelandic dust influences the climate
system by interacting with radiation, clouds, and biogeochemical cycles; it also affects snow and ice albedo and
air quality. These impacts are sensitive to the dust’s mineralogical, chemical, and physical properties. However,
comprehensive measurements and analyses of Icelandic dust particles remain limited. This study examines dust
samples collected during a field campaign in the Dyngjusandur desert (August–September 2021) using active and
passive aerosol sampling. Over 190 000 individual particles, ranging from 0.1 to 120 µm, were analyzed for their
chemical and physical properties using computer-controlled scanning electron microscopy/energy-dispersive X-
ray spectroscopy (ccSEM/EDX). Results show heterogeneity in particle size, shape, and composition. The most
abundant particle type was medium-Al mixed particles, likely glass-like, comprising 35 %–92 % of the aerosol
volume. Sulfate particles, suggesting volcanic contributions, were detected in some samples. Iron (Fe)- and
titanium (Ti)-rich particles made up 3.3 % and 6 % of the aerosol volume, respectively, mainly in the size fraction
< 1 µm. The median aspect ratio ranged from 1.37 to 1.53, increasing with particle size. Our findings highlight
key differences in Icelandic dust compared to Saharan dust, including higher iron and titanium content and a
lack of potassium in Icelandic dust. Additionally, Icelandic dust shows a size-dependent increase in aspect ratio,
unlike Saharan dust, which remains constant. These observations can improve model simulations that account
for the effect of high-latitude dust in the Earth system.
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1 Introduction

Mineral dust is one of the most important and prominent
aerosol types. Dust impacts the Earth system via interactions
with radiation (Kok et al., 2023), clouds (Shi et al., 2022), at-
mospheric chemistry (Gaston, 2020), the cryosphere (Dong
et al., 2020), and ocean biogeochemistry (Hamilton et al.,
2022). The chemical and mineralogical composition, mor-
phology, and size distribution of dust are critical parameters
in determining its impact on the atmosphere and environment
(Formenti et al., 2011; Mahowald et al., 2014): the elemental
composition determines the biogeochemical cycling of min-
erals (Shi et al., 2012), and the material properties determine
the optical properties, in particular with respect to light ab-
sorption (Sokolik et al., 1998). Moreover, the distribution of
the compounds in and among the particles (i.e., internal or
external mixing) is another important factor to consider. For
example, the optical properties of aerosols, such as light ab-
sorption and scattering, are strongly dependent on their mix-
ing state (Lindqvist et al., 2014; Nousiainen and Kandler,
2015). In addition, chemical transformation processes, such
as heterogeneous reactions and secondary aerosol formation,
are also considerably affected by whether particles are inter-
nally or externally mixed (Ito and Feng, 2010). The mixing
state can vary substantially depending on the regional aerosol
regime and emission sources, reflecting the diverse and het-
erogeneous nature of ambient particulate matter (Li et al.,
2016). Understanding these mixing structures is essential for
assessing aerosol impacts on climate and air quality.

Although hot subtropical deserts are the largest contrib-
utors to the global dust cycle (Kok et al., 2021), recent re-
search has identified cold deserts at high latitudes as an
important yet neglected dust source (Prospero et al., 2012;
Bullard et al., 2016; Meinander et al., 2022). High-latitude
dust (HLD) regions are defined as north of≥ 50° N and south
of ≥ 40° S and include the Arctic as a sub-region ≥ 60° N
(Meinander et al., 2022). Model simulations indicate that
HLD sources contribute an estimated 1 %–5 % of global dust
emission (Bullard et al., 2016; Groot Zwaaftink et al., 2016;
Meinander et al., 2022), while their impact might be much
higher due to their presence in an otherwise pristine but sen-
sitive environment (Schmale et al., 2021). Some studies sug-
gest that HLD sources may become more active in the fu-
ture as glaciers retreat and expose new sediments (Bullard
et al., 2016; Meinander et al., 2022). While factors such as
changes in precipitation and vegetation cover could coun-
teract this effect by stabilizing dust source areas (Aryal and
Evans, 2023), field observations from Iceland demonstrate
that precipitation has limited influence on dust suspension
from glacial outwash plains. Dust storms have been observed
during high precipitation periods and even with little wind,
with dust plumes occurring within hours after rainfall (Wald-

hauserova et al., 2014). Further work is needed to understand
the net effect on HLD emissions due to climate change.

In the Northern Hemisphere, Iceland is a major high-
latitude source of dust (Arnalds et al., 2001, 2016). While
Iceland as a whole is humid from a climatological point of
view, some regions in the interior are semi-arid due to shield-
ing by the surrounding mountains (Arnalds et al., 2016).
Therefore, it is one of the most active eolian areas on Earth,
consisting of sandy deserts, which undergoes intensive eo-
lian processes (Arnalds et al., 2001, 2016). Glaciers cover
about 11 % of Iceland’s land surface (Björnsson and Pálsson,
2008). Glacier activity results in the production of glacial
sediment of which in particular the fine fraction is trans-
ported by glacial meltwater. After drying, these fine sedi-
ments are prone to wind erosion (Bullard et al., 2016) and
frequently emit dust (Arnalds, 2010; Arnalds et al., 2016).
The sandy areas of Iceland have dark surfaces consisting of
mostly basaltic volcanic glass (Arnalds et al., 2001). Hence,
due to the different geological origin and a different weath-
ering regime compared to lower latitudes with a different cli-
mate, the properties of Icelandic dust are significantly dif-
ferent compared to northern African and Asian dust (Baldo
et al., 2020, 2023; González-Romero et al., 2024b).

Icelandic dust serves as ice-nucleating particles (INPs)
across the North Atlantic and Arctic (Paramonov et al., 2018;
Sanchez-Marroquin et al., 2020; Kawai et al., 2023). How-
ever, the abundance, sources, and nature of INPs in the high
latitudes remain poorly understood (Murray et al., 2021; Xi
et al., 2022). Furthermore, Icelandic dust can be strongly
light-absorbing due to the presence of magnetite-like parti-
cles (Yoshida et al., 2016). In addition, it has different shapes,
lower densities, higher porosity, increased roughness, and
darker colors compared to other desert dusts (Butwin et al.,
2020; Richards-Thomas et al., 2021). Icelandic dust provides
a large surface for heterogeneous reactions with SO2 up-
take, thus providing a major sink of sulfur in volcanic clouds
(Urupina et al., 2019; Lasne et al., 2022). Icelandic dust also
has a strong influence on the mass balance of glaciers in Ice-
land (Wittmann et al., 2017) and thereby has a stronger pos-
itive direct radiative forcing on climate (Baldo et al., 2023),
as indicated by its optical properties alone. Emitted Icelandic
dust can be transported towards the North Atlantic Ocean
(Dagsson-Waldhauserova et al., 2013; Moroni et al., 2018)
as well as to glaciers in Greenland (Meinander et al., 2016).
The transported dust could also potentially influence ma-
rine biota within ecosystems in the Arctic Ocean (Dagsson-
Waldhauserova et al., 2017).

Information on the physico-chemical differences across
dust sources is essential for dust modeling and understand-
ing its climate impact. The mineralogical composition of
dust can differ greatly between regions because of geolog-
ical and climatic influences (Claquin et al., 1999; Journet
et al., 2014). However, many Earth models generally assume
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a globally uniform dust composition, due to the lack of com-
prehensive global data on the parent soil. Only a few models
consider variations in dust mineralogy (Perlwitz et al., 2015;
Gonçalves Ageitos et al., 2023; Song et al., 2024) by utiliz-
ing global soil type atlases and extrapolating from a small
set of analyses. In situ studies, which could provide more
accurate data, are often limited by several challenges. For
one, source areas are difficult to study due to the remote and
harsh nature of source regions, as well as the technical diffi-
culties in sampling during dust storm conditions. Instruments
used for measuring dust in these conditions are often prone
to saturation or damage, further complicating data collection.
Moreover, the large size range, spanning from a few microm-
eters to hundreds of micrometers, of mineral dust particles
adds another layer of complexity. Field measurements often
struggle to capture the larger supermicron particles, which
constitute a significant fraction of the total mass. Addition-
ally, different sampling methods based on properties such as
optical, inertial, or electrical characteristics often yield data
that are difficult to compare, as these methods depend on par-
ticle composition, size, and shape. Without parallel measure-
ments of physico-chemical properties, the data from different
techniques can be difficult to reconcile (Hinds, 1999). These
issues underscore the need for more robust in situ studies
that can provide high-resolution data on particle composi-
tion, size distribution, and source characterization to improve
the accuracy of dust–climate interaction models.

To tackle these and other knowledge gaps, we performed
a large-scale field experiment in the most prolific dust source
region of Iceland, the desert of Dyngjunsandur, in August
and September 2021. The campaign was co-organized by
two projects: FRontiers in dust minerAloGical coMposi-
tion and its Effects upoN climaTe (FRAGMENT) and Ice-
land as a model for high-latitude dust sources – a com-
bined experimental and modeling approach for characteri-
zation of dust emission and transport processes (HiLDA).
The goal of the campaign was to improve our fundamen-
tal understanding of the emitted-dust size distribution and
size-resolved mineralogical composition along with their re-
lationship with the parent soil properties and meteorology.
The campaign included a detailed study of the mineralogical
composition, particle size distribution, mode of occurrence
of Fe, degree of cohesion, and visible–near-infrared (VNIR)
reflectance spectra of the dust-emitting sediment (González-
Romero et al., 2024b). Additionally, the study focused on the
small-scale meteorology and size-resolved fluxes (Dupont
et al., 2024). This campaign followed another one performed
in Morocco (2019) (Panta et al., 2023; González-Flórez et al.,
2023; González-Romero et al., 2023) and preceded two other
campaigns in the US (2022) (González-Romero et al., 2024a)
and Jordan (2022) (Dupont et al., 2024), all of which were
performed within the FRAGMENT project.

This study focuses on the analysis of composition,
size, and shape of the freshly emitted dust using elec-
tron microscopy. Computer-controlled scanning electron mi-

croscopy coupled with energy-dispersive X-ray analysis (cc-
SEM/EDX) enables the investigation of the elemental and
morphological composition of a large number of aerosol par-
ticles leading to higher counting statistics that are representa-
tive of the major particle type present in the collected sample
(Kandler et al., 2007; Scheuvens et al., 2011; Kandler et al.,
2020; Panta et al., 2023). We focus on the composition of
airborne-sampled freshly emitted mineral dust close to the
source as well as in the outflow regions, the average shape pa-
rameter (aspect ratio) and its relationship with size and com-
position, the difference in composition during different dust
episodes, and the iron contribution to the single particles. We
conclude the paper by comparing high-latitude Icelandic dust
and mid-latitude Moroccan dust that were sampled using the
same collection technique and analyzed using ccSEM/EDX
(Panta et al., 2023).

2 Experimental methods

2.1 Study area and sampling sites

The intensive campaign was carried out in the high-
lands of Iceland for a period of 6 weeks during August–
September 2021. During these weeks, measurements were
carried out in Dyngjusandur (DYS) as well as the outflow re-
gion (MRS, SRS, HRS, and VFS) as shown in Fig. 1. The
coordinates of all the sampling sites are given in Table S1 in
the Supplement. Dyngjusandur lies north of the Vatnajökull
glacier in the interior of Northeast Iceland and is character-
ized by various surface pathways of eolian sediments. It has
a dry, cold climate with an annual precipitation of less than
400 mm and is known to be one of the most extensive dust
source areas in Iceland, with frequent dust events observed
during summer (Arnalds et al., 2016). During the campaign,
temperatures ranged mostly between 5 and 15 °C. There were
only 6 d when temperatures exceeded 15 °C, with the high-
est 15 min average peak at 2 m height recorded as 21.61 °C
on 24 August, breaking the previous maximum temperature
record for August. This temperature rise caused the Vatna-
jökull glacier to experience intensified daily meltwater dis-
charge, leading to complete flooding of the measurement
site. The increased wind speed during the following days,
with average values exceeding 18 m s−1 at 9.9 m height and
gusts above 25 m s−1, resulted in intense dust storms that
lasted throughout the day. This was a significant change from
the initial period of the campaign, which had weaker winds,
more frequent precipitation, and shorter and less intense dust
events (Dupont et al., 2024; González-Romero et al., 2024b).

The main site (DYS) was located in a terminal lake
connected to a nearby glacier (64°54′55′′ N, 16°46′35′′W;
710 m a.s.l.; see Fig. 1). The area is topographically mostly
flat and is devoid of vegetation or other obstacles. It has how-
ever meltwater channels due to the glacier discharge caus-
ing glacio-fluvial sediment to be frequently replenished with
finer particles on top that are prone to dust emission under fa-
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Figure 1. (a) Basemap of Iceland showing the hotspot region of Jökulsá á Fjöllum with dotted points. The yellow star indicates the main
experimental site “DYS”, and the purple dots mark the locations of deposition samplers in the outflow regions. (b) Zoom-in of the hotspot
region showing the samplers “HRS” and “VFS” located northeast of the main site. (c) Zoom-in showing the samplers “SRS” and “MRS”
located southwest of the main site.

vorable conditions (González-Romero et al., 2024b; Dupont
et al., 2024). The main site (DYS) was heavily instrumented
with several ground-based monitoring devices for meteoro-
logical and airborne dust measurements. In addition to the
main measurement site, dust deposition samplers were de-
ployed throughout the region to study the spatial distribu-
tion and composition of dust. These auxiliary sites are la-
beled MRS, SRS, HRS, and VFS (see Fig. 1). MRS and
SRS are located near DYS, while HRS and VFS are po-
sitioned further downwind, with VFS situated on a hilltop.
MRS, SRS, and HRS have surface characteristics similar to
the main site and are part of the Jökulsá á Fjöllum river basin.
VFS is located approximately 60 m above the riverbed and is
well-positioned to monitor airborne dust leaving the riverbed
source.

2.2 Particle sampling

Particles were collected using flat-plate samplers (FPSs) and
free-wing impactors (FWIs), both of which are briefly de-
scribed in the section below. A detailed description and
methodology of sampling techniques have been described
in previous publications (Kandler et al., 2018; Panta et al.,
2023). All samples have been collected on top of pure car-
bon adhesive substrates (Spectro Tabs, Plano GmbH, Wet-
zlar, Germany) mounted to standard scanning electron mi-
croscopy (SEM) aluminum stubs. Pure carbon substrate was
chosen because of the low-Z background providing a con-
trast between particles and background as well as the differ-
ent elemental composition of the background and the sub-
stances of interest. All adhesive samples were stored in stan-
dard SEM storage boxes (Ted Pella Inc., Redding, CA, USA)
in dry conditions. FWI samples were collected twice per day
with a typical sampling duration of a few minutes to an hour,
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whereas the exposure time was 8–48 h for the FPS. The sam-
ple substrate exposure time was dependent on the estimated
aerosol concentrations in order to have a statistically sig-
nificant number of particles on the substrate for individual-
particle analysis.

The differences in sampling durations reflect the dis-
tinct operational modes of the samplers. Passive samplers
(i.e., FPS) require longer integration times (8–48 h) to ac-
cumulate sufficient aerosol loading due to their low collec-
tion velocities. In contrast, active samplers (i.e., FWI) can
operate over much shorter time frames (minutes to an hour),
as their high effective deposition velocities ensure adequate
particle loading. Matching the durations across all systems
would result in either underloading of the passive samples or
overloading of active ones. Examples of low-magnification
electron micrographs of dust collected by the flat-plate de-
position sampler are shown in Sect. S7 of the Supplement,
providing an overview of the diversity of the dust grains.

2.2.1 Free-wing impactor (FWI)

A free-wing impactor (Kandler et al., 2018; Panta et al.,
2023) was used to collect particles larger than approximately
3 µm (projected diameter). The FWI has a carbon adhesive
impaction surface on the aluminum stub attached to a rotat-
ing arm that moves through the air; particles deposit on the
moving plate due to their inertia. The rotating arm is moved
at a constant speed by a stepper motor, which is fixed on a
wind vane, aligning the FWI to the wind direction. The sub-
strate itself is oriented perpendicular to the airstream vector
(resulting from wind and rotation speeds), which is main-
tained by a small wind vane attached to the rotating arm. The
particle size cutoff is defined by the impaction parameter, i.e.,
by rotation speed, wind speed, and sample substrate geome-
try. Table 1 gives an overview of the FWI sampling times.
The reported time is in UTC, which is also local time for
Iceland.

2.2.2 Flat-plate sampler

The dry-deposition flat-plate sampler (FPS) used in this work
is similar to the original FPS used in Ott and Peters (2008),
except for a retraction of the deposition surface to the level of
the lower plate (Waza et al., 2019). It consists of two round
brass plates (top-plate diameter of 203 mm, bottom-plate di-
ameter of 127 mm, thickness of 1 mm each) mounted 16 mm
apart. The plates protect the substrate from precipitation and
reduce the effects of wind speed by reducing the smallest
turbulence to the distance between the parallel plates. This
design prevents larger droplets (> 1 mm) from reaching the
surface of the SEM stub at low wind speeds (Ott and Peters,
2008). The main triggers for particle deposition on the sub-
strate are diffusion, settling by gravity, and turbulent inertial
forces.

Table 1. Sampling times for free-wing impactor samplers at Dyn-
gjusandur (DYS).

ID Start date & time End date & time Exposure time
(dd-mm-yyyy) (dd-mm-yyyy) (min)

1 09-08-2021 15:45 09-08-2021 17:45 120
2 10-08-2021 12:35 10-08-2021 14:35 120
3 10-08-2021 17:43 10-08-2021 17:57 14
4 10-08-2021 18:04 10-08-2021 18:07 3
5 11-08-2021 15:08 11-08-2021 15:18 10
6 11-08-2021 15:24 11-08-2021 15:39 15
7 12-08-2021 17:23 12-08-2021 17:38 15
8 14-08-2021 16:08 14-08-2021 17:10 62
9 15-08-2021 16:29 15-08-2021 16:30 1
10 15-08-2021 16:33 15-08-2021 16:36 3
11 15-08-2021 16:41 15-08-2021 16:46 5
12 16-08-2021 18:20 16-08-2021 18:21 1
13 16-08-2021 18:23 16-08-2021 18:26 3
14 16-08-2021 18:27 16-08-2021 18:32 5
15 17-08-2021 18:41 17-08-2021 18:44 3
16 17-08-2021 18:45 17-08-2021 18:50 5
17 19-08-2021 16:40 19-08-2021 17:10 30
18 20-08-2021 15:48 20-08-2021 17:48 120
19 21-08-2021 13:22 21-08-2021 13:52 30
20 22-08-2021 17:02 22-08-2021 17:04 2
21 22-08-2021 17:10 22-08-2021 17:11 1
22 23-08-2021 16:04 23-08-2021 16:08 4
23 23-08-2021 16:15 23-08-2021 16:16 1
24 31-08-2021 19:06 31-08-2021 19:07 1
25 01-09-2021 19:08 01-09-2021 19:09 1
26 01-09-2021 19:14 01-09-2021 19:16 2
27 02-09-2021 10:15 02-09-2021 10:45 30
28 02-09-2021 19:00 02-09-2021 19:30 30
29 03-09-2021 09:30 03-09-2021 10:30 60
30 03-09-2021 11:27 03-09-2021 11:34 7
31 03-09-2021 11:38 03-09-2021 11:47 9
32 03-09-2021 19:10 03-09-2021 19:15 5
33 04-09-2021 09:25 04-09-2021 09:30 5
34 04-09-2021 09:33 04-09-2021 09:38 5
35 04-09-2021 09:45 04-09-2021 10:00 15
36 04-09-2021 18:40 04-09-2021 18:41 1
37 04-09-2021 18:43 04-09-2021 18:45 2
38 05-09-2021 09:35 05-09-2021 09:37 2
39 05-09-2021 09:38 05-09-2021 09:38 0.5
40 05-09-2021 20:06 05-09-2021 20:16 10
41 05-09-2021 20:20 05-09-2021 20:22 2

A total of 29 sample substrates for electron microscopy
were analyzed. There were a few samples that could not be
analyzed because of overloading of the substrate. Table 2
gives an overview of the sampling times. The reported time
is in UTC, which is also local time for Iceland. The sampling
time for samples collected at surrounding locations is given
in Tables S2–S5.
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Table 2. Sampling times for flat-plate samplers at Dyngjusandur
(DYS).

ID Start date & time End date & time Exposure time
(dd-mm-yyyy) (dd-mm-yyyy) (min)

1 09-08-2021 12:00 10-08-2021 16:15 1695
2 10-08-2021 16:20 11-08-2021 14:30 1330
3 11-08-2021 14:40 12-08-2021 17:50 1630
4 12-08-2021 18:00 13-08-2021 18:00 1440
5 13-08-2021 18:05 14-08-2021 18:00 1435
6 14-08-2021 18:05 15-08-2021 18:23 1458
7 15-08-2021 18:25 16-08-2021 18:39 1454
8 16-08-2021 18:34 17-08-2021 19:00 1466
9 17-08-2021 19:00 19-08-2021 17:08 2768
10 19-08-2021 17:10 21-08-2021 16:50 2860
11 21-08-2021 16:50 22-08-2021 17:35 1485
12 22-08-2021 20:00 23-08-2021 18:05 1325
13 23-08-2021 18:10 25-08-2021 10:00 2390
14 30-08-2021 19:12 31-08-2021 08:20 788
15 31-08-2021 08:25 31-08-2021 08:35 10
16 31-08-2021 08:45 31-08-2021 10:05 80
17 31-08-2021 10:05 31-08-2021 10:45 40
18 31-08-2021 10:45 31-08-2021 18:30 465
19 31-08-2021 18:40 01-09-2021 09:05 865
20 01-09-2021 09:15 01-09-2021 10:40 85
21 01-09-2021 11:55 01-09-2021 18:15 380
22 01-09-2021 18:30 02-09-2021 18:35 1445
23 02-09-2021 18:35 03-09-2021 19:20 1485
24 03-09-2021 19:20 04-09-2021 18:35 1395
25 04-09-2021 18:35 04-09-2021 19:40 65
26 04-09-2021 19:45 05-09-2021 09:35 830
27 05-09-2021 09:35 05-09-2021 10:30 55
28 05-09-2021 10:30 05-09-2021 20:30 600
29 05-09-2021 20:30 07-09-2021 10:45 2295

2.3 Scanning electron microscopy (SEM)

2.3.1 Composition

The elemental composition and morphology of individual
particles were analyzed using computer-controlled scanning
electron microscopy (ccSEM; FEI ESEM Quanta 400 FEG,
Eindhoven, the Netherlands) coupled with energy-dispersive
X-ray spectroscopy (EDX; EDAX Phoenix, EDAX, Tilburg,
the Netherlands; Oxford X-Max 150, Oxford Instruments,
Abingdon, United Kingdom). The samples were examined
in the high vacuum mode of the instrument (∼ 5× 10−6 Pa
chamber pressure) without any pre-treatment. Prior to au-
tomated analysis, samples were checked for possible sur-
face defects and particle coverage patterns. Areas with sur-
face defects (for example, bubbles in the substrate) and over-
loaded samples were excluded from further data processing.
Sample analysis was automated by the software-controlled
electron microscope (Oxford Aztec 4.4). Automated parti-
cle segmentation from the background was performed based
on the backscatter electron signal. An acceleration voltage of

12.5 kV, beam current of 18 nA, spot size of 5 (beam diameter
of ∼ 3 nm), and a working distance of approximately 10 mm
were used to produce the optimum number of input counts
in the EDX detector. The scanning resolution was tuned to
the particle size. For the FPS, 160 nm per pixel were used to
identify particles up to 0.5 µm (equivalent projected-area di-
ameter), and for the FWI, 360 nm per pixel was used to iden-
tify the largest particles (mainly particles larger than 2.5 µm).
The X-ray signal was collected for each particle for a dura-
tion of 15 to 20 s (EDAX) and 2 s (Oxford), resulting in a
total of 40 000 to 100 000 counts. During this time, the beam
scanned over the particle’s cross-sectional area. Chemistry
information is derived by EDX. The internal ZAF correc-
tion (Z – atomic number, A – absorption, F – fluorescence;
accounting for material-dependent efficiencies) of the detec-
tor/software system – based on inter-peak background radia-
tion absorption measurements for correction – was used for
obtaining quantitative results.

In numerous places in the present work, relative elemen-
tal concentrations and ratios thereof are reported by the cor-
responding element symbols. These concentrations always
refer to atomic percentage (at. %; not weight percentage,
wt %).

2.3.2 Aspect ratio

The two-dimensional (2D) shape of individual dust particles
is presented here as the aspect ratio (AR) and was calculated
by the image analysis integrated into the SEM/EDX software
AZtec. The AZtec software manual defines AR as the ratio of
the major to the minor axis of the elliptical fit on the projected
particle area such that features with shapes similar to spheres
have an AR that is approximately 1, whereas ovals or needles
have an AR that is greater than 1. A caveat of 2D imaging is
that it can yield different shapes of 3D particles depending
on their orientation on the sampling substrate (Huang et al.,
2020).

2.3.3 Projected-area and volume-equivalent diameters

In this study, the image analysis integrated into the
SEM/EDX software AZtec is used to determine the size
of particles in terms of the projected-area diameter. The
projected-area diameter (dp) is the diameter of a circle hav-
ing the same area as the dust particle projected in a two-
dimensional image and is calculated as

dp =

√
4 ·A
π
, (1)

in which A is the area covered by the particle on the sample
substrate.

Following Ott and Peters (2008), the volume-equivalent
diameter (sphere with the same volume as an irregularly
shaped particle), also called the geometric diameter (dv), is
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estimated from the projected-area diameter via a volumet-
ric shape factor expressed by the particle projected area and
perimeter (P ) as follows:

dv =
4πA
P 2 dp =

1
P 2

√
64πA3. (2)

In the literature there are several definitions for “fine”,
“coarse”, “super-coarse”, and “giant” aerosol particles. In
this paper we use the size terminology defined in terms
of the volume-equivalent (geometric) diameter (D) as de-
scribed in Adebiyi et al. (2023) for fine dust (D< 2.5 µm),
coarse dust (2.5≤D< 10 µm), super-coarse dust (10≤D<
62.5 µm), and giant dust (D> 62.5 µm). Furthermore, all par-
ticle diameters presented here are converted from the equiv-
alent projected-area diameter to the volume-equivalent (ge-
ometric) diameter (unless stated otherwise). The reason for
this conversion is that geometric diameter is used in global
aerosol models to quantify dust size (Mahowald et al., 2014).

The particle volume was then computed as

V =
π

6
· d3
v . (3)

2.4 Mineral identification

The mineralogical identification in this study is based on the
elemental composition of each individual particle. Previous
studies have used SEM/EDX analysis to semi-quantitatively
identify the mineralogical composition of individual dust
particles (Kandler et al., 2007; Scheuvens et al., 2011; Kan-
dler et al., 2020; Panta et al., 2023). Although SEM/EDX
detects the elemental composition of particles, this alone is
not enough to accurately identify their mineral phase. How-
ever, since the elemental composition of many common min-
erals is known, the elemental ratio provided by EDX can
be used as an approach for the mineralogical identification
of the aerosol particles, as long as each particle is assumed
to be composed of a single mineral type. There are some
minerals (e.g., quartz, sea salt) that can be identified more
reliably, while others are generally indistinguishable (e.g.,
gypsum/anhydrite, hematite/magnetite) and some may con-
tain ambiguous compositions and therefore are prone to a
potential classification error (e.g., micas, smectites) using
SEM/EDX. Additionally, although individual particles are
typically chosen for EDX analysis, some mixtures may be
present and could lead to discrepancies between EDX results
and the true mineral composition.

Based on the single-particle composition quantification, an
elemental index (|X|) for the element X is defined as the
atomic ratio of the concentration of the element considered
and the sum of the concentrations of the element quantified
(Kandler et al., 2007, 2018):

|X| =
X

Na+Mg+Al+Si+P+S+Cl+K
+Ca+Ti+Cr+Mn+Fe

, (4)

where the element symbols represent the relative contribu-
tion in at. % measured for each particle. The chemical com-
position of each particle, including the major elements F, Na,
Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Zn, and Pb, was
determined using EDX and is reported as normalized atomic
percentages. Since the substrate is composed of carbon, the
element C was excluded from the quantification. N and O
were disregarded as well due to their high measurement er-
ror.

3 Results

3.1 Particle type characterization and their relative
abundances

Chemical compositions of more than 128 000 particles were
measured from the samples collected at Dyngjusandur. Ad-
ditionally 62 400 particles were analyzed from surround-
ing locations. Based on the chemical composition derived
from EDX, the particles were classified into different par-
ticle groups. The full classification can be found in Sect. S3
in the Supplement.

The classification scheme is primarily based on our pre-
vious work (Kandler et al., 2007, 2018; Panta et al., 2023).
However, as the geology of Iceland is different than that of
low- and mid-latitude dust sources, other mineralogical parti-
cle groups are required, and, therefore, new boundary condi-
tions were developed. Dyngjusandur is mainly characterized
by basaltic volcanic glasses formed below the Vatnajökull
glacier during subglacial eruptions with pyroxene, olivine,
and plagioclase as other significant phases (Baratoux et al.,
2011). Dust resuspension of surface sediment samples from
five major Icelandic dust hotspots including Dyngjusandur
also showed amorphous basaltic materials were dominant
with around 70 wt % observed for the Dyngjusandur sam-
ple (Baldo et al., 2020). In the following, the major particle
groups found are described.

3.1.1 Medium-Al mixed silicates

The most frequent particles in Dyngjusandur are classified
as medium-Al mixed-silicate (MAS) particles based on our
elemental classification scheme. The name is chosen to be
generic and descriptive, as they most probably do not rep-
resent a mineral but instead a glassy substance. Figure 2
presents the size-resolved average elemental composition
and a 2D histogram of MAS particles. It is characterized
by the presence of elements such as Si, Al, Fe, Ca, Mg,
and Na in EDX spectra with ratios of Al /Si of 0.34± 0.04
(mean± standard deviation), Ca /Si of 0.21± 0.05, and
Mg /Si of 0.17± 0.05. The Fe /Si ratio is slightly higher
in the fine mode (0.28± 0.07) and decreases in the coarse
(0.22± 0.05) and super-coarse (0.20± 0.05) mode. In addi-
tion, Si, Al, Ca, and Mg exhibit consistent trends across the
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size range, whereas Fe decreases and Na increases as size
increases.

As using chemistry alone is not sufficient to classify par-
ticles into glass, additional analysis was performed. A select
number of particles was manually analyzed using SEM and
classified as glass. Figure 2b shows the derived elemental ra-
tios for these glass particles (with each dot representing one
particle) together with the two-dimensional histogram for the
particles classified as MAS particles using ccSEM. For illus-
tration, images and elemental mappings of the MAS particles
are given in the Supplement (Sects. S8 and S9). The glassy
structure becomes clearly visible from the river line fractures
and the smooth surfaces. In some cases, a pumice structure is
recognizable. While small variations in composition are de-
tected, in general this group is homogeneous with respect to
composition.

Furthermore, X-ray diffraction (XRD) analysis was per-
formed on the surface sediments (González-Romero et al.,
2024b). The XRD analysis revealed that a significant com-
ponent (79± 11 wt%) of the sediment consists of an amor-
phous phase, most probably volcanic glass and its nano-sized
weathering product (hydrated amorphous Si-bearing). This
observation aligns with the anticipated composition, given
the predominantly basaltic nature of the magma coming from
the Grímsvötn volcanic systems, which serve as the primary
source for the Dyngjusandur dust hotspot (Vogel et al., 2017).

Considering the XRD analysis results, which indicate the
presence of amorphous basaltic material (volcanic glass) in
the Icelandic sediments, it can be inferred that the particles
classified as MAS are likely to be glassy particles based on
the elemental ratios derived from the manual SEM analysis
and the composition of the parent sediment.

3.1.2 Pyroxene-/amphibole-like

Pyroxenes are rock-forming inosilicate minerals and have the
general formula XY (Si,Al)2O6, where X and Y are most
commonly sodium, magnesium, calcium, or iron. Pyroxene
minerals usually have volcanic origin and are typically not
present in low-latitude mineral dust. Previous studies have
reported pyroxene (augite) to be the dominant mineral phases
present in Dyngjusandur (Baratoux et al., 2011; Baldo et al.,
2020). These particles can potentially act as an ice-nucleating
particle as recent work with volcanic tephra samples (vol-
canic ash) indicates that some pyroxene phases can onset
freezing at temperatures near −10 °C (Maters et al., 2019).

3.1.3 Interm.-plag.-like

The interm.-plag.-like (intermediate-plagioclase-like) class
consists of particles whose compositions fall between those
of pyroxene and plagioclase. This intermediate composition
reflects a balance between calcium and sodium. Like py-
roxene, plagioclase minerals are of volcanic origin and are
typically absent in mineral dust from low-latitude regions.

Studies of sediment mineralogy as well as mineral dust from
Dyngjusandur have identified the presence of plagioclase
(González-Romero et al., 2024b; Moroni et al., 2018; Bara-
toux et al., 2011).

3.1.4 Silicate mixtures

The groups “other silicates”, “complex silicate (high Al)”,
and “complex silicate (moderate Al–low alkali)” show no
matches with the common mineral phases. Nevertheless, they
form distinct point clusters. This indicates that they have a
specific chemical composition depending on the group but
cannot be assigned to any mineral phase. Their position be-
tween compositions of mineral phases indicates that the par-
ticles are structurally still in the process of fractionation from
the igneous melt glass.

3.1.5 Iron-rich particles

Iron-rich particles were characterized by the high relative
fraction of Fe, with varying amounts of mainly Si, Ca, and
Ti present, and can be divided into two main categories:
(a) Fe-oxide- /Fe-hydroxide-like and (b) titanomagnetite-
like. These were also observed in previous studies of sur-
face sediment samples from Dyngjusandur (Baldo et al.,
2020). Hematite occurs mostly as a secondary product of
weathering in soils (Deer et al., 2013). As the sediments
from Dyngjusandur show a low degree of chemical weath-
ering (Arnalds et al., 2016; Baldo et al., 2020), the Fe-oxide-
/Fe-hydroxide-like group is more likely to be magnetite-like
than hematite-like. This was also observed in the sediment
analysis of Dyngjusandur, where the average bulk Fe con-
tent is 9.5± 0.4 wt % (González-Romero et al., 2024b). Fur-
thermore, with increasing particle size in the Fe-oxide- /Fe-
hydroxide group, the contribution of Fe is slightly reduced
and some elements (mainly Ca) are enhanced, suggesting
that these particles are increasingly internally mixed with
other phases as particle size increases. The titanomagnetite-
like group is characterized by a relatively high concentration
of Ti in magnetite. Both of these particle types are observed
mainly in diameters smaller than 4 µm and are generally mix-
tures of different minerals rather than a pure component.

3.1.6 Sulfate

Sulfate aerosol particles are produced in the atmosphere
through the oxidation of sulfur dioxide emitted by various
sources. Volcanic emissions are the primary natural source of
sulfur dioxide (SO2) (Carn et al., 2017), accounting for about
25 % of the tropospheric sulfate aerosol burden (Lamotte
et al., 2021). The emitted SO2 undergoes oxidation in the at-
mosphere to form gaseous sulfuric acid, which then converts
to sulfate aerosol particles. Furthermore, some mineral dust
particles (e.g., calcite) can transform into other particle types
through heterogeneous reactions with SO2 (Li et al., 2014).

Atmos. Chem. Phys., 25, 10457–10478, 2025 https://doi.org/10.5194/acp-25-10457-2025



A. Panta et al.: Electron microscopy of Icelandic dust 10465

Figure 2. (a) Average elemental composition (atomic fraction) as a function of particle size for the medium-Al mixed-silicate (MAS)
particles at Dyngjusandur from deposition plate and free-wing impactor samples. The numbers on top represent total particle counts in the
given size bin. (b) Two-dimensional histogram with respect to element atomic concentration ratios for MAS particles. Colors indicate particle
count density. Symbols show classification of glass particles identified manually by composition and morphology.

Figure 3. Average elemental composition as a function of particle
size for (a) Fe-oxide- /Fe-hydroxide-like and (b) titanomagnetite-
like. The legend shows the element index for each respective el-
ement. The numbers on top represent total particle counts in the
given size bin.

The measurement period coincided with the basaltic eruption
at Fagradalsfjall (March–September 2021) which released
volcanic sulfur dioxide (SO2) (Esse et al., 2023). Sulfate par-
ticles typically appeared to be spherical (see Fig. S6), al-
though some extreme aspect ratios were also observed due to
the needle-like structure of these particles. Most of the sul-
fate observed falls into the group of ammonium-sulfate-like
particles due to the lack of the common cations like Na, Mg,
K or Ca, which is consistent with its formation by gas-to-
particle conversion from the volcanic plume (Boulon et al.,
2011).

3.2 Relative abundances of various types of particles

Figure 4 shows the relative volume abundance of the various
particle types observed in the Dyngjusandur samples. During
the measurement campaign, the composition of the aerosol
particles in each sample did not exhibit a large sample-to-
sample variability except for few sulfate intrusion events (see

Fig. S1 and S2 for individual samples collected on a deposi-
tion plate and free wing, respectively). Therefore, for further
comparison, all dust sample compositions are merged and
separated by sulfate intrusion periods. This was done primar-
ily because the collection efficiency by size is less relevant to
the fractional contribution of each mineral type per size, and
therefore integrating all the techniques together improves the
statistics for each size with a higher number of particles ana-
lyzed.

Excluding the sulfate episodic samples, in the 0.1–1 µm
size, the dominant particle class are, by volume, MAS parti-
cles (38 %) and complex silicate (24 %) followed by interm-
plag.-like (6 %), titanomagnetite-like (4 %), and Fe-oxide-
/Fe-hydroxide-like (3 %) occurring mostly in this size in-
terval. In addition, trace amounts of salt and sulfate mixtures
were also observed. In the 1–2 µm size, the relative volume
fractions of MAS, complex silicate, and interm-plag.-like
are 59 %, 13 %, and 8 %, respectively, with Fe-oxide- /Fe-
hydroxide-like at 1 %. In general, MAS is a major compo-
sition present in all size ranges and displays an increasing
contribution with particle size, while Fe-rich particle contri-
butions are mostly limited to diameters below 2 µm. A de-
crease in the relative volume fraction is also observed for
titanomagnetite-like particles (1.5 %) in this size range. From
particle diameters between 2 and 8 µm 72 %–80 % of the par-
ticles fall under MAS particles, with interm-plag.-like and
complex silicates being the other two main particle types at
around 6 % and 5 %, respectively. The contribution of Fe-rich
particles is < 0.5 %, while that of titanomagnetite-like parti-
cles is < 0.4 %. Finally, for particle sizes greater than 8 µm,
more than 90 % of the particles are MAS particles, with Fe-
rich and titanomagnetite-like particles being virtually absent.

The major compositional variability between sampling
days is due to the presence of sulfate particles. Especially
the number abundance of the ammonium-sulfate-like parti-
cles exhibits large differences. Ammonium sulfate particles
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Figure 4. Size-resolved relative volume fraction of different particle groups at Dyngjusandur, Iceland, in 2021. The curve shows the number
of particles analyzed for each size bin. For simplification of display, several composition groups have been combined in this plot. “Complex
silicates” consist of the following groups: complex silicate (high Al), complex silicate (moderate Al–low alkali), Al-rich clay mineral, other
silicate, and Ca-rich silicate /Ca–Si mixture. “Mixtures” comprise the following groups: sea-salt / silicate mixture, aged-sea-salt / silicate
mixture, sodium sulfate / silicate mixture, sulfate / silicate mixture, and complex mixture. For details on the classification scheme, refer to
Supplement Sect. S3.

are present in a significant proportion during the periods 16
to 21 August, as well as on 2, 3, and 5 September mainly in
particles with dv < 4 µm. On other days, they are almost ab-
sent or occur in minor amounts. As all of the collected par-
ticles are freshly emitted and of local origin, the observation
of a high content of ammonium sulfate particles in a few of
the samples highlights the influence of volcanic emission in
aerosol load as sulfur is a notable indicator of volcanic emis-
sion (Carn et al., 2009).

3.3 Iron distribution in Icelandic dust

Icelandic dust is rich in iron (Fe) (Arnalds et al., 2014), which
is a key mineral affecting climatic, environmental, and bio-
logical processes (Schulz et al., 2012). Fe in Icelandic vol-
canic rocks (andesite and basalts) varies between 6.5 and
12.5 wt % (Jakobsson et al., 2008). For Dyngjusandur, the re-
ported Fe content is ∼ 10 wt %, consisting primarily of vol-
canic glass (Baratoux et al., 2011; Baldo et al., 2020). Fe
in Icelandic dust can be broadly classified into structural
Fe (typically contained in pyroxene and amorphous glass)
and Fe oxide-hydroxide (derived via sequential extractions),
mainly magnetite (Baldo et al., 2020). Furthermore, the ma-
jority of the Fe content in Icelandic dust is attributed to struc-
tural Fe found in volcanic glass and certain iron-bearing crys-
talline species (González-Romero et al., 2024b). This struc-
tural Fe accounts for approximately 80 % of the total Fe con-

Figure 5. Size-resolved iron indices for silicate particles. “n.d.”
means Fe not detected. The curve shows the number of particles
analyzed for each size bin.

tent, with magnetite comprising a smaller proportion, and
even less hematite and goethite (González-Romero et al.,
2024b). While SEM alone cannot differentiate between free
and structural Fe, by providing the total Fe content on a
particle-by-particle basis, it provides a detailed Fe size dis-
tribution and some useful clues on the mixing state of Fe
oxide-hydroxides.
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To quantitatively evaluate the Fe distribution for a large
number of particles, Fig. 5 shows the size-resolved abun-
dance of “silicate” particles classified by their Fe content
(ratio of Fe atomic concentration to all other major ele-
ments except H, C, N, and O) in Dyngjusandur. Here “non-
silicates” are mainly sulfate- (apart from gypsum) and sea-
salt-like compositions which are excluded. Four main parti-
cle types can be distinguished in the plot: (a) particles with
high Fe content (|Fe|> 0.5), (b) particles with intermedi-
ate Fe content (0.1< |Fe|< 0.5), (c) particles with low Fe
content (|Fe|< 0.1), and (d) particles without detectable Fe.
High Fe content is mainly associated with particles of di-
ameters less than 1 µm. In general, most particles have Fe
content between 0.05 and 0.2, which implies that Fe is ei-
ther embedded in the lattice structure of the particle itself
or present as small Fe (hydr)oxide accretions. Supplement
Sect. S9 (g) shows an example of a Fe-rich grain attached to
a MAS particle, and Supplement Sect. S9 (c) shows a Fe–
Ti grain. This is also corroborated by the detailed study on
the Fe mode of occurrence in sediments of Dyngjusandur in
González-Romero et al. (2024b). Fe is found in glass parti-
cles in different forms and proportions. It occurs primarily
within glass and other silicate structures. Additionally, iron
can be present as exsolutions within glass particles, result-
ing in the formation of magnetite, hematite, and goethite as
well as nano-sized Fe oxides that are relatively more bio-
accessible (González-Romero et al., 2024b).

Figure 6a shows the relative contribution of each particle
type to Fe in every particle class. A notable contrast is ev-
ident when compared to the particle type fractions depicted
in Fig. 4. Specifically, the Fe-oxide- /Fe-hydroxide-like and
titanomagnetite-like particles exhibit an increased proportion
due to their higher Fe content, while the fractions of sulfates,
quartz, and other particle types significantly diminish, owing
their lack of Fe. The Fe contribution from MAS particles fol-
lows a trend similar to that observed in its size-resolved com-
position, indicating that these primarily glassy particles con-
tain a substantial amount of Fe. Figure 6b provides a com-
parison of the mass fraction of elemental Fe as a function of
particle size between Icelandic and Moroccan dust. Notably,
Icelandic dust exhibits a higher total Fe content and a more
pronounced decrease in Fe content with increasing particle
size compared to Moroccan dust (Panta et al., 2023). Specif-
ically, the Fe content in Icelandic dust starts at around 13 %
for particles below 1 µm and gradually decreases to less than
5 % for the largest particles. In contrast, Moroccan dust dis-
plays a less pronounced reduction in Fe content with parti-
cle size, starting from approximately 8 % for particles below
1 µm to around 4 %–5 % for particles larger than 5 µm. The
gradual decrease in Fe content in Moroccan dust above 5 µm
can be partly attributed to the presence of clay aggregates at
large particle sizes. Conversely, Icelandic dust experiences a
steep reduction in fractional elemental iron with increasing
particle size by up to a factor of 2.

3.4 Particle shape

The size-resolved aspect ratio (AR) distribution, defined as
the ratio of the major to minor axis of the elliptical fit, is
shown in Fig. 7a and listed in Table 3. The results high-
light an increase in AR with increasing particle size. The
collected aerosol particles in this study had AR ranging from
1.03 to 19.65. However, the majority (∼ 99 %) of particles
had AR< 3 (see also Fig. S3).

The AR values among different particle groups have a me-
dian ranging from 1.34 to 1.45 for fine dust, 1.36 to 1.50 for
coarse dust, and 1.28 to 1.58 for super-coarse dust. Notably,
ammonium-sulfate-like and gypsum-like particles had some
extreme shapes as indicated by their high standard devia-
tion in aspect ratio. The most abundant particle type, MAS,
has median values ranging from 1.37 in fine dust to 1.53 in
super-coarse dust. The size dependence of the median AR as
well as its variability (0.1–0.9 quantiles) is shown in Fig. 7a.
For comparison, the size-resolved median AR for Moroccan
dust (Panta et al., 2023) is also shown. It can be seen that
for Moroccan dust, the median AR is 1.46 and is relatively
constant up to 5 µm and is only slightly lower for larger par-
ticles. However, for Icelandic dust the AR consistently in-
creases with particle size. Note that the number of particles
available in size bins greater than 60 µm is low, leading to
high uncertainty.

The distribution of the AR of Icelandic dust can be de-
scribed by a modified log-normal function (Kandler et al.,
2007) with high accuracy:

h(AR)=
1

√
2π · (AR− 1) · σ

× exp

[
−

1
2

(
ln(AR− 1)−µ

σ

)2
]
, (5)

where σ and µ are the distribution parameters. The AR dis-
tribution is shown in Fig. 7b for different size fractions. For
comparison, the distribution of dust emitted from the Moroc-
can Sahara (Panta et al., 2023) is also shown. The variabil-
ity in AR across different particle types is generally limited,
except for ammonium-sulfate-like particles, which show a
broader range of AR values – particularly in the coarse and
super-coarse size fractions. This increased variability likely
reflects the more irregular and diverse morphologies of these
particles at larger sizes. Overall, AR tends to increase with
particle size across all particle types, suggesting that size
has a stronger influence on particle morphology than miner-
alogical composition. This size-dependent trend implies that
larger particles, regardless of mineral type, are more likely
to exhibit elongated or irregular shapes. The AR distribu-
tion is slightly narrower in the fine size range, with a median
of 1.37, whereas the coarse and super-coarse ranges show
broader distributions, with medians of 1.46 and 1.53, respec-
tively. This broader AR spread at larger sizes is mainly driven
by the high variability observed in MAS particles. Despite
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Figure 6. (a) Relative contribution of each particle class weighted by their iron content. “Complex silicates” consist of the following
groups: complex silicate (high Al), complex silicate (moderate Al–low alkali), Al-rich clay mineral, other silicate, and Ca-rich silicate /Ca–
Si mixture. “Mixtures” comprise the following groups: sea-salt / silicate mixture, aged-sea-salt / silicate mixture, sodium sulfate / silicate
mixture, sulfate / silicate mixture, and complex mixture. For details on the classification scheme, refer to Supplement Sect. S3. (b) Fraction
of elemental iron by mass with respect to all the other elements. For comparison, the iron fraction from Saharan dust is also shown from
Panta et al. (2023).

Figure 7. (a) Size-resolved particle AR. The bar range represents the range between 0.1 and 0.9 quantiles, with the dot being the median, and
the bins are color-coded by the number of data points within each bin. For comparison the median AR of freshly emitted Saharan dust (Panta
et al., 2023) is shown by filled black dots. (b) Parameterized aspect ratio density distributions of Icelandic dust as well as the distribution of
Moroccan dust (Panta et al., 2023). Furthermore, the density distribution of Icelandic dust classified as fine, coarse, and super-coarse is also
shown (see Sect. 2.3.3 for definition).

these differences, the overall shape of the AR distribution is
relatively consistent with that observed in Morocco (Panta
et al., 2023).

3.5 Composition at outflow regions

We placed flat-plate samplers at 4 different outflow regions to
gain insights into the local/regional transport of dust aerosols
and understand its diverse chemical compositions (Fig. 8).
The designations HRS, MRS, SRS, and VFS are given to

the different outflow regions, with DYS representing the
main site where enhanced dust emission occurs; the sites are
shown in Fig. 1. Sampling coordinates as well as sampling
dates are summarized in Tables S1–S5. The average sub-
strate exposure in the outflow regions was ∼ 48 h. Overall,
the chemical composition of the collected aerosol particles
in locations HRS, MRS, and SRS does not show significant
variability and is relatively similar to the aerosol composi-
tion at the main site. Similar to the aerosol composition at the
main site, we also see episodes of sulfate intrusions at HRS
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Table 3. Aspect ratio mean, median, and standard deviation (SD) for particle groups in the fine, coarse, and super-coarse dust mode. Values
are not shown for size intervals with less than 40 particles.

Particle type Fine dust Coarse dust Super-coarse dust
(dp< 2.5 µm) (2.5≤ dp < 10 µm) (10≤ dp < 62.5 µm)

Mean Median SD Mean Median SD Mean Median SD

Fe-oxide- /Fe-hydroxide-like 1.41 1.34 0.27 1.55 1.46 0.39
Titanomagnetite-like 1.39 1.34 0.28 1.43 1.39 0.22
Quartz-like 1.52 1.39 0.38 1.56 1.45 0.34
Complex-quartz-like 1.48 1.42 0.32 1.55 1.48 0.33 1.62 1.52 0.36
Pyroxene- / amphibole-like 1.44 1.35 0.27 1.57 1.49 0.33 1.64 1.55 0.38
Albite-like 1.48 1.40 0.26
Interm.-plag.-like 1.42 1.34 0.28 1.51 1.44 0.30 1.56 1.50 0.32
Anorthite-like 1.43 1.35 0.27 1.53 1.45 0.32 1.63 1.55 0.37
Complex silicate (moderate Al–low alkali) 1.43 1.35 0.27 1.46 1.39 0.28 1.47 1.42 0.25
Complex silicate (high Al) 1.46 1.35 0.36 1.56 1.47 0.35
Al-rich clay mineral 1.52 1.45 0.30 1.54 1.46 0.31
Other silicate 1.51 1.41 0.37 1.54 1.46 0.35 1.68 1.58 0.50
Ca-rich silicate /Ca–Si mixture 1.53 1.44 0.38 1.58 1.50 0.39 1.63 1.55 0.37
Medium-Al mixed silicates 1.46 1.37 0.32 1.55 1.47 0.34 1.63 1.53 0.40
Olivine-like 1.62 1.54 0.35
Calcite-like 1.41 1.34 0.26 1.53 1.44 0.37
Gypsum-like 1.54 1.40 0.64 1.74 1.53 0.72
Ammonium-sulfate-like 1.45 1.34 0.39 2.06 1.36 1.82 2.61 1.28 2.99
Complex sulfate 1.57 1.42 0.42 1.47 1.38 0.35
Sulfate / silicate mixture 1.69 1.44 0.49 1.42 1.36 0.26
Other 1.61 1.45 0.53 1.68 1.43 0.70
All 1.47 1.37 0.34 1.55 1.46 0.42 1.63 1.53 0.47

(17–21 August), MRS (17–19 August), SRS (17–21 August),
and VFS (18–20 August).

4 Discussion

4.1 Aerosol composition

Using the elemental-ratio-based classification analysis from
the single-particle analysis, we derived an empirical miner-
alogical classification scheme. With the exception of few sul-
fate intrusion events (discussed below), aerosol composition
at Dyngjusandur was remarkably stable.

Around 20 % (> 20 000 km2) of Iceland is covered by vol-
caniclastic sandy deserts, with active eolian processes con-
taining sediments from both volcanic systems and eroded
glacio-fluvial soils (Arnalds et al., 2001, 2016). Therefore,
glass, a main constituent of abraded hyaloclastite, is expected
as a signature compound. In hot deserts, soils undergo min-
eralogical fractionation due to weathering and size segrega-
tion due to dust emission and transport. For instance, the
emitted dust from the Saharan desert typically consists of
illite and kaolinite, alongside non-clay minerals including
feldspar, quartz, calcite, and iron oxides (Panta et al., 2023).
The segregation of minerals during dust emission and trans-
port is influenced by variations in particle sizes and densi-
ties, leading heavier and larger grains to settle closer to the

emission source. Conversely, mineralogical fractionation is
less likely in Icelandic dust due to the limited degree of
weathering, which restricts the formation of minerals from
glassy compounds. Additionally, Icelandic dust lacks coarse
and super-coarse mineral grains such as quartz, feldspar, and
clay aggregates (Baldo et al., 2020). This can be attributed
to the relatively young geological age of Icelandic volcanic
rocks, which limits the extent of weathering and alteration
processes, resulting in a reduced diversity of mineral compo-
sitions in the emitted dust.

Previous analyses of Icelandic dust conducted at Dyngju-
sandur (e.g., Baratoux et al., 2011; Baldo et al., 2020) showed
that the dust aerosols predominantly consist of basaltic glass.
In our companion article (González-Romero et al., 2024b),
a comprehensive analysis of sediments reveals that the pri-
mary components of the dust-emitting sediments in Iceland
are primarily composed of black volcanic glass, constituting
approximately 70 % to 85 % of the total weight. Following
this, plagioclase and pyroxenes account for approximately
10 % to 15 % and 4 % to 8 %, respectively. Additionally, there
are trace amounts of zeolites and iron oxides present in small
quantities (González-Romero et al., 2024b). This is consis-
tent with the elemental data and the corresponding classifi-
cation obtained in this study.
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Figure 8. Size-resolved volume-averaged composition of aerosol at different outflow regions during sulfate intrusion periods. “Complex
silicates” consist of the following groups: complex silicate (high Al), complex silicate (moderate Al–low alkali), Al-rich clay mineral, other
silicate, and Ca-rich silicate /Ca–Si mixture. “Mixtures” comprise the following groups: sea-salt / silicate mixture, aged-sea-salt / silicate
mixture, sodium sulfate / silicate mixture, sulfate / silicate mixture, and complex mixture. For details on the classification scheme, refer to
Supplement Sect. S3.

Approximately 53 % of the aerosol population in terms of
number and 65 % in terms of volume can be attributed to
MAS – most likely glass particles – in the fine size range.
Furthermore, around 77 % (number) and 82 % (volume) of
the particles fall into the MAS category in the coarse size
range, while approximately 90 % (number) and 92 % (vol-
ume) fall into the MAS category in the super-coarse size
range. Iron content analysis conducted by Baratoux et al.
(2011) revealed high iron concentrations of up to 10 %
in Dyngjusandur, which was further confirmed by Baldo
et al. (2020) with an iron content of 15 %. Titanomagnetite-
like particles, similar to those observed in previous stud-
ies on dust and sediments (Baratoux et al., 2011; Dagsson-

Waldhauserova et al., 2015; Moroni et al., 2018; Baldo et al.,
2020) were primarily present in the fine mode, constituting
approximately 1 % of the volume.

The increase in sulfate particles observed on specific days
can be attributed to the influence of volcanic emissions from
Fagradalsfjall. Volcanoes release various gases and aerosols
during volcanic activity. These emissions often include sul-
fur dioxide (SO2) (Esse et al., 2023), which can undergo
chemical reactions in the atmosphere to form sulfate parti-
cles. The sulfate enrichment occurs on 16–17 August, 19–
20 August, 2–3 September, and 5 September as seen from
deposition sampler and free-wing impactor measurements.
The air mass provenance during sulfur enrichment periods
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corroborates air masses originating from the Fagradalsfjall
eruption (Fig. S7a–d).

Out of all four sampling sites in outflow regions, the
VFS site showed the most diverse composition. As shown
in Fig. 8, in the fine mode, sea salt and calcium-rich particles
along with their mixtures were present, whereas they were
not observed at other sites. As sea salt and Ca-rich particles
can be from the ocean, samples collected at VFS indicate
the influence of transport rather than local emission. In addi-
tion, considerable amounts of complex-quartz-like particles
were observed in the coarse and super-coarse fractions. Nev-
ertheless, MAS particles contributed most to the coarse and
super-coarse fractions.

4.2 Iron distribution

The mineralogy of Icelandic soil surfaces of several active
erosion regions including Dyngjusandur is documented to
have basaltic composition (Baratoux et al., 2011; Baldo et al.,
2020; González-Romero et al., 2024b). At Dyngjusandur, the
sediments have an average total Fe content of 9.3 %, with
the majority (79 %) existing in a structural form, while 15 %
is magnetite and 5 % is composed of hematite and goethite
(González-Romero et al., 2024b). Figure 5 shows the Fe dis-
tribution among the individual particles as a function of parti-
cle size. The relative fraction of Fe-rich (|Fe|> 0.2) particles
is higher in fine-mode particles, which get transported eas-
ily over long distances and could potentially influence ocean
biogeochemistry.

On average, externally mixed Fe-rich particles are pre-
dominately found in size fractions below 1 µm at about 3.5 %
by volume. The aspect ratio associated with these Fe-rich
particles is slightly influenced by particle size (Table 3), with
lower AR for fine fractions compared to coarse fractions, in-
dicating coarse fractions are more irregular. Furthermore, Fe
is detected in virtually all (> 99.9 %) of the MAS particles,
which account for the highest relative fraction of particles
observed by ccSEM and ∼ 88 % of the total aerosol popu-
lation in Dyngjusandur. This indicates that a majority of the
particles in Icelandic dust are associated with some level of
iron content in them.

The comparison of iron distribution in particles between
Icelandic and Saharan dust reveals both similarities and dif-
ferences in the trends of the Fe index. In both Icelandic dust
and Saharan dust, most of the Fe-rich particles (|Fe|> 0.5)
are concentrated in particles smaller than 1 µm, accounting
for approximately 5 % and 4 % volume fraction, respectively,
in that particle range (Kandler et al., 2011, 2020; Panta et al.,
2023). The relative fractions of particles for which iron is
not detected show similar patterns as well. However, the in-
between range exhibits significant differences. At Dyngju-
sandur, there is a considerably higher fraction of particles
with 0.1< |Fe|< 0.2, with an increase of up to 4 µm and a
decrease for larger diameters. On the other hand, in Morocco,
this fraction decreases with increasing particle size. Simi-

larly, the index range of 0.05< |Fe|< 0.10 increases with
particle size at Dyngjusandur, while it remains relatively con-
stant in Morocco. In contrast, the higher Fe contribution to
single particles at Dyngjusandur indicates a low weathering
regime of Icelandic soils (Baldo et al., 2020), resulting in
higher Fe content compared to Moroccan soil. This higher
iron content in the emitted dust at Dyngjusandur has the po-
tential to serve as a source of micronutrients for marine biota
in the Arctic Ocean (Dagsson-Waldhauserova et al., 2013), as
Fe from the glass particles is relatively mobile and therefore
potentially bio-available (Baldo et al., 2020).

4.3 Particle shape

In Sect. 3.4, we demonstrated that Icelandic dust exhibits an
increased level of asphericity with increasing size. This ob-
servation aligns with the findings of Richards-Thomas et al.
(2021) regarding volcaniclastic dust particles, although their
study utilized sphericity as a shape descriptor rather than
AR. Nevertheless, the observed trend implies a similar re-
lationship, where fine particles tend to possess a more reg-
ular shape compared to coarse particles. This has potential
implications for the atmospheric lifetime of dust, as aspher-
ical particles experience higher drag forces, thereby reduc-
ing their settling velocity (Yang et al., 2013; Huang et al.,
2020; Mallios et al., 2020). Numerous observational studies
have shown the presence of coarse dust particles far from
their emitted source region (Weinzierl et al., 2017; van der
Does et al., 2018; Varga et al., 2021), and particle shape has
been proposed as a contributing factor to this phenomenon.
However, understanding of the factors driving the transport
mechanisms remains limited. Huang et al. (2020) compared
settling velocities by approximating dust particles as ran-
domly oriented tri-axial ellipsoids. Their findings suggest an
approximate 20 % increase in the dust’s atmospheric lifetime
when considering non-spherical shape effects. Therefore, the
enhanced asphericity observed with increasing size in Ice-
landic dust could lead to a longer atmospheric lifetime of
coarse dust as approximately 10 % of these particles have AR
greater than 2.

When comparing the particle shape obtained in this study
to that of Moroccan dust (Panta et al., 2023), we observed
a distinct pattern: the median shape factor of Icelandic dust
increases with size, while in Moroccan dust, it remains rela-
tively constant. This difference in shape behavior can be at-
tributed to several factors related to the age and mechanical
history of the parent sediments.

In the case of Moroccan dust, the sediments are typically
transported downstream from rivers and contain a high num-
ber of clay minerals, which are absent in Icelandic dust.
These clay minerals have the potential to aggregate into
larger soil mineral grains during transport (including flu-
vial water cycles), resulting in particles that are already rel-
atively rounded and exhibit a lower shape factor. Addition-
ally, lower-latitude dust sediments are often relatively older
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in comparison to the Icelandic ones, which might be as young
as 1 d, counted from the time of glacier outflow. There-
fore, the Moroccan sediments might have undergone exten-
sive chemical weathering compared to the more mechanical
processing in Iceland. Also, the rocks ground down by the
glacier have probably had a considerable number of vacuoles
in the size range of 50 µm and up. Breaking these into pieces
might yield shard-like-shaped particles in the size range of
several tens of micrometers, which on further disintegration
below the typical vacuole size then become less elongated.
The presence of these edges suggests that the particles have
undergone less rounding or rounding has occurred to a lesser
extent compared to low-latitude dust particles.

Overall, the observed differences in particle shape between
high- and mid- to low-latitude dust can be attributed to vari-
ations in the mechanical weathering processes, age of sed-
iments, and sources of the parent materials. These factors
contribute to the distinct shape characteristics exhibited by
dust particles.

4.4 Elemental vs. mineralogical composition

Figure 9 shows the average size-resolved mineralogical and
elemental composition for Icelandic and Moroccan dust, re-
spectively. The median elemental mass ratios in our work –
3.15 (Si /Al), 1.38 (Fe /Al), and 1.41 (Fe /Ca) – are in good
agreement with results with the X-ray fluorescence (XRF)
analysis reported by Baldo et al. (2020) for their Dyngjusan-
dur (D3) sample (3.26, 1.42, and 1.41, respectively).

When comparing particle type classifications between Ice-
landic and Moroccan dust, it is important to consider that
the identification scheme relies solely on the elemental com-
position of the single particles derived from EDX. Elemen-
tal composition alone is insufficient to accurately identify
mineral phases since different mineral phases can have the
same elemental composition. Furthermore, the parent sedi-
ments of Icelandic and Moroccan dust differ (Baldo et al.,
2020; González-Romero et al., 2024b), which necessarily
leads to differences in the classification scheme despite using
the same rules. For example, Fe-oxide- /Fe-hydroxide-like
in Icelandic dust is named hematite-like in Moroccan dust
based on the regional mineralogical composition. Comparing
the elemental composition of Icelandic dust at Dyngjusandur
with that of Moroccan dust at L’Bour (Panta et al., 2023), Ice-
landic dust exhibited lower Al /Si and higher Fe /Al ratios.
This difference is primarily attributed to the higher iron con-
tent observed in Icelandic dust compared to northern African
dust (Baldo et al., 2020). Figure 9b and d present the bulk
elemental composition of Icelandic and Moroccan dust, rep-
resenting all individual particles without classification into
distinct groups. A notable disparity between the two is ob-
served in the Fe fraction, where Icelandic dust exhibits an
approximately 2-fold higher concentration compared to Mo-
roccan dust. Additionally, there is a slight increase in Ca con-
tent and a decrease in Al content in Icelandic dust. Moreover,

K is nearly absent in Icelandic dust particles across various
size classes. In contrast, Ti is predominantly present in the
fine fraction of Moroccan dust, particularly in approximately
18 % of silicate particles. Conversely, in Icelandic dust, Ti is
detected throughout the entire size range, with over 86 % of
silicate particles containing Ti. These findings align with the
outcomes of the Sanchez-Marroquin et al. (2020) study on
Icelandic dust collected from an aircraft, suggesting that Ti
could potentially serve as a tracer for identifying Icelandic
mineral dust particles.

However, when comparing the mineralogical composition,
notable differences emerge. Icelandic dust primarily consists
of MAS particles, which are highly likely to be glass, in-
termediate plagioclase, and pyroxene. In contrast, Moroccan
dust is predominantly composed of clays, feldspar, quartz,
and calcite. These distinctions can be attributed to the differ-
ing compositions of the parent sediments (Baldo et al., 2020;
González-Romero et al., 2024b).

5 Summary and conclusions

In this paper, we determined the chemistry and morphology
data of freshly emitted Icelandic dust particles identified by
ccSEM/EDX at Dyngjusandur and surrounding outflow lo-
cations in Iceland. We discussed the different particle types
observed and explored their properties.

Electron microscopy showed that the most abundant par-
ticle class was medium-Al mixed particles (glassy) at all of
the locations. Sulfate intrusion periods were observed on se-
lected days, with a higher abundance of ammonium sulfate
particles in both the fine and coarse size range. The compo-
sition at regional outflow regions was also found to be simi-
lar to that observed in Dyngjusandur except for a hilltop site
which was influenced by transported rather than locally emit-
ted aerosol.

We observed that the particles solely dominated by Fe are
found mainly in fine fractions. Furthermore, a higher total Fe
content within individual particles is observed in Icelandic
dust compared to Saharan dust, which can affect the modeled
dust–radiation interaction as well as the supply of nutrients
to terrestrial and marine ecosystems. The high Fe content in
Icelandic dust is associated with the composition of the par-
ent sediments, which are mainly iron-bearing glass. Baldo
et al. (2020) estimated Fe solubility of 0.6 % for Dyngjusan-
dur, which supplies Fe to the North Atlantic Ocean.

The 2D imaging measurements revealed a systematic de-
pendence of particle morphology on size (0.5–62.5 µm), con-
sistent across the entire sample set. Particle elongation, rep-
resented by aspect ratio, increased with size. Median aspect
ratios for fine, coarse, and super-coarse particles were 1.37,
1.46, and 1.53, respectively. Density distributions were nar-
rower for fine- compared to coarse- and super-coarse-mode
particles, indicating a wider range of aspect ratio values in
the latter. These patterns in aspect ratio distribution can in-
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Figure 9. Size-resolved elemental and mineralogical composition for (a, b) Icelandic and (c, d) Moroccan dust, respectively.

form the parameterization of particle shape in models of dust
transport, dispersion, or climate.

Our results highlight that on an individual-particle level
Icelandic dust and Saharan dust have a relatively similar ele-
mental composition but fundamentally different mineralogy
due to the different geological parent sediment. These signifi-
cant compositional differences have important consequences
for ice nucleation, radiative forcing, and nutrient deposition.
As shown in Baldo et al. (2023), the complex refractive in-
dex (between 660–950 nm) of Icelandic dust from Dyngju-
sandur is 2–5 times higher than that of Moroccan Saharan
dust, likely due to its higher magnetite content. This indicates
that Icelandic dust is more absorbing in the near-IR band and
may exert a stronger positive direct radiative effect. The ex-
act role of black volcanic glass in dust–cloud interactions is
not fully understood, which hampers a comprehensive under-
standing of its effects on climate.

We observed differences in the distribution of Fe between
Icelandic and Saharan dust particles, with a higher Fe con-
tribution in Icelandic dust. The overall shape distribution be-
tween Icelandic and Saharan dust is observed to be rather
similar, although a size dependency is observed for Icelandic
dust but not for Saharan dust.

Characterization of aerosol composition in highly sensi-
tive regions such as Iceland is important for understanding
the potential climate effects. With retreating glaciers due to
increased climate warming, dust emissions are expected to
increase, which will likely have an impact on the Earth sys-

tem in general and on the regional environment in particular.
In addition to the detailed characterization in this work, our
measurements of the aerosol optical properties together with
the particle size distribution (PSD) will provide further in-
sight into the absorption and scattering properties and PSD
variability in Icelandic dust, which is essential to determine
the radiative impact of Icelandic dust and its contribution to
Arctic amplification.
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