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Abstract

This thesis describes laboratory measurements of the chemical and physical properties of coal fly ash
(CFA) and volcanic dust from Iceland which are important sources of atmospheric aerosol iron (Fe).
These measurements are needed to determine the impacts of Fe-containing aerosols on the radiative
balance and marine biogeochemistry and to reduce the uncertainty in model predictions. The spectral
optical properties and size distribution of Icelandic dust were measured using the multi-instrument
atmospheric simulation chamber CESAM (based at LISA CNRS, France). The Fe dissolution kinetics
of CFA samples were determined by time-dependent leaching experiments that simulated atmospheric
processing. A wide range of analytical techniques including X-ray diffraction (XRD) analysis, X-ray
fluorescence (XRF) analysis, X-ray absorption near edge structure (XANES) analysis, and sequential
extractions were used to determine the chemical and mineralogical composition in the samples with

particular focus on the Fe mineralogy/speciation.

Our laboratory measurements indicate that the high ionic strength in the atmospheric aerosol water can
strongly influence the Fe dissolution rates of CFA during the atmospheric transport. Our results also
suggest that the Fe speciation is a key factor in determining the Fe solubility of CFA which varied
considerably in different types of CFA. We also showed that CFA dissolves faster (up to 7 times) than
mineral dust at similar experimental conditions. Based on these results, we developed a new Fe release
scheme for coal combustion sources which has been implemented into the global atmospheric chemical

transport model IMPACT to estimate the deposition flux of aerosol dissolved Fe to the ocean.

In addition, we built a new dataset on chemical composition, mineralogy, Fe solubility, size distribution,
and optical properties of Icelandic dust and quantified the differences from typical low-latitude dust
(e.g., from northern African and eastern Asian). Our results indicate that Icelandic dust could make a
substantial contribution to dissolved Fe to the subpolar North Atlantic Ocean in particular in the Iceland
Basin. Our results also suggest that in Icelandic dust magnetite is a major contribution to light absorption

particularly between 660 and 950 nm, which can be 2-8 times higher than in low-latitude dust. This new



dataset of chemical and physical parameters can be used in global models to estimate the deposition
fluxes of aerosol dissolved Fe to the North Atlantic Ocean and to determine the radiative impact of

Icelandic dust in the Arctic.
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CHAPTER 1: INTRODUCTION

1.1 Atmospheric aerosols and climate

Atmospheric aerosol is a mixture of fine solid particles and liquid droplets suspended in air (Seinfeld
and Pandis, 2016). Aerosols play an important role in the climate and biogeochemical systems (Boucher,
2015; Mahowald et al., 2011; Pdschl, 2005). Airborne particles affect the Earth’s energy balance directly
by scattering and absorbing the solar radiation and by scattering, absorbing and emitting terrestrial
radiation (e.g., Haywood et al., 2003; Sokolik and Toon, 1999), and indirectly by acting as cloud
condensation and ice nuclei thereby affecting the microphysical properties and lifetime of clouds (e.qg.,
Boucher et al., 2013; Carslaw et al., 2010; Choobari et al., 2014; Lohmann and Feichter, 2005). While
in the atmosphere, particles participate in heterogeneous chemical reactions which influence the
abundance and distribution of atmospheric trace gases (Arimoto, 2001; Dentener et al., 1996). In the
cryosphere, the deposition of aerosols onto snow or ice reduces the surface albedo (e.g., Dumont et al.,
2014; Peltoniemi et al., 2015; Qian et al., 2015). Furthermore, the atmospheric deposition of nutrients
carried by aerosols can affect the biogeochemistry of terrestrial and marine ecosystems (e.g., Jickells
and Moore, 2015; Jickells et al., 2005; Kanakidou et al., 2018; Mahowald et al., 2010; Stockdale et al.,

2016).

Aerosols are directly emitted into the atmosphere from a wide variety of sources including natural
sources such as lithogenic sources, sea spray, volcanoes, wildfires, and biogenic sources, and
anthropogenic activities such as agricultural practices, industrial activities, fossil fuels combustions, and
biomass burning (Boucher, 2015; Seinfeld and Pandis, 2016). Secondary aerosols are also formed in the
atmosphere through gas-to-particle conversion processes (Seinfeld and Pandis, 2016). Airborne particles
are transported by winds over long distances and undergo chemical and physical transformations
(atmospheric aging) such as mixing with other aerosols, uptake of atmospheric trace gases, evaporation-

condensation cycles, and chemical reactions, which affect aerosol properties (Boucher, 2015; Mahowald
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et al., 2011; Pdschl, 2005; Seinfeld and Pandis, 2016). Eventually, particles are removed from the
atmosphere primarily via wet deposition through precipitations but also via dry deposition at the surface
(Boucher, 2015; Mahowald et al., 2011; Pdschl, 2005; Seinfeld and Pandis, 2016). The tropospheric
lifetime of aerosols is closely linked to the particle size which varies in the range from few nanometers
to tens of micrometers. The lifetime of fine particle (from 0.1 to 2.5 um in diameter) is generally in the
order of days to weeks, while smaller and coarser particles have lifetimes of hours to days as these are
lost principally through coagulation and gravitational settling, respectively (Boucher, 2015; Seinfeld
and Pandis, 2016). Although aerosols are always present in the atmosphere, their spatial and temporal
distribution is extremely variable along with their chemical, physical and optical properties which
depend on the sources, transformation processes, transport, and sinks of aerosols and their precursors
(Boucher, 2015; Seinfeld and Pandis, 2016). Consequently, the effects of aerosols on climate vary also

in time and space (Boucher, 2015).

The climate response to aerosol perturbations is quantified by climate models which require a
parametrization of the emission, transport, deposition, and properties of aerosols, but these factors have
currently large uncertainties and the interactions between aerosols and climate are complex and yet not
completely understood (Boucher, 2015; Mahowald et al., 2011; Mahowald et al., 2017). The radiative
forcing is commonly used to quantify and compare the change in the Earth’s energy balance caused by
various climatic factors leading to warming or cooling the atmosphere. The Intergovernmental Panel on
Climate Change (IPCC) 6" assessment report (Forster et al., 2021) estimated that the aerosol forcing via
aerosol-cloud interaction and aerosol radiation interaction is from -2.0 to -0.6 W m which represent
the largest uncertainty in the Earth’s energy budget during the Industrial Era. The net cooling effect of
aerosols partly offset the warming effect of greenhouse gases (GHGs) which has produced a positive
radiative forcing of around +3.8 W m, However, individual aerosol species cause a range of radiative
forcing with mineral dust, sulphates, nitrates, and organic carbon having a cooling effect, while black
carbon having a warming effect. Black carbon and light absorbing aerosols cause an additional positive

forcing when deposited onto snow and ice (Boucher et al., 2013; Forster et al., 2021). The climate



forcing resulting from aerosol-carbon cycle feedbacks is still uncertain (Mahowald et al., 2011;
Mahowald et al., 2017). However, model estimates indicate that the atmospheric deposition of nutrients
to terrestrial and marine ecosystems has determined an increase in carbon dioxide (CO>) concentration

between 0.2 and 1.5 PgC yr! (Mahowald et al., 2017).

1.2 The importance of atmospheric aerosol iron

Iron (Fe) is an important component of atmospheric aerosol. Dust aerosol particles produced by wind
erosion in arid and semi-arid regions dominate the total aerosol Fe load and contribute around 95% of
the total Fe emissions corresponding to 37-140 Tg yr (Ito, 2013; Ito et al., 2018; Luo et al., 2008;
Myriokefalitakis et al., 2015; Rathod et al., 2020; Wang et al., 2015). Other sources of aerosol Fe are
from combustion processes including fossil fuel combustion, biomass burning and metal smelting (Ito
etal., 2018; Luo et al., 2008; Myriokefalitakis et al., 2018; Rathod et al., 2020; Wang et al., 2015). The
total aerosol Fe load can vary by several order of magnitudes from tens pg m close to major dust source
regions such as the Sahara Desert or heavily polluted area like East Asia to few ng m over the remote
oceans (e.g., Baker et al., 2006; Kumar et al., 2010; Longo et al., 2016; Sholkovitz et al., 2012; Srinivas

etal., 2012).

Fe-containing aerosols have significant impacts on the radiation balance and marine biogeochemistry
(Figure 1.1). Certain Fe oxide minerals such as hematite and magnetite strongly absorb the solar
radiation and directly contribute to warming the atmosphere (Di Biagio et al., 2019; Engelbrecht et al.,
2016; Lafon et al., 2006; Moosmuller et al., 2012; Sokolik and Toon, 1999), which indirectly affect
atmospheric circulation, cloud formation, and precipitations (Carslaw et al., 2010; Choobari et al., 2014;
Maher et al., 2010). The deposition of light-absorbing Fe oxide particles onto snow and ice accelerates
the melting of snow and ice by reducing the surface albedo (Meinander et al., 2014; Painter et al., 2007;
Peltoniemi et al., 2015). During atmospheric transport, Fe-containing particles undergo atmospheric
aging processes which allow the dissolution of refractory Fe-bearing phase such crystalline iron oxides
and aluminosilicate minerals (Baker et al., 2020; Li et al., 2017; Shi et al., 2015). The deposition of
dissolved Fe which is bio-accessible for marine ecosystems can stimulate phytoplankton growth in Fe-
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limited oceans (Martin, 1990; Tagliabue et al., 2017), and enhance nitrogen (N2) fixation in N.-limited
oceans (Mills et al., 2004; Moore et al., 2006). This promotes the sequestration of carbon dioxide (CO,)
from the atmosphere to the deep ocean, consequently affecting the global carbon cycle and climate

(Martin, 1990).

Impacts of Aerosol Fe on Climate
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Figure 1.1: Impacts of atmospheric aerosol Fe. Fe-containing aerosols are emitted by coal combustion,
oil combustion, metal smelting industry, and biomass burning sources in addition to mineral dust
emissions. 1) Light absorbing iron oxides (FeOx) contribute to warming the atmosphere and affect cloud
properties. 2) The deposition of light absorbing FeOx particles onto snow and ice accelerates the melting
of snow and ice by reducing the surface albedo. During atmospheric transport, aging processes favors
the dissolution of refractory Fe-containing phases. 3) The deposition of dissolved Fe fertilizes the ocean
and enhances CO: uptake.

The chemical and physical properties of Fe-containing aerosols depend on their sources, transport, and
transformations in the atmosphere, and will determine their ability to influence the climate and
biogeochemical processes. However, a large number of assumptions are currently used in models to
predict the impacts of atmospheric aerosol Fe on climate, such as the content of Fe oxide minerals, Fe

solubility and optical properties. Thus, model predictions have big uncertainties.



1.3 Aerosol optical properties and iron oxide content

The optical properties of dust aerosols are strongly affected by the mineralogical composition of the
dust particles, along with the mixing state, shape, and size distribution (e.g., Caponi et al., 2017; Di
Biagio et al., 2019; Di Biagio et al., 2017; Formenti et al., 2014b; Kandler et al., 2011). Fe oxide minerals
control absorption in the shortwave spectrum (Di Biagio et al., 2019; Engelbrecht et al., 2016; Lafon et
al., 2006; Moosmuller et al., 2012; Sokolik and Toon, 1999), while minerals such as clay, quartz and
calcite regulate the optical properties in the longwave spectrum (Di Biagio et al., 2017; Sokolik and
Toon, 1999; Sokolik et al., 1998). The chemical and physical properties of Fe oxides in dust vary
depending on individual source regions and the processes occurring during the atmospheric transport.
The distribution of Fe oxide minerals in soils is extremely heterogeneous and is related to the parent
rock and weathering regime (Cornell and Schwertmann, 2003). Hematite and goethite are the most
common Fe oxide species in soils and contribute respectively around 10%-40% and 20-60% of the total
Fe in northern African dust (Di Biagio et al., 2019; Formenti et al., 2014a; Shi et al., 2011b). Volcanic
dust from Iceland is enriched in Fe (Baldo et al., 2020; Dagsson-Waldhauserova et al., 2014; Moroni et
al., 2018) and showed low degree of chemical weathering and higher magnetite content but lower
hematite and goethite than northern African dust (Baldo et al., 2020). As iron oxide minerals have
different optical properties, for example, goethite is less absorbing than hematite and magnetite in the
visible wavelengths (Bedidi and Cervelle, 1993; Huffman and Stapp, 1973; Longtin et al., 1988; Querry,
1985; Sokolik and Toon, 1999), determining the content and physicochemical properties of Fe oxide
species in dust is necessary to accurately estimate the radiative effect of dust aerosols. Global aerosol
models predict the concentration of Fe oxide in dust aerosols based on maps of soil mineralogy, some
studies only consider iron oxide in the form of hematite (Claquin et al., 1999; Nickovic et al., 2012),
while others distinguish hematite and goethite (Journet et al., 2014). A recent modelling studies
estimated that the uncertainty related to the abundance of different Fe oxide minerals in soil contributes

around 97% of the uncertainty of the direct radiative effect of dust aerosols (Li et al., 2021).



Several studies have demonstrated that magnetite from anthropogenic combustion sources is an
important short-lived climate forcer. Moteki et al. (2017) estimated that the shortwave absorption by
anthropogenic magnetite is at least 4%-7% of that of the highly absorbing black carbon (BC) over East
Asia based on aircraft measurements. Incorporating these new measurements into a global aerosol model,
Matsui et al. (2018) calculated that the direct radiative forcing of anthropogenic magnetite is +0.021
W m globally and +0.22 W m™ over East Asia. An emission inventory for anthropogenic combustion
Fe has been recently developed by Rathod et al. (2020). They estimated anthropogenic Fe oxide
emissions using available observations in particles from fuel combustion. Fe oxide emissions were also
modelled using the initial fuel Fe mineralogy and temperature dependent mineral transformations, but
the uncertainty in the modelled Fe oxide mineralogy can be over 100%. With the above assumptions,
Rathod et al. (2020) concluded that magnetite and hematite contribute respectively ~70% and ~15% of
the total anthropogenic combustion Fe, with metal smelting accounting for over 60% of pyrogenic Fe

(1.35 Tgyr?).

1.4 Aerosol fractional Fe solubility

Global aerosol models are used to estimate the deposition of aerosol Fe to the ocean. In particular, the
aerosol fractional Fe solubility is a key parameter to predict the deposition fluxes of Fe bio-accessible
for marine ecosystems. The aerosol fractional Fe solubility (%) is operationally defined as the ratio of
dissolved Fe (typically passing through 0.2 or 0.45 um pore size filters) to the total Fe content in the
bulk aerosol (e.g., Meskhidze et al., 2019; Shi et al., 2012). Mineral dust, which is the dominant source
of total Fe in aerosols, has low Fe solubility at emission, generally below 1% (e.g., Baker et al., 2006;
Chuang et al., 2005; Schroth et al., 2009; Sedwick et al., 2007; Shi et al., 2011c; Sholkovitz et al., 2009;
Sholkovitz et al., 2012), that is related to the physicochemical properties of Fe-bearing phases in the
mineral particles. In northern African dust, Fe is mostly contained in refractory phases such as crystalline
iron oxides and clay minerals (Di Biagio et al., 2019; Formenti et al., 2014a; Shi et al., 2011b), while a
smaller proportion of Fe is as highly reactive forms like amorphous Fe and ferrihydrite (0.3%-7% of the

total Fe) which can vary depending on the degree of chemical weathering of the parent soils (Shi et al.,



2011b). Observations have demonstrated that the Fe solubility of dust aerosols increase somewhat
during the atmospheric transport as a result of atmospheric aging processes (Baker et al., 2020; Li et al.,
2017; Shi et al., 2015), and laboratory studies have currently identified three principal mechanisms of
Fe dissolution in aerosols including the proton-promoted, ligand-promoted, and photo-reductive
dissolution of Fe (Chen et al., 2012; Chen and Grassian, 2013; Cwiertny et al., 2008a; Cwiertny et al.,
2008b; Desboeufs et al., 2005; Fu et al., 2010; Fu et al., 2012; Ito and Shi, 2016; Paris and Desboeufs,
2013; Paris et al., 2011; Shi et al., 2011a; Shi et al., 2011b; Shi et al., 2009; Shi et al., 2015). The Fe
solubility in anthropogenic combustion sources vary considerably depending on the source and can be
several orders of magnitude higher than that of mineral dust (Bowie et al., 2009; Deshoeufs et al., 2005;
Guieu et al., 2005; Ito et al., 2021; Oakes et al., 2012; Paris et al., 2010; Schroth et al., 2009; Shi et al.,
2009) and further increase during atmospheric transport. Pyrogenic Fe contributes only few percent of
the total Fe emissions but may result in a disproportionally higher contribution of bio-accessible Fe for
marine ecosystems. Model estimates suggest that pyrogenic Fe accounts for around 20% of aerosol

dissolved Fe deposited into the ocean (lto et al., 2019; Ito et al., 2021; Myriokefalitakis et al., 2018).

Observations show a wide variety of aerosol Fe solubilities from around 0.01% to 100% with high Fe
solubility at low total Fe concentrations for example in aerosols transported away from the dust source
regions (e.g., Baker and Jickells, 2006; Jickells et al., 2016; Shelley et al., 2018; Sholkovitz et al., 2012).
Global aerosol models predict the aerosol Fe solubility accounting for the Fe solubilities measured at
emission and dissolution mechanisms during atmospheric transport. An intercomparison study of four
widely used models highlighted the importance of pyrogenic Fe as a source of bio-accessible Fe to the
remote ocean (lto et al., 2019; Myriokefalitakis et al., 2018). However, pyrogenic Fe sources and their
dissolution processes are still not well represented in models, which contributes to the large discrepancy
between model and observations particularly over the Southern Ocean which is influenced by mixed

aerosols far from the sources (Ito et al., 2019; Ito et al., 2021; Myriokefalitakis et al., 2018).



1.5 Thesis aim and research objectives

The overall aim of this thesis is to determine the chemical and physical properties of important sources
of aerosol Fe such as coal combustion particles (i.e., coal fly ash, CFA) and volcanic dust from Iceland.
These are needed to determine the impacts of Fe-containing aerosols on the radiative balance and marine

biogeochemistry and to reduce the uncertainty in model predictions.

The specific research objectives are: (1) To determine the Fe dissolution kinetic of CFA under simulated

aerosol conditions. (2) To determine the mineralogical and optical properties of Icelandic dust.

1.6 Thesis outline

This thesis is organized in the following way. Chapter 2 provides a review of field observations and
laboratory measurements of pyrogenic Fe in aerosols. Chapters 3-5 describe and discuss experimental
results. Chapter 3 examines the dissolution kinetics of Fe in CFA particles under simulated acidic
processing. Chapter 4 investigates the chemical and mineralogical properties of Icelandic dust. Chapter
5 explores the optical properties of Icelandic dust. Chapter 6 summarizes key findings from the thesis

and future research.

Chapters 3-5 have the format of journal articles for publication including abstract, introduction,
methodology, discussions, and conclusions. Supporting information for these chapters are also provided
in the thesis. Example research codes are available at the following GitHub repository:

https://github.com/ClarissaBaldo/Research_codes_examples.
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CHAPTER 2: FIELD OBSERVATIONS AND

LABORATORY MEASUREMENTS OF PYROGENIC

IRON AEROSOL

In this section, we will review the key observational and laboratory evidence of the direct emissions and

secondary production of dissolved iron (DFe).

2.1 Aerosol Fe emission and solubility

The estimated global total Fe emission to the atmosphere is 37-140 Tg Fe yr*, around 95% originating
from lithogenic sources, while the rest coming from pyrogenic sources including open biomass burning,
coal combustion, shipping emissions, and metal smelting industry (Ito, 2013; Ito et al., 2018; Luo et al.,
2008; Myriokefalitakis et al., 2015; Rathod et al., 2020; Wang et al., 2015). Even though mineral dust
represents the largest contribution to atmospheric Fe, their solubility over low latitude source regions is
low, usually <0.5% (Baker et al., 2006; Chuang et al., 2005; Schroth et al., 2009; Sedwick et al., 2007).
On the other hand, the pyrogenic aerosol Fe solubility varies considerably depending on the sources and

can be 1-2 orders of magnitude higher than mineral dust (Table 2.1).

Table 2.1 summarizes the Fe solubilities (%) in aerosols of pyrogenic origins, including solid fuel
combustion, biomass burning, and liquid fuel combustion. Solid fuel combustion includes biofuel wood
and waste burning, coal combustion, and metal smelting process. The total Fe content and the estimated
contribution of each source to the total Fe emissions are also reported. The total Fe emissions from solid
fuel combustion and biomass burning are 0.5-1.9 Tg Fe yr* and 0.5-1.2 Tg Fe yr?, respectively (lto,
2013; Ito et al., 2018; Luo et al., 2008; Myriokefalitakis et al., 2015; Rathod et al., 2020; Wang et al.,
2015). Minor contribution derives from liquid fuel combustion such as ship emissions, which is around

0.02% (Ito, 2013; Ito et al., 2018; Myriokefalitakis et al., 2015; Rathod et al., 2020; Wang et al., 2015).
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The total Fe content is 0.1-12% in coal fly ash (Borgatta et al., 2016; Chen et al., 2012; Deshoeufs et al.,
2005; Fu et al., 2012; Ito and Feng, 2010; Ito et al., 2018; Rathod et al., 2020; Sholkovitz et al., 2009),
0.02-5.5% in biomass burning aerosol (Fu et al., 2012; Ito, 2011, Ito and Feng, 2010; Paris et al., 2010),
and 0.1-9% in oil fly ash (Desboeufs et al., 2005; Fu et al., 2012; Ito et al., 2018; Rathod et al., 2020;
Schroth et al., 2009; Sholkovitz et al., 2009). Emission inventories apply much higher Fe content to iron

and steel smelting-related processes (26%-44%) (Ito et al., 2018; Rathod et al., 2020).

Schroth et al. (2009) found a very high aerosol Fe solubility in oil fly ash (77%-81%), where Fe is likely
in the form of ferric sulfate salt (Fe2(SO4); - 9(H20)). A laboratory study reported 36% aerosol Fe
solubility for oil fly ash, which is significantly higher than the 0.2% aerosol Fe solubility for coal fly
ash (Desboeufs et al., 2005). The dominant component of coal fly ash is the aluminosilicate glass with
aggregates of Fe (oxyhydr)oxide (Chen et al., 2012; Desboeufs et al., 2005; Fu et al., 2012), which is
less soluble than ferric sulfate salt. Oakes et al. (2012) also estimated a considerably lower aerosol Fe
solubility for coal fly ash (0.06%), compared to 51-75% and 46% Fe solubilities in vehicle exhaust and
biomass burning, respectively. Guieu et al. (2005) and Paris et al. (2010) reported much lower aerosol
Fe solubility for biomass burning near the source (around 2%) than the 18% aerosol Fe solubility over
the ocean for aerosols mainly influenced by bushfire plumes (hot at source) (Bowie et al., 2009). Field
observations and laboratory measurements suggest that Fe solubilities near the source regions vary
significantly, with lower values observed near dust source regions but higher values near oil combustion
and biomass burning sources (Table 2.1). The high Fe solubilities in aerosols from the oil and biomass
combustion are attributed to the presence of Fe sulfate instead of Fe oxides or Fe-bearing silicate
minerals in dust (Oakes et al., 2012; Schroth et al., 2009). Long-range transport can alter the Fe
properties and enhance Fe solubilities. It appears that current observations are inadequate to trace the
aerosols from different sources and capture the variabilities in their Fe solubilities during atmospheric

processing after atmospheric mixing between air masses of various origins.
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Table 2.1: Estimated total Fe emissions, total Fe content, and aerosol Fe solubility largely influenced by
pyrogenic aerosol sources: solid fuel combustion, biomass burning, and liquid fuel combustion. The solid
fuel combustion includes biofuel wood and waste burning, coal combustion, and metal smelting process.

Total Fe content
(% particle mass)

Estimated total Fe emissions
(Tg Feyr")

Aerosol Fe solubility (%) for specific sources

Deshoeufs et al. 2 h leaching in pH 4.7 Desboeufs et al.
88 (2005) 0.66 Luo etal. (2008) 0.2 sulfuric acid (2005)
Sholkovitz et al. 30 min leaching in de-ionized Oakes et al.
1-11 (2009) 0.51 Ito (2013) 0.06 water (2012)
Ito and Feng Myriokefalitakis et al.
0.02-16 (2010) 0.77 (2015)
S
5 3.57-
2 Chenetal. (2012) | 1.04 Wang et al. (2015)
IS 9.32
3
2| 3 | ERietal (o12) | 191 Ito et al. (2018)
S | 119 ' ' '
S
@ Borgatta et al
0.9-3.8 (2006) 2.16 Rathod et al. (2020)
0.1-26 Ito et al. (2018)
Rathod et al.
0.12-44 (2020)
0.02- Ito and Feng - Guieu et al.
3.4 (2010) 1.07 Luo et al. (2008) 2 7 days leaching in seawater (2005)
. Instantaneous leaching in Bowie et al.
E 5.4-5.5 Paris (2010) 1.15 Ito (2013) 18 seawater (2009)
c
3 . . . P
> | 006 Ito (2011) 0.79 Ito et al. (2018) 219 | 30minleaching in de-lonized | b e ooy 2010)
g 3.4 water
g
m Myriokefalitakis et al. 30 min leaching in de-ionized Oakes et al.
0.4-3.3 Fu et al. (2012) 12 (2015) 46 water (2012)
0.5 Wang et al. (2015)
2 h leaching in pH 4.7 Deshoeufs et al.
9.3 Fu et al. (2012) 0.016 Ito (2013) 36 sulfuric acid (2005)
0.9- Schroth et al. 0.015 Myriokefalitakis et al. 77— Successive leaching in de- Schroth et al.
- 3.78 (2009) ' (2015) 81 ionized water (2009)
o
§ Desboeufs et al. 51- | 30 min leaching in de-ionized Oakes et al.
g 35 (2005) 0.022 Wang et al. (2015) 75 water (2012)
o
3 Sholkovitz et al.
b 0.2-4 (2009) 0.019 Ito et al. (2018)
=
= | o9
'l 7 Ito et al. (2018) 0.034 Rathod et al. (2020)
0.11- Rathod et al.
437 (2020)
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2.2 Field observation on pyrogenic Fe aerosol

The most direct evidence of anthropogenic emissions of Fe-containing aerosols comes from the single-
particle analysis. Anthropogenic Fe-rich particles were directly identified close to the source, (i.e., steel
plants), by both single-particle mass spectrometer (Taiwo et al., 2014) and microscopic analysis
(Moreno et al., 2003; Zhang et al., 2014). They were also identified in the marine atmosphere, for
instance, over the English Channel (Choel et al., 2007), Western Pacific Ocean (Furutani et al., 2011;
Li et al., 2017; Moffet et al., 2012), and in the urban atmosphere (Ault et al., 2012; Zhang et al., 2014).
Figure 2.1a shows spherical Fe-rich particles, which are likely formed under high-temperature processes,

such as in steel plants.

Field observations have reported that magnetite is ubiquitous in anthropogenic aerosols (Moteki et al.,
2017; Ohata et al., 2018; Tavares et al., 2017; Yoshida et al., 2018), as it crystallizes from the
aluminosilicate glass during the ash formation. Since magnetite (Fez0.) and hematite (a-Fe2O3) strongly
absorb sunlight, a modified single-particle soot photometer (SP2) was employed to identify light-
absorbing Fe oxide (FeOx) particles originating from anthropogenic combustion processes (Lamb, 2019;
Moteki et al., 2017). The field measurements over both East Asia and the Arctic reported that mass
concentrations of anthropogenic FeOx were at least 20% of those of black carbon (BC) (Yoshida et al.,
2020). On the other hand, a limited number of observations suggests that magnetite is low or negligible
in mineral dust from low latitude regions such as northern Africa and Asia, e.g., from not detectable to
0.1% in Saharan dust (Moskowitz et al., 2016) to 0.1-0.8 wt% in source regions of Asian dust (Jia et al.,
2019; Maher et al., 2009; Song et al., 2014). Magnetite in high-latitude dust could be higher, for example,
1-2 wt% in Icelandic dust (Baldo et al., 2020). The content of magnetite in anthropogenic aerosols and
their contribution to ambient bulk aerosols remain largely unknown. Therefore, more research is needed
to quantify the content of magnetite in the sources and the Fe dissolution in aerosols (Hettiarachchi et

al., 2019; Ito et al., 2018).

Several observational studies have attempted to link the aerosol Fe solubility to the aerosol chemical
components. These studies suggest that the tendency of high Fe solubilities with low Fe concentrations
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is influenced by pyrogenic sources and/or atmospheric processing (Chuang et al., 2005; Kumar et al.,
2010; Sedwick et al., 2007; Zhang et al., 2013). It is, however, difficult to quantitatively disentangle
these two factors from the atmospheric observations of the elemental composition alone (McDaniel et

al., 2019; Sholkovitz et al., 2012).

Figure 2.1: Dark-field TEM images and elemental maps of C, S, and Fe and NanoSIMS ion intensity
maps of CN", S, FeOr, and FeS™ of individual Fe-bearing particles. a-b) Elemental maps showing two
individual sulfate particles with Fe-rich particles (as hotspots). C) lon intensity maps showing the
presence of organic matter, sulfate, Fe oxide, and Fe sulfate (reproduced from Li et al. 2017).

2.3 Field observations on the atmospheric processing of pyrogenic Fe aerosol

Zhu et al. (1992) proposed that the low pH predicted in aerosol water under polluted conditions could
lead to the dissolution of ferric Fe from a-Fe»;Os, FeO(OH) and Fe(OH)s minerals. Many laboratory,
modelling and observation studies aimed to confirm the acid Fe dissolution hypothesis (Meskhidze et
al., 2003). Laboratory experiments showed the insoluble Fe in aerosols is dissolved at low pH conditions
(pH 1-3) (Chen et al., 2012; Fu et al., 2012; Shi et al., 2015; Spokes et al., 1994), lending some indirect

evidence to this hypothesis. However, field observations have been less conclusive (Baker et al., 2006;
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Buck et al., 2013; Buck et al., 2010; Kumar et al., 2010; McDaniel et al., 2019; Trapp et al., 2010).
Recently, Li et al. (2017) provided convincing evidence of the acid dissolution of Fe in aerosol water.
They observed Fe-containing particles in samples collected over the Yellow Sea, likely from coal
combustion and steel industries, which were coated with sulfate. The single-particle analysis suggested
that Fe was detected not only as “hotspots™ (i.e., primary particles) but also in the sulfate coating as
(water-soluble) Fe sulfate (Figure 2.1b-c). Since water-soluble Fe was not detected in the freshly emitted

particles, this could only be formed via the acid dissolution of the primary particles.

2.4 Laboratory experiments of Fe dissolution kinetics

Aerosol particles are subject to both physical and chemical processes during long-range transport. The
chemically and photochemically based processing have been shown to have the potential to convert
relatively insoluble Fe to more labile Fe forms (Kumar et al., 2010; Li et al., 2017; Srinivas et al., 2012;
Srinivas et al., 2014; Takahashi et al., 2011; Zhang et al., 2013). Several studies focused on the acid and
photochemical processes involved in the Fe dissolution in lithogenic and pyrogenic aerosol sources.
Laboratory simulations have currently identified three principal mechanisms for the Fe dissolution:
proton-promoted, ligand-promoted, and photo-reductive dissolution of Fe (Chen et al., 2012; Chen and
Grassian, 2013; Cwiertny et al., 2008a; Cwiertny et al., 2008b; Desboeufs et al., 2005; Fu et al., 2010;
Fu et al., 2012; Ito and Shi, 2016; Paris and Desboeufs, 2013; Paris et al., 2011; Shi et al., 2011a; Shi et

al., 2011b; Shi et al., 2009; Shi et al., 2015).

The aerosol Fe solubility primarily depends on the pH of the leaching media and is enhanced as the pH
decreases. At low pH, the increasing concentrations of H* contribute to the protonation process which
weakens the Fe-O bond on the particle surface favoring the detachment of Fe from the bulk oxides into
solution (Cornell and Schwertmann, 2003). Shi et al. (2009, 2011b, 2015) investigated the effect of the
proton-promoted dissolution on mineral dust during laboratory experiments to simulate acid and cloud
processing, where the dust particles were subjected to multiple cycling between acidic (24 h at pH 1-2)
and circumneutral pH (24 h at pH 5-6) up to 3 days. Low pH (pH 1-2), a condition relevant to fine
aerosols, enhances the dissolution of metals including Fe and copper (Cu) (Fang et al., 2017). Under
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cloud conditions (pH 5-6), the Fe dissolution is suppressed, and the formation of Fe-rich nanoparticle

aggregates was observed when with no organic ligand in solution (Shi et al., 2009, 2011b, 2015).

Chen et al. (2012) simulated the acid and cloud processing of three certified coal fly ash samples, where
the suspension of coal fly ash was cycled between pH 2 and pH 5 over periods of 24 h. The aerosol Fe
solubility was ~20-70% after three pH cycles (Chen et al., 2012), which was considerably higher than
that one found in mineral dust (Shi et al., 2011b). Subsequently, a laboratory study (Chen and Grassian,
2013) investigated the impact of organic ligands (i.e., oxalate) on the Fe dissolution behavior at low pH
of the certified coal fly ash samples in comparison with the Arizona test dust (AZTD). Chen and
Grassian (2013) reported that at low pH the aerosol Fe solubility of the fly ash could almost double in
presence of oxalic acid. The aerosol Fe solubility for the fly ash samples (~40-80%) were similar to ~60%
for the AZTD after 45 h at pH 2 in presence of oxalate. Oxalate can form bidentate complexes with Fe
on the particle surface, and thus it promotes the Fe dissolution process when in excess. In addition, the
light-induced reduction of the structural Fe(lll) to Fe(ll) along with the oxidation of Fe(ll)-oxalate
complexes can further enhance the detachment of Fe(ll) from the surface to yield dissolved Fe(ll)

(photo-reductive dissolution) (Chen and Grassian, 2013).

Fu et al. (2012) assessed the Fe dissolution kinetics of lithogenic and pyrogenic aerosol sources at pH
2. The leaching experiments were carried out in hydrochloric acid solutions in either dark conditions or
the presence of light (Figure 2.2). The aerosol Fe solubility after 12 h was 2.9-4.2% for coal fly ash, 74%
for oil fly ash, 8.9-26.4% for biomass burning aerosols, and 4.3% for the Chinese loess. Slightly higher
Fe solubilities were observed in presence of light (with no organic ligands) compared to dark conditions,

due to the photochemical reduction of surface Fe(ll) to Fe(ll).

Borgatta et al. (2016) conducted laboratory experiments on coal fly ash samples collected from three
distinctive locations: the USA Midwest, North-East India, and Europe. Sodium chloride (NaCl) was
used to adjust the activity of proton in the acidic solutions (pH 1-2) to represent the high ionic strength
in marine aerosol water. The resulting total Fe solubility at pH 2 after 24 h was 15-70%. The high

variability in Fe dissolution behavior is attributed to the different physicochemical properties of the three
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coal fly ash samples. For example, Fe speciation, surface area, and morphology are dependent on the
source region and the coal combustion process (Borgatta et al., 2016). This is consistent with the findings
in previous studies (Chen et al., 2012; Chen and Grassian, 2013). The high ionic strength influences the
activity of protons and ligands in solution, hence it can affect the Fe dissolution behavior. However,
currently, only a limited number of studies have considered the effect of the high ionic strength on the

aerosol Fe solubility (Borgatta et al., 2016; Cwiertny et al., 2008a; Ito and Shi, 2016).

Overall, oil fly ash and biomass burning aerosols showed high Fe solubilities at acidic conditions, while
the coal fly ash had variable Fe solubility, similar or considerably higher than mineral dust (Figure 2.2)
(Fu et al., 2010; Fu et al., 2012). The Fe dissolution rates determined through laboratory experiments
were used to parameterize atmospheric processing and the transformation of relatively insoluble Fe into
DFe according to the proton-promoted, oxalate-promoted, and photo-reductive dissolution processes in
global models (Table 2.2). The source type is also considered, as the release rate of DFe is faster in

combustion aerosols compared to mineral dust (Figure 2.3) (Ito, 2015; Ito and Shi, 2016).

Table 2.2: Constants used to calculate Fe dissolution rates for pyrogenic aerosols in IMPACT model (lto,
2015) and CAMS5 (Hamilton et al., 2019).

Dissolution scheme  Model Rate constant - k(pH, T)? me Al

Proton-promoted IMPACT 3.05 x 10 %xp[E(pH)® x (1/298 — 1/T)] 036 0.8
CAM5 1.3 x 10 Mexp[9.2 x 10° x (1/298 — 1/T)] 039 90

Oxalate-promoted IMPACT 2.24 x 10 "exp[E(pH)® x (1/298 — 1/T)] 1 0.8
CAM5 2.3 x 107" x [oxalate] + 4.8

Photoinduced IMPACT 2.39 x 10 "exp[E(pH)® x (1/298 — 1/T)] 1 0.8

aK;(T) is the reaction coefficient (moles m2 s*) for each dissolution scheme i.

PE(pH) = -1.56 x 10° x pH + 1.08 x 10%

°m; is the reaction order with respect to aqueous phase protons.

dA is the specific surface area of Fe species in units of m? g2,

¢The photoinduced dissolution rate of Fe compounds is scaled to the photolysis rate of H202 calculated in the
model.
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Figure 2.2: Comparison of total dissolved Fe concentration (mg g™*) between pyrogenic and lithogenic
aerosol sources at pH = 2 or 7. Total dissolved Fe concentration in a) oil fly ash, b) biomass burning
particle, and c) coal fly ash and Chinese Loess (CL) in dark conditions or under irradiation in HCI
suspensions, solids loading of 1.5g L (reproduced from Fu et al. 2012). The error bars represent one
standard deviation from triplicate experiments.
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Figure 2.3: Comparison of total dissolved Fe concentration (mg g*) between pyrogenic and lithogenic
aerosol sources at pH = 2. The estimates of total dissolved Fe concentration (mg g?) used in the
IMPACT model a) with no organic ligand and b) with oxalate under dark conditions. The red curve
was calculated for combustion aerosols (Ito, 2015). The blue curve was calculated for mineral aerosols
(Ito and Shi, 2016). The total dissolved Fe concentration was calculated as mg of DFe per g of the solid
particle.
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CHAPTER 3: IRON FROM COAL COMBUSTION

PARTICLES DISSOLVES MUCH FASTER THAN

MINERAL DUST UNDER SIMULATED

ATMOSPHERIC ACID CONDITIONS

3.1 Abstract

Mineral dust is the largest source of aerosol iron (Fe) to the offshore global ocean, but acidic processing
of coal fly ash (CFA) in the atmosphere could be an important source of soluble aerosol Fe. Here, we
determined the Fe speciation and dissolution kinetics of CFA from Aberthaw (United Kingdom),
Krakow (Poland), and Shandong (China) in solutions which simulate atmospheric acidic processing. In
CFA-PMy, fractions, 8%-21.5% of the total Fe was as hematite and goethite (dithionite extracted Fe),
2%-6.5 % as amorphous Fe (ascorbate extracted Fe), while magnetite (oxalate extracted Fe) varied from
3%-22%. The remaining 50%-87 % of Fe was associated with other Fe-bearing phases, possibly
aluminosilicates. High concentrations of ammonium sulfate ((NH.).SQ.), often found in wet aerosols,
increased Fe solubility of CFA up to 7 times at low pH (2-3). The oxalate effect on the Fe dissolution
rates at pH 2 varied considerably depending on the samples, from no impact for Shandong ash to doubled
dissolution for Krakow ash. However, this enhancement was suppressed in the presence of high
concentrations of (NH4)>SO4. Dissolution of highly reactive (amorphous) Fe was insufficient to explain
the high Fe solubility at low pH in CFA, and the modelled dissolution kinetics suggest that other Fe-
bearing phases such as magnetite may also dissolve relatively rapidly under acidic conditions. Overall,
Fe in CFA dissolved up to 7 times faster than in a Saharan dust precursor sample at pH 2. Based on
these laboratory data, we developed a new scheme for the proton- and oxalate- promoted Fe dissolution

of CFA, which was implemented into the global atmospheric chemical transport model IMPACT. The
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revised model showed a better agreement with observations of Fe solubility in aerosol particles over the
Bay of Bengal, due to the initial rapid release of Fe and the suppression of the oxalate-promoted
dissolution at low pH. The improved model enabled us to predict sensitivity to a more dynamic range

of pH changes, particularly between anthropogenic combustion and biomass burning aerosols.
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3.2 Introduction

The availability of iron (Fe) limits primary productivity in high-nutrient low-chlorophyll (HNLC)
regions of the global ocean including the subarctic North Pacific, the East Equatorial Pacific, and the
Southern Ocean (Boyd et al., 2007; Martin, 1990). In other regions of the global ocean such as the
subtropical North Atlantic, the Fe input may affect primary productivity by stimulating nitrogen fixation
(Mills et al., 2004; Moore et al., 2006). These areas are particularly sensitive to changes in the supply
of bioavailable Fe. Atmospheric aerosols are an important source of soluble (and, thus potentially bio-
accessible) Fe to the offshore global ocean. The deposition of bio-accessible Fe to the ocean can alter
biogeochemical cycles and increase the carbon uptake, consequently affecting the climate (e.qg., Jickells
and Moore, 2015; Jickells et al., 2005; Kanakidou et al., 2018; Mahowald et al., 2010; Shi et al., 2012).
In general, bio-accessible Fe consists of aerosol dissolved Fe, and Fe-nanoparticles which can be present
in the original particulate matter and/or formed during atmospheric transport as a result of cycling into
and out of clouds (Shi et al., 2009). It is in addition possible that other more refractory forms of Fe could
be solubilized in the surface waters by zooplankton (Schlosser et al., 2018) or the microbial community

(Rubin et al., 2011).

The Fe transported in the atmosphere is largely derived from lithogenic sources, which contribute around
95% of the total Fe in suspended particles (e.g.,Shelley et al., 2018) and most studies so far have
concentrated on atmospheric processing of mineral dust (e.g., Cwiertny et al., 2008; Fu et al., 2010; Ito
and Shi, 2016; Shi et al., 2011a; Shi et al., 2015). Mineral dust has low Fe solubility (dissolved Fe/ total
Fe) near the source regions, generally below 1% (e.g., Shi et al., 2011c; Sholkovitz et al., 2009;
Sholkovitz et al., 2012), increasing somewhat as a result of processes occurring during atmospheric
transport (e.g., Baker et al., 2021; Baker et al., 2020). Other sources of bio-accessible Fe to the ocean
are from combustion sources such as biomass burning, coal combustion, oil combustion, and metal
smelting (e.g., Ito et al., 2018; Rathod et al., 2020). Although these sources are only a small fraction of
the total Fe in atmospheric particulates, the Fe solubility of pyrogenic sources can be 1-2 orders of

magnitude higher than in mineral dust (Ito et al., 2021b and references therein), and thus can be
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important in promoting carbon uptake. However the Fe solubility of pyrogenic sources varies
considerably depending on the particular sources with higher values observed for oil combustion and

biomass burning than coal combustion sources (Ito et al., 2021b and references therein).

Wang et al. (2015) estimated that coal combustion emitted around ~0.9 Tg yr of Fe into the atmosphere
(on average for 1960-2007), contributing up to ~86% of the total anthropogenic Fe emissions. A more
recent study, which has included metal smelting as an atmospheric Fe source, estimated that coal
combustion emitted ~0.7 Tg yr? of Fe for the year 2010, contributing around 34% of the total
anthropogenic Fe atmospheric loading (Rathod et al., 2020). Although the use of coal as a principal
energy source has been recently reduced as a result of concern about air quality and global warming,
coal is still an important energy source in a number of countries in particular in the Asia-Pacific region
(BP, 2020). In China, most of the total energy is supplied by coal, contributing over 50% of the global
coal consumption in 2019, followed by India (12%), and the US (8%). Germany and Poland are the
largest coal consumers in Europe, accounting together for around 40% of the European usage (BP, 2020).
South Africa is also among the principal countries for coal consumption (BP, 2020) and is a source of

Fe-bearing particles to the anemic Southern Ocean (e.g., Ito et al., 2019).

Coal fly ash (CFA) is a by-product of coal combustion. This generally consists of glassy spherical
particles (e.g., Brown et al., 2011), which are formed through different transformations (decomposition,
fusion, agglomeration, volatilization) of mineral matter in coal during combustion (e.g., Jones, 1995),
and are transported with the flue gases undergoing rapid solidification. CFA are co-emitted with acidic
gases such as sulfur dioxide (SO>), nitrogen oxides (NOy) and carbon dioxide (CO-) (e.g., Munawer,

2018).

During long-range transport, CFA particles undergo atmospheric processing with the CFA surface
coated by acidic species such as sulfuric acid (H.SO4) and oxalic acid (H.C204) in atmospheric aerosols.
Aged CFA particles are hygroscopic and absorb water at typical relative humidity in the marine
atmosphere. As a result, a thin layer of water with high acidity, low pH and high ionic strength is formed

around the particles (Meskhidze et al., 2003; Spokes and Jickells, 1995; Zhu et al., 1992). In addition,
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ammonia (NHs) which is a highly hydrophilic gas, can also partition into the aerosol phase, react with
H2SO4 and form ammonium sulfate ((NH4).SO4) an important inorganic salt contributing to the high

ionic strength in aged atmospheric aerosols (Seinfeld and Pandis, 2016).

At low pH conditions, Fe solubility in aerosols increases, as the high concentration of protons (H*)
weakens the Fe-O bonds facilitating the detachment of Fe from the surface lattice (Furrer and Stumm,
1986). Li et al. (2017) provided the first observational evidence that acidification leads to the release of

Fe from anthropogenic particles.

In addition to these inorganic processes, organic ligands can also enhance atmospheric Fe dissolution
by forming soluble complexes with Fe (e.g., Cornell and Schwertmann, 2003). For example, H2C,04 is
an important organic species in aerosols (e.g., Kawamura and Bikkina, 2016). Laboratory studies have
demonstrated that H.C,0. increases Fe solubility of aerosol sources (Chen and Grassian, 2013; Johnson
and Meskhidze, 2013; Paris and Deshoeufs, 2013; Paris et al., 2011; Xu and Gao, 2008). Recently,
observations over the Bay of Bengal indicate that H,C,O. contributes to the increase of dissolved Fe in

atmospheric water (Bikkina et al., 2020).

To simulate the Fe dissolution in CFA, it is necessary to determine the dissolution kinetics under realistic
conditions. Previous studies have investigated the Fe dissolution kinetics of CFA under acidic conditions.
Chen et al. (2012) simulated acidic and cloud processing of certified CFA. Fu et al. (2012) determined
the dissolution kinetics of CFA samples at pH 2, while Chen and Grassian (2013) investigated the effect
of organic species (e.g., oxalate and acetate) at pH 2-3. These studies showed that high acidity and the
presence of oxalate enhanced Fe dissolution at the surface of CFA particles, similar to those reported in
mineral dust (Chen et al., 2012; Chen and Grassian, 2013; Fu et al., 2012; Ito and Shi, 2016; Shi et al.,
2011a). They also demonstrated that there are large differences in dissolution rates in different types of

CFA, likely related to Fe speciation.

Furthermore, high ionic strength, commonly seen in aerosol water, affects the activity of molecular

species present in solution, consequently it can significantly impact the Fe dissolution behavior. Recent

40



studies have considered the effect of the high ionic strength on the Fe dissolution kinetics of CFA under
acidic conditions. For example, the Fe solubility of CFA samples was measured at pH 1-2 with high
sodium chloride (NaCl) concentrations (Borgatta et al., 2016), and with high sodium nitrate (NaNO3)
concentrations Kim et al. (2020). In real atmospheric conditions, NaCl or NaNOs are unlikely to be the
main driver of high ionic strength in aged CFA. Although NaCl can coagulate with dust particles in the
marine boundary layer (Zhang et al., 2003), the aging of CFA is primarily by the uptake of secondary
species, particularly sulfate and ammonia (Li et al., 2003). Ito and Shi (2016) found that at low pH and
high concentration of (NH4).SO, the Fe solubility of mineral dust is likely to be enhanced by the
adsorption of sulfate ions on the particle surface. However, to date the effect of high (NH4)2SO4
concentrations on the Fe dissolution behavior in combustion sources in the presence or absence of

oxalate remains unknow.

The dissolution kinetics measured by Chen and Grassian (2013) have been used to develop a modelled
dissolution scheme for CFA, assuming a single Fe-bearing phase in CFA (lto, 2015). However, there
are multiple Fe-bearing phases in CFA, primarily hematite, magnetite and Fe in aluminum silicate glass
(Brown et al., 2011; Chen et al., 2012; Fu et al., 2012; Kukier et al., 2003; Kutchko and Kim, 2006;
Lawson et al., 2020; Sutto, 2018; Valeev et al., 2019; Waanders et al., 2003; Wang, 2014; Zhao et al.,
2006), but also accessory Fe-bearing minerals for example silicates, carbonate, sulfides and sulfates
(Zhao et al., 2006). These phases have a range of reactivities. Previous studies showed that CFA
dissolves much faster during the first 1-2 hours than subsequently (Borgatta et al., 2016; Chen et al.,
2012; Chen and Grassian, 2013; Fu et al., 2012; Kim et al., 2020), confirming the existence of multiple

Fe-bearing phases within a single CFA sample with different dissolution behavior.

In this study, laboratory experiments were conducted to determine the dissolution kinetics of coal
combustion emission products (i.e., CFA) during simulated atmospheric acidic processing in the
presence of (NH4),SO4 and oxalate which are commonly found in atmospheric aerosols. In particular,
we investigated the effect of high (NH4).SO4 concentrations on the proton-promoted and oxalate-

promoted Fe dissolution at low pH conditions. Our study also determined the Fe-bearing phases present
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in the CFA and compared them to those present in mineral dust. The experimental results enabled us to
develop a new Fe release scheme for CFA sources which was then implemented into the global
atmospheric chemical transport model IMPACT. The model results were compared with observations

of Fe solubility in aerosol particles over the Bay of Bengal from Bikkina et al. (2020).

3.3 Materials and Methods

3.3.1 Sample collection and subsequent size fractionation

CFA samples were collected from the electrostatic precipitators at three coal-fired power stations at
different locations: United Kingdom (Aberthaw ash), Poland (Krakow ash), and China (Shandong ash).
The bulk samples were resuspended to obtain aerosol fractions representative of particles emitted into
the atmosphere. A custom-made resuspension system was used to collect the PMyo fraction (particles
with an aerodynamic diameter smaller than 10 um), which is shown in Figure S1. Around 20 g of sample
was placed into a glass bottle and injected at regular intervals (2-5 sec) into a glass reactor (~70 L) by
flushing the bottle with pure nitrogen. The air in the reactor was pumped at a flow rate of 30 L min™?
into a PM1o sampling head. Particles were collected on 0.6 um polycarbonate filters and transferred into
centrifuge tubes. The system was cleaned manually and flushed for 10 min with pure nitrogen before
loading a new sample. A soil sample from Libya (Soil 5, 32.29237N/22.30437E) was dry sieved to 63
pum and used as an analogue for a Saharan mineral dust precursor to make a comparison between CFA

and mineral dust.

3.3.2 Fe dissolution Kinetics

The Fe dissolution kinetics of the CFA samples were determined by time-dependent leaching
experiments. We followed a similar methodology as in 1to and Shi (2016). PMy, fractions were exposed
to H;SO, solutions at pH 1, 2 or 3, in the presence of H,C,0. and/or (NH.).SO4 to simulate acidic
processing in aerosol conditions. The concentration of H,C,O. in the experiment solutions was chosen
based on the molar ratio of oxalate and sulfate in PM s (particles with an aerodynamic diameter smaller

than 2.5 um) from observations over the East Asia region (Yu et al., 2005). Around 50 mg of CFA was
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leached in 50 ml of acidic solution to obtain a particles/liquid ratio of 1 g L2. The sample solution was
mixed continuously on a rotary mixer, in the dark at room temperature. A volume of 0.5 mL was sampled
at fixed time intervals (2.5, 15, 60 min and 2, 6, 24, 48, 72, and 168 hours after the CFA sample was
added to the experiment solution) and filtered through 0.2 um pore size syringe filters. The dissolved
Fe concentration in the filtrate was determined using the ferrozine method (Viollier et al., 2000).
Leaching experiments were also conducted on the Libyan dust precursor sample. The relative standard

deviation (RSD) at each sampling time varied from 4 % to 15 % (n=7).

The pH of all the experiment solutions was calculated using the E-AIM model 111 for aqueous solutions
(Wexler and Clegg, 2002). In part this was because the high ionic strength generated by the elevated
concentration of (NH4)2SO4 prevents electrochemical sensors from making accurate pH measurements.
For the experiment solutions with no (NH4)2SO4, the pH was measured by a pH meter before adding the
ash and at the end of the experiments. The solution pH increased after adding the ash, and the change in
pH was used to estimate the buffer capacity of alkaline minerals in the samples, including for example
calcium carbonates (CaCOs), lime (CaO), and portlandite (Ca(OH),). The estimated concentration of H*
buffered was used to input the concentration of H* into the E-AIM model. For each experiment, the pH
was calculated before adding the CFA samples and at the end of the experiments. The pH of the original
solution before adding the samples was estimated from the molar concentrations (mol L ™) of H.SO4,
H2C,04 and (NH4).SO. used to prepare the solution. The model inputs included the total concentrations
of H* (without H.C,O4 contribution), NH4*, SO4* and H.C.04. For the experiment solutions with no
(NH.4)2SOs4, we calculated the final pH by reducing the total H* concentration input into the model to
match the pH measured at the end of the experiments. The buffered H* was then estimated from the
difference between the original and final H* concentration input into the model. To determine the final
pH of the solutions with high ionic strength, the H* concentration input in the model was calculated as
the difference between the H* concentration in the original solution and the buffered H* estimated at

low ionic strength.
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For the solution with no (NH4)2SO4, the difference between calculated and measured pH is <7%. Table
S1 reports the concentrations of H2SO., H.C>04 and (NH4)2SO4 in the experiment solutions, the original
and final pH from model estimates (including H* concentrations and activities), and the pH

measurements for the solution with low ionic strength.

3.3.3 Sequential extractions

The content of Fe oxide species in the samples was determined by Fe sequential extraction (Baldo et al.,
2020; Poulton and Canfield, 2005; Raiswell et al., 2008; Shi et al., 2011b). The Fe oxide species included
highly reactive amorphous Fe oxide-hydroxide (FeA), crystalline Fe oxide-hydroxide, mainly goethite

and hematite (FeD), and Fe associated with magnetite (FeM).

To extract FeA, samples were leached in an ascorbate solution buffered at pH 7.5 (Raiswell et al., 2008;
Shi et al., 2011b). The ascorbate solution contained a deoxygenated solution of 50 g L sodium citrate,
50 g L sodium bicarbonate, and 10 g L™* of ascorbic acid. Around 30 mg of CFA was leached for 24
hours in 10 mL of ascorbate extractant, mixed continuously on a rotary mixer. The extraction solution
was then filtered through a 0.2 pm membrane filter. In order to extract FeD, the residue was leached for
2 more hours in a dithionite solution buffered at pH 4.8 (50 g L™* sodium dithionite in 0.35 M acetic

acid and 0.2 M sodium citrate) (Raiswell et al., 2008; Shi et al., 2011b).

For the extraction of FeM, the CFA samples were first leached for 2 hours using a citrate-buffered
dithionite solution to remove FeD. The residue collected after filtration was then leached for 6 hours in
a solution of 0.2 M ammonium oxalate ((NH4).C>04) and 0.17 M H,C,O4 at pH 3.2 (Poulton and
Canfield, 2005). The Fe extractions were all carried out in the dark at room temperature. The Fe
concentration in the filtered extraction solutions was measured using the ferrozine method (Viollier et
al., 2000) or by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis for the

solutions containing high concentration of oxalate.

The total Fe content in the samples was determined by microwave digestion in concentrated nitric acid

(HNO:s) followed by inductively coupled plasma mass spectrometry (ICP-MS) analysis. The recovery
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of Fe assessed using a standard reference material for urban particulate matter (NIST SRM 1648A) was
around 89%. Therefore, the total Fe in the Libyan dust precursor sample could be underestimated

somewhat as crystalline aluminum silicate minerals may not be fully digested.

The sequential extraction techniques were tested using the Arizona Test Dust (ATD, Power Technology,
Inc.). The RSD% obtained for each extract using the ATD was 3% for FeA, 11% for FeD, 12% for FeM

(n=7) and 2% for the total Fe (n=3). A summary of the results for the ATD is reported in Table S2.

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

We collected XANES spectra to qualitatively examine the Fe speciation in the CFA samples. The
XANES spectra at the Fe K-edge were collected at the Diamond Light Source beamline 118. A Si(111)
double-crystal monochromator was used in the experiments. The beam size was 400 umx=400 um. The
XANES spectra were collected from 7000 to 7300 eV at a resolution varying from 0.2 eV for 3 s in
proximity to the Fe K-edge (7100-7125eV) to 5 eV for 1 s from 7100 to 7300 eV. Powder samples were
suspended in methanol and deposited on Kapton® tape. The analysis was repeated three times. We
measured the XANES spectra of the CFA-PMy, fractions and mineral standards including hematite,
magnetite, and illite. Data were processed using the Athena program, part of the software package

Demeter (version 0.9.26) (Ravel and Newville, 2005).

3.3.5 Model description

This study used the Integrated Massively Parallel Atmospheric Chemical Transport (IMPACT) model
(Ito et al., 2021a and references therein). The model simulates the emission, chemistry, transport, and
deposition of Fe-containing aerosols and the precursor gases of inorganic and organic acids. The coating
of acidic species on the surface of Fe-containing aerosols promotes the release of soluble Fe in the
aerosol deliquescent layer and enhances the aerosol Fe solubility (Li et al., 2017). On the other hand,
the external mixing of oxalate-rich aerosols with Fe-rich aerosols can suppress the oxalate-promoted Fe
dissolution at low concentration of oxalate near the source regions (Ito, 2015). However, the internal

mixing of alkaline minerals such as calcium carbonate with Fe-containing dust aerosols can suppress
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the Fe dissolution (Ito and Feng, 2010). Since CFA particles are co-emitted with acidic species, the
transformation of relatively insoluble Fe in coal combustion aerosols into dissolved Fe is generally much
faster than that for mineral dust aerosols during their atmospheric lifetime (Ito, 2015; Ito and Shi, 2016).
Additionally, the size of CFA particles is substantially smaller than that of mineral dust. Thus, we
adopted an observationally constrained parameter for the dry deposition scheme (Emerson et al., 2020)

to improve the simulation of dry deposition velocity of fine particles.

To improve the accuracy of our simulations of Fe-containing aerosols, we revised the on-line Fe
dissolution schemes in the original model (Ito et al., 2021a) in conjunction with a more dynamic range
of pH estimates. To apply the Fe dissolution schemes for high ionic strength in aerosols, we used the
mean activity coefficient for pH estimate (Pye et al., 2020). Moreover, the dissolution rate was assumed
to be dependent of pH for highly acidic solutions (pH < 2) unlike in the former dissolution scheme (Ito,

2015), which allowed us to predict the sensitivity of Fe dissolution to pH lower than 2.

To validate the new dissolution scheme, we compared our model results with observations of Fe

solubility in PM2s aerosol particles over the Bay of Bengal (Bikkina et al., 2020).

3.4 Experimental results

3.4.1 Fe dissolution kinetics

We determined that Krakow ash had the largest buffer capacity, around 0.008 moles of buffered H* per
liter, which was related to the content of alkaline minerals in the sample. The buffer capacity of
Aberthaw and Shandong ash was ~10 times smaller than that of Krakow ash, around 0.0007 moles of
buffered H* per liter. Leaching Krakow ash in 0.005 M H,SQ4, the initial concentration of H* was similar
to the concentration of the H* buffered. As a result, the solution pH raised from approximatively 2.1 to
2.7 corresponding to a pH change of around 20% (Table S1). For all the other experimental conditions,
the pH change was below 12% (Table S1). At the pH conditions used in this study (pH 1-3), acid
buffering was fast and likely occurred within the first 1-2 hours. We assumed that the calculated final

pH was representative of the solution pH over the duration of the experiments.
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Figure 3.1: Fe dissolution kinetics of a) Krakow ash, b) Aberthaw ash and ¢) Shandong ash in H2SO4
solutions (open rectangles) and with 1 M (NH4)2SOs4 (filled rectangles). The molar concentrations of
H2S04 and (NH4)2SO4 in the experiment solutions are shown. The final pH of the experiment solutions is
also reported, which was calculated using the E-AIM model 111 for aqueous solution (Wexler and Clegg,
2002) accounting for the buffer capacity of the CFA samples (Experiments 1-2 in Table S1). The
experiments conducted at around pH 2 are in red, while the experiments at around pH 3 are in black.
The data uncertainty was estimated using the error propagation formula.
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Figure 3.2: Fe dissolution kinetics of a) Krakow ash, b) Aberthaw ash, and c) Shandong ash in H2SO4
solutions at around pH 2 (red open rectangles), with 0.01 M H2C:O4 (red open triangles), and 1 M
(NH4)2SO4 (red filled triangles). The molar concentrations of H2SO4, H2C204 and (NH4)2SO4 in the
experiment solutions are shown. The final pH of the experiment solutions is also reported, which was
calculated using the E-AIM model 111 for aqueous solution (Wexler and Clegg, 2002) accounting for the
buffer capacity of the CFA samples (Experiments 1, 3-4 at around pH 2). The data uncertainty was

estimated using the error propagation formula.
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The leaching experiments were conducted up to 168 h to better capture the dissolution curve in the

kinetic model but also considering the tropospheric lifetime of aerosol particles.

Dissolved Fe at different time intervals is reported as Fe%, which is the fraction of Fe dissolved to the
total Fe content (FeT) in the CFA samples. For all samples, a fast dissolution rate was observed at the
beginning of the experiment. In the case of Krakow ash, the dissolution plateau was reached after 2-
hour leaching in 0.005 M H,SO, as sufficient Fe may be dissolved from the highly reactive Fe species
to suppress the dissolution of less reactive Fe. For that sample/initial condition the pH increased to 2.7,
and no more Fe was dissolved, leading to a total Fe solubility of ~9% over the duration of the experiment
(7 days) (Figure 3.1a). Dissolving Krakow ash in 0.01 M H,SO4 (Figure 3.1a), the experiment solution
had a final calculated pH of 2.1. The total Fe solubility was 34% at pH 2.1, almost 4 times higher than
that at pH 2.7 (in 0.005 M H,SO4). Dissolution of Aberthaw and Shandong ash was slower compared to
Krakow ash (Figures 3.1b and 3.2c, respectively). Leaching Aberthaw and Shandong ash in 0.005 M
H2SO, resulted in solutions with a pH of around 2.2. At this pH, the total Fe solubility was 18% for
Aberthaw ash and 21% for Shandong ash, which is 9-10 times higher than the total Fe solubility at pH

2.9 (in 0.001 M H3S0,), around 2% for both samples.

The experimental treatment of dissolved Fe from Krakow ash in 0.05 H,SO, solution with 1 M
(NH4)2SO, (Figure 3.1a) resulted in a final predicted pH of 2.1. At that pH, the total Fe solubility of
Krakow ash increased from 34% with no (NH.).SO, to 48% with high (NH.).SO4 concentration. The
total Fe solubility of Krakow ash was around 28% at pH 3.0 with 1 M (NH,)>.SO4 (Figure 3.1a), 3 times
higher than that at pH 2.7 with no (NH.).SO4. At around pH 2, the total Fe solubility of Aberthaw
(Figure 3.1b) and Shandong ash (Figure 3.1c) increased by around 20% and 30% in the presence of
(NH.)2SOa4. By contrast, the total Fe solubility at pH 3.1 with 1 M (NH4),SO4 was 7.5% for Aberthaw
ash (Figure 3.1b) and 14% for Shandong ash (Figure 3.1c), respectively, which was around 4 and 7

times higher than in the experiments carried out at pH 2.9 without (NH.)2SOa.

The Fe dissolution of the CFA samples in H,SO4 solutions with 0.01 M H,C,04 (at around pH 2) is

shown in Figure 3.2. The total Fe solubility of Krakow ash at pH 1.9 with 0.01 M H,C,0. was 61%
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(Figure 3.2a), which was almost 2 times higher than that at pH 2.1 but without H.C,O4 (Figure 3.2a).
For Aberthaw ash, oxalate contribution to the dissolution process led to a total Fe solubility of 30% at
pH 2.0 (Figure 3.2b), which was 70% higher than in the experiment carried out in 0.005 M H>SO, (~pH
2.2) Figure 3.2b). Shandong ash dissolution behavior was not affected by the presence of oxalate

(Figure 3.2c).
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Figure 3.3: Fe dissolution Kkinetics of Krakow ash in H2SO4 solutions at pH 1.0 with 0.03 M H2C204and
1 M (NHa4)2SOs4 (blue filled triangles), at pH 2.0 with 0.01 M H2C204and 1 M (NH4)2SO4 (red filled
triangles), and at pH 2.9 with 0.01 M H2C20sand 1 M (NH4)2SO4 (black filled triangles). The molar
concentrations of H2SOs, H2C204 and (NH4)2SO4 in the experiment solutions are shown. The final pH of
the experiment solutions is also reported, which was calculated using the E-AIM model 111 for aqueous
solution (Wexler and Clegg, 2002) accounting for the buffer capacity of the CFA samples (Experiment 7
at pH 1.0, Experiment 3 at pH 2.0, and Experiment 3 at pH 2.9 in Table S1). The data uncertainty was
estimated using the error propagation formula.

We also investigated the effect of high (NH4).SO4 concentration on oxalate-promoted dissolution. In
Figure 3.2a, the total Fe solubility of Krakow ash decreased from 61% at pH 1.9 in the presence of
oxalate to 54% at pH 2.0 with oxalate and (NH.).SO4. For Aberthaw ash, the total Fe solubility at pH

2.0 decreased from 30% in the presence of oxalate to 19% after the addition of (NH4).SOs (Figure 3.2b).

Figure 3.3 shows the Fe dissolution behavior of Krakow ash at different pH conditions in the presence
of 1 M (NH4).S0. and H,C,0. (0.01-0.03 M depending on the solution pH). The total concentration of
oxalate ions was calculated using the E-AIM model and was similar at different pH conditions, 0.015 at
pH 1.0 (Experiment 7 Table S3), 0.009 at pH 2.0, and 0.01 at pH 2.9 (Experiments 3 Table S3). The
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highest total Fe solubility was observed at pH 1.0 (~67%). At pH 2.0, the total Fe solubility decreased
to 54%, and no substantial variations were observed between pH 2.0 and pH 2.9 (54%-51%). At pH 1.0,
the concentration of H* was considerably higher compared to pH 2.0-2.9, leading to a faster dissolution
rate. The total concentration of oxalate ions was 1.5-1.6 times higher in the solution at pH 1.0 than at
pH 2.0-2.9, which may also contribute to the faster dissolution rate. C,O42 concentration increased with
rising pH. Although the concentration of H* was lower at pH 2.9 than at pH 2.0, the E-AIM model
estimated that C,042 contributed around 35% of the total oxalate concentration at pH 2.9, which was
4.5 times higher than at pH 2.0 (Experiments 3 Table S3). The similar dissolution behavior at pH 2.0
and pH 2.9 conditions may reflect the combination of these two opposite factors, higher concentration

of C,042 but lower concentration of H* at pH 2.9 compared to 2.0.
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Figure 3.4: Fe dissolution Kinetics of Krakow ash in H2SO4 solutions at pH 1.0 with 0.03 M H2C204and
concentration of (NH4)2SO4 from 0 to 1.5 M. The molar concentrations of H2SO4, H2C204 and (NH4)2SO4
in the experiment solutions are shown. The final pH of the experiment solutions is also reported, which
was calculated using the E-AIM model 111 for agueous solution (Wexler and Clegg, 2002) accounting for
the buffer capacity of the CFA samples (Experiments 5-8 in Table S1). The data uncertainty was
estimated using the error propagation formula.

We determined the Fe dissolution behavior of Krakow ash at pH 1.0 in the presence of oxalate and
increasing concentrations of (NH4)2SO.. The ash was leached in H.SO4 solutions with 0.03 M H,C,04
at pH 1.0, while the concentration of (NH4).SO. varied from 0 to 1.5 M. In Figure 3.4, the total Fe

solubility of Krakow ash in the presence of oxalate was 75% at pH 1.0 and decreased to 68% after the
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addition of 0.5 M (NH.4).SO.. Higher (NH4)2SO4 concentrations did not affect the Fe dissolution

behavior in the presence of oxalate at pH 1.0.

3.4.2 Fe speciation

The Fe-bearing phases in the CFA samples determined through sequential extractions are shown in
Figure 3.5c. The Fe speciation in the Libyan dust precursor is added for comparison. Krakow ash had a
total Fe (FeT) content of 5.2%, while FeT in Aberthaw and Shandong ash was 3.1% and 1.6%
respectively. Amorphous Fe (FeA/FeT) was 6.5% in Krakow ash, 2% in Aberthaw ash, and 4.6% in
Shandong ash. The CFA samples showed very different dithionite Fe (FeD/FeT) content, 21.5% in
Krakow ash, 8% in Aberthaw ash and 14.8% in Shandong ash. The content of magnetite (FeM/FeT) was
considerably higher in Krakow ash (22.4%) compared to Aberthaw (2.9%) and Shandong (4.5%) ash.
About 50 %87 % of Fe was contained in other phases most likely in aluminosilicates. Overall, CFA
had more magnetite and highly reactive amorphous Fe and less dithionite Fe than the Libyan dust

precursor sample.

In Figures. 3.5a-b, the Fe K-edge XANES spectra of Krakow and Aberthaw ash showed a single peak
in the pre-edge region at around 7114.3 eV and 7114.6 eV, respectively. In the edge region, Aberthaw
ash showed a broad peak at around 7132.2 eV, while the peak of Krakow ash was slightly shifted to
7132.9 eV and narrower. The pre-edge peak at around 7115.4 suggests that Fe was mainly as Fe(lll).
The spectral features of Aberthaw and Krakow ash are different from those of the hematite, magnetite
and illite standards suggesting that the glass fraction was dominant and controlled their spectral
characteristics, which is consistent with the results of the Fe sequential extractions. The XANES Fe K-
edge spectra of the CFA samples have some common features with those of Icelandic dust but tend to
differ from mineral dust sourced in the Saharan dust source region. In the pre-edge region of the
spectrum, Icelandic dust (sample D3 in Figures 3.5a-b) showed a main peak at around 7114.4 eV and a
second less intense peak at around 7112.7 eV, while a broad peak was observed at around 7131.9 eV in
the edge region (Baldo et al., 2020). A mineral dust sample from western Sahara (WS dust in Figures

3.5a-b) showed a distinct double peak in the pre-edge region at around 7113.9 and 7115.2 ¢V, and a
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main peak in the edge region at around 7133.3 ¢V (Baldo et al., 2020). The similarities between Icelandic
ash and CFA could be because aluminum silicate glass is dominant in these samples (e.g., Baldo et al.,
2020; Brown et al., 2011), while Fe-bearing phases in mineral dust from the Saharan region are primarily

iron oxides minerals such as hematite and goethite, clay minerals and feldspars (e.g., Shi et al., 2011b).
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Figure 3.5: Fe speciation in CFA and mineral dust samples. a-b) Fe K-edge XANES spectra of Krakow
ash, Aberthaw ash, magnetite, hematite, and illite standards, mineral dust from the Dyngjusandur dust
hotspot in Iceland - D3 (Baldo et al., 2020), and mineral dust from western Sahara - WS dust (Shi et al.,
2011b). c) Percentages of ascorbate Fe (amorphous Fe, FeA), dithionite Fe (goethite/hematite, FeD),
magnetite Fe (FeM), and other Fe (including Fe in aluminosilicates) to the total Fe (FeT) in the CFA
samples and Libyan dust precursor. The FeT (as %wt.) is given below each sample column. The data
uncertainty was estimated using the error propagation formula: 4% for FeA/FeT, 11% for FeD/FeT,
12% for FeM/FeT, and 2 % for FeT.
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3.5 Fe simulation from the IMPACT model

3.5.1 Fe dissolution scheme
Based on the laboratory experiments carried out on the CFA samples, we implemented a 3-step
dissolution scheme for proton-promoted and oxalate-promoted Fe dissolution (Table 3.1). The Fe

dissolution kinetics were described as follows (Ito, 2015):

Z RFe; = k;(pH, T) x a(H*)™i x f; ”
i

where RFeg; is the dissolution rate of individual mineral i, ki is the rate constant (moles Fe gt s™1), a(H")
is the H* activity in solution, m; represents the empirical reaction order for protons. The function f; (0 <
fi <1) accounts for the suppression of mineral dissolution by competition for oxalate between surface Fe

and dissolved Fe (Ito, 2015):
f; = 0.17 x In([lig] % [Fe]™1); + 0.63 @)

in which, [Fe] is the molar concentration (mol L) of Fe®* dissolved in solution, and [lig] is the molar

concentration of ligand (e.g., oxalate). f; was set to 1 for the proton-promoted dissolution.

9% Cey

The scheme assumes 3 rate constants “fast”, “intermediate” and “slow” for the proton-promoted, and
the proton + oxalate-promoted dissolution (Table 3.1). These were obtained by fitting the parameters to
our measurements for Krakow ash in H.SOs and (NH4),SO4 at pH 2-3, with and without oxalate
(Experiments 2 and 3 in Table S1), which are shown in Figure 3.6. The fast rate constant represents
highly reactive Fe species such as amorphous Fe oxyhydroxides, Fe carbonates and Fe sulfates. The
intermediate rate constant can be applied to nano-particulate Fe oxides, while more stable phases
including for example Fe-aluminosilicate and crystalline Fe oxides have generally slower rates (Ito and
Shi, 2016; Shi et al., 2011a; Shi et al., 2011b; Shi et al., 2015). Similarly, we predicted the dissolution

kinetics of Aberthaw ash and Shandong ash (Figure 3.7). The dissolution kinetics of Krakow ash were
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calculated based also on the experimental results at pH 1.0, which is shown in Figure S2 in comparison

with kinetics predicted at pH 2.0 and pH 2.9 conditions.

The contribution of the oxalate-promoted dissolution to dissolved Fe was derived as the difference
between the estimated dissolution rates for the proton + oxalate-promoted dissolution and the proton-

promoted dissolution:

RFej(oxalate) = RF€j(proton + oxalate) = RF€i(proton) (3)

The Fe dissolution rates were predicted at a wider range of pH using Eq. (1) and Eg. (3) and the

parameters in Table 3.1:

RFe; = RFej(proton + oxalate) when RFejoxalate) < 0 4

Since RFeipxalate) IS 1ess than 0 at low pH (< 2), this equation applies to highly acidic conditions. As a
result, the predicted amount of dissolved Fe was smaller when using the dissolution rate for the proton
+ oxalate-promoted dissolution, RFejproton + oxalate), rather than the rate for the proton-promoted
dissolution, RFeiproton), at pH < 2. Accordingly, the dissolution rate, RFe;, was less dependent on the pH
compared to RFeiroton) at highly acidic conditions, possibly due to the competition for the formation of

surface complexes.

At pH > 2 when oxalate does promote Fe dissolution, the following equation applies:

RFe; = RFei(proton) + RFei(oxalate) when RI:ei(oxalate) >0 (5)

55



a)

80

2]
o

IS
o

Dissolved Fe (Fe%)

%]
o

c)

80

2]
(=]

Dissolved Fe (Fe%)
S
o

N
o

Figure 3.6: Comparison between the Fe dissolution Kinetics of Krakow ash predicted using Eq. (1) and
measured in H2SO4 solutions a-b) with 1 M (NH4)2SO4, c-d) with 0.01 M H2C20zand 1 M (NH4)2SOs. The
molar concentrations of H2SO4, H2C204 and (NH4)2SO4 in the experiment solutions are shown. The final
pH of the experiment solutions is also reported, which was calculated using the E-AIM model 111 for
aqueous solution (Wexler and Clegg, 2002) accounting for the buffer capacity of the CFA samples
(Experiments 2-3 in Table S1). The experiments conducted at around pH 2 are in red, while the
experiments at around pH 3 are in black. The data uncertainty was estimated using the error propagation
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Figure 3.7: Comparison between the Fe dissolution Kinetics of Krakow, Aberthaw, and Shandong ashes
predicted using Eq. (1) and measured in a-c) H2SO4 solutions at around pH 2 with 1 M (NH4)2SO4
(Experiments 2 at around pH 2 in Table S1), d-f) H2SO4 solutions at around pH 3 with 1 M (NH4)2SO4
(Experiments 2 at around pH 3 in Table S1), g-i) H2SO4 solutions at pH 2.0 with 0.01 M H2C20sand 1 M
(NH4)2SO4 (Experiments 3 at pH 2.0 in Table S1). The molar concentrations of H2SO4, H2C204 and
(NH4)2SO4 in the experiment solutions are shown. The final pH of the experiment solutions is also
reported, which was calculated using the E-AIM model 111 for aqueous solution (Wexler and Clegg, 2002)
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Table 3.1: Constants used to calculate Fe dissolution rates for fossil fuel combustion aerosols, based on
laboratory experiments conducted at high ionic strength.

Stage Kinetic Scheme Rate constant - k(pH, T)? m¢
I Fast Proton 7.61 x 10 %exp[E(pH)® x (1/298 — 1/T)] 0.241
Il Intermediate Proton 1.91 x 10 "exp[E(pH)P x (1/298 — 1/T)] 0.195
Il Slow Proton 2.48 x 10 "exp[E(pH)® x (1/298 — 1/T)] 0.843
I Fast Proton + Oxalate 5.54 x 10 %exp[E(pH)® x (1/298 — 1/T)] 0.209

Il Intermediate Proton + Oxalate 1.50 x 10 "exp[E(pH)P x (1/298 — 1/T)] 0.091

I Slow Proton + Oxalate 1.77 x 10 8exp[E(pH)° x (1/298 — 1/T)] 0.204

ak(pH, T) is the pH and temperature dependent ‘far-from-equilibrium’ rate constant (moles Fe gt s?).
The Fe dissolution scheme assumes 3 rate constants “fast”, “intermediate” and “slow” for the proton-
and oxalate-promoted dissolution. The parameters were fitted to our measurements for Krakow ash.
PE(pH) =-1.56 x 10° x pH + 1.08 x 10*. The parameters were fitted to the measurements for soils (Bibi
etal., 2014).

©m is the reaction order with respect to aqueous phase protons, which was determined by linear
regression from our experimental data in the pH range between 2 and 3 for proton- and oxalate-promoted
dissolution schemes.

3.5.2 Aerosol Fe solubility over the Bay of Bengal

The new dissolution scheme was applied in the IMPACT atmospheric chemistry transport model to
predict the Fe solubility in atmospheric particles collected over the Bay of Bengal, which is an area for
which there are detailed field measurements available (Bikkina et al., 2020; Kumar et al., 2010; Srinivas
and Sarin, 2013; Srinivas et al., 2012) and multi-modelling analyses have been done (Ito et al., 2019). It
thus represents a test for our experimental results in actual field conditions. Three sensitivity simulations
were performed to explore the effects of the uncertainties associated with the dissolution schemes and
mineralogical component of Fe. In addition, the former setting (Ito et al., 2021a) was used in the

IMPACT model for comparison.

For all simulations, the total Fe emissions from anthropogenic combustion sources and biomass burning
were estimated using the Fe emission inventory of Ito et al. (2018) including also emissions from the
iron and steel industry, whereas Fe emissions from mineral dust sources were dynamically simulated
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(Ito et al., 2021a). In Test 0, we ran the model without the upgrades of the dissolution scheme discussed
in section 2.4, and apply in addition the photoinduced dissolution scheme for both combustion and dust
aerosols (Ito, 2015; Ito and Shi, 2016), which was turned off in Test 1, Test 2, and Test 3 due to the lack
of laboratory measurements under high ionic strength. To estimate the aerosol pH, we applied a H*
activity coefficient of 1 for Test 0, while the mean activity coefficient from Pye et al. (2020) was used
for the other tests. The dissolution rate was assumed as pH-independent for highly acidic solutions (pH
< 2) (Ito, 2015) in Test 0, based on the laboratory measurements in Chen et al. (2012), while no pH
threshold was considered in Test 1, Test 2, and Test 3 as the total dissolution (proton + oxalate) was

suppressed at pH < 2 from the predicted dissolution rate.

In Test 1, we used the new dissolution scheme accounting for the proton- and oxalate- promoted
dissolution of Krakow ash for all combustion aerosols in the model (Table 3.1). The dissolution kinetics
were calculated using the base mineralogy for anthropogenic Fe emissions reported in Table S11 of
Rathod et al. (2020). The Fe composition of wood was used for open biomass burning (Matsuo et al.,
1992). In this simulation, three Fe pools were considered. Sulfate Fe in Rathod et al. (2020) was assumed
as fast pool, magnetite Fe as intermediate pool, hematite, goethite and clay as slow pool. In Test 2, we
calculated the dissolution kinetics only considering the proton-promoted dissolution. In Test 3, the Fe
pools were as determined here for Krakow ash: ascorbate Fe (FeA) as fast pool, magnetite Fe (FeM) as
intermediate pool, hematite plus goethite Fe (FeD) and other Fe as slow pool (Figure 3.5). FeA contains
highly reactive Fe species with fast dissolution rates (Raiswell et al., 2008; Shi et al., 2011b). FeM
appeared to work well for the different fly ash samples in the dissolution scheme as intermediate Fe
pool. FeD is associated with crystalline Fe oxides which are mostly highly insoluble (Raiswell et al.,
2008; Shi et al., 2011b), thus it was considered as slow pool in the dissolution scheme. We assumed

other Fe to be mostly Fe-bearing aluminosilicates and considered this as slow Fe pool.

Observations of total Fe concentration and Fe solubility in PM. s along the cruise tracks over the Bay of
Bengal for the period extending from 27 December 2008 to 26 January 2009 (Bikkina et al., 2020) were

compared with temporally and regionally averaged data from model estimates. The daily averages of
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model results were calculated from hourly mass concentrations in the air over the surface ocean along
the cruise tracks. The concentration of total Fe observed over the Bay of Bengal varies from 145 + 144
ng m~2 over the North Bay of Bengal (27 December 2008 - 10 January 2009) to 55 + 23 ng m™2 over the
South Bay of Bengal (11-26 January 2009) (Bikkina et al., 2020). In Figure 3.8, the modelled
concentrations of total Fe exhibit a similar variability to that of measurements with relatively higher
values over the North Bay of Bengal (59 + 29 ng m~2 in different sensitivity simulations) compared to
the South Bay of Bengal (20 + 12 ng m™2 in different sensitivity simulations). However, the modelled
concentrations of total Fe were underestimated by a factor of 2.9 £ 1.5. The model reproduced the source
apportion of Fe (Figure 3.8 - Table S4) which is qualitatively derived from previous observational
studies indicating that the concentrations of total Fe in aerosols over the North Bay of Bengal are
influenced by emissions of dust and combustion sources from the Indo-Gangetic Plain (Kumar et al.,
2010), whereas combustion sources (e.g., biomass burning and fossil-fuel) from South-East Asia are
dominant over the South Bay of Bengal (Kumar et al., 2010; Srinivas and Sarin, 2013). On the other
hand, the model could not reproduce the peak in total Fe concentration (1.8% of Fe content in PMys
sample) reported around 29 December 2008. The total Fe observed in PM1o (430 ng m) on 29 December
2008 is lower than that measured on the day before (667 ng m=) and the day after (773 ng m), whereas
that in PM.s peaked on 29 December 2008 (Srinivas et al., 2012). Thus, the extreme value recorded

only for PM_5 on this date may be an outlier.

The comparison of Fe solubility using the same total Fe emissions directly represents the effect of the
new dissolution scheme on PM.s. The aerosol Fe solubility measured over the South Bay of Bengal is
higher than that over the North Bay of Bengal, respectively 32% + 11% and 15% * 7% (Bikkina et al.,
2020), and model estimates showed a similar trend (Figure 3.9). In Figure 3.9 and Table S5, the
calculated Fe solubilities over the North Bay of Bengal in Test 1 (11% + 4%), Test 2 (17% + 5%), and
Test 3 (17% * 6%) were in good agreement with observations. The aerosol Fe solubility over the South
Bay of Bengal was better captured in Test 1 (30% + 5%) and Test 3 (37% = 7%), whereas Test 0 showed

higher variability (37% + 22%). The proton-promoted dissolution scheme in Test 2 significantly
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overestimated the Fe solubility over the Bay of Bengal (Figure 3.9 and Table S5). The aerosol Fe
solubility was largely overestimated in all scenarios after 22 January 2009, as open biomass burning

sources become dominant (Figure 3.8 and Table S4).

The comparison between observations and model predictions of aerosol Fe solubility over the Bay of
Bengal is shown in Figure S3. The agreement between measurements and model predictions was the
best in Test 1 and Test 3. These exhibited good correlation with observations (R =0.49 in Test 1 and R
= 0.54 in Test 3), and the lowest root mean squared difference between the simulated and observed Fe
solubilities (RMSE =11 in Test 1 and RMSE = 12 in Test 3). In Test 0, the model estimates showed a

greater difference from observations (RMSE = 21) and poor correlation (R = 0.26).
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Figure 3.8: Mass concentration of total Fe in PMzs aerosol particles over the Bay of Bengal from 27
December 2008 to 26 January 2009. Observations are from Bikkina et al. (2020) (red filled diamonds).
The concentrations of total Fe were calculated along the cruise tracks in the North Bay of Bengal (27
December 2008 - 10 January 2009) and the South Bay of Bengal (11-26 January 2009) using the IMPACT
model. The total Fe emissions from anthropogenic combustion sources (ANTHRO) and biomass burning
(BB) were estimated using the emission inventory of Ito et al. (2018), whereas Fe emissions from mineral
dust sources (DUST) were dynamically simulated (Ito et al., 2021a).
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Figure 3.9: Fe solubility in PMzs aerosol particles over a) the North Bay of Bengal, and b) the South Bay
of Bengal from 27 December 2008 to 26 January 2009. Observations are from Bikkina et al. (2020). Model
estimates of Test 0, Test 1, Test 2, and Test 3 were calculated along the cruise tracks using the IMPACT
model. In Test 0, we run the model without upgrades (Ito et al., 2021a) and applying the proton-promoted,
oxalate-promoted, and photoinduced dissolution schemes for combustion aerosols in Table S6 (Ito, 2015).
The proton + oxalate dissolution scheme (Table 1) was applied in Test 1 and 3, while proton-promoted
dissolution is used for Test 2. We adopted the base mineralogy for anthropogenic Fe emissions (Rathod
et al., 2020) in Test 1 and 2. In Test 3, the Fe speciation of Krakow ash was used for all combustion
sources. The small white square within the box shows the mean. The solid line within the box indicates
the median. The lower and upper hinges correspond to the 25" and 75% percentiles. The whiskers above
and below the box indicate the 1.5 x interquartile range, and the data outside this range are plotted
individually.
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3.6 Discussion

3.6.1 Dissolution behavior of Fe in CFA

In this study, the Fe dissolution kinetics of CFA samples from UK, Poland and China were investigated
under simulated atmospheric acidic conditions. A key parameter in both the atmosphere and the
simulation experiments is the pH of the water interacting with the CFA particles. The lower the pH of
the experimental solution the faster the dissolution and eventually the higher the amount of Fe dissolved.
Our results showed a strong pH dependence in low ionic strength conditions, with higher dissolution
rates at lower pH. For example, reducing the solution pH from 2.7 to 2.1, the Fe solubility of Krakow
ash in H,SO4 only increased by a factor of 4 (Figure 3.1a) over the duration of the experiments, while
the Fe solubility of Aberthaw and Shandong ash increased by 9-10 times from pH 2.9 to pH 2.2
(Figures 3.1b-c). This enhancement is higher than that observed in studies conducted on mineral dust
samples, which showed that one pH unit can lead to 3-4 times difference in dissolution rates (Ito and
Shi, 2016; Shi et al., 2011a). Furthermore, Chen et al. (2012) reported that the Fe solubility of the
certified CFA 2689 only increased by 10% from pH 2 to pH 1, after 50 hours of dissolution in acidic
media. The Fe solubility of CFA (PMy fractions) after 6 hours at pH 2 was 6%-10% for Aberthaw and
Shandong ash respectively, and 28% for Krakow ash (Figure 3.1). The Fe in our CFA samples initially
dissolved faster than those used by Fu et al. (2012), who reported 2.9%-4.2% Fe solubility in bulk CFA
from three coal-fired power plants in China after 12-hour leaching at pH 2. These results suggest that
there are considerable variabilities in the pH dependent dissolution of Fe in CFA. This could be due to

differences in the Fe speciation between CFA samples and/or the different leaching media used.

Our results showed that high ionic strength has a major impact on dissolution rates of CFA at low pH
(i.e., pH 2-3). The Fe solubility of CFA increased by approximatively 20%-40% in the presence of 1 M
(NH.4)2SO;4 at around pH 2 over the duration of the experiments, and by a factor from 3 to 7 at around
pH 3 conditions (Figure 3.1). At high ionic strength, the activity of ions in solution is reduced, thus, in
order to maintain similar pH conditions, the H* concentration has to be increased (Table S1). Although

Fe dissolution was primarily controlled by the concentration of H*, the high concentration of sulfate
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ions could also be an important factor contributing to Fe dissolution, in particular when the concentration
of H* in the system was low (e.g., pH 3). Previous research found that the high ability of anions to form
soluble complexes with metals can enhance Fe dissolution (Cornell et al., 1976; Cornell and
Schwertmann, 2003; Furrer and Stumm, 1986; Hamer et al., 2003; Rubasinghege et al., 2010; Sidhu et
al., 1981; Surana and Warren, 1969). Sulfate ions adsorbed on the particles surface form complexes with
Fe (e.g., Rubasinghege et al., 2010). This may increase the surface negative charge favoring the
absorption of H* and thereby increase Fe dissolution at the particle surface. In addition, the formation
of surface complexes may weaken the bonds between Fe and the neighboring ions (Cornell et al., 1976;
Furrer and Stumm, 1986; Sidhu et al., 1981). Cwiertny et al. (2008) reported that at pH 1-2 the high
ionic strength generated by NaCl up to 1 M did not influence Fe dissolution of mineral dust particles.
However, Ito and Shi (2016) showed that the high ionic strength resulting from the addition of 1 M
(NH4)2SO4 in leaching solutions at pH 2-3 enhanced the Fe dissolution of dust particles, which was also
observed here for the CFA samples. Borgatta et al. (2016) compared the Fe solubility of CFA from USA
Midwest, North-East India, and Europe in acidic solution (pH 1-2) containing 1 M NaCl. The Fe
solubility measured after 24 hours varied from 15% to 70% in different CFA (bulk samples) at pH 2
with 1 M NacCl, which was considerably higher than that observed at pH 2 with 1 M NaNOj; (<20%)
(Kim et al., 2020). Both studies did not investigate the impact of ionic strength on the dissolution
behavior, i.e., by comparing the dissolution at low and high ionic strength. Note that both studies did
not specify how the pH conditions were maintained at pH 2. Here, we considered the most important
sources of high ionic strength in aerosol water and simulated Fe dissolution in the presence of (NH4)2SO.
and H»C,0. under acidic conditions. We emphasize that the pH under high ionic strength here is

estimated from a thermodynamic model, similar to those implemented in the IMPACT model.

The presence of oxalate enhanced Fe dissolution in Krakow and Aberthaw ash but not in Shandong ash
at around pH 2 (Figure 3.2). The effect of oxalate on the Fe dissolution kinetics has also been studied
by Chen and Grassian (2013) at pH 2 (11.6 mM H>C,0.). After 45-hour leaching, the Fe solubility of

the certified CFA 2689 increased from 16% in H,SO4 at pH 2 to 44% in H,C,0. at the same pH (Chen
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and Grassian, 2013). Therefore, the enhancement in Fe solubility of CFA in the presence of oxalate
observed in this study (from no impact in Shandong ash to doubled dissolution in Krakow ash) is lower
than the 2.8 time increase in Fe solubility reported for the certified CFA 2689 (Chen and Grassian, 2013).
Since no data are available in Chen and Grassian (2013), we are unable to make a comparison with the
other two certified CFA samples. The Fe solubility of Krakow ash after 48-hour leaching at pH 1.9 with
0.01 M H,C,04 (Figure 3.2a) was 53%, which is within the range of Fe solubilities observed in Chen
and Grassian (2013) for the certified CFA samples at similar pH and H.C,04 concentrations (from 44%
to 78%), whereas the Fe solubility of Aberthaw and Shandong ash (Figures 3.2b-c, 18%-17% after 48-
hour leaching at pH 2.0 with 0.01 M H,C,0,) was considerably lower than that of certified CFA (Chen
and Grassian, 2013). These results suggest a large variability in the effects of oxalate on the Fe

dissolution rates in different types of CFA.

Our results also indicated that high (NH.).SO. concentrations suppress oxalate-promoted Fe dissolution
of CFA (Figure 3.2), which was not considered in previous research. At pH 1.9 in the presence of oxalate,
the Fe solubility of Krakow ash decreased by around 10% after the addition of (NH.).SQOa,, while the Fe
solubility of Aberthaw ash decreased by 35% (Figure 3.2). We used the E-AIM model to estimate the
concentration of oxalate ions and their activity (Table S3). The pH influences the speciation of H,C,04
in solution (e.g., Lee et al., 2007). H2C,04 is the main species below pH 2, whereas HC,0. is dominant
between pH 2-4. Above pH 4, C,042 is the principal species. In our experiments, H,C,04 is mainly as
HC,0, at around pH 2 (Experiments 3-4 in Table S3). In the presence of (NH.),SO., the activity
coefficient of HC,O4 was reduced by approximatively 35-38% (Experiments 3 in Table S3). Increasing
the ionic strength lowers the activity of the oxalate ions, but at the same time favors the dissociation of
the acid. At around pH 2 conditions, the E-AIM model estimated that the activity of C,042 was reduced
by around one order of magnitude in the presence of (NH4).SO4, while its concentration increased 12-
15 times (Experiments 3 in Table S3). The adsorption of anions can reduce oxalate adsorption on the
particle surface due to electrostatic repulsion which results in slower release of Fe (Eick et al., 1999).

Precipitation of ammonium hydrogen oxalate (NH4sHC,0.) can also occur in the system, but this is very
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soluble and easily re-dissolves forming soluble oxalate species (Lee et al., 2007). We speculate that the
high concentration of sulfate ions is likely to be responsible for inhibiting the oxalate-promoted
dissolution by reducing oxalate adsorption on the particle surface. At pH 1 in the presence of oxalate,
increasing the concentration of (NH4).SO. from 0.5 M to 1.5 M did not affect the Fe dissolution behavior
of the CFA samples (Figure 3.4). As previously discussed, the adsorption of sulfate ions on the particle
surface may inhibit oxalate-promoted dissolution. However, once the saturation coverage is reached,

increasing the concentration of anions has no further effect on the dissolution rate (Cornell et al., 1976).

Fe speciation is an important factor affecting the Fe dissolution behavior. CFA particles have very
different chemical and physical properties depending for example on the nature of coal burned,
combustion conditions, cooling process and particle control devices implemented at the power stations
(e.g., Blissett and Rowson, 2012; Yao et al., 2015). This is likely the reason why the Fe speciation
observed in the CFA samples analyzed in this study from different locations varied considerably
(Figure 3.5). Inthe CFA samples, the Fe dissolution curves for different pH and ionic strengths generally
showed the greatest rate of Fe release within the first 2 hours, followed by a slower dissolution, reaching
almost a plateau at the end of the experimental run. This indicates the presence of multiple Fe-bearing
phases in CFA particles with a wide range of reactivity. Initially, highly reactive phases were the main
contribution to dissolved Fe. As the dissolution continued, more refractory phases became the dominant
source of dissolved Fe (Shi et al., 2011a). SEM analysis conducted on CFA samples showed that CFA
particles are mostly spherical (e.g., Chen et al., 2012; Dudas and Warren, 1987; Valeev et al., 2018;
Warren and Dudas, 1989) with Fe oxide aggregates on the surface (Chen et al., 2012; Valeev et al.,
2018). The analysis of the CFA samples processed in aqueous solution at low pH suggests that initially
Fe dissolved from the reactive external glass coating (Dudas and Warren, 1987; Warren and Dudas,
1989) and from the Fe oxide aggregates on the particle surface (Chen et al., 2012; Valeev et al., 2018).
Subsequently, Fe is likely released from the structure of the aluminum silicate glass (Chen et al., 2012;
Dudas and Warren, 1987; Valeev et al., 2018; Warren and Dudas, 1989), and crystalline Fe oxide phases

(Warren and Dudas, 1989). Overall, Krakow ash showed the fastest dissolution rates, but the dissolution
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of highly reactive Fe species as FeA is insufficient to account for the high Fe solubility observed at low
pH. Our results showed that once the FeA dissolved, additional Fe was dissolved from more refractory
Fe-bearing phases. The modelled dissolution kinetics obtained using FeM as intermediate pool were in
good agreements with measurements (Figures 3.7-S2). FeM is likely to be primary magnetite but may
contain a fraction of the more reactive aluminosilicate glass. Our model results suggest that magnetite
in CFA particles may be more soluble than has been shown in Marcotte et al. (2020). It is possible that
in real CFA samples the physicochemical properties of minerals including for example crystal size,
degree of crystallinity, cationic and anionic substitution in the lattice which influence the Fe dissolution
behavior (e.g., Schwertmann, 1991) are likely to be different from those of the reference minerals
analyzed in Marcotte et al. (2020). In order to investigate the links between Fe solubility and Fe
speciation/mineralogy, more work is needed to determine the Fe mineralogy in CFA samples at emission

and after atmospheric processing, in combination with solubility experiments.

Finally, the modelled dissolution kinetics obtained using the new dissolution scheme for CFA (Table 3.1)
showed better agreement with laboratory measurements than when using the original scheme (Ito, 2015)
(Figure 3.10). In Figures. 3.10a-b, we compared the Fe dissolution kinetics of Krakow ash at around pH
2 and 3 with 1 M (NH.4)2SO4 calculated using the proton-promoted dissolution scheme in Table 3.1 with
the dissolution kinetics calculated at similar pH but using the proton-promoted dissolution scheme for
combustion aerosols in Ito (2015) (Table S6). The dissolution scheme in Ito (2015) was based on
laboratory measurements conducted at low ionic strength (Chen et al., 2012) and assumed a single Fe-
bearing phase in combustion aerosol particles, while the new dissolution scheme considered the high
ionic strength of aerosol water and assumed three rate constants, for fast, intermediate and slow kinetics
of the different Fe-bearing phases present in CFA particles. The Fe dissolution kinetics obtained using
the new dissolution scheme showed a better agreement with measurements and was enhanced compared
to the model estimates obtained using the original dissolution scheme (Ito, 2015) for low ionic strength
conditions (Figures 3.10a-b). Figures 3.10c-d show the Fe dissolution kinetics of Krakow ash at pH 2.0

and 2.9 with 0.01 M H,C;0O4 and 1 M (NH.)2SQO;, calculated using the proton- and oxalate-promoted
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dissolution scheme in Table 3.1 and the dissolution Kinetics calculated at similar pH and H2C,04
concentration but using the scheme in Ito (2015) (i.e., single phase dissolution, see Table S6). The Fe
dissolution kinetics predicted using the new dissolution scheme had a much better agreement with
measurements. Figure 3.10e shows the suppression of the oxalate-promoted dissolution at pH 2.0 and
high (NH,4).SO4 concentrations. At pH 2, the proton-promoted dissolution was comparable to the proton
+ oxalate-promoted dissolution (Figure 3.10e), with RFeoxaiae) ClOSe to zero (see Eq. 3). At pH 2.9, the
proton + oxalate-promoted dissolution was higher than the proton + oxalate-promoted dissolution

Moreover, the new 3-step dissolution scheme better captured the initial fast dissolution of CFA
(Figure 3.10) which was also observed in previous research (Borgatta et al., 2016; Chen et al., 2012;
Chen and Grassian, 2013; Fu et al., 2012; Kim et al., 2020) (except for the certified CFA 2689 in Chen
et al. (2012) which showed increasing dissolution rates over the duration of the experiment).
Furthermore, the new scheme enabled us to account for the different Fe speciation determined in the
CFA samples, which could be a key factor contributing to the different Fe dissolution behavior observed
in the present study and in literature (Borgatta et al., 2016; Chen et al., 2012; Chen and Grassian, 2013;
Fuetal., 2012; Kim et al., 2020). In Figure 3.7, the dissolution kinetics of Aberthaw and Shandong ash
calculated using the dissolution rates in Table 3.1 and the Fe-bearing phases determined in the samples

showed a good agreement with measurements.
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Figure 3.10: Comparison between the Fe dissolution kinetics of Krakow ash calculated using the original
(Ito, 2015) and the new dissolution scheme (Tables 1 and S6). a-b) Proton-promoted Fe dissolution in
H2SO4 solutions with 1 M (NH4)2SO4 at pH 2.1 (a), and at pH 3.0 (b) (Experiment 2 at pH 2.1, and
Experiment 2 at pH 3.0 in Table S1). c-d) Proton + oxalate promoted Fe dissolution in H2SO4 solutions
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with 0.01 M H2C204and 1 M (NH4)2SO4 at pH 2.0 (c), and at pH 2.9 (d) (Experiment 3 at pH 2.0, and
Experiment 3 at pH 2.9 in Table S1). The Fe dissolution kinetics were predicted using the rate constants
in Table 1 calculated in this study (open circles) and the dissolution scheme for combustion aerosols in
Ito (2015) (cross marks). Note that the dissolution scheme in Ito (2015) was calculated based on laboratory
measurements conducted at low ionic strength. e-f) Contribution of the oxalate-promoted dissolution to
dissolved Fe estimated using Eq. (3). The molar concentrations of H2SO4, H2C204 and (NH4)2SO4 in the
experiment solutions are shown. The final pH of the experiment solutions is also reported, which was
calculated using the E-AIM model 111 for aqueous solution (Wexler and Clegg, 2002) accounting for the
buffer capacity of the CFA samples.

3.6.2 Comparison with mineral dust

High ionic strength also impacted the dissolution rates of the Libyan dust precursor sample at low pH
(Figure S4). At around pH 2 conditions, the proton-promoted Fe dissolution of Libyan dust was
enhanced by ~40% after the addition of (NH4).SOa. At around pH 2 and with 0.01 M H2C;0., the Fe
solubility of Libyan dust decreased by ~30% in the presence of (NH.).SQOa. Overall, the Fe solubility of
Libyan dust was lower compared to that observed in the CFA samples. After 168 hour-leaching at pH
2.1 with 1 M (NH4)2SO4, the Fe solubility of Libyan dust was 7.2% (Figure S4), which was from around
3 to 7 times lower compared to that of the CFA samples (Figure 3.1). At around pH 2 conditions in the
presence of oxalate and high (NH4).SO. concentration, the Fe solubility of Libyan dust rose to ~13.6%
(Figure S4), which is still 4 times lower than that of Krakow ash and around 1.5 lower than Aberthaw
and Shandong ash (Figure 3.2). The Fe solubilities of the Libyan dust observed in this study are
comparable with those of the Tibesti dust (Tibesti Mountains, Libya, 25.583333N/16.516667E) in Ito

and Shi (2016) at similar experimental conditions.

The enhanced Fe solubility in CFA compared to mineral dust could be primarily related to the different
Fe speciation (Figure 3.5). CFA contained more highly reactive Fe and magnetite but less hematite and

goethite than mineral dust.

Although mineral dust is the largest contribution to aerosol Fe while CFA accounts for only a few
percent, atmospheric processing of CFA may result in a larger than expected contribution of bio-
accessible Fe deposited to the surface ocean. It is thus important to quantify the amount and nature of

CFA in atmospheric particles.
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3.6.3 Comparison of modelled Fe solubility with field measurements

The model results obtained using the new dissolution scheme for the proton + oxalate-promoted
dissolution (Table 3.1) in Test 1 and Test 3 provided a better estimate of aerosol Fe solubility over the
Bay of Bengal than the other tests (Figures 3.9 and S3). At the same time, the new model improved the
agreement of aerosol Fe solubility from Test 0 (68% + 5%) to Test 1 (35% + 2%) and Test 3 (47% +
1%) with the field data (25% + 3%) but still overestimated it after 22 January 2009, when open biomass
burning sources become dominant (Bikkina et al., 2020) as also shown in Figure 3.8 and Table S4. This
could be due to the unrepresentative Fe speciation used in Test 1 and Test 3 for biomass burning over
the Bay of Bengal. To reduce the uncertainty in model predictions, emission inventories could be

improved through a comprehensive characterization of Fe species in combustion aerosol particles.

The revised model also enabled us to predict sensitivity to a more dynamic range of pH changes,
particularly between anthropogenic combustion and biomass burning by the suppression of the oxalate-
promoted dissolution at pH lower than 2. In Test 0, the dissolution rate was assumed to be independent
from the pH for extremely acidic solutions (pH <2). The results show that the proton-promoted
dissolution scheme in Test 2 significantly overestimated aerosol Fe solubility (Figures 3.9 and S3),
which indicates the suppression of the proton + oxalate-promoted dissolution at pH < 2. In Figure S5,
the model estimates of aerosol Fe solubility over the Bay of Bengal considerably improved in Test 1
(RMSE 11) compared to Test 0 (RMSE 21), but more work is needed to improve size-resolved Fe
emission, transport, and deposition. The model results in Test 1 indicate a larger contribution of
anthropogenic combustion sources to the atmospheric Fe loading over East Asia (Figure 3.11), but a
smaller contribution of biomass burning sources downwind from tropical regions (Figure 3.12). We
demonstrated that the implementation of the new Fe dissolution scheme, including a rapid Fe release at
the initial stage and highly acidic conditions, enhanced the model estimates. However, in Test 1, we
turned off the photo-reductive dissolution scheme (Ito, 2015), which was based on the laboratory

measurements in Chen and Grassian (2013). To determine the photoinduced dissolution kinetics of CFA
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particles it is necessary to account for the effect of high concentration of (NH4),SO, on photo-reductive

dissolution rate which should be considered in future research.

3.7 Conclusion

This study investigated the dissolution Kinetics of Fe in CFA samples under simulated atmospheric
acidic processing, with particular focus on the effect of the high ionic strength in aerosol waters on the
proton- and oxalate-promoted Fe dissolution. Our laboratory measurements indicate that the high ionic
strength enhanced the proton-promoted Fe dissolution of CFA at low pH (2-3) but suppressed the
oxalate-promoted Fe dissolution. However, the Fe dissolution behavior varied considerably depending
on the type of CFA which exhibited different Fe speciation. Overall, CFA samples dissolved up to 7
times faster than a Saharan dust precursor at similar experimental conditions. The mineral dust precursor
showed also lower highly reactive amorphous Fe and magnetite content compared to the CFA samples.
Based on the experimental results, we developed a 3-step dissolution scheme for the proton- and oxalate-
promoted Fe dissolution of combustion aerosols at high ionic strength which was implemented into the
IMPACT model. Ultimately, the revised model showed a better agreement with observations of aerosol

Fe solubility over the Bay of Bengal.
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Figure 3.11: Percentage contribution of anthropogenic combustion (ANTHRO) aerosol to the
atmospheric dissolved Fe concentration near the ground surface from a) Test 0 and b) Test 1 for
December 2008 and January 2009. In Test 0, we ran the model without upgrades in the Fe dissolution
scheme (Ito et al., 2021a) and applying the proton-promoted, oxalate-promoted and photoinduced
dissolution schemes for combustion aerosols in Table S6 (Ito, 2015). The proton + oxalate dissolution
scheme (Table 1) was applied in Test 1 and we adopted the base mineralogy for anthropogenic Fe

emissions (Rathod et al., 2020).
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Figure 3.12: Percentage contribution of biomass burning (BB) aerosol to the atmospheric dissolved Fe
concentration near the ground surface from a) Test 0 and b) Test 1 for December 2008 and January 2009.
In Test 0, we ran the model without upgrades in the Fe dissolution scheme (Ito et al., 2021a) and applying
the proton-promoted, oxalate-promoted and photoinduced dissolution schemes for combustion aerosols
in Table S6 (Ito, 2015). The proton + oxalate dissolution scheme (Table 1) was applied in Test 1 and we
adopted the base mineralogy for anthropogenic Fe emissions (Rathod et al., 2020).
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CHAPTER 4: DISTINCT CHEMICAL AND

MINERALOGICAL COMPOSITION OF ICELANDIC

DUST COMPARED TO NORTHERN AFRICAN AND

ASIAN DUST

4.1 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, snow/ice albedo effect
and impacts on biogeochemical cycles. The impacts of Icelandic dust depend on its mineralogical and
chemical composition. However, lack of data has prevented an accurate assessment of the role of
Icelandic dust in the Earth system. Here, we collected surface sediment samples from five major
Icelandic dust hotspots. Dust aerosols were generated and suspended in atmospheric chambers, and PM1o
and PMy, fractions were collected for further analysis. We found that the dust samples primarily consist
of amorphous basaltic material ranging from 8 wt% (from the Hagavatn hotspot) to 60-90 wt% (other
hotspots). Samples had relatively high total Fe content (10-13 wt%). Sequential extraction of Fe to
determine its chemical form shows that dithionite Fe (Fe oxides such as hematite and goethite) and
ascorbate Fe (amorphous Fe) contribute respectively 1-6%, and 0.3-1.4% of the total Fe in Icelandic
dust. The magnetite fraction is 7-15% of total Fe and 1-2 wt% of PM1o, which is orders of magnitude
higher than in mineral dust from North 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 0.08-0.6%, which is comparable to low latitude dust such as that from North Africa. The Fe
solubility at low pH (i.e., 2) is significantly higher than typical low latitude dust (up to 30% at pH 2 after

72 hrs). Our results revealed the fundamental differences in composition and mineralogy of Icelandic
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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, particularly the high magnetite content (1-2 wt%),
indicates a potentially significant impact of Icelandic dust on the radiation balance in the sub-polar and

polar regions.
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4.2 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 warming 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 nuclei, influencing cloud properties and lifetime (e.g.,
Atkinson et al., 2013; Tang et al., 2016). In the cryosphere, dust deposition on snow and ice reduces the
surface albedo, altering 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 pollutants (e.qg., 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 semiarid regions. However, significant dust events occur also in cold regions at high
latitude (Bullard et al., 2016). In the Northern hemisphere, high latitude (>60°N) dust sources includes
for example Alaska, Canada, Greenland, and Iceland, and contributes about 3% of 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 intense aeolian processes (Arnalds et al., 2001).The active aeolian areas cover 15,000 km?
and include super active dust hotspots. These areas have the potential to generate millions of tons 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 area in arid regions including northern Africa and China

(Dagsson-Waldhauserova et al., 2014a). The dust can travel long distance and reach Europe and the high
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Artic (Baddock et al., 2017; Dordevic et al., 2019; Groot Zwaaftink et al., 2017; Groot Zwaaftink et al.,

2016; Moroni et al., 2018; Prospero et al., 2012).

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 activity (Oskarsson, 1980).
Around 10% of Iceland is covered by glaciers (Bjérnsson and Palsson, 2008). Volcanic activity within
glaciers is common in Iceland (Jakobsson and Gudmundsson, 2008). Glacial flood plains contain fine
glacial volcanic sediments that supply the Icelandic dust hotspots (Arnalds, 2010; Arnalds et al., 2016;
Jensen et al., 2018). Sandy areas in Iceland have a dark surface and are often dominated 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 are deposited annually on land, glaciers,
and sea. The majority is deposited on land, and around 18-35% reach the ocean. Icelandic dust can affect
the climate via dust deposition on glaciers. Wittmann et al. (2017) observed that the deposition of small
amounts of dust on the Vatnajokull, the largest ice cap in Iceland, caused a positive radiative effect and
enhanced the ice melting due to the reduced surface albedo. Outdoor experiments found that thin layers
of volcanic deposits on the Vatnajokull ice cap accelerated snow melting as a result of the reduced
surface albedo, while thick layers of volcanic deposits (1.5-15mm) had insulating effects because of
reduced heat conduction to the glacier surface (Dragosics et al., 2016; Moller et al., 2016; Mdoller et al.,
2018). The Soot on the Snow experiments in 2013 investigated the effect 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 absorbing (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 shortwave spectrum, as Fe oxide minerals strongly absorb the solar

radiation (Caponi et al., 2017; Derimian et al., 2008; Di Biagio et al., 2019; Engelbrecht et al., 2016;

87



Formenti et al., 2014a; Lafon et al., 2006; Moosmuller et al., 2012; Sokolik and Toon, 1999). In addition,
atmospheric deposition of soluble Fe to the ocean can stimulate primary productivity and enhance the
carbon uptake, consequently affecting the carbon budget and climate (e.g., Jickells et al., 2005). As a
consequence, Icelandic dust contributes to the instantaneous radiative forcing (IRD) in the Artic (Kylling
et al., 2018), and may influence the biogeochemical processes in the sub polar North Atlantic Ocean,

which is seasonally Fe limited (Arnalds et al., 2014).

Icelandic dust scavenges effectively SO, and can possibly participate in a variety of heterogeneous
reactions in the atmosphere, and thus influence the chemical balance of the atmosphere (Urupina et al.,
2019). Icelandic dust is also a potential 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 impact on the energy budgets in the Arctic

region (Boucher et al., 2013).

However, our knowledge on the chemical and mineralogical composition of Icelandic dust is very

limited, which prevents us to provide a more realistic estimation on their local and regional impacts.

Here we determine the chemical and mineralogical composition of Icelandic dust from major dust source
areas. In particular, we focus on the 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 compared to northern African and Asian dust. The potential direct
radiative effect and the implications for the primary productivity in the North Atlantic Ocean are also

discussed.

4.3 Materials and methodology

4.3.1 Sample collection and experimental setup

Surface sediment samples were collected from five major dust hotspots in Iceland: D3 (Dyngjusandur),

H55 (Hagavatn), Land1 (Landeyjarsandur), Maeli2 (Malifellssandur), MIR45 (Myrdalssandur), which
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are shown in Figure 4.1. The coordinates of the sampling sites are reported in Table S1 in the supporting
information. A comprehensive description of the sites is given in Arnalds (2010) and Arnalds et al.
(2016). These extensive areas (10-140 km?) are subjected to intensive aeolian erosion due to frequent
dust storms, and significantly contribute to the total dust emissions from Iceland, which is on the order

of 30—40 million tons per year (Arnalds et al., 2016).
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Figure 4.1: Surface sediment sampling sites and major dust hotspots. D3, Dyngjusandur hotspot; H55,
Hagavatn hotspot; Landl, Landeyjarsandur; Maeli2, Mzlifellssandur; MIR45, Myrdalssandur. In
green, the unstable sandy areas. In red, the very unstable sandy areas.

Note: Map prepared by Olafur Arnalds using data created and owned by him at the Agricultural University of
Iceland, older works (database housed by the Agricultural University of Iceland).

In order to obtain dust particles which are representative of the particles emitted into the atmosphere,
we re-suspended the surface sediment samples in atmospheric chambers and collected the PMio and

PMy, fractions (particulate matter with aerodynamic diameter < 10 pum and < 20 um, respectively).

The PM3yo samples were used for offline composition and mineralogy analyses. PMio was collected using

a custom-made reactor schematically represented in Figure S1. The method in Di Biagio et al. (2017)
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was adopted to generate dust particles, allowing for the realistic generation of dust aerosols from parent
soils. Firstly, the sediment samples were sieved to < 1 mm to remove the non-erodible fraction. 15 g of
sediments were placed in a Buchner flask and flushed with pure nitrogen for 10 minutes to eliminate
gaseous contamination and residual water vapor. The sample was then shaken for 5 minutes at 70 Hz on
a sieve shaker (Retsch AS200) and injected in a glass manifold of approximately 1 L by nitrogen gas at
10 L min, while the air was pumped at a flow rate of 30 L min* into a PM1, sampling head (custom-
made). The PMy, fraction was collected on 0.4 um polycarbonate filters and transferred into centrifuge
tubes. The system was manually cleaned prior to each loading and flushed for 5 minutes with pure

nitrogen to ensure an initial particle-free environment.

The PMy, fraction was collected using the large-scale atmospheric simulation chamber, CESAM
(French acronym for Experimental Multiphasic Atmospheric Simulation Chamber) (Wang et al., 2011).
The CESAM simulation facility, made of stainless steel, consists in a 4.2 m® multi-instrumented
environmental chamber which allows 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 particles were generated with the sieve shaker (Retsch AS200) using the same protocol as for the
small reactor as in Di Biagio et al. (2017), and injected in the CESAM chamber by flushing a Blichner
flask with nitrogen gas carrier at 10 L min* for 10 minutes. The dust aerosol injected in CESAM was
left suspended for about 10 minutes to allow the particle mass concentration inside the chamber to
become spatially uniform. Dust particles corresponding to approximately the PMy 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-um pore size polycarbonate filters of 37 mm diameter at 7 L min? for
approximately 1 hour. The residence time of particles in the chamber depends on their size. As shown
in Di Biagio et al. (2017), particles larger than 1 um have a lifetime of 20-30 minutes, while the lifetime
of particles smaller than 1 um can exceed a day. A second filter sample was collected subsequently 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 PMy, fraction was used for offline chemical analyses and to
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investigate the relationship between chemical composition, size distribution, and optical properties of

the aerosol dust, which will be the subject of a future paper.

4.3.2 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 (PM1o) and sediments. PMy, samples were not analyzed 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 chamber is much lower compared to the custom-made reactor
used for the PMyo 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 PI1Xcel detector
fitted with a Cu anode tube (Kal = 1.5406 A) operating at 45 kV and 40 mA. Diffractograms were
recorded in the 5°—60° 26 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 (Crystallography Open Database) databases. The quantitative analysis of the
mineral phases was conducted in MAUD (Material Analysis Using Diffraction). MAUD is an XRD
program based on the Rietveld refinement method, which uses least square procedures to minimize 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 determine the
proportion of amorphous phase with the Rietveld method (Lutterotti et al., 1998). Augite was chosen as
reference for the amorphous phase, having an Fe content close to MIR45, which is the samples with
largest proportion of amorphous glass. The Rietveld model refines n -1 phases. As the total is fixed
t0100, the last phase results from the subtraction of the sum of the n refined phases. The analytical
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.
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The quality of the fitting was evaluated considering the ¥ calculated by the model close to one, and by
comparing visually the observed and calculated diffractograms to achieve a realistic chemical model
(Toby, 2006). Small %? values can be obtained when a large percentage of the intensity comes from the
background (Toby, 2006). For example, the estimated 2 for H55 is relatively high (2.3-3.8) primarily
due to missing minor mineral phases. However, H55 has the lowest fraction of amorphous material and
compared to the other samples having y? values very close to one, its diffraction intensities are

considerably higher than the background signal.

4.3.3 X-ray fluorescence (XRF) analysis

PMio and PMyo were analyzed 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 produced 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 analyzed three
times, with specific conditions (voltage, tube filter, collimator, analyzing crystal and detector), lasting 8

t0 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 (ug cm=2), which is
the analyzed 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 (ug) by the total mass on filter (ug). The elemental mass on filter (ug) was first determined
multiplying the measured mass thickness by the ratio between the analyzed surface area and the
collection area, then converted into elemental 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 4.1. Fe is assumed to be
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as Fe,03. We recognize that Fe(I1) and Fe(l11) can be found in the mineral phases (e.g., magnetite, augite)

and in the amorphous glass, but the Fe(I1)/Fe(l11) ratio is not known.

In the XRF analysis, the concentration of light elements (atomic humber Z < 19), such as Si and Al, can
be underestimated due to the self-absorption of the emitted fluorescence X-Ray in the individual
particles when these exceed approximately 1 um in diameter. This is problematic when comparing
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).

4.3.4 Chemical weathering index

The degree of chemical weathering of Icelandic dust was calculated based on the elemental composition.
This is important to evaluate the presence in the samples of secondary minerals 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 aluminum silicate minerals, (in particular feldspars) into clay minerals. In this study,
the CIA was calculated according 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:

B Al, 0,
"~ Al 03 + CaO + Na,O + K,0

CIA x 100 1)

CIA < 50 represents the optimum fresh value, while 100 is the optimum weathered value. The CIA

uncertainty was estimated using the error propagation formula and is ~14%.

4.3.5 X-ray absorption near edge structure (XANES) analysis
To examine qualitatively the Fe speciation in the dust samples, XANES spectra at the Fe K-edge were
collected at the Diamond Light Source beamline 118. A Si(111) double-crystal monochromator was used

in the experiments. The beam size was 400 x 400 pm?2. The XANES spectra were collected from 7000
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to 7300 eV at a resolution varying from 0.2eV for 3 sec in proximity of the Fe K-edge (7100-7125 eV)
to 5eV for 1 sec from 7100-7300eV. 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 PMy, 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 (ver.
0.9.26) (Ravel and Newville, 2005). For comparison, we also collected the XANES spectra for mineral

dust from western Sahara and Mali (Shi et al., 2011b).

4.3.6 Sequential extractions

Sequential extractions of Fe were used to determine the content of Fe oxides in the PMy, fractions. The
samples were suspended in an ascorbate solution buffered at pH 7.5 to extract highly reactive amorphous
Fe oxide-hydroxide (FeA) (Raiswell et al., 2008; Shi et al., 2011b; Shi et al., 2009). The ascorbate
extractant was prepared by mixing a deoxygenated solution of 50 g L sodium citrate and 50 g L*
sodium bicarbonate, with 10 g L ascorbic acid. 30 mg of dust was leached in 10 ml of ascorbate
extractant continuously mixed for 24 hours. The solution was then filtered through 0.2 um membrane
filters. The residue was subsequently suspended in a dithionite solution (50 g L™ sodium dithionite in
0.35 M acetic acid and 0.2 M sodium citrate) buffered at pH 4.8 for 2 hours to extract crystalline Fe

oxide-hydroxide, mainly goethite and hematite (FeD).

The dithionite-oxalate sequential extraction was performed to determine the content of iron associated
to magnetite (FeM) in the samples (Poulton and Canfield, 2005). First, the dust particles were treated
for 2 hours with the citrate-buffered dithionite solution to remove crystalline Fe oxide-hydroxide. After
filtration, the residue was leached for 6 hours 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, in darkness. The sample solutions were

continuously mixed on a rotary mixer, and then filtered through 0.2 um membrane filters. The dissolved
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Fe concentration in the filtrates was measured using the ferrozine method (Viollier et al., 2000) and ICP-
OES analysis for the solution containing oxalate. Each experiment was repeated 3 times. The range of
relative standard deviations (rsd) for each extract for each site are: FeA, 2-18%; FeD, 1-11%; FeM, 2-

15%, which have been considered as the measurement uncertainty.

4.3.7 Fe solubility and dissolution Kinetics

The initial Fe solubility (Feiso) of PMyg fractions was determined by extraction in 1.1 M ammonium
acetate solution 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 hours in 10 ml of ammonium acetate solution. The solution
was then filtered through 0.2 um membrane filters and acidified to pH 2 before storage. Three replicates

were performed for each sample, rsd 3-12%.

The potential Fe solubility (Fepsor) Was assessed through leaching experiments in sulfuric acid solution
at pH2. Around 1.5 mg of dust were weighed on polycarbonate filters and leached in 50 ml of pH 2
sulfuric acid for 72 hours to simulate atmospheric acid processing similar to the method in Shi et al.
(20114, 2015). The solution was continuously stirred in darkness at room temperature. 0.5 ml of sample
solution was collected at fixed time intervals (2.5 min, 15 min, 60 min, 2 hours, 6 hours, 24 hours, 48
hours and 72 hours after the dust sample was added) and filtered through 0.2 um syringe filters into 1
ml centrifuge tubes. Dissolution kinetics of a dust sample from Africa (Libya) showed a very good

repeatability with a relative standard deviation at each sampling time ranging from 4-15%.

All the experiments were conducted at room temperature, 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).

4.3.8 Volume average refractive index

The volume average refractive index was calculated to evaluate the effect of the dust compositions on

the optical properties. Using the volume average refractive index, we assume that the mineral phases in
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the dust samples are internally mixed, which can be different from the real conditions and may

overestimate absorption (Formenti et al., 2014b):
RO) = ) x ) o
j

Vi

where f; = is the volume fraction of individual j minerals in the dust samples, and n; is the

tot

corresponding refractive index. The mineral volumes V; (cm?) are calculated as:

Vi=— ©)

where m; = w; X my, is the mineral mass (g), wj is the mineral mass fraction, my, is the total mass of

the sample (g), and p; is the mineral density (g cm®). The mineral mass fractions were obtained
combining the content of the silicate minerals and glass from the XRD analysis with the contents of
FeM and FeD in PMyo. The total mass is calculated as the sum of the element oxides mass from the XRF

measurements. 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 sample as:

0 _ Pdust — 2 Wicr X Pjcr @
glass —
Wglass

where pqyse is the density of the sample, pjcr and wjcg are respectively the density and the mass
fraction of the crystalline phases, while wy,s is the mass fraction of glass. The density of the samples

(fraction <63 um) was measured by a He-pycnometer and varied from 2.80to 3.1 g cm,

The volume average refractive index was calculated at selected wavelength (470 nm, 520 nm, 590 nm,
and 660 nm). The reference 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
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not possible to separate the relative contribution of hematite and goethite, we assumed two extreme
scenarios: FeD = goethite, FeD = hematite. For hematite, we consider two reference complex refractive
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).

4.4 Results

4.4.1 Elemental composition

Table 4.1 shows the results of the XRF analysis and includes also relevant elemental ratios. The PMg
fractions collected using the custom-made system and PMx, generated using CESAM have similar
elemental composition (Figure S2). The difference between PM1 and PMyo in element oxide content >
1% including CaO, Fe;03, Na;O, MgO, Al;O3, SiO; and TiO; is within 16%. For Fe;0s, Al203, SiO;
which are the major element oxides in the dust samples, the relative differences in content are <10%.
The PMso and PMy fractions have basaltic compositions, like the parent material, with SiO, representing
46-52% of the total estimated mass, and the sum of the alkali oxides (Na,O+K;0) between 2% and 4%
(see Figure S3 in the supporting information). Al.Os ranges between 11% in MIR45 to 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 content of Fe,0;
and TiO is relatively high. Fe;Os 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. TiO; is around 2-3% in H55 and D3, and 2-5.5% in Land1, Maeli2 and
MIRA45. CaO is 6-9% in Land1, Maeli2 and MIR45, and 10-12% in H55 and D3. The Fe/Caratio is 1.2-
1.4 in H55 and D3, and 2.1-2.8 in Landl, Maeli2 and MIR45. Compared to D3 and H55, Land 1, Maeli2

and MIR45 have more Fe and Ti (titanium) but less Ca.
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Table 4.1: Elemental oxide mass percentages, chemical index of alteration (CIA), and relevant elemental
ratios in PMio (custom-made reactor) and PM2o (CESAM chamber).

Element oxide mass wt%
Sample | Size CIA | Si/Al | FelAl | CalFe
CaO F6203 NaZO MgO A|203 SlOZ PzOs Kzo TIOz MnO

D3 PMy | 11.6 16.3 2.3 4.9 13.7 | 475 | 02 0.5 2.7 0.3 35 3.06 | 1.58 1.38
H55 PMy | 12.4 15.1 1.9 51 169 | 46.0 | 0.1 0.2 2.2 0.2 39 241 | 119 1.19
Landl PMyo 6.9 18.2 25 24 12.7 | 508 | 04 1.4 4.3 0.3 41 352 | 1.88 2.56
Maeli2 | PMy 85 18.4 2.4 3.9 12.7 | 47.7 | 03 0.9 4.9 0.3 38 331 | 1.92 2.13
MIR45 | PMy 8.6 18.8 2.6 4.0 114 | 474 | 04 0.9 55 0.4 35 3.68 | 2.18 2.14
D3 PMy | 10.3 14.8 2.3 5.0 13.7 | 50.7 | 0.2 0.4 2.4 0.2 37 326 | 142 141
H55 PMy | 11.3 13.8 2.2 51 181 | 471 | 01 0.1 2.0 0.2 43 230 | 1.01 1.20
Landl PMzo 5.8 16.8 2.9 2.8 136 | 522 | 05 1.2 4.0 0.3 45 339 | 1.63 2.82
Maeli2 | PMgy 7.6 17.6 25 3.9 131 | 492 | 03 0.8 4.7 0.2 41 332 | 1.78 2.26

MIR45 | PMy | 83 18.8 2.8 4.0 117 | 479 | 04 0.9 5.0 0.3 36 361 | 211 2.22

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

4.4.2 Mineralogical composition

Table 4.2 reports the results of the XRD analysis. The mineralogy of Icelandic dust is compatible with
the parent basaltic material. The mineral composition of PMyg is similar to the bulk sediments. In H55,
the amorphous fraction is 8% in PM1o 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 respectively from around 4% in MIR45 to 46% in H55, while pyroxene is between
4% in MIR45 and 30% in H55. Olivine (forsterite) is only present in Landl at around 7%, and in H55
1.5-1.6%. K-feldspar (microcline) is also found in Landl and H55, but the content of K-feldspar is
higher in the PMyo fractions, around 9% in Land1 and 10% in H55, compared to the bulk sediments 3%
and 1%, respectively. XRD analysis identified (titano)magnetite in all the samples (>1%), except for D3

(see Figures S4-S8 in the supporting information).
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Table 4.2: Mineralogical composition of PM1o and sediments. Standard deviation (sd) of the identified
mineral phases is estimated by the MAUD software, except for anorthite which is calculated using the error
propagation formula.

Anorthite Augite Forsterite Microcline Quartz Ti-Magnetite Glass
Samples Size

Wwt% (sd) wit% (sd) wit% (sd) wit% (sd) wit% (sd) wt% (sd) wit% (sd)
D3 PMyo 14.9 (0.9) 13.4(0.2) - - - - 717(09) 10
H55 PMyo 43.3(1.7) 29.7 (0.4) 7.3(0.3) 10.3 (0.6) - 1.3(0.1) 8.1(1.5) 23
Landl PMyo 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(09) 1.0
Maeli2 PMyo 8.9 (1.2) 8.2(0.2) - - - 1.6 (0.1) 81.3(1.2) 09
MIR45 PMyo 3.6 (2.3) 3.6(0.1) - - - 1.1 (0.1) 91.7(24) 08
D3 Sediments  13.0 (0.9) 11.1(0.2) - - - - 759(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) 152 (1.3) 3.8
Landl 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) 038
MIR45  Sediments 43(2) 41(0.2) - - - 1.7 (0.1) 89.9(2) 08

4.4.3 Fe speciation

Figure 4.2 shows Fe phases in Icelandic dust from the sequential extractions. The total Fe (FeT) content
is 10-13%, consistent with XRF analyses. The content of amorphous Fe (FeA/FeT) is 0.3-0.4% in
MIRA45 and H55, and around 1% in D3, Landl and Maeli2. Dithionite Fe (FeD/FeT) is 1% in MIR45,
3-4% in D3 and H55, and about 6% in Landl and Maeli2. Magnetite (FeM/FeT) is 7-8% in Land1 and
MIRA45, 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 (Figure 4.3). 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 spectra challenging. The presence of two peaks at 7112.7 and 7114.4 in the pre-edge region
suggests that Fe is present both as Fe?* and Fe®** (Wilke et al., 2001). This agrees with the fact that
magnetite, pyroxene, and the glass phase contain Fe?* and Fe®*". The composition and Fe speciation of

the amorphous glass varies in the different samples. H55 is the most crystalline samples (see above),
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and its spectral features are similar to the pyroxene standard. For all the other samples, the glass fraction

is dominant, and controls their spectral characteristics.
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Figure 4.2: Percentages of ascorbate Fe (FeA), dithionite Fe (FeD), magnetite Fe (FeM) and other Fe to
the total Fe (FeT) in Icelandic dust PMio samples (this study) and African dust (Shi et al., 2011b). The
data uncertainty was estimated using the error propagation formula: 12-22% FeA, 11-16% for FeD, 12-
19% for FeM, ~11% for FeT. The original data are reported in Table S3 of the supporting information.
Note that FeM was not measured in Shi et al. (2011b), but it is expected to be negligible in North African
dust (Lazaro et al., 2008; Moskowitz et al., 2016).

4.4.4 Initial Fe solubility and dissolution kinetics

The initial Fe solubility (Feisa/FeT) is 0.08-0.2%, except in D3, which is as high as 0.6% (Figure 4.4).
We assessed the Fe dissolution kinetic of Icelandic dust through leaching experiments in sulfuric acid
at pH 2. Figure 4.5 shows a fast dissolution rate at the beginning, suggesting the release of Fe from
highly reactive Fe phase. After 1-2 hours, the percentage of dissolved Fe increased at a slower rate,
indicating that Fe solubilizes from more stable phases (Shi et al., 2011a). After 72 hour-leaching, the Fe
solubility in D3 and Maeli2 was 30%, up to 2 times higher than what observed for the other Icelandic
dust. The potential Fe solubility after 72 hours (Fepso/FeT) is around 13% in MIR45, 17% in H55 and

Landl, 26% and 29% in Maeli2 and D3, respectively.

100



Normalized xp(E)

Western Sahara

~__ Mali

Pyroxene

1

7120 7130 7140
Energy (eV)

7150

7160

7170

Figure 4.3: Fe Kedge XANES spectra of Icelandic Dust, natural pyroxene from Iceland, and African

Dust. The Y-axis represents an arbitrary intensity.
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Figure 4.4: Initial Fe solubility (Feisol / FeT, %) of Icelandic dust (this study). The data uncertainty was
estimated using the error propagation formula. Data for African dust samples (Tibesti and W. Sahara)

were from Shi et al. (2011c).
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Figure 4.5: Fe dissolution Kinetics at pH 2. The data uncertainty was estimated using the error

propagation formula.
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4.5 Discussion

Our data indicate that Icelandic dust has basaltic composition with relatively high Fe,O; and TiO;
content (Table 4.1, Figure 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 processes produce fine sediments (glacial flour), which
accumulates into glacial-fluvial floodplains where the dust hotspots are located (Arnalds, 2010; Arnalds
et al., 2016). Our results are consistent with the composition of the volcanic systems supplying the dust
hotspots: Bardarbunga and Kverkfjéll volcanic systems (Dyngjusandur), Katla volcanic system
(Myrdalssandur, Maelifellssandur and Landeyjasandur), Eldborgir and Skersli volcanic centers

(Hagavatn) (Arnalds 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 the
interaction with water prevents crystallization 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
Hagavtan dust hotspots, at South of the Langjokull 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.

4.5.1 Mineralogical composition of Icelandic dust and parent sediments

Our results show that the mineralogical compositions of PM1 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 emission (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 chemical weathering, and the lack of larger mineral grains such as quartz, K-feldspar, and clays.

Only the more crystalline samples from Hagavatn showed some fractionation with respect to K-feldspar
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and glass, while the sediments from the other sites are derived from the glacial abrasion of hyaloclastite

and thus, they tend to be more uniform.

Dagsson-Waldhauserova et al. (2015) reported the composition of dust deposited on snow after a snow-
dust storm in Reykjavik. Dust was transported from the Skeidararsandur and Hagavatn hotspots. About
75% of the dust particles were volcanic glass with basaltic composition. Dagsson-Waldhauserova et al.
(2014b) investigated the composition of dust from the Meelifellssandur hotspot. The dust particles were
primarily composed of basaltic glass (80 wt%). The main mineral phases included plagioclases (12 wt%),
pyroxenes (4.6 wt%), and olivine (2 wt%). Volcanic deposits supplying the major dust hotspots
Dyngjusandur, Hagavatn, Landeyjarsandur, Melifellssandur, and Myrdalssandur has basaltic
compositions and relatively high Fe content, over 10% (Baratoux et al., 2011; Oladottir et al., 2008).
Basaltic glass is the major component (up to 90%) in sediments from Dyngjusandur, Malifellssandur,
and Myrdalssandur (Baratoux 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, Malifellssandur and Myrdalssandur
(Baratoux et al., 2011; Moroni et al., 2018). (Titano)magnetite has been also identified in dust and
sediments (Baratoux et al., 2011; Dagsson-Waldhauserova et al., 2015; Dagsson-Waldhauserova et al.,

2014b; 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 Hagavatn areas (Baratoux et al., 2011).
The mineral phases observed in the sediments from Dyngjusandur, Malifellssandur, and Myrdalssandur

are also similar to those reported by Moroni et al. (2018).

4.5.2 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, Si/Al ranges between 1 and 7 (Scheuvens and Kandler, 2014). Si/Al >10 is reported in dust from

the Bodele depression, which originates from Si-rich diatomite deposits (Formenti et al., 2014b;
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Scheuvens et al., 2013). 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, Icelandic dust shows similar Si/Al, but higher Fe/Al ratio.

(a) MIR45 (c) African desert dust
Carbonates
Glass ol
ay
Plagioclase .
K-Feldspar
Pyroxene
Plagioclase
Ti-Magnetite
Quartz
(b) Land1 (d) Asian dust
Glass
K-Feldspar Carbonates
Olivine Clay
Plagioclase . K-Feldspar
Pyroxene Plagioclase
Quartz Quartz

B Ti-Magnetite

Figure 4.6: a-b) Mineralogy of Icelandic dust (MIR45 and Landl1; PM10). c) Mineral composition of
northern African desert dust (PMzo), 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
(PMuo); average 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).

TiO; catalyzes heterogeneous photochemical reactions of atmospheric trace gases including SOz, NO,
VOC and Os, and contributes to the chemical balance of the atmosphere (Chen et al., 2012). In northern
African and Asian dust, TiO; is around 1% (e.g., Formenti et al., 2014b; Jeong, 2008; Shi et al., 2011b).
In Icelandic dust, the element oxide concentration of Ti is relatively high 2-5.5%, although Ti can be
not just as TiO, 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 PMy, fraction to northern African desert dust (Shi et al., 2011b) and

Asian dust (Jeong, 2008) is provided in Figure 4.6. The principal minerals in Icelandic dust are Ca-rich
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plagioclase and pyroxene, with around 60-90% of aluminosilicate glass. The mineral composition of
Icelandic dust is therefore very different from northern African dust or Asian dust that derives from very
different environments, which are composed mainly of quartz, feldspars, calcite and clays (Avila et al.,
1997; Formenti et al., 2014b; Jeong, 2008; Jeong et al., 2016; Kandler et al., 2009; Scheuvens et al.,

2013; Shao et al., 2007; Shi et al., 2011b; Shi et al., 2005).

The Fe mineralogy of Icelandic dust also differs significantly from northern African and Asian dust
(Figure 4.2). The total Fe content in Icelandic dust (10-13%) is higher than 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; Lafon et al., 2006; Lu et al., 2017; Shi et al., 2011b; Takahashi et al., 2011); in particular,
goethite is dominant among the crystalline Fe oxide-hydroxide (Formenti et al., 2014b; Lu et al., 2017).
Icelandic dust has comparable amorphous Fe (FeA) content to northern African dust, but higher
magnetite and lower goethite and hematite (FeD) content. Existing observations show that the magnetite
content in African dust is generally 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 (PMs3) collected in
proximity of the Tibesti volcanic based on magnetic measurements. The content of magnetite reported
in Asian dust source regions is in the range 0.1-0.8 wt% from magnetitic 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 Copper River Valley. In Icelandic dust, the magnetite content

estimated from XRD measurements and sequential extractions is 1-2 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 Schwertmann, 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 4.1), indicating a
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low degree of weathering. The dust hotspots in Iceland are characterized by the continuous input of
material by glacial-fluvial processes that prevents the alteration of minerals and the formation of soil

(Arnalds, 2015).

Figure 4.7 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
consequently have higher CIA and (FeA+FeD)/FeT. Having plotted 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 content of FeA and FeD observed in the samples is related to the low degree of weathering.

The XANES Fe Kedge spectra of Icelandic dust are also quite different from those of the northern
African dust (Figure 4.3). 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 consistent with the difference in Fe mineralogy reported

above.

4.5.3 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% (Desboeufs et al., 2005; Oakes et al., 2012; Schroth et al., 2009; Shi et al., 2011c). In this
study, the initial Fe solubility (Feiso/FeT) of Icelandic dust is determined through ammonium acetate
extraction at pH 4.7 (Baker et al., 2006), as in Shi et al. (2011c). Icelandic dust Feiso/FeT varies from
0.08-0.6%, which is comparable to Feiso/FeT in African dust (around 0.2%) in Shi et al. (2011c)

(Figure 4.4).

Icelandic dust has similar origin to volcanic ash. Achterberg et al. (2013) observed an initial fractional

Fe solubility of 0.04-0.14% for ash from the 2011 eruption of the volcano Eyjafjallajokull (leaching in
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de-ionized water). Frogner et al. (2001) and Jones and Gislason (2008) reported relatively high initial
fractional Fe solubility for ash from the 2000 eruption of the volcano Hekla, 2.5% for particle size 44-
74 um and 0.6% for particle size 45-125 um (leaching in seawater). For the same volcano, Olgun et al.
(2011) observed 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 controlled by the source magma (Maters et al., 2017). The interaction of the ash with
volcanic gases mainly HCI, SO, and HF within the eruption plume (plume processing) enhances the
dissolution of the ash surface and the Fe mobilization (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 behavior
can vary significantly, even for ash emitted from the same volcano (Maters et al., 2017). After deposition,
the ash undergoes further processing, which modifies its surface properties, 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
the volcanoes Hekla and Eyjafjallajokull have andesitic composition (e.g., Frogner et al., 2001; Olgun

etal., 2011), the initial Fe solubility of Icelandic dust still lies within this range.

Icelandic dust is strongly influenced by glacial processes. The FeA and FeD content in Icelandic dust is
similar to what was measured by Raiswell et al. (2016) in Ice-hosted sediments 0.03-0.2 wt% for FeA,
and 0.04-0.7 wt% for FeD. Previous research investigated the initial fractional Fe solubility of dust from
glacial sediments 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., 2017; Schroth et al., 2009). Glacial dust and sediments
showed high initial fractional Fe solubility, which was associated to low degree of chemical weathering
(Schroth et al., 2017; Schroth et al., 2009). 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. Mineralogy and Fe speciation control the Fe

solubility in dust particles (Cwiertny et al., 2008; Fu et al., 2010; Journet et al., 2008; Schroth et al.,
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2009; Shi et al., 2011a). Although different methods were used, leading to uncertainties when comparing
the results (Meskhidze et al., 2016), the large differences in initial fractional Fe solubility observed
between the Icelandic dust and the glacial dust from the Copper River Valley here is more likely due to
the distinctive mineralogy and Fe speciation. Instead, measurements conducted on snow pits from the
Roosevelt Island (Antarctica), reported similar initial fractional Fe solubility to the Icelandic dust

samples, around 0.7% (dissolved Fe in snow melt) (Winton et al., 2016).

Icelandic dust composition is different from northern African and Asian dust, but they have similar
initial Fe solubility. To better understand the factors controlling the Fe solubility in Icelandic dust we
investigated the Fe dissolution kinetic at low pH. Icelandic dust showed a positive correlation between
the potential Fe solubility (Fepsal/FeT, defined as the fractional solubility after 72 hrs of dissolution at
pH 2 sulfuric acid) and the content of pyroxene and magnetite, when the fraction of amorphous materials
is significant (60-90%) (Figure S9 of the supporting information). But H55 weakens the overall
correlation (Figure S9). This could be explained 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 Fegso and the amorphous glass content, which was also observed for
volcanic ash (Maters et al., 2017). This is because Icelandic dust consist 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 4.8 shows that Icelandic dust Fepso/FeT is significantly higher than what was observed for

intensively weathered desert dust such as Niger, Tibesti and Western Sahara (Shi et al., 2011b).
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Fepso/FET in D3 and Maeli2 is about 30%. In H55, Land1 and MIR45, Fepsa/FeT is 13-16%, which is
comparable to the African samples Bodele and Tunisia. These samples are from weakly weathered
paleolake sediments. Adding all the new data in this study to the data from Shi et. al (2011b) generates
an inverse relationship between the degree of weathering and Fepsa/FeT (Figure 4.8), which is consistent

with the finding in Shi et al. (2011b).
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Figure 4.7: Correlation of the chemical index of alteration (CIA) with (FeA+FeD)/FeT (%) performed
using the standard major axis regression. Data for African dust are from Shi et al. (2011b). 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).
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Figure 4.8: Correlation of the chemical index of alteration (CIA) with FepsolFeT (%) performed using
the standard major axis regression. 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).

4.5.4 Implications for the soluble Fe deposition to the ocean

The sub polar North Atlantic Ocean including the Iceland Basin is seasonally Fe-limited (Moore et al.,
2006; Nielsdottir et al., 2009; Ryan-Keogh et al., 2013). Achterberg et al. (2013) reported that deposition
of volcanic ash from the 2010 Eyjafjallajokull eruption caused a significant perturbation to the
biogeochemistry of the Iceland Basin. Elevated dissolved Fe concentration and nitrate depletion were
observed locally followed by an early spring bloom (Achterberg et al., 2013). This suggests that
additional Fe inputs to the sub polar 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 estimated in Arnalds et al. (2014), which is 0.56-1.38 Tg yr™. The initial Fe solubility of

Icelandic dust reported in this study varies from 0.08-0.2% for the dust hotspots in South and Central
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Iceland to 0.6% for Dyngjusandur in NE Iceland. As 90% of the dust reaching the ocean is from the
south coast of Iceland (Arnalds et al., 2014), a fractional Fe solubility of 0.13%, the average of the dust
hotspots in South 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?. This suggests that Icelandic dust contributes to
around 0.3-0.7 % of the global annual deposition flux of soluble Fe to the ocean (Myriokefalitakis et al.,

2018).

4.5.5 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 m2 at the bottom of the atmosphere (BOA). They assumed the same optical
properties for dust from different source regions, which is different from the real conditions. The
mineralogical composition and the Fe speciation in Icelandic dust are different for examples from
northern African and Asian dust (Figure 4.2, Table 4.2), leading to different 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 Myrdalssandur hotspot are 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 (A = 647 nm), which is around one order of magnitude higher than the average
values for natural dust from Sahel (0.002, X = 660 nm), northern Africa-Sahara and Easter Asia (0.001,
A =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; VVogel et al., 2017; Weinzierl et al., 2012), which makes it difficult to

evaluate the absorption properties of volcanic dust.
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Here we present a first estimate of the complex refractive index of Icelandic dust based on the mineral
volume fractions determined in this study. For the scenario assuming all FeD as hematite, the
calculations were repeated using different reference refractive indices for hematite and magnetite, and
four scenarios were considered. The real part of the volume-average refractive index (i) has an average
value of 1.60 at the selected wavelengths consistently in the different scenarios. The imaginary part of
the volume-average index (k) calculated using the refractive index of magnetite from Huffman and
Stapp (1973) is up to one order of magnitude higher than when using the data from Querry (1985)
(Table 4.3). No significant variations were observed applying the two different refractive indices for
hematite (not shown). If using the data of magnetite from Querry (1985), k showed little variations
among the samples at the selected wavelengths, ranging from 0.001 to 0.003. While using the data from
Huffman and Stapp (1973), k generally decreased from 470 to 660 nm, and higher k 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 Landl and MIR45. Similar results are observed if
assuming all FeD is goethite (Table 4.3). Overall, the estimated fi and k values are within the range of
n and k reported for volcanic ash. The k value of the dust samples from the Myrdalssandur hotspot is
0.002-0.004 at A = 660 nm which is 2-5 times lower than what observed in Zubko et al. (2019). The k
values estimated using the reference index of magnetite from Querry (1985) are comparable to the k
values reported in Di Biagio et al. (2019) for Sahel, northern Africa-Sahara and eastern Asia. Using the
magnetite refractive index from Huffman and Stapp (1973), the estimated k 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 contributing 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 mineral in Icelandic dust which were identified as magnetite-like
particles. Our analysis suggests that Icelandic dust may absorb solar radiation more than northern
African and Asian natural dust, possibly leading to a stronger direct positive radiative effect in the Artic

than the estimates by Kylling et al. (2018).
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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 absorption as the mineral phases are considered internally mixed in the dust
samples (Formenti et al., 2014b). Direct measurements are thus necessary to evaluate the optical

properties of Icelandic dust, which will be reported in a separate manuscript.

Table 4.3: Estimated imaginary part of the volume average refractive index of Icelandic dust (PM o fraction).

Assuming FeD = Hematite
470 nm 520 nm 590 nm 660 nm
Samples _ _ _ _ _ _ _ _
k1 k2 k1 k2 k1 k2 k1 k2
D3 0.010 0.002 | 0.009 0.002 | 0.008 0.002 | 0.007 0.002
H55 0.009 0.002 | 0.008 0.002 | 0.007 0.002 | 0.006 0.002
Landl 0.006 0.002 | 0.005 0.002 | 0.004 0.001 | 0.004 0.001
Maeli2 | 0.011 0.003 | 0.009 0.002 | 0.008 0.002 | 0.007 0.002
MIR45 | 0.006 0.001 | 0.006 0.001 | 0.005 0.001 | 0.004 0.002
Assuming FeD = Goethite
470 nm 520 nm 590 nm 660 nm
Samples _ _ _ _ _ _ _ _
k1 k2 k1 k2 k1 k2 k1 k2
D3 0.010 0.002 | 0.009 0.002 | 0.008 0.002 | 0.007 0.003
H55 0.009 0.001 | 0.008 0.002 | 0.007 0.002 | 0.007 0.002
Landl 0.005 0.001 | 0.005 0.002 | 0.005 0.002 | 0.004 0.002
Maeli2 | 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 0.002 | 0.004 0.002

Note: The k1 and k2 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).

4.6 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. Icelandic dust has 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, Landeyjarsandur, Melifellssandur, Myrdalssandur hotspots) of total
dust mass. Mineralogical fractionation was not observed between dust samples and sediments. Icelandic
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dust has high magnetite content and low hematite and goethite (FeD) and amorphous Fe (FeA). 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 chemical composition, mineralogy, Fe speciation
and Fe solubility of Icelandic dust, which can be fed to global models to estimate the flux of atmospheric
soluble Fe to the sub-Arctic and Artic Oceans and to assess the radiative effect of Icelandic dust. Our
analysis suggest that the shortwave absorption properties of Icelandic dust are determined by the high
magnetite content, possibly leading to a stronger direct positive radiative effect in the Artic than previous
estimates. The original measurements of the spectral optical properties together with the size distribution
conducted at CESAM will provide further insight on the absorption properties and long range transport
of Icelandic dust, necessary to estimate the radiative impact of Icelandic dust and its contribution to the

Arctic warming.
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CHAPTER 5: COMPLEX REFRACTIVE INDEX AND

SINGLE SCATTERING ALBEDO OF ICELANDIC

DUST IN THE SHORTWAVE SPECTRUM

5.1 Abstract

There is growing evidence of the impacts of Icelandic dust on the climate, which tend to produce a
positive radiative forcing. However, the current knowledge on the optical properties of Icelandic dust is
limited which prevents an accurate assessment of the climate impacts of Icelandic dust in global models.
In this study, we determined the spectral single scattering albedo and complex refractive index of
Icelandic dust in the shortwave spectrum (A from 370 to 950 nm). Icelandic dust was generated from
parent soils from five major dust hotspots in Iceland. The single scattering albedo and complex refractive
index were retrieved from the online measurements of the size distribution and spectral Mie coefficients
of particles suspended in the atmospheric simulation chamber CESAM. The average single scattering
albedo, SSAag(A), increased from 0.90-0.94 at 370 nm to 0.94-0.96 at 950 nm in different Icelandic
samples, which is comparable to Iceland volcano plumes and mineral dust from northern Africa-Saharan,
Sahel, and eastern Asian. The average real index, nayg(A), did not show a clear dependence on A and was
1.60-1.61 in different samples, while the imaginary indeX, Kavg(A), decreased from 0.004 at 370 nm to
0.002-0.003 at 950 nm. Although Icelandic dust has considerably different mineralogical composition
compared to typical low-latitude dust, our results indicate that their spectral optical properties between
370 and 590 nm are similar. However, the imaginary index of Icelandic dust between 660 and 950 nm
is 2-8 times higher than most of the dust samples sourced in northern Africa-Sahara, Sahel, and eastern
Asia. Furthermore, kayg(A) tend to be similar to the initial estimates calculated based on the mineralogical

composition, suggesting that the high content of magnetite may have contributed to the high absorptive
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capacity of Icelandic dust. Our results indicate that Icelandic dust may have a stronger positive direct

radiative forcing on climate than previous thoughts.
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5.2 Introduction

In the Northern Hemisphere, Iceland is an important contributor to the dust aerosol loading over high-
latitude (>60° N) regions (Arnalds et al., 2016; Baddock et al., 2017; Bullard et al., 2016; Dagsson-
Waldhauserova et al., 2019; Groot Zwaaftink et al., 2017; Groot Zwaaftink et al., 2016; Prospero et al.,
2012). There is growing evidence of the impacts of Icelandic dust on climate at high latitudes, where
the melting of sea ice is producing an accelerated warming rate of surface air temperature compared to
the rest of the world (Dai et al., 2019; Serreze and Barry, 2011). Icelandic dust strongly absorbs solar
radiation (Zubko et al., 2019), and can have major impacts on the cryosphere (Boy et al., 2019; Bullard
et al., 2016; Dagsson-Waldhauserova and Meinander, 2019; Meinander et al., 2016). Experiments have
shown that the deposition of volcanic dust particles from Iceland onto snow and ice can reduce the
surface albedo and alter the melting process (Dragosics et al., 2016; Meinander et al., 2014; Méller et
al., 2016; Moller et al., 2018; Peltoniemi et al., 2015; Wittmann et al., 2017). In the Arctic, the estimated
instantaneous radiative forcing (IRF) of Icelandic dust is 0.005 W m 2 at the top of the atmosphere (TOA)
via dust-radiation interaction, which is lower but still significant compared to the IRF at the bottom of

the atmosphere (BOA) via dust deposition onto snow-covered areas, 0.02 W m 2 (Kylling et al., 2018).

In addition, Icelandic dust is a source of ice-nucleating particles (Sanchez-Marroquin et al., 2020). The
increase in ice-nucleating particles can reduce the amount of supercooled liquid water and consequently
the albedo of mixed-phase clouds (Vergara-Temprado et al., 2018), which have a large impact on the

radiative budget in the Arctic (Morrison et al., 2012; Murray et al., 2021).

Furthermore, Icelandic dust contributes to the deposition of dissolved iron (Fe) to the subpolar North
Atlantic Ocean (Arnalds et al., 2014; Baldo et al., 2020), which has the potential to alter nutrient
biogeochemical cycling and primary production in the surface ocean (Achterberg et al., 2013;
Achterberg et al., 2018). The deposition of nutrients such as phosphorus (P) and Fe from mineral dust
can also promote the blooming of algae in ice, which consequently reduces the ice albedo and accelerates

the surface melting (Cook et al., 2020; McCutcheon et al., 2021).
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The mineralogical composition of Icelandic dust is considerably different from typical low-latitude dust
such as northern African and Asian dust. Icelandic dust primarily consists of amorphous basaltic
material with relatively high magnetite content. And, it is also enriched in Fe contributing to over 10%
of the total dust mass (Baldo et al., 2020). The absorption of solar radiation by mineral dust is strongly
related to the content of total Fe and Fe oxide minerals (Caponi et al., 2017; Derimian et al., 2008; Di
Biagio et al., 2019; Engelbrecht et al., 2016; Formenti et al., 2014; Lafon et al., 2006; Moosmuller et al.,
2012; Sokolik and Toon, 1999). This suggests that the optical properties of Icelandic dust may be also
different from that of low-latitude dust. However, the current knowledge on the optical properties of
Icelandic dust is limited. Peltoniemi et al. (2015) found that volcanic sand from the Myrdalssandur
hotspot in Iceland deposited onto snow reduced the snow albedo similarly to black carbon (BC) between
400-2500 nm. The laboratory measurements conducted on pure volcanic sand (deposited particles)
showed a spectral reflectance < 0.04, which is close to a black body (0.0) (Dagsson-Waldhauserova,
2014; Peltoniemi et al., 2015). Zubko et al. (2019) determined that the imaginary part of the complex
refractive index of suspended particles from the same area was 0.01 at 647 nm, which is around 1 order
of magnitude higher than the average values for mineral dust from northern Africa and Asia reported by
Di Biagio et al. (2019). However, due to the lack of regional-resolved measurements, the current model
estimates of the direct radiative effects of Icelandic dust in the Arctic assumed the same complex
refractive index for dust aerosols from different source regions (Kylling et al., 2018). Consequently,

further measurements are necessary to reduce the uncertainty in the model predictions.

This study aims at filling these gaps by determining the shortwave (SW) optical properties of Icelandic
dust from different major emission hotspots. Here, we determined the single scattering albedo (SSA)
and complex refractive index of Icelandic dust in the SW range from 370 to 950 nm based on the
measurements of the size distribution and optical properties of suspended particles generated from

natural parent soils.

132



5.3 Methodology

This section illustrates the approach used to retrieve the SSA and complex refractive index of Icelandic
dust in the SW range which was based on the method by Di Biagio et al. (2019). The spectral scattering
coefficient (Bsca), absorption coefficient (Bans), and size distribution of suspended dust particles were
measured using the multi-instrument atmospheric simulation chamber CESAM (French acronym for
Experimental Multiphasic Atmospheric Simulation Chamber) (Wang et al., 2011). SSA was estimated
from Baps and Psca measured at CESAM. The complex refractive index was retrieved from the comparison
between the spectral Mie coefficients Psca and Pans measured and computed using the size distribution
data. The data were analyzed based on the Mie theory assuming that the particles are spherical and
internally homogeneous. A schematic diagram of the method used to retrieve the complex refractive

index is shown in Figure 5.1.

5.3.1 Experimental setup and instrumentations

The size distribution and optical properties of Icelandic dust were measured by the use of CESAM, a
4.2 mé stainless steel atmospheric simulation chamber (Wang et al., 2011). Icelandic dust was generated
following the method in Di Biagio et al. (2017a) to produce mineral dust from parent soils. The
experiments were conducted using surface sediment samples from five major dust hotspots in Iceland
(Baldo et al.,, 2020): D3 (Dyngjusandur), H55 (Hagavatn), Landl (Landeyjarsandur), Maeli2
(Melifellssandur) and MIR45 (Myrdalssandur). As described in Baldo et al. (2020), 15 g of sediments
(previously sieved to <I mm) was placed in a Biichner flask, this was shaken for 5 min at 70 Hz on a
sieve shaker (Retsch AS200), then mixed with nitrogen carrier gas and injected into the CESAM
chamber at 10 L min! for 10 min. Once injected in CESAM, the dust particles were allowed to mix for
around 10 min inside the chamber. A four-blade stainless-steel fan located at the bottom of the chamber
ensured that the particle mass concentration was homogeneous inside the chamber. The physical and
chemical properties of the suspended dust were monitored over the duration of the experiments

(approximatively 3 hours) using different instruments connected to the chamber (Figure 5.2).
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Figure 5.1: Schematic diagram of the method used to retrieve the SW complex refractive index (m=n -

ik) of Icelandic dust from 370 to 950 nm.
The particle number size distribution of dust aerosols was measured using a scanning mobility particle
sizer (SMPS) (TSI Inc., DMA model 3080, CPC model 3772; 2.0 and 0.2 L min* sheath—aerosol flow
rates; 3 min time resolution), and two optical particle counters (OPCs), GRIMM (Grimm Inc., model
1.109; 655 nm operating wavelength; 1.2 L min™* flow rate; 6 s time resolution) and SkyGRIMM
(Grimm Inc., model 1.129; 655 nm operating wavelength; 1.2 L min* flow rate; 6 s time resolution).
The SMPS measured the particle number concentration in the electrical mobility diameter (D) range
from 0.019 to 0.870 um. GRIMM and SkyGRIMM measured the particle number concentration in the
optical-equivalent diameter (Dop) range from 0.25 to 32 um. SMPS and SkyGRIMM were located at the
bottom of the chamber, while the GRIMM was installed at the top of the chamber to verify that the

concentration of dust aerosols in the chamber was spatially uniform.

The scattering coefficient Bsca OF the suspended particles was measured by a three-wavelength integrating
nephelometer (TSI Inc., model 3563; operating at 450, 550, and 700 nm; 2 L min* flow rate, 2 s time

resolution). The absorption coefficient Bans Was measured by a seven-wavelength aethalometer (Magee
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Sci., model AE31; operating at 370, 470, 520, 590, 660, 880, and 950 nm; 2 L min* flow rate, 2 min
time resolution). Dust aerosol samples were also collected using custom-made filter samplers as in
Caponi et al. (2017). The samplers were set up for 1 to 3 hours, each with a flow rate of 7L min™t. The
collected filter samples were then analyzed offline to determine the chemical properties of the suspended

particles as described in Baldo et al. (2020).

Dust injection system

-~ - —
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!
#
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>
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Figure 5.2: Schematic diagram of the CESAM set up for the experiments on the Icelandic dust.

A particle-free N2/O, mixture was continuously injected into the chamber to balance the proportion of
air flow sampled by the different instruments. The sampling system consisted of a stainless-steel tube
(~ 14-58 cm length, 9.5 mm diameter) located inside the chamber extracting air. For some instruments,
conductive silicone tubing (TSI Inc., ~ 30-65 cm length, 5 mm diameter) was also used as an external
connection between the chamber and the instrument. The sampling lines were designed to be as straight
and direct as possible to minimize particle loss. The total length of the sampling line varied depending
on the instrument, 100 cm for the nephelometer, 86 cm for the aethalometer, 79 cm for the SMPS, 58
cm for the SkyGRIMM and the aerosol filter samplers, and 14 cm for the GRIMM. All experiments
were conducted at ambient temperature and relative humidity < 2 %. The chamber was manually cleaned
between experiments with different samples to avoid any cross-contaminations. The background mass

concentrations of dust aerosol in the chamber varied from 0.1 to 3.0 ug m3,
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5.3.2 Measurements of the aerosol size distribution

To allow the comparison of measurements from different instruments, all data were averaged over 12-
min intervals from the start of the filter sampling. To ensure that the concentration of dust aerosols in
the chamber was spatially uniform, the measurements collected before 30 min from the injection peak
were excluded from the data analysis. The percentage difference between the total particle number
concentrations in the size range measured by GRIMM and SkyGRIMM was < 10% for the samples D3
and MIR45, < 5% for the samples Landl and Maeli2, and < 2% for the sample H55 suggesting that

homogeneous conditions were obtained during the experiments.

The aerosol size distribution was obtained by combining the measurements from SMPS and GRIMM
into a single geometrical size distribution. Several corrections were applied to the SMPS and GRIMM
measurements because of the differences in operating principles and diameter definitions between the

instruments.

The SMPS measures the size distribution of submicron particles. The operating principle of the SMPS
is the balance between the electrical force on a charged particle due to a constant electric field and the
drag force experienced by that particle at terminal velocity which is used to derive the particle size
(DeCarlo et al., 2004; Hinds, 1999; Wendisch and Brenguier, 2013). The SMPS is composed of a
differential mobility analyzer (DMA) and a condensation particle counter (CPC). The particles are first
charged to a well-defined charge distribution and classified by the DMA according to their electrical
mobility (the velocity of the charged particles per unit electric field) (Hinds, 1999; Wendisch and
Brenguier, 2013). Then, the particles are counted by the CPC. In the CPC, the particles are exposed to
a supersaturated vapor and act as vapor condensation nuclei growing from a few nanometers to several
micrometers. Subsequently, a detector counts the pulse of light scattered by the enlarged particles (Hinds,
1999; Wendisch and Brenguier, 2013). The relationship between the electrical mobility diameter Dn,
(the diameter of a single-charged spherical particle with the same terminal velocity in a constant electric
field as the single-charged particle under consideration), as measured by the SMPS and the volume-

equivalent diameter Dy (the diameter of a spherical particle of the same volume as the particle under
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consideration) is described by Equation (1) (DeCarlo et al., 2004; Kulkarni et al., 2011; Wendisch and
Brenguier, 2013):
Dy, Cc(Dg)

P = 3 CeDm) ®

where y is the dynamic shape factor, Cc is the Cunningham slip correction factor assuming a mean free

path of 66 nm (air conditions) (Hinds, 1999):

66
Dgm >100nm,  C(Dgm) =1+5—"252 @)
g-m
66 _0.39_Dg_»m
Dgm <100nm,  C¢(Dgm) =1+ %fm- (234+1.05-¢ 66 ) 3)

where Dg.m represents the volume-equivalent diameter (Dg) or the electrical mobility diameter Dp,.

The OPCs measure the size distribution across a wide range of sizes including submicron and
supermicron particles. The OPC operating principle is the dependence of angular light scattering on
particle size (Hinds, 1999; Wendisch and Brenguier, 2013). The aerosol particles are illuminated with
monochromatic light and the intensity of the scattered light is collected over a certain range of angles.
The signal measured by the instrument is converted into the single-particle scattering cross-section (Csca)
using a scale factor based on the calibration with standard reference non-absorbing particles, generally
polystyrene latex spheres (PSL) (Wendisch and Brenguier, 2013). Csca is related to the particle size and
is the product of the particle physical cross-sectional area (A) and scattering efficiency (Qsca), which
quantifies the scattering ability of particles (Seinfeld and Pandis, 2016). Cs. is calculated for the
reference particles by applying the Mie theory given the size, complex refractive index, laser operating

wavelength, and collection angle (Wendisch and Brenguier, 2013).

The particle size measured by OPC instruments is referred to as optical-equivalent diameter Doy, the

diameter of a spherical particle with a given complex refractive index which has the same scattering
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efficiency and cross-sectional area as the particle under consideration. The complex refractive index,
m = n - ik, links the particle chemical composition and optical properties, with the real part n defining
the scattering properties and the imaginary part k the absorption properties (Wendisch and Brenguier,
2013). However, the complex refractive index of the reference material is likely to be different from that
of natural aerosols. In addition, the aerosol particles may not be spheres, and aspherical particles have
considerably different optical properties from spherical dust (e.g., Nousiainen and Kandler, 2015). As a
result, the aerosol size distribution determined by OPC instruments could not correspond to the

geometrical size distribution.

In this study, the morphology of Icelandic dust particles was not measured, but previous research
observed that the particles can be irregular and present high porosity (Butwin et al., 2020; Richards-
Thomas et al., 2020). In particular, the results of Butwin et al. (2020) indicated that the morphological
characteristics of Icelandic dust particles equal or less than 20 um in diameter tend to be similar to those
of mineral dust from global source regions, while larger particles exhibited morphological properties of
volcanic ash. In this study, since the particle size distribution effectively measured by the GRIMM
corresponds to around the PMy fraction as subsequently explained in section 5.3.2.3, we can assume
Icelandic dust particles having similar morphological properties as typical mineral dust particles which
largely exhibit irregular shapes (Huang et al., 2021). Here, the uncertainty arising from the use of the
Mie theory was not estimated, but previous studies found that not accounting for dust aerosol asphericity
in the conversion from Do, to Dy can underestimate coarse sizes (Formenti et al., 2021; Huang et al.,
2021) because of the larger Cs. calculated for aspherical particles than for the volume-equivalent

spheres, and this effect is higher with increasing dust imaginary index (Huang et al., 2021).

The volume-equivalent diameter Dq of natural aerosols can be retrieved using the complex refractive
index of the examined aerosol with varying the particle size to obtain the same (or closest) Csc as that
calculated using Doy (Formenti et al., 2021). However, the Csca is not often a linear or monotonic function
of the particle diameter due to the oscillation of the scattering phase function calculate by Mie theory.

As a result, for a specific complex refractive index and Dop, more than one Dy may correspond to the
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same Csca as that calculated from Dop, which consequently has multiple solutions (e.g., Formenti et al.,
2021; Rosenberg et al., 2012; Walser et al., 2017; Wendisch and Brenguier, 2013). Although the best
solution is typically to choose Dy close to Dy, this may not be always feasible. For the GRIMM,
increasing the imaginary index, the scattering cross-section curve tends to become flat at around 1 um
as shown in Figure 2 of Formenti et al. (2021). This determines large uncertainty when calculating the
volume-equivalent diameters of light-absorbing aerosols in the range between 0.6 and 2 um (Formenti
et al., 2021). Consequently, increasing the value of Do, does not always correspond to increasing Dy,
which may produce negative or very small dlogDg = logDg2 — logDg1, where Dg1 and Dy, are the lower
and upper cut-off diameters of each size range. This generates unusual spikes in the calculated
geometrical size distributions dN/dlogDgy. Two common strategies to address this issue are widening or
grouping the OPC bin size (Johnson and Osborne, 2011) or fitting the corrected Dq curve (Hand and

Kreidenweis, 2002; Johnson et al., 2008).

5.3.2.1 Calculation of the SMPS and GRIMM geometrical size distributions

To combine SMPS and GRIMM measurements, first, the SMPS particle number concentration
dN/dlogDm and GRIMM particle number concentration dN/dlogDo, were both converted into
geometrical size distributions dN/dlogDy (Figure S1). For the SMPS, the volume-equivalent diameters
Dy were retrieved from the mobility diameters Dn, using a range of dynamic shape factors y in Equation
(1). The interval of y values (from 1.6 to 2.0 by 0.1 steps) was selected according to the aspect ratios
observed in fine Icelandic dust particles < 2.5 um (Butwin et al., 2020). Iterative calculations were

performed to calculate Dq using Equations (1-3).

For the GRIMM optical diameters Do, we used the correction factors calculated by Formenti et al. (2021)
by applying the Mie theory and assuming that the particles are homogeneous spheres. We selected a
range of potential complex refractive indices with the real part n varying from 1.57 to 1.63 by 0.01 steps
and the imaginary index k varying from 0.000 to 0.020 by 0.001 steps. The interval of n and k values
was chosen according to the complex refractive index estimated by Zubko et al. (2019) and the initial

guess of the complex refractive index of the Icelandic dust samples examined in this study based on the
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mineralogical composition (Baldo et al., 2020). Here, the corrected Dy values which return dlogDy <

0.01 were replaced with the average of the previous and next Dg values.

5.3.2.2 Merging of the SMPS and GRIMM size distributions

The SMPS geometrical size distributions, calculated assuming y from 1.6 to 2.0 by 0.1 steps, and the
GRIMM geometrical size distributions, calculated assuming 147 potential complex refractive indices (n
from 1.57 to 1.63 by 0.01 steps, and k from 0.000 to 0.020 by 0.001 steps), were combined in 735
different geometrical size distributions. There is an overlapping interval between the SMPS and
GRIMM bin sizes. For simplicity, since the size resolution of the SMPS measurements is higher than
that of the GRIMM measurements and because of the good agreement between SMPS and GRIMM in
the overlapping region as show in Figure S1, we assumed the SMPS size distribution as a better

representative in the overlapping region.

The merged geometrical size distributions were interpolated at a constant dlogDg interval of 1/64 using
a fitted cubic smoothing spline. The smooth.spline function from core CRAN R software was used to
perform the interpolation following Beddows et al. (2010). Log-normal fitting is also commonly used
(e.g., Di Biagio et al., 2019; Di Biagio et al., 2017a; Formenti et al., 2018). To reduce noise in the data,
we used the logarithm of the size distribution data for the interpolation. To ensure that the total number
of particles before and after interpolation was consistent, the ratio between the total number of particles

before and after the fitting was used to normalize the data. The total number of particles was calculated

as follows:
Dg,max ( )
dN(D
Niot(Dg) = f ngg' dlog Dy (4)
gmin

5.3.2.3 Particle loss correction
After interpolation, the merged geometrical size distributions were corrected for the particle loss along
the sampling lines in order to allow the comparison of measurements from different instruments. The

particle loss calculator (PLC) software (von der Weiden et al., 2009) was used to calculate the particle
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loss percentage of each instrument. The input parameters for the PLC software included the geometry
of the sampling line, the sampling flow rate, the particle density, and the dynamic shape factor y. The
particle bulk density was set to 2.90 + 0.01 g cm as measured using a helium pycnometer for particles
< 63 um (Baldo et al., 2020), a value that is consistent with the results of a recent study by Richards-
Thomas et al. (2020). However, from the analysis conducted on larger size fractions (< 125 pm) using
the water penetration method, Butwin et al. (2020) found an average density value of 2.25 g cm= in
Icelandic dust particles. For each instrument, the particle loss percentage was calculated assuming

from 1.6 to 2.0 by 0.1 steps.

To retrieve the size distribution of the particles suspended in CESAM, the merged geometrical size
distributions were divided into two size ranges which were corrected for particle loss in the sampling
systems of SMPS and GRIMM, respectively. The particle size domain was assigned based on the

geometrical size distributions of GRIMM and SMPS used to merge the data:

dN(Dg) _ dN(Dgsmps) = dN(Dggrimm)
dlogD, dlogDgsmps dlogDggriMm

(®)

For the SMPS, the loss of particles with Dg < 1 pum was less than 5%. For the GRIMM, the particle loss
was up to 15% in the range between 1-2.5 um, below 50% in the range between 2.5-5 um, and reached
100% at Dg around 20 pum. However, the fraction of particles with diameter > 2.5 um corresponded to
less than 10-14% of the total numbers of particles measured by the GRIMM. Given this, the dominant
part of the size distribution was measurable by the GRIMM and the SMPS. The variation in particle loss
calculated using the examined  values was generally below 10%, but over 50% at Dq around 20 pum.

The size distributions were corrected as follows:

[dN(Dg) _ dN(Dg,SMPS—GRIMM) _ 1 ©)

dlogDg| . smpscrimm 4108 Dgsmpscrimm 1 — L(Dgsmps-GriMM)
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where dN(Dg,smps-crimm)/dl0gDg,smps-crivm 1S the size distribution measured by the SMPS or GRIMM,
and L(Dg smes-crimm) IS the proportion of particle lost as a function of Dy in the size range measured by
the SMPS or GRIMM. Finally, the size distribution of the particles suspended in CESAM was obtained
summing up the contributions of the SMPS and GRIMM in their specific size range:

dN(D,)

dlogD )

[dN(Dg) _ [dN(Dg)
8lcorr,GRIMM

dlogDg dlogDg

CESAM Corr,SMPS [

Subsequently, to retrieve the size distribution behind the inlet of shortwave (SW) instruments, the size
distribution of the particles suspended in CESAM was further corrected for particle loss in the sampling
systems of the aethalometer and nephelometer. For the aethalometer, the particle loss was below 5% at
Dy < 1um, up to 20% in the range between 1-2.5 um, below 60% in the range between 2.5-5 um, and
reached 100% at Dg around 9 um. The variation in particle loss calculated using the examined y values
was generally below 10%, but over 50% at Dg around 9 um. The percentage difference between the loss
correction estimated for the aethalometer and that obtained for the nephelometer was < 11%. The data

were corrected as follows (Di Biagio et al., 2017a):

[dN(Dg) [dN(Dg)

leg Dg - d]og Dg . (1 - L(Dg)Aet—Nep) (8)

Aet-Nep CESAM

where [dN(Dg)/dlogDg]act-nep IS the size distribution measured by the aethalometer or nephelometer and
L(Dg)aet-nep IS the particle loss as function of Dy estimated for the two instruments. The size distribution
behind the inlet of SW-instruments was calculated as the average between the size distributions of the
aethalometer and nephelometer. Ultimately, 735 SW-instrument geometrical size distribution Nsw(Dg)
were calculated. These were used to correct the absorption and scattering coefficients measured
respectively by the aethalometer and nephelometer, and to retrieve the complex refractive index of
Icelandic dust. An example of the procedure used to process the size distribution data is shown in Figure
S2. Furthermore, two sensitivity simulations were performed to account for the error on the size
distribution measurements (VAN(Dg) according to the Poisson statistics), where k() and n(.) were
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calculated using the observed dN plus or minus 1 SD as the upper and lower limits of the SMPS and

GRIMM measurements.

Further uncertainty arises from the use of the Mie theory, which assumes homogeneous spherical
particles. The particle morphology was not measured during the experiments, but previous research
found that Icelandic dust particles can be irregular and present internal pores (Butwin et al., 2020;
Richards-Thomas et al., 2020). We simplified the calculations of the optical properties to allow the
comparison with previous studies. Most climate models also assume the dust particles to be spherical

which however can affect the calculations of dust impacts (Huang et al., 2020).

5.3.3 Measurements of the spectral scattering coefficient

The aerosol scattering coefficient Bsca Was measured by the nephelometer at 450, 550, and 700 nm. The
nephelometer can only detect scattering angles (8) from about 7° to 170° rather than from 0° to 180°
causing a systematic uncertainty known as angular truncation error (Anderson et al., 1996; Anderson

and Ogren, 1998). The truncation correction Cyunc for total scattering was estimated as follows:

Bsca(k m, NSW(Dg)' 0° — 1800)
Bsca(x: m, NSW(Dg), 7° — 1700)

Cerunc (A m, Ny (Dg), ) = )

where Bsca(A, m, Nsw(Dg), 0°-180°) is the scattering coefficient calculated for 6 between 0° and 180°, and
Bsca(A, m, Nsw(Dyg), 7°-170°) is the scattering coefficient calculated for 6 between 7° and 170°. The Python
PyMieScatt package (Sumlin et al., 2018) was used to retrieve Bsca(h, m, Nsw(Dg), 0°-180°) and Psca(X, m,
Nsw(Dg), 7°-170°) at a given A by Mie calculation for homogeneous spheres by varying the calculated
SW-instrument geometrical size distribution Nsw(Dg) and using the corresponding complex refractive

index.

For single homogeneous spherical particles, the scattering intensity function |[S(Xs, m, 0)|? at given 0 can
be calculated using the Mie theory, where X; is the size parameter (Xs = n-Dg"At) and m is the complex

refractive index of particles of geometrical diameter Dy. The scattering intensity function can be
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integrated over 0 from 0° to 180° to obtain the single-particle total scattering efficiency (e.g., Anderson
et al., 1996; Bohren and Hufmann, 1998):

T

1
Qsca(A m, D) = o f IS(Xs, m, 0)|? - sin 6 - d6 (10)
S
0

Finally, Bsca Can be calculated as the integral of Qsca Over the particle size distribution N(Dg) multiplied

by the particle cross sectional area (e.g., Anderson et al., 1996; Bohren and Hufmann, 1998):

Dg,max
1 - D2 dN(D
Beca (7\, m,N(Dg)) = f Tg- Qsca(Am, D) - dlo(g sg-dlong (11)
Dg,min

In this study, Bsca(A, m, Nsw(Dg), 0°-180°) was computed at a given A by the Mie SD function for
polydisperse size distributions in the Python PyMieScatt package by inputting the calculated Nsw(Dg)
and the corresponding complex refractive index. To determine Psca(A, m, Nsw(Dg), 7°-170°), first the
angular scattering intensities |S(Xs, m, 0)]*> for 6 between 7° and 170° were computed by the

ScatteringFunction angular function, and then used in Equations (10-11) to obtain Qsca and Bsca.

Subsequently, the truncation correction defined by Equation (9) was calculated at 450, 550 and 700 nm
for each Nsw(Dg). Ultimately, the average of the Ciunc(X) values obtained for different Nsw(Dg) was used
to correct the data. Cyunc decreased with increasing A, and with the dust residence time in the chamber
following the decrease in the contribution of the coarse fraction to the aerosol size distribution. Ciunc(A)
was similar for different Icelandic dust samples and varied between 1.3-1.9. These results are
comparable to the range of Ciunc Values (from 1.2 to 1.7) reported by Di Biagio et al. (2019). The
uncertainty on Ciunc(A) was estimated from the relative standard deviation (RSD) of Ciunc(A) obtained

for different Nsw(Dg). The uncertainty on Cyunc(A) was around 7-17%.

The scattering coefficient at a given A was corrected by multiplying Bsca bY Cirunc. The uncertainty on Psca
at 450, 550, and 700 nm was calculated using the error propagation method considering the photon

counting and gas calibration uncertainty (5%), the standard deviation (SD) over 12-min intervals, and
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the uncertainty on Cyunc. The uncertainty on Bsca corrected for truncation varied between 9%-19%. Once
corrected for truncation, Bsca Was extrapolated at the aethalometer operating wavelengths (370, 470, 520,
590, 660, 880, and 950 nm) using the scattering Angstrém exponent (&s.a) which was obtained from the
power-law fitting of Bsca(A) versus A weighted by the inverse of the variance of Bsca(A). The uncertainty
on Psca at 370, 470, 520, 590, 660, 880, and 950 nm was estimated as the quadratic combination of the
average error on Psca corrected for truncation and the root-mean-square error (RMSE) of Bsca predicted
at 450, 550, and 700 nm. The uncertainty on Psca predicted was 11%-18%. Bsca Values were reported in

Mm-.

5.3.4 Measurements of the spectral absorption coefficient

The aerosol absorption coefficient Bans Was measured by the aethalometer at 370, 470, 520, 590, 660,
880, and 950 nm. The aethalometer measures attenuation (ATTN) of light passing through an aerosol-
laden quartz filter, which is then converted into the attenuation coefficient (e.g., Weingartner et al.,

2003):
I
ATTN = lnTO (12)

where | is the intensity of light passing through the blank portion of the filter, and | is the intensity of

light passing through the loaded filter.

AATTN() A

BATTN (}\) = At vV

(13)
where Barn is the attenuation coefficient (m™), A is the area of the aerosol collection spot (0.00005 +

0.001 m?) and V is the sampling flow rate (0.002 m® min*). AATTN (ATTN, -~ ATTN,.1) was calculated

for n'” measurements over 2-min time intervals (At) which is the time resolution of the aethalometer.
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Barrn contains the contributions of light absorption and scattering by the aerosol particles deposited on
the filter and by the filter material itself. The aerosol absorption coefficient was obtained by correcting

Barrn for measurements artefacts according to the correction scheme from Collaud Coen et al. (2010):

BATTN O\) - (1(7\) ’ Bsca(}\)

Babs(D) = R - Crer(d)

(14)

where a(A)Bsca(A) is the scattering effect correction. Bsca(A) is the scattering coefficient weighted by the
a(A) parameter. This term represents the scattered radiation by the aerosol particles deposited on the
filter and miscounted as attenuation. Crr()) is the multiple scattering effect correction, representing
multiple scattering by the filter fibers. R(X) is the loading effect correction, which accounts for the

reduced aethalometer response with time due to light-absorbing particles accumulating on the filter.

The parameter a()) was calculated using the formula from Arnott et al. (2005):

0,(7\) — A(d—l) -c- k‘ésca'(d_l) (15)

where A and s, were obtained from the power-law fitting of Psca(A) (m™) versus A (nm) weighted by
the inverse of the variance of Psca(A). The scattering coefficient Psca(A) measured by the nephelometer,
corrected for truncation, and extrapolated at the aethalometer wavelengths was used in the calculation.

We assumed ¢ = 3.29-10“ and d = 0.564 as reported in Collaud Coen et al. (2010).

The obtained a()) increased with time as the particles were accumulating on the filter. Different A
showed similar values of the a parameters. In the Icelandic dust samples, a(A) ranged from around 0.005
to 0.02, which is within the range (0.002 to 0.02) reported by Di Biagio et al. (2019) for mineral dust.
The uncertainty on o) varied between 17%-76% and was estimated by the error propagation through
Equation (15) considering the uncertainty on the fitted parameters A and &sc.. The uncertainty on a(\)
was 35%-76% for the samples D3 and MIR45 which showed the largest errors on the fitted parameters,

29%-45% for the samples Maeli2 and H55, and 17%-27% for the sample Land1.
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The multiple scattering effect correction Crs was extrapolated at 370, 470, 520, 590, 660, 880, and 950
nm by the linear regression of Crr at 450 and 660 nm estimated for mineral dust by Di Biagio et al.
(2017b). Crer varied from 4.3 at 370 nm to 3.3 at 950 nm. The uncertainty on Cp determined by Di

Biagio et al. (2017b) was 10%.

The loading effect correction R(X) was calculated using the formula from Collaud Coen et al. (2010):

1 ATTN(A)%
R - — — P
@) (f(x) ) 50% (16)
where f(A) depends on the aerosol absorption properties and is a function of SSA(ML):
f(A) = a(1 —SSA)) + 1 (17)

We assumed a = 0.74 as reported in Collaud Coen et al. (2010). As an initial guess for R(A), the single
scattering albedo in Equation (17) was estimated using Bsca(A) measured by the nephelometer, corrected
for truncation, and extrapolated at the acthalometer wavelengths, and Baps(A)” Which is the absorption

coefficient corrected only for the scattering effect (Di Biagio et al., 2019):

BabsM)" = Barrn ) — a(X) * Bsca) (18)
x _ Bsca(M)
S A = B ) Bane O a9

R(}A) increased with A but decreased with time as particles were loaded onto a new filter. R(A) obtained
after the second iteration varied between 0.7 and 1 in different Icelandic dust samples which is within
the range reported by Di Biagio et al. (2019) for mineral dust, from 0.5 to 1. The uncertainty on R(})
was also estimated by applying the error propagation method and was generally < 10% but varied

between 10%-50% within the first 10 min that the particles were loaded onto a new filter.
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The uncertainty on Pas(A) corrected according to Equation (14) was calculated using the error
propagation method considering the uncertainty on a(), Psca(r), Cref, and R(X). The uncertainty on Baps(X)
as 2-min intervals varied between 25%-78%. Ultimately, Pass(A) was averaged over 12-min intervals,
and the final uncertainty was calculated as the quadratic combination of SD and the average systematic
error over 12-min intervals. The uncertainty on Bans(X) as 12-min intervals varied between 27%-75%.

Babs(X) values were reported in Mm™.

5.3.5 Calculation of the aerosol spectral single scattering albedo

The scattering coefficient Bsca(A) and absorption coefficient Baps(A) obtained from the nephelometer and
aethalometer measurements were used to calculate 12-min average values of the extinction coefficient

Bext(A) in Mm™ at 370, 470, 520, 590, 660, 880, and 950 nm:

Bext(M) = Bsca(A) + Babs(D) (20)

The single scattering albedo SSA(A) was also calculated at a 12-min resolution:

BSCE\ ()\)

SSAO\) - BscaO‘)"‘Babs O\)

(1)

The uncertainty on Bex(A) was 10%-17%, while the uncertainty on SSA(L) varied between 15%-25%,
which were estimated by the error propagation through Equation (20) and Equation (21), respectively,

considering the uncertainty on Psca(A) and Baos()).

In addition, the experiment-averaged single scattering albedo SSA. at 370, 470, 520, 590, 660, 880,
and 950 nm was retrieved from the slope (mrma) of the linear regression between PBsca(A) and Paps(A)
starting from 30 min after the dust injection peak to 2.5 h (Di Biagio et al., 2019; Moosmuller et al.,

2012):
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1 _1
SSA A) = (1 + —) 22
The linear fitting was performed using the reduced major axis (RMA) regression. The linear fitting was
performed using the reduced major axis (RMA) regression, because both variables (x and y) come from
measurements and are subject to errors (Ayers, 2001; Smith, 2009). Overall, a strong correlation
between Psca(A) and Pans(A) was observed (R? > 0.99). The uncertainty on SSAa()) calculated

considering the error on mgrma in Equation (22) was < 8%.

5.3.6 Retrieval of the spectral complex refractive index

The absorption coefficient and scattering coefficient were also computed using the size distribution data
as described in Section 5.3.3. hereinafter referred to as Bapsmodei(A) and Pscamodel(X), respectively. The
SWh-instrument geometrical size distributions Nsw(Dg) obtained using the 735 different combinations of
the input parameters (X, n, and k) values generated an equal number of Babsmodel(X) and Pscamodei(X)

scenarios.

The complex refractive index at 370, 470, 520, 590, 660, 880, and 950 nm was determined through the
comparison between Bapsmodel(A) and Pscamodel(h) and the Mie coefficients estimated from the
nephelometer and aethalometer measurements hereinafter referred to as Paosmeas(A) and Bscameas(}). The

modelled and measured Mie coefficients were both calculated with a temporal resolution of 12 min.

The complex refractive index was retrieved at a 12-min resolution by comparing Babs meas(A) and Bscameas(X)
With Babsmodel(A) and Bscamodel(A) at individual time points throughout the time series. For each Babsmodei(X)
and Psca,model(X) SCENario, we estimated the model error as the percentage difference (%diff) respectively
With Bapsmeas(A) and Bscameas(h). To account for the uncertainty on Papsmeas(A) and PBscameas(A), we used
PBabs,meas(A) = 1 SD and Bscameas(A) = 1 SD as the upper and lower limits of the measurements. We selected
Babs,model(A) and Pscamodel(X) scenarios with the lowest model error corresponding to 0.1-0.5 quantile
of %diff. Subsequently, the results for Babsmeas(A) = 1 SD and Bscameas(A) = 1 SD were examined, and only

the Pansmodel(X) and Pscamodei(A) scenarios common to all six datasets were kept. k(A) and n(L) were
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retrieved from the selected scenarios. Since the comparison between modelled and measured Mie
coefficients resulted in multiple solutions for k(A) and n(A), we calculated the mean of the k solutions

and of the n solutions, which showed an uncertainty up to 99% for k(i) and < 3% for n(}).

In addition, the experiment-averaged complex refractive index at 370, 470, 520, 590, 660, 880, and 950
nm was determined based on the linear fit between Passmeas(A) and Pabsmodei(X), and Pscameas(A) and
Bsca,model(A) starting from 30 min after the dust injection peak to 2.5 h. To retrieve the experiment-
averaged real index nayg(A) and imaginary index kag(A), we updated the method applied to determine
k(A) and n(}) at a 12-min resolution. We selected only the model estimates which showed a high
correlation with observations (R?>0.70). The modelled and measured Mie coefficients were then
compared based on the RMSE instead of using the %(diff at individual time points. The uncertainty on

Kavg(A) was up to 99%, while the uncertainty on nayg(A) was < 2%.

5.4 Results

5.4.1 Aerosol size distribution and effective diameter

Figure S1 shows some examples of the geometrical size distributions of particles obtained using

different dynamic shape factors and complex refractive indices.

For spherical particles (y = 1 and Dm = Dy), the Dy range measured by the SMPS was from 0.019 um to
0.87 um. For non-spherical particles (y>1), Dy decreased with increasing y as defined by Equation (1).
In this study, y was varied between 1.6 and 2.0 by 0.1 steps. After the conversion of D to Dy, the Dg
range for the SMPS was around 0.015-0.58 for y= 1.6, 0.015-0.56 for y= 1.7, 0.014-0.53 for y= 1.8,

0.014-0.51 for = 1.9, 0.013-0.49 for = 2.0.

The Dy range measured by the GRIMM was from 0.25 pm to 32 pm assuming the complex refractive
index of PSL reference particles (n = 1.59 and k = 0.000). The complex refractive indices examined in
this study included n from 1.57 to 1.63 by 0.01 steps and k from 0.000 to 0.020 by 0.001 steps. The
correction factors used to convert Doy into Dy had a considerable impact on Dg > 0.6 pm. Dy increased

with k, while there was no correlation between Dq and n, which mainly affected Dy around 1 pm. The
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variation of the length of the GRIMM Dy intervals showed the same pattern for different n and was
driven by k. The minimum Dy varied between around 0.24-0.25 um. For k < 0.003, the maximum Dy
sharply increased with k from 31.5-32.5 pm to 85.6-90.4 um. For k > 0.003, the maximum Dy showed

only a small variation reaching up to around 94 um (Figure S3).

The overlapping interval between the SMPS and GRIMM data was reduced with increasing . The
GRIMM size distributions tend to spread out between 0.6-2 um (Figure S1) consequently reducing the
smoothness of the fitted size distributions within this size range which is likely due to the larger
uncertainty in the correction factors at these Dg values (Formenti et al., 2021). After correcting the data
for the loss along the instrument sampling lines, the size distribution of the particles suspended in
CESAM was in the Dg range up to 20 um, while the size distribution behind the inlet of SW-instruments

was in the Dg range up to 9 pm.

The effective diameter (D) can be used as a measure of the aerosol size distribution as defined by the

following equation (Hansen, 1971):

J'Dg.m.ax D3 . dN(Dg)
Dg min g leg Dg

J'Dg.m.ax DZ . dN(Dg)
Dg,mm g leg Dg

- dlog Dg

Defr = (23)

- dlog Dg

D¢t differs from the simple mean diameter because the particle surface area was included as a weight
factor. Since light scattering is proportional to the particle surface area, De is relevant for describing
the scattering properties of size distributions (Hansen, 1971). D was calculated for the aerosol fine
fractions (Dg < 1 um) and coarse fractions (Dg > 1 um) by varying the input parameters y, n, and k in
the examined ranges. Overall, the effective diameter of the coarse fraction (Deffcoarse) ShOwed a strong
positive correlation with k (R? = 0.6-0.8), while the correlation between Def,coarse and y or n was low (R?
< 0.1). The correlation between the effective diameter of the fine fraction (Destsine) and the input
parameters was also low. Figure S4 shows an example of the comparison between Des; calculated using

the SW-Instruments size distributions and the input parameters y, n, and k.
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Figure 5.3: Effective diameters Dest of dust particles behind the inlet of SW instruments and in CESAM
from 30 min after the injection peak to 2.5 h. a-b) Base simulation; c-d) Test 1; e-f) Test 2. Dest was
calculated for particles > 1 pum (Deffcoarse) and < 1 pm (Destfine). Data were reported as 12-min average.
Sample ID: Maeli2.
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Here, Detr was reported as the average of the Dess values obtained using different y-n-k combinations.
We assumed the RSD of the results as the uncertainty on Defr. Defr.coarse decreased with time due to the
rapid deposition of the largest particles in the chamber. In different Icelandic dust samples, Deft coarse
behind the inlet of SW instruments varied from ~3.1-3.5 um after around 30 min from the injection peak
to 2.5-2.7 um after around 2.5 h from the injection peak. For the particles suspended in CESAM, Defs coarse
varied from 8.4-11 um (30 min after the injection peak) to 3.7-4.4 um (2.5 h after the injection peak).
Dett sine remained relatively constant over the duration of the experiments varying between 0.5-0.7 um in
different samples. The uncertainty on Deff,coaurse Was < 14%-19% for the SW-instruments, and 44%-56%
for the particles suspended in CESAM, while the uncertainty on Destsine Was less than 3%. Figure 5.3
shows an example of the comparison between Desr calculated for the SW-Instruments and Des calculated
for the particles suspended in CESAM. The Des results from the sensitivity studies to account for the
error on the SMPS and GRIMM measurements were consistent within the uncertainties with the results
from the base simulation. In sensitivity Test 1, calculations were performed using the SMPS and
GRIMM data plus 1SD uncertainty. In Test 2, we used the SMPS and GRIMM data minus 1SD
uncertainty. The difference between the Des results from the sensitivity studies and Dess from the base
simulation was not significant because it was less than three times the square root of the sum of their
squared uncertainties. For the SW-instruments, Dercoarse decreased from ~3.3-3.6 pm (30 min after the
injection peak) to 2.8-3.0 um (2.5 h min after the injection peak) in Test 1, and from 2.8-3.3 (30 min
after the injection peak) to 1.4-1.9 (2.5 h min after the injection peak) in Test 2. For the particles
suspended in CESAM, Deifcoarse decreased from ~10-12 um (30 min after the injection peak) to 4.6-5.7
pUm (2.5 h min after the injection peak) in Test 1, and from 3.3-5.8 (30 min after the injection peak) to
1.6-2.0 (2.5 h min after the injection peak) in Test 2. The uncertainty on Degf,coarse Was 12%-17% in Test
1 and 9%-22% in Test 2 for the SW-Instruments, and 41%-55% in Test 1 and 9%-50% in Test 2 for the

particles suspended in CESAM. De sine results were not considerably affected in the sensitivity studies.
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5.4.2 Spectral extinction and absorption coefficients, single scattering albedo, and

complex refractive index

Figure 5.4 shows a typical example of the spectral extinction coefficient Bexi()), absorption coefficient
Bans(A), and single scattering albedo SSA(L) at 12-min resolution obtained for Icelandic dust. Pex(\) and
Bans(A) decreased with A, the largest variation being observed between 370 and 590 nm. On the other
hand, SSA(X) increased with A. Bex(A) and Pans(A) decreased with time, while SSA(L) was relatively
constant. Bext(A), Pars(A) and SSA(AR) results from the sensitivity studies were consistent within their

uncertainty with the results of the base simulation (Figure 5.4).
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Figure 5.4: Extinction coefficient Bext()), absorption coefficient Baos(A), and single scattering albedo
SSA()) at A =370, 470, 520, 590, 660, 880, 950 nm, from 30 min after the injection peak to 2.5 h. a-c) Base
simulation; d-f) Test 1; g-i) Test 2. Data were reported as 12-min average. Sample ID: Maeli2.
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Figure 5.5: Imaginary part of the complex refractive index k() at A = 370, 470, 520, 590, 660, 880, 950
nm, from 30 min after the injection peak to 2.5 h. a) Base simulation; b) Test 1; c) Test 2. Data were
retrieved at 12-min resolution. Sample ID: Maeli2.
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The real part of the refractive index n(A) did not show a dependence on A and time. n(A) varied within
the range of the examined n values (from 1.57 to 1.63 by 0.01 steps) with an uncertainty of < 3% in the
base simulation, Test 1 and Test 2. For the imaginary part of the refractive index k(A), the data with 12-
min resolution were too noisy to identify a clear relationship with time or A. In Test 1, k(A) was almost
constant with time and A. In Test 2, k did not show a clear dependence on A. For the sample MIR45, k(})
exhibited an increasing trend over time. For D3 and Maeli2, k(L) increased after around 1.5 h from the
dust injection peak. For H55 and Landl, k() did not show a temporal trend. Figure 5.5 reports an
example of the imaginary index of Icelandic dust at 12-min resolution. The uncertainty on k(A) at 12-

min resolution varied up to 99% in the base simulation, 198% in Test 1, and 79% in Test 2.

The experiment-averaged single scattering albedo SSAayq increased with A from 370 to 590 nm, while it
was relatively constant between 590 and 950 nm (Figure 5.6). SSAay(\) varied from 0.93 at 370 nm to
0.96 at 950 nm for the sample D3, from 0.94 to 0.96 for H55, from 0.91 to 0.96 for Land 1, from 0.90
to 0.95 for Maeli2, and from 0.90 to 0.94 for MIR45 (Table 5.1). The uncertainty on SSAayg(A) was <
8%. The SSAag(A) results from the sensitivity studies were consistent within their uncertainty with the

results of the base simulation (Table S1).

Figure 5.7 shows the experiment-averaged imaginary index Kayg() of different Icelandic dust samples.
Kavg decreased with A, and varied from 0.006 at 370 nm to 0.002 at 950 nm for the sample D3, from
0.005 to 0.003 for H55, Land1, and Maeli2, and from 0.005 to 0.003 for MIR45 (Table S2). In Test 1,
Kavg(1) varied between 0.003 and 0.001 for H55 and Land1, while it was constant at around 0.002 for
Maeli2 and MIR45. For the sample D3, Kavg(A) was 0.002 at 370 nm and around 0.001 for all the other
A (Table S2). In Test 2, Kayg increased with A from 0.002 at 370 nm to 0.007 at 950 nm for the sample
H55. For all the other Icelandic dust samples, the relationship between Kavg and A was not monotonic.
Kavg Varied in the range between 0.002-0.007 for D3, 0.003-0.006 for Land1, 0.002-0.005 for Maeli2,
and 0.005-0.007 for MIR45 (Table S2). The uncertainty on Kag(A) was generally < 85% in the base

simulation and Test 1, and < 70% in Test 2.
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Figure 5.6: Experiment-averaged single scattering albedo SSAaw(2) at L = 370, 470, 520, 590, 660, 880,
950 nm of Icelandic dust samples for the base simulation (Table 5.1). SSAav()) results from the base
simulation are consistent with the results from Test 1 and Test 2 (see Table S1).
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Figure 5.7: Comparison between the experiment-averaged imaginary index Kavg() at & = 370, 470, 520,
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The experiment-averaged real index nayg(A) was not dependent on A. nayg(A) varied in the range between
1.59-1.62 in the base simulation, 1.58-1.61 in Test 1, and 1.57-1.63 in Test 2 (Table S3). Overall, the

uncertainty on Nayg(A) was < 2%.

5.5 Discussion

The Icelandic dust samples examined in this study showed similar spectral optical properties. The
spectral single scattering albedo and the imaginary index, which quantify respectively the proportion of
scattering to the total extinction and absorption of aerosol particles, showed opposite trends. SSAavg(A)
increased from 0.90-0.94 at 370 nm to 0.94-0.96 at 950 nm in different samples (Table 5.1), while Kavg(A)
decreased from 0.005-0.006 at 370 nm to 0.002-0.003 at 950 nm in the base simulation (Table S2).
Absorption by mineral dust is highest in the UV-visible spectrum (around 15%) and decreases towards
the near-infrared to around 2% (Di Biagio et al., 2019), in particular the presence of iron oxide minerals
which have specific absorption bands in the UV-visible spectrum (Caponi et al., 2017; Derimian et al.,
2008; Di Biagio et al., 2019; Dubovik et al., 2002; Engelbrecht et al., 2016; Formenti et al., 2014; Lafon

et al., 2006; Moosmuller et al., 2012; Redmond et al., 2010).

Kavg(L) Was sensitive to the size distribution. In Test 1, Kayg Variation with respect to A was less evident
(Table S2). In Test 2, Kavg increased with A for the sample H55, while kayg dependence on A was not
monotonic for the other Icelandic dust samples (Table S2). Overall, Kavg(A) estimates from Test 1 were
lower than the base simulation and Test 2 (Table S2). Table S4 reports a summary of the comparison
between SSAavg(L) calculated using the measured Mie coefficients and the experiment-averaged single
scattering albedo retrieved using the complex refractive indices obtained for the base simulation, Test
1, and Test 2. Although the RMSE values were generally low, the correlation between the measured and
modelled single scattering albedo tend to be higher in the base simulation and Test 1 compared to Test
2 (Table S4). Di Biagio et al. (2019) chose to average the k values from all three scenarios. Here the
increase of k with wavelength in Test 2 is hard to explain, suggesting that Test 2 results are not realistic.
Based on this, we chose to combine the results from the base simulation and Test 1 to obtain a single set
of values for the imaginary part (Table 5.2) and real part (Table 5.3) of the complex refractive index. In
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Table 5.2, Kayg(1) decreased from 0.004 at 370 nm to 0.002-0.003 at 950 nm in different samples, while

Navg(A) was 1.60-1.61 in Table 5.3.

The complex refractive index of Icelandic dust was retrieved based on the comparison between PBext
measured and Pext cOMputed using the particle size distribution behind the inlet of SW-instruments. The
sensitivity simulations mainly affected particles > 1 um. Deifcoarse Dehind the inlet of SW-instruments
decreased from around 3.1-3.5 um (30 min after the injection peak) to 2.5-2.7 um (2.5 h min after the
injection peak) in the base simulation, from 3.3-3.6 pm to 2.8-3.0 um in Test 1, and from 2.8-3.3 um to
1.4-1.9 um in Test 2. The results from the base simulation and Test 1 were consistent with previous
measurements of the size distribution of dust aerosols conducted at CESAM, where Det coarse bEDINd the
inlet of SW-instruments varied from 3-4 um to 2-3 um (Di Biagio et al., 2019). The results of Deft coarse
from Test 2 were slightly lower than the range of values reported by Di Biagio et al. (2019). It was not
possible to define a clear relationship between Degfcoarse and SSA(A) or k(X). SSA(L) was almost constant
with time, while k(A) results at a 12-min resolution were noisier. As a result, the slope of the regression
line between Deft coarse and SSA(A) or k(L) was close to zero and the relationship between these parameters

mainly depended on the intercept values.

Table 5.1: Experiment-averaged single scattering albedo SSAavg()) + estimated uncertainty at A = 370, 470,
520, 590, 660, 880, 950 nm of Icelandic dust for the base simulation. SSAav()) results from the base
simulation are consistent with the results from Test 1 and Test 2 (see Table S1).

SSAwg(L)
Sample ID
370 nm 470 nm 520 nm 590 nm 660 nm 880 nm 950 nm

D3 0.93+0.02 0.95+0.01 0.96 £0.01 0.96 £0.01 0.96 £ 0.02 0.96 £0.01 0.96 £0.02
H55 0.94 +£0.06 0.96 £0.08 0.96 £0.08 0.96 £0.08 0.96 £0.08 0.96 £0.07 0.96 £ 0.07
Landl 0.91+£0.05 0.94 £0.03 0.95+0.03 0.95+0.03 0.96 £ 0.04 0.96 £0.04 0.96 £0.04
Maeli2 0.90+£0.03 0.93+£0.02 0.94 £0.02 0.95+£0.02 0.95+0.01 0.96 £0.01 0.95+0.02
MIR45 0.90+£0.04 0.92£0.03 0.93+£0.02 0.94 £0.03 0.94 £0.03 0.94£0.03 0.94£0.03

160



Table 5.2: Experiment-averaged imaginary index Kavwg()) £ estimated uncertainty at A = 370, 470, 520, 590,
660, 880, 950 nm of Icelandic dust. Kavg()) data are the mean of the results of the base simulation and Test 1

in Table S2.
Kavg(R)
Sample ID
370 nm 470 nm 520 nm 590 nm 660 nm 880 nm 950 nm

D3 0.004 +£0.002 | 0.003+0.001 | 0.002+0.001 | 0.002 +0.001 0.002+0 0.002+0 0.002+0
H55 0.004 +0.001 | 0.004 +0.002 | 0.003+0.001 | 0.002 +0.001 0.002+0 0.002 £ 0.001 0.002+0
Landl 0.004 £0.001 | 0.004+0.002 | 0.004+0.002 | 0.003+0.001 | 0.003+0.001 | 0.002+0.001 | 0.002+0.001
Maeli2 0.004 £0.002 | 0.004+0.002 | 0.002+0.001 | 0.003+0.001 | 0.003+0.001 0.002 £0 0.002 +0.001
MIR45 0.004 £0.001 | 0.004+0.001 | 0.003+0.001 | 0.003+0.001 | 0.003 +0.001 0.003+0 0.003+0

Table 5.3: Experiment-averaged real index navg()) £ estimated uncertainty at A = 370, 470, 520, 590, 660,
880, 950 nm of Icelandic dust. navg()) data are the mean of the results of the base simulation and Test 1 in

Table S3.
Navg(A)
Sample ID
370 nm 470 nm 520 nm 590 nm 660 nm 880 nm X950 nm
D3 1.60+0.01 1.60+0.01 1.60+0.01 1.60+0.01 1.60 £0.02 1.60 £0.02 1.60£0.01
H55 1.60+0.01 1.60+0.01 1.60+0.01 1.60+0.01 1.61 +0.02 1.60+0.01 1600
Landl 1.60+0.01 1.60+0.01 1.60+0.01 1.60+0.01 1.61+£0.01 1.60+0.01 1.61+£0.01
Maeli2 1.60+0.01 1.60+0.01 1.60 +0.02 1.61+0.01 1.60 +0.01 1.61+0.01 1.61+0.01
MIR45 1.60+0.01 1.60+0.01 1.60+0.01 1.60+0.01 1.61+£0.01 1.60+0.01 1.60+£0.01

5.5.1 Spectral complex refractive index and single scattering albedo of Icelandic dust

comparison with the literature data, volcanic ash, and low-latitude dust

Currently, only a limited number of studies have investigated the optical properties of Icelandic dust.

An initial estimates of the complex refractive index of the Icelandic dust samples examined in this study

was provided by Baldo et al. (2020), where the real and imaginary part of the complex refractive index

were retrieved using the volume-averaged mineralogical composition estimated from the same

experiments at CESAM and by applying reference complex refractive indices of individual minerals.

The real part of the volume-averaged refractive index ranged from 1.57-1.63 between 470 and 660 nm.
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The imaginary part of the volume-averaged refractive index was sensitive to the reference refractive
indices of magnetite applied in the calculations, and k(\) varied up to 1 order of magnitude in different
absorption scenarios. In the high absorption case, k decreased from 0.006-0.01 at 470 nm to 0.004-0.007
at 660 nm in different samples, while k(L) was between 0.001 and 0.003 in the low absorption case
(Baldo et al., 2020). In Zubko et al. (2019), the complex refractive index of Icelandic dust was retrieved
based on the measurements of the angular scattered-light intensity and degree of linear polarization of
aerosol particles generated from volcanic sand from the Myrdalssandur area in Iceland. They estimated

a value of 1.60 for n and 0.01 for k at 647 nm.

In this study, nag(X) (Table 5.3) was comparable with the initial estimate (Baldo et al., 2020). Kavg())
results (Table 5.2 and Figure 5.7) were within or at the lower end of the range of k()) values estimated
by Baldo et al. (2020). kayg at 660 nm was 0.002-0.003 (Table 5.2) in different samples, which is 3-5
times lower than the value reported by Zubko et al. (2019) at 647 nm. kag(A) was higher than the
imaginary index of volcanic ash from Iceland (Deguine et al., 2020; Reed et al., 2017). Laboratory
measurements showed that the imaginary index of Icelandic ash was close to 0 in the UV-visible

spectrum and tend to increase towards the near-infrared region (Deguine et al., 2020; Reed et al., 2017).

In Figure 5.8, the imaginary index of Icelandic dust was compared to the imaginary indices of low-
latitude mineral dust from major dust source regions such as northern Africa-Sahara, Sahel and Eastern
Asia (Di Biagio et al., 2019), which were obtained from laboratory measurements of suspended particles.
The imaginary index of Icelandic dust was comparable to that of typical low-latitude dust between 370-
590 nm but tend to be higher than low-latitude dust between 660 and 950. The imaginary index
decreased from around 0.002-0.005 at 370 nm to 0.001 at 950 nm for northern African-Saharan dust,
from 0.001-0.009 at 370 nm to 0.0003-0.002 at 950 nm for mineral dust from the Sahel, and from 0.002-
0.004 at 370 nm to 0.0005-0.001 at 950 nm for eastern Asian dust (Di Biagio et al., 2019). In the spectral
range between 370 and 590 nm, the difference of Kayy(A) in Table 5.2 with the spectral imaginary indices
of northern African-Saharan dust, mineral dust from the Sahel, and eastern Asian dust was less than

three times the square root of the sum of their squared uncertainties. The largest differences between
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Icelandic dust and low-latitude dust were observed from 660 to 950 nm. In particular, at these
wavelengths, the imaginary indices of the samples D3 and MIR45, representative of the two major dust
hotspots in Iceland (e.g., Arnalds et al., 2016), were 2-5 times higher than the imaginary indices of
mineral dust from Morocco, Libya, and Algeria in northern Africa-Sahara, and the Taklimakan desert

in eastern Asia, and 5-8 times higher than the imaginary indices of mineral dust from the Bodele

depression in the Sahel.
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Figure 5.8: Comparison between the experiment-averaged imaginary index Kavg(X) at & = 370, 470, 520,
590, 660, 880, 950 nm of a) Icelandic dust (Table 5.2) and mineral dust from major dust source regions
at low-latitude (Di Biagio et al., 2019), b) northern Africa-Sahara, ¢) Sahel, and d) Eastern Asia.
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The single scattering albedo of Icelandic dust (Table 5.1 and Figure 5.6) was comparable to that of low-
latitude dust (Di Biagio et al., 2019). SSAavg(L) was consistent for different sensitivity simulations and

increased from 0.90-0.94 at 370 nm to 0.94-0.96 at 950 nm in different Icelandic samples.

The single scattering albedo of Icelandic ash was also rather similar to that of Icelandic dust and low-
latitude dust. During the 2010 eruptions of Eyjafjallajokull, the single scattering albedo of a volcanic
ash plume over France (17 April 2010) varied from 0.81 at 440 nm to 0.92 at 870 nm from Aerosol
Robotic Network (AERONET) observations (Derimian et al., 2012), whereas the single scattering
albedo derived from AERONET measurements over Spain and Portugal (6-12 May 2010) was 0.95 at
440 nm but slightly decreased with wavelength (Toledano et al., 2012). However, the imaginary index
resulting from direct measurements of the Eyjafjallajokull plume in 2010 (e.g., Bukowiecki et al., 2011;
Derimian et al., 2012; Weinzierl et al., 2012) is considerably different from the results of laboratory
measurements conducted on re-suspended samples where k(A) was close to 0 (Deguine et al., 2020;
Reed et al., 2017). In Derimian et al. (2012), the imaginary index of Eyjafjallajokull ash varied from
around 0.015 at 440 nm to 0.008 at 870 nm, and Weinzierl et al. (2012) reported similar results, whereas
Bukowiecki et al. (2011) reported an average value of 0.02 between 450-700 nm. The difference
between observational data and laboratory measurements could be due to different methods used and/or

the change of the physical-chemical properties of volcanic ash plumes during atmospheric transport.

5.5.2 Optical properties and mineralogy

The chemical and mineralogical composition of the Icelandic dust samples examined in this study was
determined by Baldo et al. (2020). Icelandic dust showed a basaltic composition, with relatively high
total Fe content varying from around 11 wt% in the sample H55 to 13% in MIR45. The samples were
primarily composed of amorphous basaltic materials ranging from 8 wt % in H55 to 60 wt %—90 wt %
in the other Icelandic dust. MIR45 had the highest proportion of amorphous glass. The magnetite
fraction (1 wt%—2 wt %) was considerably higher than in low-latitude dust contributing to 7 %—15 % of
total Fe. Fe oxide minerals accounted for 9%-20% of the total Fe, while most of the iron was contained

in other mineral phases (e.g., pyroxene, feldspars and olivine) and in the amorphous glass (Baldo et al.,
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2020). Di Biagio et al. (2019) found a linear relationship between the spectral single scattering albedo
and the imaginary index and the mass concentrations of total Fe and Fe oxides. In this study, the sample
size was too small to reach statistical significance, and the values of SSAavg(X) and Kavg(X) were similar
among different samples and did not show a clear pattern (Figures 5.6-5.8). In addition, since amorphous
basaltic material is dominant, we do not expect a good correlation. In Figure 5.7, Kayg(A) results tend to
be closer to the volume-averaged imaginary indices calculated by Baldo et al. (2020) assuming the
spectral refractive index of magnetite from Querry (1985) than to the values predicted using the
refractive index of magnetite from Huffman and Stapp (1973). This suggest that dataset the from Querry
(1985) may be more representative of the complex refractive index of magnetite in Icelandic dust, and
that magnetite may be a major mineral contributing to light absorption in particular between 660 and

950 nm.

5.6 Implications for the radiative effect

Here, we provide for the first time a dataset with the spectral SW single scattering albedo and complex
refractive index of mineral dust from five major dust hotspots in Iceland. Although the mineralogical
composition of Icelandic dust differs considerably from that of mineral dust sourced in arid and semiarid
regions at low latitudes such northern Africa and eastern Asia, their spectral optical properties between
370 and 590 nm seem to be rather similar. However, in Icelandic dust, absorption between 660 and 950

nm can be 2-8 times higher than several low-latitude dust.

Icelandic dust can reach several kilometers in altitude (Dagsson-Waldhauserova et al., 2019; Groot
Zwaaftink et al., 2017) and be transported over long distances to the high Arctic (Baddock et al., 2017,
Groot Zwaaftink et al., 2017; Groot Zwaaftink et al., 2016; Moroni et al., 2018; Prospero et al., 2012).
Kylling et al. (2018) estimated that Icelandic dust produces a positive direct radiative forcing in the
Arctic via dust-radiation interaction and deposition onto snow and ice, based on calculations assuming
the same optical properties as for typical low-latitude dust. The imaginary index of mineral dust was
around 0.002 at 555 nm. This assumed k at the lower end of the range of estimates between 520 and 590
nm in Icelandic dust (0.002-0.004). Our analysis indicate that Icelandic dust can absorb more solar
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radiation between 660 and 950 nm than dust from northern Africa and eastern Asia. These new findings
suggest that the positive direct radiative forcing of Icelandic dust in the Arctic may be stronger than

previous estimates.
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CHAPTER 6: CONCLUSIONS AND FUTURE

RESEARCH

6.1 Summary and conclusions

The overall aim of this thesis was to determine the chemical and physical properties of important sources
of aerosol Fe such as CFA particles and Icelandic dust. The specific research objectives were: (1) To
determine the Fe dissolution kinetic of CFA under simulated acidic processing. (2) To determine the

mineralogical and optical properties of Icelandic dust.

This thesis focused on three major sources of uncertainty in estimating the impacts of aerosol Fe on
climate including the fractional Fe solubility, Fe mineralogy, and optical properties of aerosols, which

were identified in Chapter 1.
Chapter 2 reviewed observations and laboratory measurements of pyrogenic Fe in aerosols.

Chapter 3 presented the experimental results of Fe dissolution kinetics of CFA samples under simulated
acidic processing. More specifically, the effect of the ionic strength on the Fe dissolution at low pH and
in the presence of oxalate was examined. The high ionic strength enhanced the proton-promoted Fe
dissolution of CFA at low pH (2-3) but suppressed the oxalate-promoted Fe dissolution, which was not
considered in previous research. However, the Fe dissolution behavior varied depending on the type of
CFA. CFA samples dissolved up to 7 times faster than a Saharan dust precursor at similar experimental
conditions. The high Fe solubility of CFA was partly explained by the complete dissolution of highly
reactive amorphous Fe, but the modelled dissolution kinetics suggest that magnetite may also dissolve
relatively rapidly at low pH. The experimental results were used to develop a 3-step dissolution scheme
for the proton- and oxalate- promoted Fe dissolution of CFA at high ionic strength which was

implemented into the global atmospheric chemical transport model IMPACT. The revised model was
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validated against observations of aerosol Fe solubility over the Bay of Bengal and showed a better

agreement.

Chapter 4 and Chapter 5 described respectively the mineralogical and optical properties of Icelandic
dust in comparison to typical low-latitude dust and discussed potential impacts of Icelandic dust on
climate in high latitude regions. The experimental results showed that the mineralogical composition of
Icelandic dust differs considerably from that of northern African and Asian dust. Icelandic dust is
primarily composed of amorphous basaltic material and has a relatively high total Fe and magnetite
content and low degree of chemical weathering. The Fe solubility of Icelandic dust was comparable to
that of northern African dust at pH 4.7 but was significantly higher at pH 2. The spectral optical
properties of Icelandic dust were rather similar to those of low-latitude dust samples between 370 and
590 nm, but Icelandic dust exhibited a stronger absorptive capacity in the near-infrared region than most
of the dust samples sourced in northern Africa and eastern Asia. Our analysis indicate that magnetite
may be a major contribution to light absorption in Icelandic dust particularly between 660 and 950 nm.
Based on these differences, we concluded that Icelandic dust may have a stronger positive radiative
forcing on climate than previous estimates which were based on calculations assuming the same optical
properties as for low-latitude dust. Furthermore, Icelandic dust contributes to the atmospheric deposition

of dissolved Fe and can impact biogeochemical cycles in the North Atlantic Ocean.

This work has contributed to reducing the uncertainty in predicting the impacts of aerosol Fe on climate
and biogeochemical systems in two ways: (1) By defining a 3-step dissolution scheme for the proton-
and oxalate- promoted Fe dissolution of coal combustion sources under more realistic conditions which
can be implemented in global modelling to estimate the deposition fluxes of aerosol dissolved Fe to the
ocean. (2) By building a new dataset on the chemical composition, mineralogy, Fe speciation, fractional
Fe solubility, size distribution, and optical properties of Icelandic dust which can be used to estimate the
deposition fluxes of aerosol dissolved Fe to the North Atlantic Ocean and to determine the radiative
impact of Icelandic dust and its role on Arctic climate. Ultimately, we highlighted the role of magnetite

in the chemical and optical properties of pyrogenic Fe and mineral dust.
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6.2 Future research

This thesis provided an estimate of the optical properties of Icelandic dust, but calculation can be
improved in the future by applying different modelling approaches which account for the particle
asphericity (e.g., Nousiainen and Kandler, 2015). The measurements of the longwave optical properties
of Icelandic dust conducted at CESAM will provide further insight into the radiative effect of Icelandic
dust and its contribution to Arctic warming. The complex refractive index of volcanic ash samples
measured by Deguine et al. (2020) showed a main absorption band between 8-12 um and centered at
around 10 um. This absorption feature was linked to amorphous silicate which is a major component of
volcanic ash (Deguine et al., 2020). On the other hand, the absorption properties of Saharan dust in the
infrared region are closely related to the content of principal mineral components including calcite,
quartz, and clays (e.g., Di Biagio et al., 2017; Sokolik and Toon, 1999). Calcite absorption band peaks
at around 7 and 11.4 um, while absorption in the range between 8 and 14 um is determined by the
relative abundance of quartz and clays (Di Biagio et al., 2017; Sokolik and Toon, 1999). Since Icelandic
dust is primarily composed of amorphous silicate while calcite and clay minerals were not observed in
the samples analyzed in this study, Icelandic dust and Saharan dust may have some common features

related to the quartz absorption band.

More research is still needed to improve Fe emission, transport, and deposition and reduce the
uncertainty in the predicted fluxes of aerosol Fe. Emission inventories can be improved by a
comprehensive characterization of Fe species in pyrogenic Fe sources such as size distribution, total Fe
content, Fe mineralogy, and fractional Fe solubility. Further work is needed to determine the ligand-
promoted and photo-reductive Fe dissolution of aerosols under more realistic conditions for example at
high ionic strength and in the presence of oxalate, but also other organic ligands such as siderophore
and humic like substant (HULIS) which are present in aerosols. To determine the Fe mineralogy at
emission and after atmospheric processing is also necessary to better understand the links between Fe

solubility and Fe mineralogy.
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More research is also needed to quantify the content of magnetite and other iron oxide minerals in
aerosols and their microphysical properties such as size distribution, morphology, mixing states and
optical properties as these are the major factors controlling their radiative effect, and may also affect the

bio-accessibility of deposited Fe for marine ecosystems.

Future research should focus on biomass burning emissions which may play a key role in determining
the aerosol Fe solubility in the Southern Ocean (Ito et al., 2020; Perron et al., 2020), and metal smelting

emissions as a major source of pyrogenic magnetite in aerosols (Li et al., 2021; Rathod et al., 2020).
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Supporting information (SI)

SI Chapter 3

Table S1: Summary of the Fe dissolution experiments conducted in this study. A particles/liquid ratio of 1
g L was used at different experimental conditions. The molar concentrations of H2S04, H2C.0. and
(NH4)2S04 in the experiment solutions are reported (mol L™). The molar concentration and activity (a) of
H* and the solution pH before adding the samples (i) and at the end of the experiments (f) were calculated
using the E-AIM model 111 for aqueous solution (Wexler and Clegg, 2002). The estimated buffered H* is
~0.008 M for Krakow ash, ~0.0007 M for Aberthaw/Shandong ash, ~0.004 M for Libyan dust end member
(the procedure used to calculate the sample buffer capacity is reported in section 2.2). The final pH (pHys)
accounts for the buffer capacity of the CFA samples. For the experiment solutions with no (NH4)2SOg, the
initial pH (pHi) and pHr were also measured

Model estimates Measured pH
Exp. | [H2SO04] | [(NH4)2S04] | [H2C204]
[H*i | [H*D¢ | a(H")i | a(H*)s | pHi | pHs pHi pH¢

Exp 1 0.01 - - 0.016 | 0.009 | 0.86 | 0.86 | 1.9 2.1 1.9 2.1
Exp 2 0.05 1 - 0.031 | 0.029 | 0.29 | 0.29 | 2.0 2.1 0.0 -
Exp 3 0.05 1 0.01 0.035 | 0.032 | 0.29 0.29 2.0 2.0 0.0 -
Exp 4 0.01 - 0.01 0.023 | 0.016 | 0.86 0.85 1.7 1.9 1.7 1.9
Expl | 0.005 - - 0.008 | 0.002 | 0.89 | 0.88 | 2.1 2.7 2.2 2.6

@

;’ Exp 2 0.01 1 - 0.006 | 0.004 | 0.28 0.28 2.8 3.0 0.0 -

2

¥ Exp 3 0.005 1 0.01 0.007 | 0.005 | 0.28 0.28 2.7 2.9 0.0 -
Exp 5 0.1 - 0.03 0.138 | 0.131 | 0.76 0.76 1.0 1.0 1.1 1.1
Exp 6 0.25 0.5 0.03 0.189 | 0.186 | 0.49 0.49 1.0 1.0 0.0 -
Exp7 0.35 1 0.03 0.252 | 0.249 | 0.39 0.39 1.0 1.0 0.0 -
Exp 8 0.4 1.5 0.03 0.285 | 0.282 | 033 | 033 | 1.0 1.0 0.0 -
Exp 1l 0.005 - - 0.008 | 0.008 | 0.89 0.89 2.1 2.2 2.1 2.3

3

% Exp 2 0.05 1 - 0.031 | 0.031 | 0.29 0.29 2.0 2.0 0.0 -

=

&

Py Exp 3 0.05 1 0.01 0.035 | 0.034 | 029 | 029 | 20 2.0 0.0 -
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Exp4 | 0.002 0.01 0.012 | 0.011 | 0.90 090 | 2.0 2.0 2.0 2.1
Expl | 0.001 - 0.002 | 0.001 | 094 | 094 | 28 29 2.8 31
Exp2 | 0.005 - 0.003 | 0.003 | 0.28 028 | 3.1 3.1 0.0 -
Expl | 0.005 - 0.008 | 0.008 | 0.89 089 | 21 2.2 2.1 2.2
Exp 2 0.05 - 0.031 | 0.031 | 0.29 029 | 20 2.0 0.0 -
é Exp 3 0.05 0.01 0.035 | 0.034 | 0.29 029 | 20 2.0 0.0 -
g
% Exp4 | 0.002 0.01 0.012 | 0.011 | 0.90 090 | 2.0 2.0 2.0 2.0
o
Expl | 0.001 - 0.002 | 0.001 | 094 | 094 | 28 29 2.8 3.1
Exp2 | 0.005 - 0.003 | 0.003 | 0.28 028 | 3.1 3.1 0.0 -
Exp 1 0.01 - 0.016 | 0.012 | 0.86 086 | 1.9 2.0 1.9 2.0
3 Exp 2 0.05 - 0.031 | 0.030 | 0.29 029 | 2.0 2.1 0.0 -
E
2 Exp 3 0.05 0.01 0.035 | 0.033 | 0.29 029 | 2.0 2.0 0.0 -
=
Exp4 | 0.005 0.01 0.016 | 0.012 | 0.88 087 | 1.9 2.0 1.9 2.0
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Table S2: Percentages of ascorbate Fe (FeA), dithionite Fe (FeD), magnetite Fe (FeM), and total Fe (FeT)
in the Arizona Test Dust (ATD, Power Technology, Inc.). to the total dust mass (wt%). For each type of
extracted Fe, the standard deviation (sd) and number of replicates (n) is reported.

Fe species wit% sd n
FeA 0.057 0.002 7
FeD 0.394 0.045 7
FeM 0.047 0.006 7
FeT 3.501 0.056 3

183



Table S3: Summary of the molar concentration in mol L and activity (a) of total oxalate ions, C204%, and
HC:04 in the experiment solutions calculated using the E-AIM model 111 for aqueous solution (Wexler and
Clegg, 2002). A comprehensive description of the experimental conditions is provided in Table S1. pHf is
the calculated final pH in the experiment solutions.

Sample Exp. pH¢ [oxalate]iotar | [C204%] a(C204%) | [HC04] | a(HC2Oy)
Krakow ash | Exp 3 2.0 0.009 0.00071 0.04 0.009 0.55
Krakow ash | Exp 4 1.9 0.008 0.00006 0.49 0.008 0.86
Krakow ash Exp 3 2.9 0.010 0.00343 0.04 0.006 0.54
Krakow ash Exp 5 1.0 0.012 0.00002 0.22 0.012 0.79
Krakow ash Exp 6 1.0 0.015 0.00010 0.06 0.015 0.64
Krakow ash Exp 7 1.0 0.015 0.00015 0.04 0.015 0.65
Krakow ash Exp 8 1.0 0.015 0.00022 0.03 0.015 0.68
Aberthaw ash | Exp 3 2.0 0.009 0.00066 0.04 0.009 0.56
Aberthaw ash | Exp 4 2.0 0.009 0.00007 0.60 0.009 0.90
Shandong ash | Exp 3 2.0 0.009 0.00066 0.04 0.009 0.56
Shandong ash | Exp 4 2.0 0.009 0.00007 0.60 0.009 0.90
Libyan dust Exp 3 2.0 0.009 0.00068 0.04 0.009 0.56
Libyan dust Exp 4 2.0 0.008 0.00006 0.55 0.008 0.88
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Table S4: Modelled mass concentration of total Fe in PM:s aerosol particles (ng m=<) over the Bay of Bengal
from 27 December 2008 to 26 January 2009. Observations are reported in Bikkina et al. (2020). The
concentrations of total Fe were calculated along the cruise tracks in the North Bay of Bengal (27 December
2008 - 10 January 2009) and the South Bay of Bengal (11-26 January 2009) using the IMPACT model. The
total Fe emissions from anthropogenic combustion sources (ANTHRO) and biomass burning (BB) were
estimated using the emission inventory of (Ito et al., 2018), whereas Fe emissions from mineral dust sources
(DUST) were dynamically simulated (Ito et al., 2021).

Date DUST ANTHRO BB Total Fe
27/12/2008 20.7 11.1 0.2 31.9
28/12/2008 56.8 12.8 0.4 70.0
29/12/2008 71.2 10.7 0.4 82.4
30/12/2008 48.5 11.7 0.5 60.7
31/12/2008 55.3 17.1 0.6 73.0
01/01/2009 65.4 25.2 0.7 91.3
02/01/2009 69.2 33.5 0.7 103.4
03/01/2009 66.8 334 0.6 100.8
04/01/2009 48.0 19.1 0.5 67.7
05/01/2009 18.1 9.2 0.4 27.8
06/01/2009 6.5 7.0 0.3 13.9
07/01/2009 36.3 18.9 0.4 55.6
08/01/2009 311 14.9 0.4 46.4
09/01/2009 13.9 6.4 0.5 20.8
10/01/2009 3.4 27.9 1.9 33.2
11/01/2009 7.2 35.2 3.8 46.3
12/01/2009 5.6 214 3.5 30.5
13/01/2009 3.3 13.6 5.4 22.3
14/01/2009 3.3 15.0 7.0 25.2
15/01/2009 4.2 25.7 4.9 34.8
16/01/2009 4.6 24.3 6.1 35.0
17/01/2009 29 15.5 6.4 24.8
18/01/2009 2.0 9.5 4.7 16.1
19/01/2009 11 3.4 2.2 6.7
20/01/2009 1.0 4.3 3.9 9.2
21/01/2009 2.3 9.4 2.7 14.3
22/01/2009 25 8.7 21 13.2
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23/01/2009 11 4.2 4.3 9.6
24/01/2009 0.7 24 5.0 8.1
25/01/2009 0.6 2.9 9.5 131
26/01/2009 0.4 2.5 8.2 11.2

Table S5: Modelled Fe solubility in PM2saerosol particles (Fe%o) over the Bay of Bengal from 27 December
2008 to 26 January 2009. Observations are reported in Bikkina et al. (2020). The aerosol Fe solubility were
calculated along the cruise tracks in the North Bay of Bengal (27 December 2008 - 10 January 2009) and
the South Bay of Bengal (11-26 January 2009) using the IMPACT model. In Test 0, we run the model
without upgrades (Ito et al., 2021) and applying the proton-promoted, oxalate-promoted, and photoinduced
dissolution schemes for combustion aerosols in Table S6 (Ito, 2015). The proton + oxalate dissolution scheme
(Table 1) was applied in Test 1 and 3, while proton-promoted dissolution is used for Test 2. We adopted the
base mineralogy for anthropogenic Fe emissions (Rathod et al., 2020) in Test 1 and 2. In Test 3, the Fe

speciation of Krakow ash was used for all combustion sources.

Date Test0 Test 1 Test 2 Test 3
27/12/2008 14.2 17.2 38.0 15.2
28/12/2008 8.8 111 21.7 10.6
29/12/2008 6.5 9.3 17.2 9.2
30/12/2008 7.5 125 25.1 13.2
31/12/2008 7.5 144 29.9 14.6
01/01/2009 8.7 16.2 33.2 16.3
02/01/2009 8.8 15.8 34.1 16.0
03/01/2009 8.8 16.5 37.9 16.0
04/01/2009 8.9 16.1 35.7 16.0
05/01/2009 14.0 18.2 40.4 19.2
06/01/2009 21.6 25.2 58.4 26.6
07/01/2009 121 17.7 39.6 17.2
08/01/2009 9.5 16.4 36.0 15.6
09/01/2009 10.5 15.9 334 16.3
10/01/2009 19.0 26.7 77.9 31.4
11/01/2009 12.8 24.2 74.2 29.3
12/01/2009 16.3 24.7 81.1 30.0
13/01/2009 25.2 24.0 82.8 30.9
14/01/2009 20.5 23.8 86.8 31.1
15/01/2009 12.8 24.4 89.8 30.0
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16/01/2009 15.0 24.4 88.6 30.4
17/01/2009 22.8 26.3 90.7 33.2
18/01/2009 32.0 28.2 91.2 35.3
19/01/2009 47.9 28.8 88.7 35.3
20/01/2009 48.7 30.7 945 39.9
21/01/2009 36.5 35.7 88.6 42.0
22/01/2009 37.1 37.8 86.7 41.7
23/01/2009 60.9 37.5 95.3 46.8
24/01/2009 73.0 35.7 97.6 47.3
25/01/2009 66.8 32.7 98.8 46.0
26/01/2009 71.6 34.7 99.2 47.7

Table S6: Constants used to calculate the Fe dissolution rates for fossil fuel combustion aerosols in I1to (2015),
and the new dissolution scheme implemented in this study. Note that the dissolution scheme in Ito (2015)
was based on laboratory measurements conducted at low ionic strength.

Scheme Reference  Rate constant - k(pH, T)? me¢
Proton Ito (2015)  5.24 x 1078 exp[E(pH)® x (1/298 — 1/T)] 0.36
Oxalate Ito (2015)  3.85 x 1075 exp[E(pH)® x (1/298 — 1/T)] 1
Photoinduced Ito (2015)  4.10 x 1075 exp[E(pH)P x (1/298 — 1/T)] 1
Proton Thisstudy  7.61 x 10 %exp[E(pH)° x (1/298 — 1/T)] Stage | - Kinetic fast 0.241

1.91 x 10 7exp[E(pH)P x (1/298 — 1/T)] Stage Il - Kinetic intermediate 0.195

2.48 x 10 "exp[E(pH)° x (1/298 — 1/T)] Stage Il - Kinetic slow 0.843

Proton + Oxalate  Thisstudy  5.54 x 10~%exp[E(pH)P x (1/298 — 1/T)] Stage | - Kinetic fast 0.209
1.50 x 10~ 7exp[E(pH)P x (1/298 — 1/T)] Stage Il - Kinetic intermediate 0.091

1.77 x 10-8exp[E(pH)P x (1/298 — 1/T)] Stage 111 - Kinetic slow 0.204

3K (pH,T) is the rate constant (moles Fe g~* s7*) for each dissolution scheme.
PE(pH) = ~1.56 x 10% xpH + 1.08 x 10*,
°mi is the reaction order with respect to aqueous phase protons.
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Figure S2: Comparison between the Fe dissolution kinetics of Krakow ash predicted using Eq. (1) and
measured in H2SO4 solutions a) at pH 1.0 with 0.03 M H2C204and 1 M (NH4)2SO4, b) at pH 2.0 with 0.01 M
H2C20sand 1 M (NH4)2S0O4, ¢) at pH 2.9 with 0.01 M H2C20sand 1 M (NH4)2SO4. The molar concentrations
of H2S04, H2C204 and (NH.)2SO4 in the experiment solutions are shown. The final pH of the experiment
solutions is also reported, which was calculated using the E-AIM model 111 for agueous solution (Wexler
and Clegg, 2002) accounting for the buffer capacity of the CFA samples (Experiment 7 at pH 1.0,

Experiment 3 at pH 2.0, and Experiment 3 at pH 2.9 in Table S1).
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Figure S3: Comparison between observations and model estimates of Fe solubility in PM2s aerosol particles
over the Bay of Bengal from 27 December 2008 to 26 January 2009. Observations are from Bikkina et al.
(2020). Model estimates of Test 0, Test 1, Test 2, and Test 3 were calculated along the cruise tracks using
the IMPACT model. The Taylor diagram summarizes the statistics for the comparison between
observations of aerosol Fe solubility and the different simulations (Test 0-3). The dashed curves in blue
indicate the standard deviation values. The curves in red denote the root-mean-squared difference between
the observational data and the model predictions (RMSE). The dashed lines in black represent the
correlation coefficients.
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Figure S4: Fe dissolution kinetics of Libyan dust end member in H2SO4 solutions at around pH 2 (open
rectangles), with 1 M (NH4)2SOq (filled rectangles), with 0.01 M H2C204 (open triangles), with 0.01 M
H2C204 and 1 M (NH4)2SO4 (filled triangles). The molar concentrations of H2SO4, H2C204 and (NH4)2SO4
in the experiment solutions are shown. The final pH of the experiment solutions is also reported, which was
calculated using the E-AIM model 111 for aqueous solution (Wexler and Clegg, 2002) accounting for the
buffer capacity of the CFA samples (Experiments 1-4 in Table S1). The data uncertainty was estimated
using the error propagation formula.
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Figure S5: Fe solubility in PM2s aerosol particles over the Bay of Bengal from 27 December 2008 to 26
January 2009. a) Observations from Bikkina et al. (2020). b-c) Model estimates of Test 0 and Test 1
calculated along the cruise tracks using the IMPACT model. In Test 0, we ran the model without upgrades
in the Fe dissolution scheme (Ito et al., 2021) and applying the proton-promoted, oxalate-promoted and
photoinduced dissolution schemes for combustion aerosols in Table S6 (Ito, 2015). The proton + oxalate
dissolution scheme (Table 1) was applied in Test 1 and we adopted the base mineralogy for anthropogenic
Fe emissions (Rathod et al., 2020).
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SI Chapter 4

Table S1: Sampling sites.

Dust Hotspot Location Sample Code Latitude / Longitude
Dyngjusandur NE Iceland D3 64°50'41.885"N / 16°59'40.78"W
Hagavatn Central W Iceland H55 64°28'52.04"N / 20°27'18.81"W
Landeyjarsandur S Iceland Landl 63°34'13"N / 20°02'31"W
Melifellssandur Central S Iceland Meeli2 63°48'42.2"N / 19°07'02.5"W
Myrdalssandur S Iceland MIR45 63°32'42.08"N / 18°42'14.14"W

Table S2: Complex refractive indexes of the individual minerals used in this study.

Mineral Reference

Hematite Longtin et al. (1988)
Hematite Bedidi and Cervelle (1993)
Goethite Bedidi and Cervelle (1993)
Magnetite Querry (1985)

Magnetite Huffman and Stapp (1973)
Olivine Fabian et al. (2001)

Augite Egan and Hilgeman (1979)
Feldspar Egan and Hilgeman (1979)
Quartz Khashan and Nasif (2001)

Basaltic glass

Pollack et al. (1973)

Table S3: Amorphous Fe (FeA), dithionite Fe (FeD, Hematite + Goethite), magnetite (FeM), initial Fe
solubility (Feisol) and potential Fe solubility (Fepsol) as extracted-dissolved Fe to total dust mass. The standard
deviation (sd) is reported, n = 3. For Fepsol, Sd Was estimated based on the relative standard deviation
obtained for a dust sample from Africa (Libya), n=7.

FeA FeD FeM Feisol Fepsol
Samples
wit% (sd) wit% (sd) wit% (sd) wit% (sd) wt% (sd)
D3 0.1 (0.02) 0.44 (0.04) 1.76 (0.26) 0.07 (0.002) 3.35(0.14)
H55 0.04 (0.004) 0.33 (0.02) 1.5(0.20) 0.01 (0.001) 1.78 (0.07)
Landl 0.14 (0.03) 0.77 (0.09) 0.87 (0.02) 0.01 (0.001) 2.12 (0.09)
Maeli2 0.18 (0.006) 0.79 (0.03) 1.66 (0.10) 0.03 (0.003) 3.39(0.14)
MIR45 0.04 (0.001) 0.13 (0.002) 1 (0.06) 0.01 (0.001) 1.75 (0.07)
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Figure S1: PMio collection system.
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Figure S2: Element oxide mass percentages of PM1o (custom-made reactor) and PMzo (CESAM chamber).
The data uncertainty is ~12%, estimated using the error propagation formula.
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Figure S3: Classification of the dust samples (PM1o and PMzo fractions) based on the total alkali and silica
(TAS) contents from the XRF measurements. The data uncertainty was estimated using the error
propagation formula.
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Figure S4: Diffractogram of D3, PMuo fraction. The black curve corresponds to the experimental data and
the red curve to the model by MAUD software. The grey curve is the difference between the observations
and the model.
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Figure S5: Diffractogram of H55, PMo fraction. The black curve corresponds to the experimental data and

the red curve to the model by MAUD software. The grey curve is the difference between the observations
and the model.
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Figure S6: Diffractogram of Land1, PMyo fraction. The black curve corresponds to the experimental data

and the red curve to the model by MAUD software. The grey curve is the difference between the
observations and the model.
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Figure S7: Diffractogram of Maeli2, PMyo fraction. The black curve corresponds to the experimental data

and the red curve to the model by MAUD software. The grey curve is the difference between the
observations and the model.
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Figure S8: Diffractogram of MIR45, PMuo fraction. The black curve corresponds to the experimental data

and the red curve to the model by MAUD software. The grey curve is the difference between the
observations and the model.
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Figure S9: Correlation of Fepso/ FeT (%) with the content of magnetite (FeM / FeT, %), pyroxene (wt%o)
and amorphous glass (wt%). The regression line in blue was calculated based on the whole dataset. The
regression line in light blue was calculated excluding H55 (the dust sample with the lowest amorphous
fraction).
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SI Chapter 5

Table S1: Experiment-averaged single scattering albedo SSAavw(A) £ estimated uncertainty at . = 370, 470, 520, 590, 660, 880, 950 nm of Icelandic dust for the
base simulation, Test 1 and Test 2.

SSAavg(A)
Info Sample ID
370 nm 470 nm 520 nm 590 nm 660 nm 880 nm X950 nm
Base simulation | D3 0.93+0.02 0.95+0.01 0.96+0.01 0.96 + 0.01 0.96 + 0.02 0.96 +0.01 0.96+0.02
Base simulation | H55 0.94 +0.06 0.96 +0.08 0.96 +0.08 0.96 + 0.08 0.96 + 0.08 0.96 + 0.07 0.96 + 0.07
Base simulation | Landl 0.91+0.05 0.94 +0.03 0.95+0.03 0.95+0.03 0.96 + 0.04 0.96 + 0.04 0.96 + 0.04
Base simulation | Maeli2 0.90+0.03 0.93+0.02 0.94+0.02 0.95+0.02 0.95+0.01 0.96 +0.01 0.95+0.02
Base simulation | MIR45 0.90 £ 0.04 0.92+0.03 0.93+0.02 0.94 +0.03 0.94 +0.03 0.94 +0.03 0.94 +0.03
Test 1 D3 0.93+0.02 0.95+0.01 0.96 £ 0.01 0.96 £ 0.01 0.96 + 0.02 0.96 £ 0.01 0.96 +0.01
Test 1 H55 0.94 +0.05 0.96 + 0.07 0.96 + 0.07 0.96 + 0.08 0.96 + 0.08 0.96 + 0.07 0.96 + 0.07
Test 1 Land1 0.91+0.05 0.94 +0.03 0.95+0.03 0.95+0.03 0.96 + 0.04 0.96 + 0.04 0.96 + 0.04
Test 1 Maeli2 0.90+0.03 0.93+0.02 0.94 +0.02 0.95+0.02 0.95+0.01 0.96 + 0.02 0.96+0.02
Test 1 MIR45 0.90 +0.04 0.92+0.02 0.93+0.02 0.94 +0.03 0.94 +0.03 0.94 +0.03 0.94 +0.03
Test 2 D3 0.93+0.01 0.95+0.01 0.96+0.01 0.96 + 0.02 0.96 + 0.02 0.96 + 0.02 0.96+0.02
Test 2 H55 0.94 +0.06 0.96 +0.08 0.96 + 0.08 0.96 + 0.08 0.96 + 0.08 0.96 + 0.08 0.96 + 0.08
Test 2 Land1 0.91+0.04 0.93+0.02 0.95+0.03 0.95+0.03 0.96 + 0.03 0.96 + 0.04 0.96 + 0.04
Test 2 Maeli2 0.90+0.02 0.93+0.01 0.94+0.01 0.95+0.01 0.95+0.01 0.95+0.01 0.95+0.01
Test 2 MIR45 0.90+0.05 0.92 +0.04 0.93+0.03 0.94 +0.04 0.94 +0.04 0.94 +0.04 0.94 + 0.04
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Table S2: Experiment-averaged imaginary index Kawg() £ estimated uncertainty at A = 370, 470, 520, 590, 660, 880, 950 nm of Icelandic dust for the base
simulation, Test 1 and Test 2.

Info Sample ID o)

370 nm 470 nm 520 nm 590 nm 660 nm 880 nm X950 nm
Base simulation | D3 0.006 £ 0.003 | 0.005+0.002 | 0.003+0.002 | 0.002+0.001 0.002+0 0.002+0 0.002+0
Base simulation | H55 0.005+0.002 | 0.005+0.003 | 0.005+0.002 | 0.002+0.001 0.003+0 0.002+0 0.002+0
Base simulation | Landl 0.005+0.002 | 0.005+0.003 | 0.005+0.003 | 0.005+0.002 | 0.004+0.002 | 0.003+0.001 | 0.002+0.001
Base simulation | Maeli2 0.005+0.003 | 0.005+0.003 | 0.002+0.002 | 0.004+0.002 | 0.003+0.001 | 0.002+0.001 | 0.002+0.001
Base simulation | MIR45 0.005+0.002 | 0.005+0.002 | 0.004+0.001 | 0.004+0.001 | 0.003=0.001 0.003+0 0.003%0
Test 1 D3 0.002 £ 0.001 0.001+0 0.001+0 0.001+0 0.001+0 0.001+0 0.001+0
Test 1 H55 0.003 £0.001 | 0.002 £0.001 0.001+0 0.001+0 0.001+0 0.002 + 0.001 0.002+0
Test 1 Landl 0.003 £ 0.002 0.002+0 0.002+0 0.001+0 0.001+0 0.001 + 0.001 0.002+0
Test 1 Maeli2 0.002 £ 0.001 | 0.002 +0.001 0.002+0 0.002+0 0.002+0 0.002+0 0.002+0
Test 1 MIR45 0.002 £0.001 | 0.002+0.001 | 0.002+0.001 | 0.002+0.001 | 0.002+0.001 0.002+0 0.002+0
Test 2 D3 0.003 £ 0.001 0.002+0 0.002+0 0.002+0 0.004 + 0.002 0.002+0 0.007 + 0.002
Test 2 H55 0.002+0 0.004 £ 0.001 | 0.005+0.001 | 0.006+ 0.002 0.007+0 0.006 + 0.002 0.007+0
Test 2 Landl 0.005+0 0.003+£0.001 | 0.003+0.001 | 0.003+0.001 | 0.004+0.002 | 0.005+0.001 | 0.006+0.002
Test 2 Maeli2 0.004+0 0.004 +0.002 | 0.002 +0.001 0.002+0 0.002+0 0.005+0.001 | 0.005+0.001
Test 2 MIR45 0.007 +0 0.006 £ 0 0.006 £ 0.001 0.005+0 0.005+0 0.006 =0 0.006 = 0
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Table S3: Experiment-averaged real index navw()) £ estimated uncertainty at A = 370, 470, 520, 590, 660, 880, 950 nm of Icelandic dust for the base simulation,

Test 1 and Test 2.
Info Sample ID Nevs)

370 nm 470 nm 520 nm 590 nm 660 nm 880 nm X950 nm
Base simulation D3 1.60 +0.02 1.61+0.02 1.61+0.02 1.61+0.02 160+0 1.60+0 1.60+0
Base simulation H55 1.59 +0.02 1.60 +0.02 1.62+0.01 1.61 +0.02 1.61+0.03 1.60+0 1.60+0
Base simulation Landl 1.59 +0.02 1.59+0.01 1.60 +0.02 1.60 +0.02 1.61 +0.02 1.60 + 0.02 1.61 +0.02
Base simulation Maeli2 1.59 +0.02 1.60 +0.02 1.60 +0.03 1.61 +0.02 1.60 +0.02 1.61+0.02 1.61 +0.02
Base simulation MIR45 1.60 £ 0.02 1.60 £ 0.02 1.60 £ 0.02 1.59 +0.02 1.60 £ 0.02 1.60 + 0.02 1.60 + 0.02
Test 1 D3 1.60 £ 0.02 158+0 158+0 1.58 £ 0.00 1.60 £ 0.03 1.60 + 0.03 1.60 £ 0.02
Test 1 HS55 1.60 £ 0.02 1.60 £ 0.02 1580 1.59 +0.02 1.60 £ 0.02 1.59+0.01 1600
Test 1 Landl 1.60 £ 0.02 1600 1600 1.60 £ 0.02 1.60 £ 0.02 1.60 £ 0.02 1600
Test 1 Maeli2 1.60 +0.02 1.60 +0.02 1.60+0 160+0 160+0 160+0 1.60+0
Test 1 MIR45 1.60 +0.02 1.60 +0.02 1.60 £ 0.02 1.60 + 0.02 1.61+0.02 160+0 1.60+0
Test 2 D3 1.60 £ 0.02 1.60 +0.02 1.60 £ 0.02 1.59 +0.02 1.59 +0.02 158+0 1.60 £ 0.02
Test 2 H55 1.60 £ 0.02 1.61 +0.02 1.62+0.01 1.60 + 0.02 159+0 1.59 +0.02 1630
Test 2 Landl 1.62+0.01 1.60 £ 0.02 1.60 £ 0.03 1.61+0.03 1.60 £ 0.03 1.61+0.02 1.60 £ 0.02
Test 2 Maeli2 1.62 +0.02 1.61+0.02 1.60 £ 0.02 1.60 £ 0.02 1.60 £ 0.02 1.60 £ 0.02 1.61+0.02
Test 2 MIR45 1570 1.59 + 0.02 1.60 £ 0.02 162+0 162+0 1.58 + 0.02 1600
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Table S4: Comparison between SSAavg()) calculated using the measured Mie coefficients and the single scattering albedo retrieved using the complex refractive
indices from the results of the base simulation, Test 1 and Test 2. The RMA regression slope and intercept are reported, in addition to the R2 value and RMSE.

Info Sample ID Slope Intercept R? RMSE
Base Simulation D3 4.75 -3.62 0.84 0.06
Test 1 D3 1.15 -0.13 0.95 0.01
Test 2 D3 2.64 -1.59 0.29 0.04
Base Simulation | H55 6.69 -5.50 0.68 0.07
Test 1 H55 4.46 -3.33 0.95 0.03
Test 2 H55 -3.28 4.03 0.72 0.08
Base Simulation Landl 2.72 -1.68 0.75 0.06
Test 1 Landl 1.92 -0.87 0.96 0.02
Test 2 Landl 1.62 -0.62 0.43 0.04
Base Simulation Maeli2 2.49 -1.44 0.79 0.04
Test 1 Maeli2 0.76 0.22 0.88 0.01
Test 2 Maeli2 1.75 -0.72 0.59 0.03
Base Simulation MIR45 2.46 -1.38 0.89 0.04
Test 1 MIR45 0.81 0.18 0.80 0.01
Test 2 MIR45 2.24 -1.20 0.95 0.05
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Figure S1: Geometrical size distributions dN/dlogDg at 30 min after the injection peak a) obtained using
the calibration values of %, n and k, b-f) obtained for different x-n-k combinations. y is the dynamic shape
factor used to convert the mobility diameter Dm measured by the SMPS into geometrical diameters Dg. n
and k are respectively the real and imaginary part of the complex refractive index used to convert the
optical diameter Dop measured by the GRIMM into Dg. Sample 1D: Maeli2.

208



Maeli2
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Figure S2: Processing of the size distribution data. The graphs show the geometrical size distributions
dN/dlogDg at 30 min after the injection peak obtained using the calibration values of the parameters ¥,
n, and k. a) Merging of the geometrical size distributions dN/dlogDy of SMPS and GRIMM. b)
Interpolation of the merged size distribution. ¢) Normalisation. d) Correction for particle loss to
determine the real size distribution in CESAM. Size distribution behind the inlet of the SW-instruments
e) aethalometer and f) nephelometer. Sample ID: Maeli2.
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GRIMM Dy intervals
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Figure S3: GRIMM Dy intervals. Dgmax and Dgmin are the upper and lower limit of the Dg intervals. n and
k are respectively the real and imaginary part of the complex refractive indices used to convert the optical
diameter Dop measured by the GRIMM into geometrical diameters Dy.
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Figure S4: Comparison between the effective diameter of the coarse fractions (Deffcoarse) and of the fine
fractions (Dett fine) calculated using the SW-Instruments size distributions and the input parameters y, n, and
k.
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a) Base simulation - SW-Instruments b) Base simulation - CESAM
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Figure S5: Effective diameters Desr Of dust particles behind the inlet of SW instruments and in CESAM,
from 30 min after the injection peak to 2.5 h. a-b) Base simulation; c-d) Test 1; e-f) Test 2. Detr was
calculated for particles > 1 um (Deff.coarse) and < 1 pm (Defrfine). Data were reported as 12-min average.
Sample ID: D3.
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a) Base simulation - SW-Instruments b) Base simulation - CESAM
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Figure S6: Effective diameters Desr Of dust particles behind the inlet of SW instruments and in CESAM,
from 30 min after the injection peak to 2.5 h. a-b) Base simulation; c-d) Test 1; e-f) Test 2. Detr was
calculated for particles > 1 um (Deff.coarse) and < 1 pm (Defrfine). Data were reported as 12-min average.
Sample ID: H55.
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Figure S7: Effective diameters Desr Of dust particles behind the inlet of SW instruments and in CESAM,
from 30 min after the injection peak to 2.5 h. a-b) Base simulation; c-d) Test 1; e-f) Test 2. Detr was
calculated for particles > 1 um (Deff.coarse) and < 1 pm (Defrfine). Data were reported as 12-min average.
Sample ID: Land1.
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Figure S8: Effective diameters Desr Of dust particles behind the inlet of SW instruments and in CESAM,
from 30 min after the injection peak to 2.5 h. a-b) Base simulation; c-d) Test 1; e-f) Test 2. Detr was
calculated for particles > 1 um (Deff.coarse) and < 1 pm (Defrfine). Data were reported as 12-min average.
Sample ID: MIR45.
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Figure S9: Extinction coefficient Pext(A), absorption coefficient Bans()), and single scattering albedo SSA (%)
at A = 370, 470, 520, 590, 660, 880, 950 nm, from 30 min after the injection peak to 2.5 h. a-c) Base
simulation; d-f) Test 1; g-i) Test 2. Data were reported as 12-min average. Sample ID: D3.
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Figure S10: Extinction coefficient Bext(}), absorption coefficient Pans(A), and single scattering albedo
SSA(2) at A =370, 470, 520, 590, 660, 880, 950 nm, from 30 min after the injection peak to 2.5 h. a-c) Base
simulation; d-f) Test 1; g-i) Test 2. Data were reported as 12-min average. Sample 1D: H55.
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Figure S112: Extinction coefficient Bext(A), absorption coefficient Bans()), and single scattering albedo
SSA(2) at A =370, 470, 520, 590, 660, 880, 950 nm, from 30 min after the injection peak to 2.5 h. a-c) Base
simulation; d-f) Test 1; g-i) Test 2. Data were reported as 12-min average. Sample ID: Land1.
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Figure S12: Extinction coefficient Pext()), absorption coefficient fans()), and single scattering albedo
SSA(2) at A =370, 470, 520, 590, 660, 880, 950 nm, from 30 min after the injection peak to 2.5 h. a-c) Base
simulation; d-f) Test 1; g-i) Test 2. Data were reported as 12-min average. Sample ID: MIR45.
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Figure S13: Imaginary part of the complex refractive index k(}) at & = 370, 470, 520, 590, 660, 880, 950
nm, from 30 min after the injection peak to 2.5 h. a) Base simulation; b) Test 1; c) Test 2. Data were
retrieved at 12-min resolution. Sample ID: D3.
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Figure S14: Imaginary part of the complex refractive index k()) at A = 370, 470, 520, 590, 660, 880, 950
nm, from 30 min after the injection peak to 2.5 h. a) Base simulation; b) Test 1; c) Test 2. Data were

retrieved at 12-min resolution. Sample ID: H55.
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Figure S15: Imaginary part of the complex refractive index k()) at A = 370, 470, 520, 590, 660, 880, 950
nm, from 30 min after the injection peak to 2.5 h. a) Base simulation; b) Test 1; c) Test 2. Data were
retrieved at 12-min resolution. Sample ID: Land1.
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Figure S16: Imaginary part of the complex refractive index k()) at A = 370, 470, 520, 590, 660, 880, 950
nm, from 30 min after the injection peak to 2.5 h. a) Base simulation; b) Test 1; c) Test 2. Data were
retrieved at 12-min resolution. Sample ID: MIR45.
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