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Résumé 

La poussière minérale atmosphérique émise dans les régions arctiques peut modifier de 

manière significative le bilan énergétique de l'atmosphère nordique en diffusant et en 

absorbant la radiation. La poussière joue également un rôle important dans le cycle 

biogéochimique des métaux et peut avoir des effets négatifs sur la qualité de l'air et la santé 

publique. L'impact des sources de poussière du Nord sur l'atmosphère et l'environnement peut 

changer rapidement, car le réchauffement du climat dans le Nord peut augmenter la production 

de poussière minérale et peut affecter les régions d'origine. Cependant, à l'heure actuelle, 

l'impact de ces changements est difficile à évaluer, car très peu d'études scientifiques 

effectuent des mesures directes des émissions de poussières minérales ainsi que des propriétés 

chimiques et microphysiques des poussières minérales dans les régions arctiques. Pour 

combler cette lacune, nous avons fait des mesures de la poussière minérale en juin 2017 et en 

mai 2018 près de l'Ä’äy Chù (rivière Slims), dans une vallée proglaciale du Yukon, qui est un 

site important des émissions de la poussière. Le changement climatique a eu de lourdes 

conséquences sur la vallée d'Ä'äy Chù. Le retrait rapide du glacier Kaskawulsh laissant le lit 

de la rivière exposé augmentant ainsi potentiellement sa surface érodable qui peut produire de 

la poussière. Nous avons collecté des échantillons d’aérosols (PM10 et poussières minérales 

déposées) dans toute la vallée Ä’äy Chù et avons enregistré des données météorologiques afin 

d’établir un lien entre des facteurs environnementaux et l’émission de poussières. Nous avons 

également utilisé une méthode quantitative pour analyser les métaux traces dans les poussières 

minérales par spectrométrie de masse à plasma à couplage inductif (ICP-MS) afin de 

quantifier les métaux traces dans les échantillons de PM10, du sol et de poussières minérales 

déposées. 

 

Notre étude est la première à mener une caractérisation chimique et microphysique des 

poussières minérales émises directement par une source de poussière de haute latitude au 

Canada. L'analyse des données obtenues par un compteur de particules optiques (OPC) a 

indiqué à quelle heure des événements de poussière se sont produits pendant la journée, tandis 

qu'une analyse gravimétrique d'échantillons de filtres a montré des concentrations ambiantes 
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entre 240 µg / m³ et 3 950 µg / m³ à la source des poussières. En outre, les seuils de qualité de 

l’air de l’Organisation de la Santé Mondial (OSM) ont été dépassés aux sites proches de la 

source de poussière, notamment au centre des visiteurs Thachäl Dhäl géré par Parcs Canada et 

à un site situé à proximité de la route de l’Alaska. Nous n'avons pas réussi à analyser nos 

échantillons en utilisant l'ablation au laser ICP-MS et l'ICP-MS à particule unique. 

Néanmoins, nous avons validé avec succès un protocole d'analyse ICP-MS d'échantillons 

digérés et avons ainsi pu appliquer cette technique à l'analyse de nos échantillons. L’analyse 

de la composition élémentaire par ICP-MS a révélé l’enrichissement en échantillons de PM10 

de la composition des éléments mineurs et des éléments traces par rapport aux sols, 

généralement par un facteur de 1,5 à 2. De plus, une analyse SEM / EDS a démontré que les 

poussières émises se composent principalement de particules non sphériques composées 

d'agrégats minéraux d'argile aluminosilicate. Enfin, nous avons calculé le flux vertical de 

masse de particules, et nous avons utilisés le flux, la distribution de taille et la composition du 

PM10 afin d’évaluer plusieurs théories relatives au mécanisme prédominant d'émission de 

poussière qui se produit dans la vallée d'Ä'äy Chù. 

 

Mots-clés : La poussière minérale, Nord du Canada, Chimie atmosphérique, Aérosols, 

Changement climatique 
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Abstract 

Airborne mineral dust emitted in Arctic regions can significantly alter the energy balance of 

the Northern atmosphere through scattering and absorption of radiation; dust also plays an 

important role in the biogeochemical cycling of metals and can have deleterious effects on air 

quality and public health. The impact of northern dust sources on the atmosphere and 

environment may change rapidly, as warming temperatures in the North can increase mineral 

dust production and source regions by inducing topographical changes due to rapid glacier 

ablation. However, at present, the impact of such changes is difficult to evaluate because there 

are very few scientific studies that perform direct field measurements of mineral dust 

emissions as well as of mineral dust chemical and microphysical properties in Arctic regions. 

To address this knowledge gap, we performed mineral dust measurement campaigns in June 

2017 and May 2018 near the Ä’äy Chù (Slims River), within a proglacial valley in Yukon, 

Canada that has exhibited strong dust emissions. The Ä’äy Chù Valley has been impacted 

heavily by climate change, as the rapid retreat of the adjacent Kaskawulsh glacier, recently 

routed waters away from the river valley, leaving the riverbed exposed and thus potentially 

increasing its dust-producing erodible surface area. We have collected aerosol samples (PM10 

and deposited mineral dust) throughout the Ä’äy Chù Valley, and have recorded weather data 

to establish a link between environmental factors and the emission of dust. We have also 

employed an efficient, quantitative method for analysis of trace metals in mineral dust via 

inductively coupled plasma mass spectrometry (ICP-MS) to quantify trace metals in PM10 

samples, soil and in deposited mineral dust samples. 

 

Ours is the first field campaign to provide chemical and microphysical characterization of 

mineral dust emitted directly from a high-latitude dust source in Canada. Analysis of data 

obtained by an optical particle counter (OPC) indicated dust events occurred during both 

daylight and non-daylight hours, while gravimetric analysis of filter samples found ambient 

concentrations ranging between 240 µg/m3 and 3950 µg/m3 at the dust source during the 

course of the dust observation campaign. Furthermore, air quality thresholds of the World 

Health Organization (WHO) were exceeded at sites near the dust source, including at the 
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Thachäl Dhäl Visitor’s Center run by Parks Canada and a site next to the Alaska Highway. We 

were unable to successfully analyze our samples using laser ablation ICP-MS and single 

particle ICP-MS. Nevertheless, we successfully validated a protocol for performing ICP-MS 

analysis of digested samples and were thus able to apply this technique to the analysis of our 

samples. Analysis of elemental composition via ICP-MS has revealed enrichment of minor 

and trace element content in ambient air samples as compared to soils and dust deposition, 

generally by a factor of 1.5 to 2. Moreover, SEM/EDS analysis has demonstrated that the 

emitted dust primarily consists of non-spherical particles composed of aluminosilicate clay 

mineral aggregates. Finally, we have calculated the vertical flux of particulate mass, and have 

used the flux, the size distribution, and the composition of both PM10 and soil samples to 

evaluate several theories related to the predominant dust emission mechanism that occurs in 

the Ä’äy Chù Valley. 

Keywords : Mineral dust, Canadian North, Atmospheric chemistry, Aerosols, Climate change 
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Chapter 1 – Introduction 

Mineral dust is the most abundant total suspended particle aerosol species in the atmosphere 

and plays an important role in many atmospheric and environmental processes (Formenti et al. 

2003). It can interact with atmospheric radiation directly, by scattering and absorbing 

radiation, and indirectly, by acting as cloud condensation nuclei or ice nuclei (Huang et al. 

2006; Lohmann and Diehl 2006; Sokolik and Toon 1996). Furthermore, mineral dust can 

transport nutrients to aquatic and terrestrial environments; it can also take part in 

heterogeneous chemical reactions that can alter the composition of the atmosphere and can 

negatively impact air quality and public health (Avila et al. 1998; Phalen et al. 1991; Prospero 

1999b; Usher et al. 2002). 

Emissions of particulate matter can greatly impact the atmosphere of Arctic and sub-Arctic 

regions, as its radiative effects are more pronounced in the pristine air of the North. In 

addition, the dust emitted from these regions has been shown to make up 90% of mineral 

deposition in the North, and thus likely plays a much larger role in provision of minerals to 

local ecosystems as compared to dust transported to the North from lower-latitude sources 

(Groot Zwaaftink et al. 2016). Moreover, the rapid warming of the North has induced 

topographical changes that have potentially created new dust sources or altered the emissions 

of existing sources – these changes will likely continue as Northern temperatures continue to 

rise. However, despite its significance, there are very few scientific studies that characterize 

mineral dust in Arctic regions. 

For these reasons, we have collected airborne particulate matter samples near the Ä’äy Chù 

(Slims River) in the Canadian Yukon, a location at which dust storms are regularly produced 

during the spring and summer, and whose topography has been greatly impacted due to 

climate change (Shugar et al. 2017). Through our analysis, we hope to characterize the 

collected dust by determining its composition, morphology, and processes of emission, while 

developing a method for performing this analysis that allows sample collection and instrument 

maintenance in the harsh and remote conditions of the Canadian North.  
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Figure 1-1. Schematic detailing the processes of mineral dust emission as well as 

subsequent atmospheric and environmental impacts in high latitude regions. (Adapted 

from: Bullard, J. E. et al., High-latitude dust in the Earth system. Reviews of Geophysics 

2016, 54 (2), 447-485.) 

 

1.1 Mineral dust in the atmosphere and environment 

As mineral dust is pervasive in the environment and exists in large quantities in the 

atmosphere, it is important to understand the impact mineral dust can have on atmospheric 
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radiative forcing, heterogeneous chemistry in the atmosphere, biogeochemical cycling of 

minerals, and public health. It is evident that the size distribution, shape characteristics, and 

chemical composition of mineral dust ultimately determine the effect it will have on the 

atmosphere and environment. These qualities are not independent, and are often highly 

correlated; for example, the overall elemental or mineralogical composition may change 

depending on the particle size range, with certain minerals dominating the coarse fraction and 

others dominating the fine fraction. Thus, an all-encompassing analysis of the size, 

composition, and morphology of ambient mineral dust is necessary to gauge its behavior and 

impact. A summary graphic that includes the impact of dust on the atmosphere and 

environment is provided in Figure 1-1. 

 

1.1.1 Radiative forcing 

The energy in the earth’s atmosphere is provided by incoming solar radiation. This radiation 

can be reflected back into space, absorbed by the earth, or lost from the earth through emission 

of infrared radiation. The imbalance between incoming and outgoing radiation is known as 

“radiative forcing” and can ultimately have either a net warming or net cooling of the planet 

(Seinfeld and Pandis 2006). There are a variety of atmospheric factors that can influence 

radiative forcing, including the reflectivity of the Earth’s surface, the presence of greenhouse 

gases such as carbon dioxide, and interaction of radiation with clouds or particulate matter in 

the atmosphere (Seinfeld and Pandis 2006). It is important for global climate models to be able 

to quantify the degree to which anthropogenic and natural emissions will influence radiative 

forcing, in order to predict a timeline for the future warming of the planet. However, the 

uncertainties present in recent attempts to quantify the impact of anthropogenic activity on 

radiative forcing are so large that predictions of future climate change have uncertainties of 

several degrees Celsius – this is largely due to a lack of understanding of direct and indirect 

effects of ambient aerosol species on the radiative balance of the atmosphere (Figure 1-2) 

(Stocker et al. 2013). Among these aerosols, the contribution of mineral dust to radiative 

forcing has not been well quantified in global climate models (Stocker 2014). 
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Atmospheric aerosols, including mineral dust, can influence radiative forcing directly, through 

scattering and absorption of light by individual particles. They can also indirectly affect 

radiative forcing by serving as cloud condensation nuclei (CCN) or ice nuclei (IN), 

influencing the formation of clouds that can themselves alter the radiative balance of the 

atmosphere. The optical properties of a given particle and its CCN or IN activity are 

determined by its size, morphology, and chemical composition; thus, characterization of these 

factors is crucial to determining the impact a given dust source will have on both indirect and 

direct radiative forcing (Stocker 2014). 

Figure 1-2. Radiative forcing estimates and uncertainty resulting from 

anthropogenic activity, which demonstrates that the majority of uncertainty lies in 

predictions of aerosol direct and indirect radiative effects. Figure provided by the 

International Panel on Climate Change AR5 2013 report. (Image Source: Stocker, T. 

F. et al., Climate change 2013: the physical science basis. Intergovernmental panel 

on climate change, working group I contribution to the IPCC fifth assessment report 

(AR5). New York 2013.) 
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 The size distribution of mineral dust in the atmosphere is often very large, as dust can 

exist anywhere in the range of nanometers to hundreds of microns (Archuleta et al. 2005; 

Betzer et al. 1988). Particles in the size range of fifty to several hundred nanometers greatly 

influence the ability of mineral dust to act as CCN; Dusek et al. (2006) demonstrated that 

mineral dust CCN activity depends more strongly on the particle number distribution, in which 

the smallest particles are most abundant, than it does on chemical composition. With regard to 

larger mineral dust particles, model studies have indicated that increased presence of particles 

in the coarse mode (which comprises particles between 2.5 and 10 µm in diameter) generally 

produce more of a warming direct effect, and that the distribution of sizes within this coarse 

mode can significantly alter the overall radiate effects of the dust (Otto et al. 2007). 

In addition, particle size is proportional to atmospheric lifetime, as larger particles are more 

prone to deposition due to their larger mass; particles with diameters less than 10 µm (PM10) 

are better able to undergo long-range transport in the atmosphere (Mahowald et al. 2014; 

Prospero 1999a). As a result, the effects of PM10 on radiative forcing can be felt over a wider 

area and for a longer period of time than those of larger particles. This further emphasizes the 

importance of the size distribution of mineral dust to characterize the dust’s potential impact 

on radiative forcing. 

The shape of mineral dust particles is highly variable and rarely spherical, and this non-

sphericity can greatly influence the optical properties of the dust. The physics of light 

scattering and absorption by particles with irregular shapes is extremely complex as compared 

to that of spherical particles, and applications of Mie theory used in most atmospheric studies 

– which assume that light is scattered by spherical particles with a smooth surface – are not 

applicable to mineral dust (Mishchenko et al. 1999). Thus, non-sphericity may contribute error 

to model studies that assume all particles are spherical. Kalashnikova et al. (2004) found that 

non-spherical particle shapes had greater extinction coefficients and single-scattering albedo 

when compared to their spherical counterparts; they attributed this difference to the increased 

surface area resulting from the angularity and non-sphericity of the particles. Furthermore, the 
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results of their study indicated that the assumption of sphericity could lead to a significant 

underprediction of radiative forcing if calculated on the global scale (Kalashnikova and 

Sokolik 2004). 

Chemical composition is another factor that can greatly influence the contribution of mineral 

dust to radiative forcing. Mineral dust is typically externally mixed and comprised of a wide 

range of minerals (Falkovich et al. 2001). The ability of a particle to scatter and absorb light 

depends greatly on the particle’s mineralogy (Lide 1964). As a result, direct radiative forcing 

depends greatly on the mineralogy of the dust in the atmosphere. There have been many 

studies that demonstrate the effect of mineralogy on radiative forcing – for example, it has 

been shown that hematite content is a major factor that determines the capacity of the dust to 

absorb radiation (Dubovik et al. 2002). Indeed, darker minerals such as iron oxides form the 

component of dust that is more able to absorb at wavelengths in the visible range. 

Chemical composition can also influence the indirect effects of mineral dust on radiative 

forcing (Haywood and Boucher 2000). Laboratory studies have demonstrated carbonate 

particles to be favorable for the formation of CCN as a result of atmospheric reactions with 

nitrogen-containing trace gases that increase the hygroscopicity of these minerals; clay 

particles such as kaolinite and illite are generally thought to be responsible for the formation 

of IN, though recent studies suggest feldspar may also play a significant role (Atkinson et al. 

2013; Krueger et al. 2004; Mason and Maybank 1958; Sullivan et al. 2009). Consequently, a 

more complete understanding of mineralogy will aid in model predictions of the influence of 

mineral dust aerosols on the radiative balance of the atmosphere. 

 

1.1.2 Impact of mineral dust on nutrient cycling 

In addition to its radiative effects, mineral dust can impact the biogeochemical cycling of 

nutrients when it is deposited in the local environment. This is because deposition of mineral 

dust can serve as a source of P, soluble Fe, and various minor and trace elements, which in 

turn can influence primary productivity in both terrestrial and marine ecosystems (Prospero et 

al. 1987; Richon et al. 2018; Schroth et al. 2009; Shelley et al. 2012). The effect of mineral 

dust on biogeochemical cycling of elements relies on the bioavailability of the deposited 



 

7 

minerals – this is influenced by a wide array of factors, including the speciation and solubility 

of the various mineral dust components in the aqueous matrix (Schulz et al. 2012). Thus, 

though determination of the total elemental content of dust deposition is a key step in 

evaluating its impact on the local environment, further analysis of the bioavailability of the 

nutrient is needed to fully illustrate the effect that dust deposition will have on both marine 

and terrestrial ecosystems. While the impact of minor and trace elements on marine 

ecosystems is dictated by the bioavailability of the elements in question once deposition has 

occurred, many studies choose to use solubility as a proxy for bioavailability as this is much 

simpler to determine (Fan et al. 2006). However, solubility and bioavailability of a given 

species in the environment are not interchangeable, as there are many factors that may 

influence bioavailability in addition to solubility, such as complexation and redox chemistry 

(Lis et al. 2014). 

Iron is an important micronutrient that marine phytoplankton use during both photosynthesis 

and respiration processes (Morel et al. 1991; Ye and Völker 2017). The importance of mineral 

dust in transporting and depositing soluble iron has been well-documented, and it has even 

been shown that mineral dust is the dominant source of iron in certain marine regions (Ye and 

Völker 2017). However, soluble iron content is not consistent and depends on the chemical 

composition of the dust deposited, with certain iron-containing minerals, such as clays, 

possessing much higher solubility as compared to others, such as magnetite, hematite, and 

goethite (Journet et al. 2008). Thus, it has been demonstrated that the soluble iron content 

varies in the soils of dust source regions, with glacial flour (whose iron content is primarily in 

the form of iron-containing silicates) possessing higher levels of soluble iron as compared to 

soils from typical arid regions, which possess a larger fraction of iron oxides and hydroxides 

(Schroth et al. 2009). As dissolved iron tends to adsorb to the surfaces of particles suspended 

in seawater, the deposition of mineral dust into marine ecosystems can also serve as a soluble 

iron sink (Ye and Völker 2017). Furthermore, atmospheric processes can alter the solubility, 

as well as the bioavailability, of the iron contained in mineral dust. For example, it was found 

that atmospheric processing can lead to the formation of iron nanoparticles which are more 

bioavailable than the original iron contained in mineral dust particles (Shi et al. 2009; Shi et al. 

2015). 
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While iron is by far the most widely discussed component of mineral dust in relation to 

biogeochemical cycling of metals, there are several other minor and trace elements essential 

for primary production. We will restrict our discussion of these elements to those we have 

analyzed in our current study. Cobalt is involved in the synthesis of vitamin B12 in marine 

phytoplankton, and can also act as a co-factor in enzymatic processes that allow phytoplankton 

uptake of inorganic dissolved carbon (Lane and Morel 2000; Shelley et al. 2012). Dust is also 

a major source of atmospheric nickel globally, as 30-50% of natural nickel emissions occur 

via wind-blown dust (Sigel et al. 2007), and is essential for the conversion of urea to usable 

ammonia in plants (Witte 2011). Elevated nickel concentrations can be toxic, while nickel 

deficiency can also negatively impact plant growth (Brown et al. 1987; Sigel et al. 2007). Dust 

deposition can also be a source of manganese, which may trigger slight growth in 

phytoplankton when enriched (Baker et al. 2006; Buma et al. 1991). Copper is an essential 

micronutrient, the depletion of which may decrease the rate of metabolic processes in 

phytoplankton; demand for copper can be further increased in iron-depleted environments 

(Posacka et al. 2017). As arsenic is naturally occurring in both lakes and sediment, it can be a 

significant component of natural emissions of wind-blown dust (Cutter et al. 2001; Thornton 

1996). Arsenic speciation determines its toxicity, with the inorganic arsenate and arsenite 

species – As(V) and AS(III), respectively – being more toxic than organic arsenic compounds 

(Pongratz 1998). Elevated levels of lead and cadmium are associated with anthropogenic 

activity, though these elements may also exist naturally at trace levels in soils and sediment 

(Alloway and Steinnes 1999; Hutton 1983; Lepow et al. 1975). All the aforementioned trace 

elements become toxic when present at highly elevated concentrations.  

When discussing the impact of trace element deposition on the environment, it is also 

important to consider the interdependence of micronutrient effects. Many studies have 

indicated a co-limiting process occurs in which the primary productivity is controlled by 

several nutrients, as opposed to a single limiting nutrient (Moore et al. 2013). Finally, while it 

is not analyzed in this work, it is important to note that mineral dust can be a very important 

source of nitrogen and phosphorus for both marine and terrestrial ecosystems. 
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1.1.3 Impact on air quality and public health 

Atmospheric particulate matter can have a significant impact on local communities. Wind-

blown dust storms can cause decreased visibility, resulting in hazardous conditions for road 

and air traffic. Furthermore, particles smaller than 10 µm in diameter (PM10) can have a 

negative impact on lungs and heart health. The size distribution of PM10 dictates how far the 

particles are able to penetrate into the respiratory and pulmonary systems (Phalen et al. 1991). 

Air quality guidelines provided by the U.S. Environmental Protection Agency (EPA) and the 

World Health Organization (WHO) give 24-hr air quality standards for ambient PM10 

concentrations. That of the U.S. EPA is 150 µg/m3, which should not be surpassed more than 

once per year on average over 3 years. The guideline set by the WHO of 50 µg/m3 is a target 

value for limiting risks to public health (WHO 2006). These guidelines indicate the levels of 

PM10 that may induce short-term or long-term health impairments, including premature death, 

decreased lung function, decreased heart health, and the exacerbation of respiratory conditions 

such as asthma (Kelly and Fussell 2015). 

 

1.2 Mineral dust at high latitudes 

High-latitude dust (HLD) is defined as wind-blown re-suspended particulate matter that is 

emitted either north of 50°N or south of 40°S (Bullard et al. 2016). Until recently, high-

latitude dust emission (HLDE) sources have been overlooked by researchers of dust, who 

typically focus on a few key dust emission sources in Sub-Central Africa, Central Asia, the 

Middle East, and the Southeast United States. After a study by Bullard et al. (2016) identified 

the potential significance of HLD both regionally and globally, there has been a growing effort 

to characterize the frequency, magnitude, and correlation of HLDE with meteorological 

factors such as temperature, wind speed and direction, and precipitation. This analysis is 

crucial for determining the impact of HLDE on the radiative balance and biogeochemical 

cycling of nutrients in high-latitude regions. 
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1.2.1 Emissions mechanisms of Northern dust 

While it is unknown which dust emissions mechanisms dominate at high latitudes, there are 

several possible dust emission mechanisms that are known to take place. An important process 

that leads to the emission of wind-blown dust is the saltation-sandblasting mechanism (Gillies 

and Berkofsky 2004). Saltation occurs when large particles, projected through the air by 

turbulent winds, impact with the surface; sandblasting is the release of fine particulate matter 

as a result of the saltation process (Grini and Zender 2004). The saltation-sandblasting 

mechanism can lead to the emission of wind-blown dust if fine particulate matter is released 

from surface soils by the saltating particle, or if the saltating particle itself disintegrates upon 

impact with the surface, leading to the release of fine materials. Furthermore, the presence of 

fine particulate matter coatings, such as clays, on larger particles can lead to dust production if 

this coating is shattered during saltation. The impact of saltating particles can also lead to the 

abrasion of larger particles, chipping off smaller pieces of these particles which can contribute 

Figure 1-3. Plot showing the relationship between threshold shear velocity (u*t) and 

particle diameter (Dp) for particles emitted through direct entrainment, parameterized 

based on studies of well-characterized low-latitude dust sources, such as the Sahara 

Desert. (Image Source: Bergametti, G., Dust emission processes. 2004.) 
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to the emission of dust (Huang et al. 2019).  

In addition to the saltation-sandblasting mechanism, dust can be levitated directly into the 

atmosphere by aeolian, or wind-related, processes (Huang et al. 2019). However, this is not 

thought to be a dominant dust emission mechanism, as particles in the smaller size range that 

are most dominant in mineral dust (less than 100 µm in diameter) are not entrained in 

significant quantities this way as they do not possess enough drag to be lifted into the air 

(Figure 1-3) , although there has been some evidence that particles smaller than 10 µm in 

diameter can be entrained in the absence of saltation (Bergametti 2004; Harris and Davidson 

2009). Furthermore, this theory is based on the conditions of well-characterized low-latitude 

dust sources – the increased air density and turbulence in the North alter the drag forces to 

which particles are subjected (Bullard et al. 2016), and this may affect the particle size range 

subjected to direct entrainment. There have been no studies that detail which dust emission 

mechanism dominates at high-latitude dust sources; as a result, while the potential dust 

emissions mechanisms are known, it is unclear which processes occur at high latitudes. 

Source regions and meteorological conditions at high-latitudes are quite different than those at 

their more extensively studied low-latitude counterparts. As noted previously, an overview of 

dust emission and transport processes at high latitudes, based on the work of Bullard et al 

(2016), is provided in Figure 1-1. Many important HLD emitting sources are located in pro-

glacial regions, or regions that are adjacent to glacier activity. These areas are characterized by 

intense and complex wind systems with strong ice sheet and katabatic winds originating from 

both the glacier mass and mountainous terrain of Northern regions. There exists much higher 

variability in altitude and topography in the North as compared to the relatively leveled desert 

dust sources at low-latitudes, and this can result in lee effects (because as winds travel over 

mountainous regions, wind speed and direction may be impacted), converging and diverging 

winds, and friction effects that further result in the unpredictability of the wind systems up 

North (Ed Hudson 2001). As discussed in the previous paragraph, the cold air of the North is 

able to exert a larger drag force on particles, as it is characterized by higher density and a 

greater intensity of turbulence, and thus for a given wind speed may be more effective in 

suspending particles than the warmer winds of low-latitude regions (Bullard et al. 2016).  
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Moreover, the erodible sediments in these regions that are conducive to the production of dust 

typically comprises either glacial flour, volcanic ash deposits, or are the result of 

anthropogenic activity, such as over-grazing of fields by the agricultural industry (Bullard et 

al. 2016). The wide range of geological systems in which erodible soils at high latitudes are 

found translates to high variation in the particle sizes, morphology, and chemical composition 

of the emitted dust as compared to the erodible sediment of low-latitude dust sources, whose 

composition is more consistent from one site to the next. The particle sizes of the erodible 

sediment at high-latitudes, and in turn the emitted dust, are also quite different from those at 

low latitudes (Arnalds 2004; Nickling 1978; Stuut et al. 2009). This likely means that 

established dust emissions flux parameterizations, which have been validated using 

specifically low-latitude sediment such as from the Sahara Desert (Zhang et al. 2013), may 

require modification before they are applicable to HLDE. The seasonality of HLDE sources is 

noteworthy in that dust activity is often highest in the spring and summer, when there is less 

glacier run-off due to lower temperatures, decreasing soil moisture and thus increasing soil 

erodibility (Bullard et al. 2016). 

 

1.2.2 Impact of high latitude dust on local, regional, and global dust cycles 

The impact of HLDE is also unique as compared to the impact of dust emitted from low-

latitude sources. The emission of particles directly into the pristine polar atmosphere has 

strong radiative effects, and it is important to examine HLDE for their impact on the radiative 

balance of the Northern atmosphere. Furthermore, the transport and deposition pathways of 

emitted particles differ from those of particulate matter emitted from lower latitudes, and the 

impact of HLD deposition on local and regional biogeochemical nutrients cycling is likely 

significant (Bullard 2017). In addition, deposition of dust can increase the albedo of 

snowpacks and ice, leading to faster rates of melting and changes to the hydrological cycle 

(Miller et al. 2016), and specifically, the potential for HLD deposition on glaciers and 

snowpacks is rather high, as many of the known HLDE sources are situated in proglacial 

regions with extensive snow and ice cover. 
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Initial studies on the transport and deposition of HLDE have already been performed. Bullard 

et al. (2016) have estimated that total HLDE constitute 80-100 Tg/year, or 5% of global dust 

emissions. The results of a modelling study by Zwaaftink et al. (2016) indicate that 3% of 

global dust emissions is sourced at Northern high-latitude sources; their study also found that 

Northern HLDE are the dominant source of dust deposition in the Arctic, with about 90% of 

total dust deposition in the Arctic originating from high-latitude sources. 

Finally, while the majority of HLDE research to date has focused on emissions from Iceland, 

Greenland, and Antarctica, there have also been studies published that attempt to characterize 

HLDE in North America, specifically in Alaska, United States and Yukon, Canada. A study 

by Nickling published in 1978 evaluated the effects of shear velocity – a parameter related to 

the vertical force felt by particles on the surface of erodible soils – and soil moisture on dust 

emissions from the Ä’äy Chù (Nickling 1978). Zdanowicz et al. (2006) investigated the 

deposition of Asian dust in the St. Elias Mountain range, but did not analyze local dust 

sources. In addition, satellite imagery and meteorological data were used to monitor dust 

emissions from the Copper River, whose sediments consist primarily of glacial flour, and to 

observe the transport of Fe from this dust source to the Gulf of Alaska; the study found 

exceptionally high interannual variability in the quantity of dust emitted from this dust source, 

with the variation affected by the soil moisture, wind velocity, and hydrological cycling at the 

dust source (Schroth et al. 2017). 

 

1.2.3 Challenges to high-latitude dust studies and the need for ground-based 

measurement at the source 

The majority of the above-mentioned studies on HLDE have been performed using satellite 

data, which face significant challenges in observing high-latitude regions due to limited 

visibility caused by extensive cloud cover and long periods of darkness (Bullard et al. 2016). 

Ground measurements are able to overcome these obstacles as dust events can be sampled 

directly, avoiding the need for the use of remote sensing. Furthermore, collecting air samples 

directly in HLD sources allows for the more accurate and precise investigation of the 

meteorological factors associated with HLDE at a specific site, particularly in mountainous 



 

14 

Northern regions where the variation in meteorological conditions varies greatly from site-to-

site. 

 

1.3 Analysis of ambient concentrations and particle size 

distributions 

In studies of mineral dust, it is crucial to measure ambient dust concentrations to gauge the 

frequency of dust events, to evaluate the impact of dust emissions on air quality, and to 

perform further analysis, such as correlation of dust events with certain meteorological 

conditions or calculation of the vertical aerosol flux from the source region. As the size range 

of mineral dust particles is quite large, spanning from several nanometers to hundreds of 

microns in diameter, it can be difficult to measure the concentration and size distribution of 

the total suspended particulate matter at a given site (Ryder et al. 2018). Our examination 

focuses primarily on mineral dust aerosols smaller than 10 µm in diameter, and thus the 

following techniques are those best suited for the study of these size ranges. Both gravimetric 

and particle sizing techniques have been used to monitor ambient aerosol concentrations. 

While these techniques do not necessarily discriminate between mineral dust and other 

atmospheric particles, the relatively coarse size range of mineral dust as well as its 

predominance within the site of dust emission make these techniques useful for the 

observation of ambient dust.  

Ambient concentrations of mineral dust over a longer (typically 24 – 72 hr) time scale can be 

determined by performing gravimetric analysis of filter samples, typically of PM10 (McInnes 

et al. 1996). The low time-resolution of this method is offset by its cost efficiency and low 

instrument maintenance requirements. Furthermore, an advantage of this technique is that 

filters can be used to perform offline compositional analysis. 
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Figure 1-4. Detection range of various ambient aerosol particle sizing techniques 

applicable to the sizing of atmospheric particles 0.01 – 20 µm in diameter. The 

instruments included are a cascade impactor, aerodynamic particle sizer (APS), optical 

particle counter (OPC), high sensitivity – laser aerosol spectrometer (HS-LAS), and a 

scanning mobility particle sizer (SMPS). (Image Source: Friehmelt, R. et al., KONA 

Powder and Particle Journal 2000, 18, 183-193) 

 

In addition, a wide array of particle sizers exists for monitoring both the size distribution and 

total ambient concentration of particles in the atmosphere; an overview of these instruments 

and their detection range is provided in Figure 1-4 (Friehmelt et al. 2000). Aerodynamic 

particle sizers (APS) and optical particle counters (OPC) both perform high time resolution 

measurements of the size-resolved number concentration of particles in the atmosphere. As 

these systems often require tubing to guide the particles to the instrument inlet, evaluation of 

the particle losses during transfer is necessary to evaluate the accuracy of the output size 

distribution; available software renders this calculation relatively simple if the setup 

characteristics are known (Von der Weiden et al. 2009). In situ measurements of particle size 

distribution can also be performed using a scanning mobility particle sizer (Formenti et al. 

2011). As we have employed both an APS and OPC, our discussion of particle sizing will 

focus on these techniques 
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1.3.1 Optical Particle Counter (OPC) 

A common technique used for sizing 

atmospheric particles, an OPC calculates 

the diameter of a given particle from the 

intensity of light scattered by the particle 

analyzed. This calculation is based on 

Mie theory, and assumes sphericity of 

the particle and that its refractive index is known (Rosenberg et al. 2012). Because OPC size 

distributions are determined from the particles’ optical properties, the measured output is 

known as the “optical diameter” to distinguish from particle sizing techniques that may rely on 

other physical properties of the analyzed particles. 

The internal setup of an OPC is quite simple and can be found in Figure 1-5a. Ambient air is 

drawn through an inlet system designed to focus and dilute the aerosol stream to ensure 

particles will be analyzed one at a time. This stream then passes through a focused beam of 

Figure 1-5. (A) Typical setup of an intracavity 

OPC. (Image Source: Optical Particle Counters. 

Center for Atmospheric Science, University of 

Manchester. http://www.cas.manchester.ac.uk 

(accessed 11 Nov, 2018).) (B) Schematic of the 

FAI Instruments OPC, courtesy of the FAI 

Instruments Multichannel OPC manual. This 

image has been altered from the original figure 

published in the OPC instrument manual – 

original Italian labels have been translated to 

English. (C) Mie theory-based relationship of light 

scattering to particle size for several materials. 

(Image Source: Rosenberg, P. D et al., Atmos. 

Meas. Tech. 2012, 5 (5), 1147-1163.)  
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light – the most common OPC light source is a laser to maximize light intensity – which is 

scattered whenever a particle passes through the beam. A detector monitors the intensity of 

scattered light at a specific angle, and if the intensity is above a certain threshold value the 

instrument uses Mie theory to calculate the particle’s diameter based on the measured light 

scattering intensity and using pre-determined assumptions of the refractive index of the 

particle (Hinds 2012). 

There are certain limitations and sources of error in OPC particle size measurement. Firstly, 

there are several factors in addition to diameter that can influence a particle’s ability to scatter 

light. Particle shape, inhomogeneity within the particle, or incorrect assumptions about its 

refractive index can introduce errors into the diameter calculated by the instrument (Rosenberg 

et al. 2012). For example, Osborne et al. found evidence that deviation of particle size from 

the assumed spherical shape can introduce up to 11% error to the calculated size (R. Osborne 

et al. 2008). Secondly, the Mie theory relationship between particle size and light scattering 

intensity loses sensitivity as particle size increases in the micron size range (Figure 1-5c). This 

is due to the complicated non-linear relationship between light scattering and particle 

diameter, as described by Mie theory. Thus, it becomes increasingly difficult for OPC 

instruments to distinguish between particles in the coarse fraction, and the size resolution 

decreases in the range of 1 to 10 µm in diameter as compared to the smaller size bins. The 

upper size limit of OPC particle sizing is typically 20 µm, and the optimal size range of study 

for these instruments is a diameter between 0.1 – 5 µm (Hinds 2012). Furthermore, care must 

be taken to ensure the air sampled by an OPC possesses a relatively low number 

concentration, in order to avoid coincidence errors in which two or more particles pass 

through the light source simultaneously (Hinds 2012). 

Despite their shortcomings, OPCs are excellent tools for monitoring ambient particle 

concentrations. Their high time resolution allows for measurements to be taken as frequently 

as every second. This allows for detailed observation of changes in ambient aerosol 

concentrations over time, and in the case of observing HLDE, the output of an OPC can be 

analyzed to determine the frequency and intensity of dust production during a period of hours, 

days, weeks, or more. Thus, to summarize, OPCs are relatively inexpensive, robust, and easy 
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to deploy in the field, though care must be taken to ensure quality of the data output by these 

instruments. 

Furthermore, it is noteworthy that modifications to the internal OPC setup can impact the 

accuracy and sensitivity of these instruments. According to the instrument manual, the FAI 

instrument employed in our study of mineral dust near Kluane Lake, YT employed an 

intracavity setup, in which the particle beam is passed directly through the unfiltered focused 

beam of the laser. The instrument’s elliptical mirror is able to capture more light, allowing for 

increased sensitivity to smaller particles; it also collects light over a wide angle, decreasing 

potential errors in measurement due to variability in particle refractive index. A schematic of 

the FAI Instrument OPC used, obtained from the instrument manual, can be found in Figure 1-

5b. 

 

1.3.2 Aerodynamic Particle Sizer (APS) 

 

Another technique for monitoring ambient particle size distribution is the APS, which 

determines the aerodynamic diameter of ambient particles. The aerodynamic diameter is 

defined as the diameter of a spherical particle with a density of 1 g/cm3 whose terminal 

velocity is equivalent to the particle measured (DeCarlo et al. 2004). Aerodynamic diameter is 

useful to monitor from the perspective of aerosol behavior in the atmosphere, as it is indicative 

of the effective diameter of a particle in an air stream. Accurate in the range of 0.3 µm to 20 

µm, these instruments can measure both the fine and coarse portions of ambient mineral dust 

with reasonable accuracy. However, as with the OPC, the APS is also prone to certain 

systemic errors that have been evaluated extensively in order to constrain this error. 
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An APS determines the diameter of ambient particulate matter using a time-of-flight system 

(Figure 1-6) (Mitchell 2014). Particles are focused into a narrow stream in a nozzle and are 

accelerated at a rate of 106 m/s2. Due to the high rate of acceleration, particles larger than 0.3 

µm in diameter accelerate slowly relative to the air stream, and thus their velocities as they 

exit the acceleration zone are proportional to their aerodynamic diameter. After acceleration, 

the particle stream passes through the “timing region” of the instrument, which comprises two 

lasers placed 100 µm apart. As particles pass through the focused laser beams, they scatter the 

incoming light; the scattered light is detected as a pulse by the instrument, and the time 

between the first and second pulses produced by particles as they pass through the two 

consecutive lasers is related to the drag forces of the particle in the air stream. This 

information can then be used by the instrument to calculate the aerodynamic diameter (Hinds 

2012).  

 

Figure 1-6. Instrument schematic of an aerodynamic particle sizer. (Image Source: 

Mitchell, J. J. Aerosol Med. Pulm. Drug Deliv, 2014; Vol. 28.) 

Figure 1-6. Instrument schematic of an aerodynamic particle sizer. (Image Source: 

Mitchell, J. J. Aerosol Med. Pulm. Drug Deliv, 2014; Vol. 28.) 
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Both the shape and density of particles can be sources of error in the APS determination of 

aerodynamic diameter (Hinds 2012). Non-spherical shape reduces the drag effects felt by 

particles and can lead to an underestimation of their corresponding aerodynamic diameter. 

Furthermore, deviations in particle density from that of calibration standard particles can also 

introduce error, as the particle density can also affect its drag time; particles with larger 

densities will have slower velocities and their sizes will be overestimated. This is more the 

case for mineral dust, whose density is typically 2.65 g/cm3 (Lee et al. 2009). The overall 

effect of both density and shape characteristics on the APS measurement of mineral dust tends 

to result in a 10 – 30 % underestimation of aerodynamic particle diameter (Reid Jeffrey et al. 

2008). 

 

1.4 Elemental and mineralogical chemical composition 

The chemical composition of mineral dust is related to its optical properties and environmental 

impact. The majority of techniques currently employed to characterize the composition of 

mineral dust provide a bulk analysis of either the mineralogy or element content. However, 

certain microscopy techniques allow for the analysis of individual particles, giving more 

detailed and size-resolved data on the dust composition. As the techniques available provide a 

wide range of sensitivity, cost-efficiency, and compositional data, the choice of technique 

limits the quantity and type of information able to be obtained. Thus, studies characterizing 

mineral dust commonly use at least two techniques, and often more, in order to provide a more 

comprehensive analysis of its chemical composition. 

Bulk mineralogy can be determined using XRD, which allows for semi-quantitative 

determination of major mineral fractions (including the silica, iron oxide, and calcium oxide) 

present in a given sample. However, this technique requires upwards of 100 mg of sample 

mass which can be significant for those studying ambient mineral dust. The major element 

composition of mineral dust can be determined using XRF, PIXE, and INAA, while the minor 

and trace element content is often determined using ICP-AES, ICP-OES, ICP-AAS, and ICP-

MS. Finally, there exist microanalysis techniques, such as SEM/EDS, able to probe the 
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mineralogical composition of individual particles; LA-ICP-MS may also be used to analyze 

both bulk samples and individual particles (Falkovich et al. 2001; Thevenon et al. 2009). 

 

1.4.1 SEM/EDS 

Scanning electron microscopy (SEM), when coupled 

with energy dispersive x-ray spectroscopy (EDS), is a 

powerful tool for studying the morphology and 

composition of individual mineral dust particles. The 

instrument setup of an SEM/EDS system is shown in 

Figure 1-7. An electron beam is generated by an 

electron gun and is focused by magnetic fields (Atkins 

and De Paula 2009). When the incident electron beam 

hits the sample, the electrons in the beam are 

scattered, but may also interact with the electron shells 

of the individual atoms contained within the sample; 

this interaction is what allows the generation of both a 

microscopic image as well as compositional analysis 

(Atkins and De Paula 2009). 

The microscopic image is typically generated by the 

detection of secondary electrons, which are weakly 

bound electrons emitted from the sample surface, or 

near the sample surface, with an energy corresponding 

to the conductivity of the atom from which they were displaced. Secondary electrons allow for 

the generation of images of the sample surface, provided it is a material with relatively high 

conductivity (Zhao); samples may be coated with a high-conductivity substance, such as Au, 

to increase their surface conductivity. Backscattered electron detection, which can also be used 

to generate an image, has the advantage that the energy of the backscattered electrons is 

proportional to the atomic number as larger atoms release more electrons, as larger atoms are 

Figure 1-7. Instrument schematic 

of SEM/EDS, providing an 

overview of entire setup with 

comparison to optical microscopy 

for reference. (Image Source: 

Girão, A. et al., Comp. Anal. 

Chem. 2017.) 

 



 

22 

more effective scatters of the electron beam. In the resulting image areas of the sample with 

large atomic numbers are brighter (Girão et al. 2017). 

In addition, the elemental and mineralogical composition of the sample can be determined 

using EDS analysis. The energy of the electron beam can excite and result in the ejection of 

electrons in the lower energy levels of the atom (Zhao). The resulting electron hole has a 

positive charge to which the electrons at higher energy levels are attracted; the x-ray radiation 

emitted when these electrons transition to a lower energy level is proportional to the atomic 

number of the atom, and thus detection of these x-rays allows the determination of the atomic 

number of the elements contained within the sample. From the elemental composition, the 

mineralogy can also be extracted either through analysis of element ratios or by comparison 

with reference spectra (Girão et al. 2017).  

SEM/EDS has been used extensively to perform single-particle analysis of mineral dust 

mineralogy (Falkovich et al. 2001; Pachauri et al. 2013). EDS analysis of individual particles 

is considered semi-quantitative due to the effects of irregular particle shapes (Formenti et al. 

2011; Pardess et al. 1992). In order to use unprocessed SEM/EDS to identify mineral class, the 

spectra obtained must be compared to known reference spectra. However, it is also possible to 

normalize the obtained spectra to a reference material, such as a polished Co standard 

reference material, in order to obtain quantitative elemental data (Falkovich et al. 2001). 

Moreover, the number of particles analyzed in more recent studies of mineral dust can range in 

the tens-of-thousands of particles, due to the advent of automated technologies (Formenti et al. 

2011). While this technology has the advantage of an increased sample size, decreasing the 

uncertainty range of the resulting data, semi-quantitative mineralogical analysis can also be 

performed using manual operation and a sample size of hundreds of particles (Falkovich et al. 

2001). 

SEM images can also be used to examine particle shape, which may be relevant to the 

radiative properties of mineral dust (Pachauri et al. 2013). The aspect ratio of particles is an 

indicator of the overall sphericity of the sample collected. This is most commonly calculated 

by fitting an ellipsis to the shape of the particle analyzed and calculating the ratio between its 

major and minor axes (Formenti et al. 2011). 
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Figure 1-8. (A) Diagram of ICP-MS instrumentation. (Image Source: O'Brien, S. et al. 

2003; J. Anal. At. Spectrom. Vol. 18.) (B) Setup of the quadrupole ICP-MS used in the 

current study, including the location of the samples, quality control (QC) and calibration 

solutions. 
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1.4.2 Solution-phase ICP-MS 

Inductively coupled plasma – mass spectrometry (ICP-MS) is commonly used for quantitative 

analysis of the minor and trace element content of environmental samples. Applicable to the 

analysis of a variety of matrices, including seawater, oils, urine, hair, and sludge, ICP-MS can 

be used to obtain isotopic ratios, metal speciation, and total elemental content of a given 

sample. A diagram of a typical ICP-MS instrument setup is provided by Figure 1-8a, while the 

instrument used for analysis in this study can be found in Figure 1-8b (E. O'Brien et al. 2003). 

Ions are generated in the inductively coupled plasma (ICP) torch, which consists of an 

induction coil located in the presence of Ar gas. The electromagnetic radiation given off by the 

induction coil ionizes the surrounding Ar gas. In the presence of an added spark, high energy 

electrons will collide with Ar atoms, resulting in an energy transfer that may, for a single Ar 

atom, displace an electron and form Ar+, while also releasing an electron that may go on to 

ionize a further Ar atom. The result of this process is the generation of a plasma, whose 

temperatures typically reach 6000-8000 K. (Montaser 1998) 

In solution-phase ICP-MS, samples are introduced into the ICP via a nebuliser, which converts 

the sample stream into a spray of small droplets. As these droplets pass through the ICP, the 

high temperature of the plasma evaporates all solvent, atomizes the sample, and ionizes the 

elements present. Typically, only positive ions are analyzed, as the plasma consists of positive 

ions which efficiently remove the electrons of the elements in the sample, though detection in 

negative ion mode is also possible. (Chtaib and Schmit 1988; Skoog et al. 2013) 

As depicted in Figure 1-8a, ions are transferred from the ICP to the mass spectrometer using 

an interface consisting of two cones – a sampler and a skimmer – which serve as an interface 

for the transport of ions from the atmospheric-pressure ICP unit into the high vacuum of the 

mass spectrometer unit (generally operated at less than 10-6 torr) (Skoog et al. 2013). These 

cones possess an orifice approximately 1 mm in diameter and allow a representative portion of 

the ions generated in the ICP to enter the high-vacuum region of the mass spectrometer. The 

ions are then focused into an ion beam as they travel through the ion optics of the instrument, 

and are passed through a mass analyzer before detection (Skoog et al. 2013). Typically, ICP-
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MS instruments are equipped with either a quadrupole or magnetic sector mass analyzer, 

depending on the sensitivity required by the analysis. Quadrupole ICP-MS instruments are 

widely used as they are relatively inexpensive compared to magnetic sector ICP-MS 

instruments and possess low limits of detection – often less than 1 ppb, (Skoog et al. 2013). 

However, magnetic sector ICP-MS instruments possess higher resolution and are preferable 

when high sensitivity elemental analysis is required, though operation at higher resolution 

does also lower the instrument sensitivity.  

As the ICP-MS instrument is quite sensitive to the introduction of particulate matter, acid 

digestion of samples is commonly required prior to ICP-MS analysis. The goal of the 

digestion is the extraction of all elements to be analyzed from the particle phase so as to avoid 

injecting solid matter into the instrument, which can cause blockages in the nebulizer (Falciani 

et al. 2000). A variety of acid mixtures can be used to digest samples, including HNO3 only, 

HNO3/HCl, HF/HNO3, or HNO3/HCl/H2O2 (GÜVEN and Akinci 2011). HNO3/HCl is 

commonly used as it effectively extracts a wide range of metals, while the addition of HCl can 

stabilize certain elements such as Fe to increase the analytical reproducibility and quantitation 

of these metals (Engelbrecht et al. 2009; EPA 2007). A mixture of HF/HNO3 is necessary to 

perform total digestion of sediment samples, as the presence of HF is necessary to break apart 

the aluminosilicate matrix. However, this procedure renders quantitative analysis of Si content 

in the sample impossible, as Si reacts with HF during the processes of digestion to produce the 

gaseous product SiF4; moreover, this procedure involves the use of dangerous acids that can 

also harm the ICP-MS instrument (Falciani et al. 2000; Gaudino et al. 2007; Pekney and 

Davidson 2005). 

The U.S. EPA provides certified methods that detail the necessary precautions, quality control 

tests, sample preparation, and analysis procedures required to perform an accurate, 

quantitative digestion of sediments. The protocol used in our analyses is a modified version of 

Method 3051a, which details the use of a HNO3/HCl mixture in the microwave digestion of 

sediments (EPA 2007). While this procedure does not completely digest the aluminosilicate 

matrix, metals are extracted by the concentrated acid mixture to an acceptable degree for 

quantitation. The advantages of solution phase ICP-MS are vast, as this is a very robust and 
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sensitive technique that has been completely verified by both academic and government 

publications.  

However, there are several sources of error that must be considered when performing ICP-MS 

analysis. Typically, quadrupole ICP-MS instruments do not possess enough resolution to 

distinguish between certain analyte and interfering species within one m/z value of one 

another. Thus, interference species generated during ionization within the instrument plasma, 

including polyatomic, doubly charged, and isobaric interferences, can greatly decrease 

measurement accuracy and sensitivity. Elements such as arsenic, cadmium, manganese, and 

nickel may possess multiple interference species (May and Wiedmeyer 1998). These sources 

of interference can lead to errors in either the calibration curve, sample analysis, or both, 

decreasing the accuracy of the measurement technique. As a result, the inductively coupled 

plasma must first be optimized before use of the instrument to ensure ionization is occurring 

efficiently and with minimal generation of polyatomic or doubly charged species. 

Furthermore, because there are multiple sources of interference, error, and contamination in 

ICP-MS analysis of geological samples, quality control must be performed during each 

analysis to ensure quantitative data is collected. 

In addition, steps can be taken when performing quadrupole ICP-MS to minimize 

interferences and increase instrument sensitivity. Passing the ion beam through a collision cell, 

in which a colliding gas may break apart polyatomic interfering species, allows for removal of 

these interferences via mass discrimination (Perkin-Elmer 2001). In addition, spectral 

interference can be minimized using mathematical corrections applied to the analyte 

calibration curve (Heithmar et al. 1990). In a similar vein, isobaric interferences may be 

reduced or eliminated through the application of correction equations to recalculate the analyte 

signal intensity (Nardi et al. 2009) – for example, this is commonly performed in the analysis 

of 75As, as 35Cl40Ar is a major interfering species that is difficult to eliminate. Matrix 

interferences can also be reduced through the use of an internal standard (Heithmar et al. 

1990).  
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Finally, the choice of isotope when performing ICP-MS can also help minimize interference, 

as certain isotopes may possess less interfering species than others (Nardi et al. 2009). In this 

work, nine elements were analyzed using solution phase ICP-MS. The isotopes chosen were as 

follows: 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 75As, 111Cd, 133Cs, and 208Pb (Gaudino et al. 2007).  

Figure 1-9. (A) Schematic for sample analysis using laser ablation ICP-MS (Image Source: 

Resano, M., García‐Ruiz, E., Vanhaecke, F. (2010). Laser ablation‐inductively coupled 

plasma mass spectrometry in archaeometric research. Mass Spectrometry Reviews 29:55-78.) 

(B and C) SEM images of ablation craters produced by (B) 266 nm and (C) 193 nm laser 

beams (Image Source: Pearce, N. J. G. et al. Quaternary International 2011, 246 (1), 57-81.). 

 

A 

B C 
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1.4.3 Laser Ablation ICP-MS 

As solution phase ICP-MS involves time-intensive sample preparation, costly reagents, and 

produces a large volume of waste, there is an incentive to search for alternative methods of 

analysis. Laser ablation ICP-MS (LA-ICP-MS) attempts to fill this need by incorporating a 

high-energy laser beam whose ablation of the sample generates the aerosols analyzed by the 

ICP-MS, thus eliminating the need for acid digestion of samples and the generation of solution 

waste. However, LA-ICP-MS analysis poses significant challenges to the analysis of 

environmental samples, due to its sensitivity to matrix effects. Furthermore, as it is a more 

recently developed technique, the robust and consistent protocols for analysis that accompany 

solution phase ICP-MS have yet to be produced. 

A schematic of LA-ICP-MS is provided in Figure 1-10a (Resano et al. 2010). Laser ablation 

occurs in a separate chamber, in which a focused laser beam is fired at the surface of the 

sample to produce a laser-induced plasma that generates vapors and fine aerosols that are 

transported to the ICP-MS. Mineral dust samples are typically mounted in an epoxy resin or 

on a piece of tape in order to analyze the composition of individual particles, though 

homogenization techniques such as grinding followed by pelleterization can also be used 

(Limbeck et al. 2015; Pearce et al. 2014). There are many factors that influence the 

performance of LA-ICP-MS, including the laser energy, beam width, ablation time, and carrier 

gas setup (Pearce et al. 2011). 

The primary source of error in LA-ICP-MS analysis is elemental fractionation, which results 

in the nonstoichiometric analysis of the elements contained within a sample (Limbeck et al. 

2015). This phenomenon stems from differences in elemental volatility, as incomplete 

vaporization of particles within the laser-induced plasma or the ICP may result in preferential 

analysis of more volatile elements. Deposition of vapors on instrument tubing can further 

exacerbate fractionation. It is important to note that elemental fractionation can limit the use of 

non-matrix-matched calibration standards in LA-ICP-MS analysis, as the degree to which 

elemental fractionation can occur depends on the sample matrix. Elemental fractionation has 

been extensively documented; for example, Kuhn and Gunther (2003) found that LA-ICP-MS 
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analysis of brass samples using a 266 nm Nd:YAG laser, the system used by our work as well, 

gave higher Cu/Zn values as compared to certified reference values. Furthermore, the 

radiation-absorbing properties of different materials are not consistent, resulting in varying 

amounts of material that may be liberated during a set period of ablation (Becker and Tenzler 

2001). Thus, certain steps are necessary to ensure that elemental fractionation has not 

significantly affected the analysis. This can include analysis of a matrix-matched certified 

reference material, or comparison of the composition determined using LA-ICP-MS with that 

determined using solution phase ICP-MS.  

Several steps may be taken to improve the sensitivity of LA-ICP-MS analysis and to minimize 

the influence of matrix effects and elemental fractionation. The use of an internal standard, 

often Si, is commonly recommended in the analysis of geological samples as it is naturally 

occurring within the sample and can be either quantified using another technique or estimated 

using knowledge of the sample mineralogy; the use of this internal standard should balance 

out the errors introduced by matrix effects (Liu et al. 2013). However, there may still be an 

error present in the analysis of elements that are not ionized and analyzed according to the 

stoichiometric ratios of their abundance in the sample (that is, if elemental fractionation has 

occurred). The use of matrix-matched calibration standards may eliminate the effects of 

elemental fractionation, as similar matrices should experience similar degrees of fractionation 

(Günther and Heinrich 1999). However, there is limited availability of calibration standards 

suitable for LA-ICP-MS analysis, and so this approach may not be feasible depending on the 

sample. Thus, an effective way of decreasing the impact of elemental fractionation on sample 

analysis is the transition to higher energy laser ablation systems. When first developed, LA-

ICP-MS employed 1063 nm infrared lasers; however, it was later found systems that employ 

266 nm, or even 193 nm, laser systems minimize elemental fractionation in the laser-induced 

plasma and allow for the generation of smaller particles that are more completely ionized 

within the ICP (Liu et al. 2013). 

The use of LA-ICP-MS as a microanalysis technique to analyze individual particles faces 

significant challenges, one reason being that the effects of elemental fractionation increase as 

the size of the ablation crater decreases. Pearce et al. (2011) found that the use of a 193 nm 

ArF laser was preferable to the use of a 266 nm Nd:YAG laser in the microanalysis of tephra – 
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particles of rocks emitted into the atmosphere as a result of volcanic activity – with limits of 

detection improved by an order of magnitude for certain elements, such as yttrium. The 

difference in the quality of the ablation craters generated using both 266 nm and 193 nm laser 

wavelengths can be found in Figures 1-10b and 1-10c respectively, with increased melting of 

the sample matrix evident in Figure 1-10b. The study further demonstrated that the use of a 

magnetic sector mass analyzer, as compared to a quadrupole system, can improve sensitivity 

by 2 to 5 times. However, because the amount of sample ablated during microanalysis is quite 

low, low-resolution mode was found to be preferable when using a magnetic sector mass 

analyzer to maximize the signal intensity measured by the instrument. 

 

1.4.4 Single particle ICP-MS 

Single particle ICP-MS (SP-ICP-MS) is a powerful technique that has previously been used to 

measure engineered nanoparticles with extremely low detection limits. An important 

application of SP-ICP-MS is the detection of engineered nanoparticles in environmental 

samples, such as from snow or lake water, as this technique is highly sensitive and able to 

achieve the low detection limits required for analysis of environmental samples (Mitrano et al. 

2012). The key component of the technique is the use of single-particle detection mode, in 

which one element is monitored at a very fast rate, with dwell times in the microsecond range. 

A solution of nanoparticles suspended in solution is introduced into the ICP-MS. Individual 

nanoparticles are ionized completely in the ICP, and when these ions pass through the mass 

analyzer and are detected, they produce a spike in the signal. SP-ICP-MS is also able to 

perform particle sizing, based on the signal intensity from the analysis of individual 

nanoparticles. A part of this study explored the feasibility of SP-ICP-MS to accurately size 

particles in the micron size range, much larger than is typical for the application of this 

technique (Fréchette-Viens et al. 2017). 
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1.5 Our approach 

In this study, we hope to complete a thorough characterization of key physical and chemical 

characteristics of the mineral dust emitted from the Ä’äy Chù Valley in Yukon, Canada. This 

includes an analysis of the ambient concentration and particle size distribution of particles 

emitted from this dust source as well as the measurement of ambient dust concentrations at 

locations near the source, in order to evaluate the size and direction of the dust plume and the 

spatial and temporal variation in the dust emitted from this location. As a result, we have 

chosen to employ OPC, APS, and gravimetric analysis for determining particle size 

distributions and ambient mass concentration. We also hope to gain insight into the impact of 

the emitted dust on local air quality, and have thus also compared the results of our analysis of 

ambient mass concentration with the air quality guidelines of the WHO.  

In addition, the particle morphology and mineralogy are crucial to the physico-chemical 

characterization of the dust emitted from this site, as these can have implications for the 

optical properties of the emitted dust (which may in turn shed light on the potential impact of 

these dust emissions on the radiative balance of the atmosphere both locally and regionally). 

These data may also allow more information to be gained concerning the dust emission 

mechanisms that take place at the Ä’äy Chù Valley (i.e., whether clay coatings are present on 

soil or dust particles). We have employed SEM imaging to analyse the mineralogical 

composition and the morphology of dust particles collected from this site, as well as to 

evaluate whether clay coatings were present on soil particles sampled from the dust source.  

An equally important goal in our characterization of dust emissions from the Ä’äy Chù Valley 

is the analysis of the trace element content of dust emitted from this site, as this provides 

insight into the potential health hazard and nutritive content of the dust; it also sheds light on 

whether the composition of the dust changes spatially or temporally, and provides a point of 

comparison for PM10, dust deposition, and soils collected from the dust source. We have 

chosen to perform a detailed characterization of nine elements (Mn, Fe, Co, Ni, Cu, As, Cd, 

Cs, Pb) in the ambient PM10 collected at and near the dust source, in dust deposition, and in 

both the bulk and fine fraction (diameters of 53 µm or less) of select soil samples. Analysis of 

the chemical composition of these samples was performed using ICP-MS. Attempts to use 
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LA-ICP-MS as a microanalysis technique were ultimately unsuccessful, though the resulting 

data is included in this document to demonstrate the method used and results that were 

obtained (Chapter 3). Similarly, the results of our unsuccessful attempts to evaluate the use of 

SP-ICP-MS in sizing particles as large as 1 µm, in order to determine whether the technique 

could be used for the analysis of mineral dust particles, are also included in Chapter 3.  

The final goal of this work is to synthesize the information gained from the particle sizing, 

morphology, mineralogy, and elemental composition analyses of the PM10 emitted from the 

dust source, as well as the analysis of morphology and elemental composition of dust 

deposition and both fine and bulk soil fractions, to draw conclusions about the mechanism and 

impact of the dust emitted from the Ä’äy Chù Valley. We have used the measured mass 

concentrations and our meteorological data at the dust source to calculate the vertical flux of 

particles from the source into the atmosphere, and relate factors such as wind speed, shear 

velocity, saltation, and soil moisture to the dust emissions observed at this site. Moreover, we 

have used the results of our elemental composition analysis as a chemical signature to 

compare the emitted dust with the source soils, in order to gain insight into the mechanism of 

dust emissions that dominate in the valley. In this way, we employ the results of the wide 

range of analyses we have performed to draw important conclusions describing the emission 

of dust from the Ä’äy Chù Valley.  



 

 

Chapter 2 – Article 

Chemical and microphysical properties of wind-blown dust near an actively retreating 

glacier in Yukon, Canada 

Jill Bachelder1, Marie Cadieux2, Carolyn Liu-Kang1, Pérrine Lambert1, Alexane Filoche1, 

Juliana Galhardi1, Madjid Hadioui1, Amélie Chaput2, Marie-Pierre Bastien-Thibault2, Kevin J. 

Wilkinson1, James King2, and Patrick L. Hayes1 

Departments of Chemistry1 and Geography2, Université de Montréal, Montréal, Canada 

Submitted to Aerosol Science and Technology. 

2.1 Preface 

The following is the text of a manuscript submitted to the journal Aerosol Science and 

Technology. As the first author, I wrote the body of the text and created all figures and tables. 

I also made corrections to both the text and the graphics in response to comments from the 

article’s co-authors. I participated in both the 2017 and 2018 dust measurement campaigns 

whose data are presented in this body, and was highly instrumental in the collection of air 

samples and setting up the sampling instruments. Supervised by my professor, Dr. Patrick L. 

Hayes, I completed all OPC data analysis, as well as the gravimetric analysis and ICP-MS 

analysis. In addition, I also performed the calculations relevant to the dust emission 

mechanisms, including determination of the vertical aerosol flux and the size-resolved 

threshold velocity. While I did not perform the SEM/EDS analysis myself – that was 

performed by Pérrine Lambert, during her internship in the Hayes group in the summer of 

2018 – I did help guide Pérrine in her work and I performed the subsequent data analysis that 

allowed us to determine the mineralogy of the particles Pérrine had analyzed. 

2.2 Abstract 

Airborne mineral aerosols emitted in high-latitude regions can impact radiative forcing, 

biogeochemical cycling of metals, and local air quality. The impact of dust emissions in these 

regions on the atmosphere and environment may change rapidly, as warming temperatures can 

increase mineral dust production and source regions. As there exists little research on mineral 
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dust emissions in high-latitude regions, we have performed the first study of the physico-

chemical properties of mineral dust emitted from a sub-Arctic proglacial dust source. Soil and 

aerosol samples (PM10 and deposited mineral dust) were collected in May 2018 near the Ä’äy 

Chù (Slims River), a site that has exhibited strong dust emissions. WHO air quality thresholds 

were exceeded at several receptor sites near the dust source, indicating a negative impact on 

local air quality. Notably, temporally averaged particle size distributions of PM10 were very 

fine as compared to those measured at more well-characterized, low-latitude dust sources. 

Mineralogy of ambient PM10 comprised primarily clay mineral aggregates, while PM10 

elemental composition was enriched in trace elements as compared to dust deposition, bulk 

soil samples, and the fine soil fractions (d < 53 µm). Finally, through comparison of the 

elemental composition PM10, dust deposition, and both fine and bulk soil fractions, as well as 

meteorological factors measured during our sampling campaign, we propose that the primary 

mechanisms for dust emissions from the Ä’äy Chù Valley are the rupture of clay coatings on 

particles and/or the release of resident fine particulate matter. 

2.3 Introduction 

Mineral dust plays an important role in many atmospheric and environmental processes 

(Formenti et al. 2003), as it can interact with atmospheric radiation both directly, by scattering 

and absorbing radiation, and indirectly, by acting as cloud condensation nuclei or ice nuclei 

(Huang et al. 2006; Lohmann and Diehl 2006; Sokolik and Toon 1996). Furthermore, mineral 

dust influences the biogeochemical cycling of metals by transporting nutrients to marine and 

terrestrial environments. It can also take part in heterogeneous chemical reactions that can 

alter the composition of the atmosphere, and can negatively impact air quality and public 

health (Avila et al. 1998; Phalen et al. 1991; Prospero 1999b; Usher et al. 2002). 

The size distribution, morphology, and chemical composition of mineral dust ultimately 

determine the impact it will have on the atmosphere and environment (Formenti et al. 2011). 

Particle size is inversely proportional to atmospheric lifetime, as larger particles are more 

prone to deposition due to their larger mass, with particles equal to or less than 10 µm in 

diameter (PM10) better able to undergo long-range transport in the atmosphere (Prospero 

1999c). In addition, PM10 can have deleterious effects on air quality and public health, as 
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inhalation of particles in this size fraction can negatively affect lungs and cardiac health 

(Kappos et al. 2004). The shape of mineral dust particles is highly variable and rarely 

spherical, and this non-sphericity can influence its optical properties (Kalashnikova and 

Sokolik 2004; Mishchenko et al. 1999). Chemical composition is another important factor to 

consider, as the optical properties of the dust are related to its mineralogy while the elemental 

composition of dust can indicate how it will impact local biogeochemical cycling of minerals 

(Atkinson et al. 2013; Dubovik et al. 2002; Haywood and Boucher 2000; Richon et al. 2018). 

Mineral dust emissions from high-latitude regions, defined as north of 50°N and south of 

40°S, has recently been identified as an important yet overlooked area of research (Bullard et 

al. 2016). This is because the emission of dust at high latitudes has a unique effect locally as 

compared to in lower latitude regions. First of all, the radiative effects of the additional 

particulate matter are more pronounced in the pristine air and shallow atmospheric boundary 

layer of these regions (Barrie 1986). In addition, the proportion of mineral deposition within 

high latitudes has been shown to be 90% from the dust emitted from high latitude regions, and 

thus likely plays a much larger role in provision of minerals to local ecosystems as compared 

to dust transported from mid-latitude sources (Groot Zwaaftink et al. 2016). Deposition of 

mineral dust onto snow and ice can decrease the albedo of snow and ice surfaces, increasing 

the energy-absorbing capacity of these surfaces; this can, in turn, lead to increased rates of 

glacier ablation and earlier melting of snow during the spring season (Miller et al. 2016; Qian 

et al. 2015).  

Moreover, there are significant differences in the dust production in high-latitude regions as 

compared to at lower latitudes. Glacier activity results in the production of fine glacial flour 

sediment, which can be transported and deposited via meltwaters; when dried, these fine 

particles are susceptible to wind erosion (Bullard et al. 2016; Crusius et al. 2011). Katabatic 

winds differ from wind systems that lead to the production of wind-blown dust in dry, arid 

regions in their frequency – this is because they are decoupled from the synoptic meteorology, 

as they are the result of radiatively driven gradients originating from the cold, dense air masses 

above high-elevation glaciers and mountains (and, thus, are more diurnally relevant). The 

strong katabatic winds originating from glaciers and surrounding mountains can then drive 

high winds that emit mineral dust particulate matter from the fine glacial flour sediments. In 
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addition, the rapid warming of Arctic and sub-Arctic regions can induce topographical 

changes resulting from glacier ablation. These changes may potentially lead to the creation of 

new dust sources, such as through the exposure of erodible sediment as a result of glacier 

retreat; they may also alter the emissions of existing sources, such as through changes to the 

local hydrology which can impact soil moisture, and subsequently soil erodibility (Bullard et 

al. 2016). 

However, despite its significance, there are very few scientific studies that characterize the 

composition and microphysical properties of mineral dust based on ground samples collected 

from aerosols emitted from high-latitude regions. Sampling dust directly from any dust source 

is difficult, as source locations are often remote and the high concentrations of ambient dust 

coupled with the harsh environment can lead to instrument damage (Formenti et al. 2011). 

Remote sensing can be used to observe dust emission events (Crusius et al. 2011), but the 

effectiveness of this technique is limited when studying Arctic and sub-Arctic regions due to 

the fact that dust events often occur during periods of limited visibility, such as cloudy days or 

during the night, and these events are thus not easily observed via satellite imagery. 

We have chosen to sample dust from the Ä’äy Chù (Slims River) Valley in the Kluane Lake 

region of Yukon, Canada. The erodible soils of the Ä’äy Chù River Delta comprise primarily 

glacial flour, and dust storms are regularly observed during the spring and summer (Nickling 

1978). Cold air drainage occurs from the substantial glacier mass of the Kaskawulsh and the 

surrounding St. Elias mountain range, while smaller surrounding steep valleys also play a role 

in providing drainage to prolong and intensify katabatic winds. These strong winds, coupled 

with the presence of highly erodible sediment, result in frequent and intense dust emissions 

from this site. In addition, the Ä’äy Chù Valley has been directly impacted by climate change, 

with the rapid retreat of the Kaskawulsh glacier recently routing waters away from the river 

valley (Shugar et al. 2017), leaving the riverbed exposed over the summer season and thus 

potentially increasing its dust-producing erodible surface area. This location is significant as it 

may also serve as a point of reference for other proglacial dust sources at high latitudes. 

Ours is the first study to characterize the chemical and microphysical properties of dust 

emissions from a source in the Canadian North. We provide results on several characteristics 

of the PM10 mineral dust collected, including its concentration, chemical composition, 
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morphology, and particle size distribution. We have also analyzed the chemical composition 

of dust deposited throughout the lower proglacial valley and soil samples collected from the 

exposed sediment of the river to understand variations in composition from emission to 

deposition, including during transport. 

Lastly, we provide detailed information on the methods used to perform air sampling and 

meteorological monitoring directly at a high-latitude dust emissions source. The low-cost, 

efficient methods we have developed are tailored to the limitations of a remote location, as 

well as the harsh conditions of high-latitude dust sources; indeed, our reported sampling setup 

and instrumentation was successfully used to record weather data, perform air sampling and 

characterize particle size distributions without a nearby power source, functioning even during 

high dust concentration periods. The methods we have employed may be used by future 

researchers interested in conducting similar studies of high-latitude dust emissions directly at 

the source, in order to increase our understanding of the mechanisms involved in dust 

production at remote high-latitude sources. 

 

 

 

 

Figure 2-1. Photos taken at the Island dust monitoring station at (left) 17:10 and (right) 

18:10 PST during a dust event that occurred July 2, 2017. 
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2.4 Experimental 

2.4.1 Field Site 

The Ä’äy Chù river delta is 25 km from the 7 km-wide Kaskawulsh Glacier, in a 1 km-deep 

and 8 km-wide valley; the average slope of the valley is only 1:200. Examples of photos 

depicting dust emissions from the exposed river sediment can be found in Figure 2-1. Data 

collection was performed at this location from May 4 to June 2, 2018, as photographic images 

taken by automatic cameras in 2016 and 2017 indicated that the late spring/early summer is a 

period during which substantial dust production occurs. This is due to local geographical 

factors, as it is during this period that the snow has melted and the ground has thawed, but it is 

not yet so warm that glacier and snow-melt has flowed into the valley and moistened or 

covered the soils, decreasing their erodibility. 

The sites at which atmospheric measurements were taken are shown in Figure 2-2a, while the 

locations of soil samples can be found in the Supplemental Information section (Figure 2-S1). 

The overall objective of the sampling scheme was to collect samples in the river delta, where 

significant dust emissions were observed, and monitor how the chemical composition changed 

as the dust plume travelled towards Kluane Lake. Strong winds originating from the glacier 

and the surrounding mountain ranges often blow down the valley towards Kluane Lake; thus, 

the sampling scheme was created based on the observation that dust often travelled from the 

river delta towards the lake, as shown by satellite imagery in Figure 2-2b, though there were 

times when the reverse did occur.  

Details regarding the instrumentation, elevation, and GPS coordinates of the various sites 

sampled are given in Table 2-1. A main instrumentational site, the Down Valley site was 

installed in the Ä’äy Chù Valley within the dust source region, as frequent dust storms were 

produced from the surrounding soils. Its primary function was aerosol sampling and to serve 

as an extensively equipped meteorology station. 

A mobile air sampling station was moved between three sites: the Ä’äy Chù East site (May 4 

to 14), the Visitor’s Center (May 15 to 28), and the Island site (May 29 to 31). The mobile 

station sampling locations are depicted in Figure 2-2a. Broadly, the goal of sampling at these 
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Figure 2-2. (A) Map of air sampling locations; site details provided in Table 2-1. (B) 

Satellite image of dust plume rising from the delta of the Ä’äy Chù (Slims River).  

transient sites was to inform the spatial variation in the concentration and chemical 

composition of PM10 mineral dust within and near the valley, and to gain a sense of local air 

quality. One of the sites at which mobile ambient PM10 measurements were collected was the 

Kluane National Park and Reserve Thachäl Dhäl Visitor’s Center, which serves as main tourist 

attraction and is managed by local employees during the spring and summer. Similarly, the 
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Island site is a scenic overlook adjacent to Kluane Lake; it is now a destination for tourists and 

local hikers, as the diversion of the Ä’äy Chù has rendered the island accessible by foot. The 

Island Site receives large amounts of mineral dust from plumes travelling down the Ä’äy Chù 

Valley. 

Additionally, four sites solely monitoring dust deposition were placed as indicated in Figure 2-

2a. This included three sites on the side of Kluane Lake opposite the dust source: the Kluane 

Lake Research Station, the Outpost Research Station, and the Shakat Tun Wilderness Camp in 

Christmas Bay. An Upper Valley site was also installed in the river valley, located 2 km closer 

to the Kaskawulsh glacier than the Down Valley site. The locations of these sites were 

selected to evaluate the spatial variation in the chemical composition of dust deposited in the 

lake region.  

 

 

 

 

Table 2-1. Site characteristics and details on dust and meteorological monitoring 

equipment used from May 4 to June 1, 2018. Sites where 24-hour PM
10

 ambient mass 

concentrations (PM
10

 concentrations), temperature (T), pressure (P), and relative 

humidity (RH) is also included. 

Site Name (Abbreviation) Sampling Equipment Sampling Date
GPS Location 

(Latitude, Longitude)
Elevation (m) Brief Description

Filter samplers May 9 to May 31

Optical Particle Counter May 17 to May 31

Deposition trap June 1 to Oct 18

Meteorological Station May 9 to May 31

Ä'äy Chù East (AAE)
Filter sampler, 

Meteorological station

May 4 to 14
60.9984, -138.5098 851.76

Near the Alaska Highway; PM10  

concentrations, T, P, RH, WS, WD measured.

Filter sampler, 

Meteorological station

May 15 to 27

Deposition trap May 15 to Oct 20

Fish Heart Island 

(Island)

Filter sampler, 

Deposition trap, 

Meteorological station

May 28 to 31

61.0189, -138.4909 814.19

(Former) island that is now accessible by foot, 

due to the drying of the A'ay Chu. PM10  

concentrations, T, P, RH, WS, WD measured.

Upper Valley (UV)

Deposition trap, 

Meteorological Station

May 14 to Oct 17

60.9871, -138.5638 787.32

Adjacent to the exposed riverbed, but located 

closer to the Kaskawulsh glacier. T, P, RH, WS, 

WD measured.

Kluane Lake 

Research Station 

(KLRS)

Deposition trap June 2 to Oct 20

61.0266, -138.4109 Research station.

Outpost Research 

Station (Outpost)

Deposition trap to Oct 20
61.0269, -138.4027 Research station.

Christmas Bay
Deposition trap May 29 to Oct 19

61.0663, -138.3742
Located on the opposite side of Kluane Lake, 

across from the river delta.
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Down Valley (DV) 60.9980, -138.5227 779.66

Located in the dust source. Main site for air 

sampling and meteorological data collection. 

Detailed information can be found in Table 2.

Thachäl Dhäl 

Visitor's Center (VC)
61.0133, -138.5259 779.57

Parks Canada visitor's center open during the 

summer and early fall. PM10 concentrations, T, 

P, RH, WS, WD measured.
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2.4.2 Meteorological measurements 

The primary location of the meteorological measurements was the Down Valley site. A wide 

array of meteorological equipment was deployed at this site, the details of which can be found 

in the Supplemental Information section (Table 2-S1). All meteorological data was sampled 

and recorded by a datalogger (CSI Inc., Model CR3000) at several intervals depending on the 

instrument, and with summary statistics at 1 second, 1 minute, and 10-minute intervals.  

The Upper Valley site served primarily as a meteorological station to monitor wind speed and 

direction upwind of the Down Valley site and to examine the behavior of incoming katabatic 

winds before they arrived at the source region. A propeller anemometer (RM Young, Model 

05103) was installed at this site to measure wind speed and direction. Temperature, relative 

humidity, and barometric pressure (Vaisala, Models HMP35C and PTB 100A) were also 

monitored at this site; all data was recorded by a datalogger (CSI Inc., Model CR800).  

The Island site was equipped with an identical set of meteorological monitoring equipment 

recording air temperature, relative humidity, and barometric pressure as the Upper Valley site. 

It was also equipped with a camera (Canon T2i with 24mm f/2.8 lens) in a custom-made 

weatherproof enclosure overlooking the valley, which took photos at 10-min intervals, 

controlled by the datalogger, during the period from May – October 2018. All meteorological 

data were processed to ensure their quality, excluding any time periods during which 

maintenance was performed on the towers from the final dataset to avoid reporting 

interferences induced by the presence of researchers at the sites. After data collection, all 

meteorological data were resampled to a timescale of five-minute intervals. 

2.4.3 Sample collection and in situ instrumentation 

An optical particle counter (OPC; Fast-Response Multichannel Monitor, FAI Instruments) was 

used to measure the number concentration of particles between 0.28 and 10 µm in diameter. 

This instrument includes 22 optical channels and provided particle size distribution 

measurements at 2 – 4 Hz. The OPC was operated at a sample flow rate of 1 LPM. As the 

instrument was located directly in the dust source, all air samples were diluted by a factor of 

six before analysis to avoid overwhelming the internal optics setup of the instrument. The 
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OPC was installed at the Down Valley station and placed so that its inlet was located at a 

height of 3.5 m above the ground in a weatherproof enclosure. Continuous 24-hour sampling 

began on May 17 at 00:00 and ended May 30 at 00:00. Information on quality control and data 

analyses performed to validate the OPC and gravimetric analysis can be found in the 

Supplemental Information section, including Figures 2-S2 and 2-S3, which present data 

validation calculations that utilize the method of Gillies and Berkofsky (Gillies and Berkofsky 

2004). 

Aerosol filter sample collection was performed using four mini-vol samplers (ARA Near-

Federal Reference Method Samplers). Three of these samplers were equipped with quartz 

filters (Whatman, QM-A, 47 mm, 2.5 µm pore size), of which two were placed at the Down 

Valley site – one at 2.6 m and the other at 5.9 m. For brevity, in this text these samplers will 

be referred to as the 2 m and 6 m samplers, respectively. The third sampler, known as the 

“mobile station,” was placed on a 2 m-tall stainless-steel tripod (Davis 7716, Mounting Tripod 

for Weather Stations) and deployed to the mobile station sites: Ä’äy Chù East, Visitor’s 

Center, and the Island. The sampler was located at each station for several days before being 

moved to the next. All three of these mini-vol samplers were operated using a PM10 impactor 

and 24-hour sampling periods at a flow rate of 16.7 L min-1 (1 m3/hr). Samples collected on 

quartz filters were used for ICP-MS analysis of total concentrations of select minor and trace 

elements. 

The fourth mini-vol sampler was equipped with a Nuclepore filter (Whatman® Nuclepore™ 

Track-Etched Membranes, 47 mm diameter, 0.4 µm pore size) and stationed at the Down 

Valley site, at a height of 6.1 m. The filters from this sampler were used for SEM/EDS 

analysis. The sampler was operated using 24-hour sampling periods; the inlet of the PM10 

impactor was modified to allow the instrument to be operated at a lower flow rate of 10 L min-

1, to accommodate the greater resistance to air flow through the Nuclepore filter. 

Gravimetric analysis was performed on all filter samples in order to determine the dry mass of 

the particulate matter collected, from which a 24-hour average PM10 mass concentration was 

calculated. All samples were weighed both before and after sampling. Before being weighed, 

quartz filters were dried at 250°C for 2 hr and then placed in a clean silica-filled dessicator for 

1 hr, both before and after sample collection. Nuclepore filters were dried in the desiccator for 
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24 hr prior to being weighted. Filters were stored in EMD Millipore PetriSlide™ containers at 

a temperature of –20°C before analysis. 

Due to the remote locations of the various sampling sites, filter exchanges were performed in 

the field while taking precautions to decrease contamination before or after sampling. In 

general, samplers were serviced in the morning between 5:00 and 10:30 PST, when dust 

storms were less frequent and less intense. The used filter was carefully transferred to a 

protective case and subsequently replaced by an unused filter in as short a time as possible. 

Field blanks were regularly obtained by transferring a clean, unused filter into the air sampler 

followed by immediate removal, in order to gauge the level of contamination introduced 

during this procedure. Upon return from the field, ICP-MS and gravimetric analysis 

demonstrated negligible contamination for the field blank filters, as discussed in the 

Supplemental Information section. 

Several dry-foam passive deposition traps (Hanby Company), were placed at sites in and near 

the delta of the Ä’äy Chù including at the Down Valley, Island, Upper Valley, and Visitor’s 

Center sites. Deposition traps were also placed on the lakeshore opposite the delta at the 

Kluane Lake Research Station, Outpost, and Christmas Bay sites. These samples were used to 

evaluate the spatial distribution of deposited dust, including the spatial variation in the 

chemical composition. 

Lastly, 14 soil samples were collected from the exposed sediments of the Ä’äy Chù by 

removing the top 1 cm of a 20 cm x 20 cm patch of soil. Only the surface of the soil was 

sampled, as this is the portion most likely to contribute to dust production. The locations at 

which the soil samples were taken are shown in Figure 2-S1 (Supplemental Information 

section). 

2.4.4 Vertical aerosol flux calculations 

The vertical aerosol mass flux of PM10 particles was calculated using the gradient method of 

Gillette et al. (1972). The parameterization is provided by Equation (2-1), where ρ is air 

density, u1 and u2 are windspeeds at heights z1 and z2, and n1 and n2 are mineral dust 

concentrations at heights z1 and z2, respectively. Calculation of C, the drag coefficient, is 

provided by Equation (2-2).  
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Using (2-1) and (2-2), the vertical flux was calculated using the windspeed and gravimetric 

data at 5.9 m and 2.6 m at the Down Valley site. This simple flux model allowed us to 

evaluate, semi-quantitatively, dust emissions that occurred at the Down Valley site location. 

2.4.5 Techniques for chemical composition analysis 

2.4.5.1 SEM/EDS  

Analysis via scanning electron microscopy coupled with energy-dispersive x-ray spectroscopy 

(SEM/EDS) was used to determine the mineralogy, size, and aspect ratio of particles collected 

on a Nuclepore filter. The sample were analyzed using a JEOL JSM 7600F instrument under 

high vacuum, at a voltage of 10 kV and a working distance of 15 mm. An LEI detector was 

employed for all EDS measurements. A total of 113 particles were analyzed in this manner. 

Particles collected May 27 10:15 to May 28 8:15 (PST) at the Down Valley site were analyzed 

using SEM/EDS. Before analysis, a 1 cm x 1 cm piece of filter was carefully cut and attached 

to the sample mount using double-sided carbon tape. The sample was coated with 

approximately 40 nm of gold in order to render it conductive.  

The nominal geometric diameter of each particle analyzed was measured along the length of 

the longest axis of the particle. The aspect ratio of particles was also determined, by dividing 

the geometric diameter by the length along the axis perpendicular to the particle’s longest axis. 

Particle mineralogical classification was obtained by comparing EDS spectra to known 

mineral reference spectra (Falkovich et al. 2001). As determination of particle mineralogy was 

the sole goal of this method, it was assumed that the semi-quantitative elemental composition 

output of the EDS analysis was sufficient for our purposes, and no steps were taken to ensure 

the elemental composition results were quantitative. Pure minerals were defined as those 

containing only Si (quartz), only Ca (calcite), only Ca and S at a 1:1 ratio (gypsum), or only 
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Ca and Mg (dolomite). Clay minerals were defined as containing Si accompanied by either Al, 

alkali metals, alkali earth metals, or a combination thereof. 

 

2.4.5.2 ICP-MS 

A modified version of EPA method 3051a (EPA 2007) was used to analyze trace and minor 

element concentrations in both soils, PM10, and deposited aerosol samples using inductively 

coupled plasma-mass spectrometry (ICP-MS).The method was scaled down in order to work 

with the small sample sizes (20-40 mg) that were available due to the use of mini-vol 

samplers. In addition, a mixture of ultrapure HNO3 (67-70%, BDH ARISTAR ULTRA, 

supplied by VWR International) and HCl (TraceMetal Grade, Fischer Chemical) were used for 

the digestion of samples, due to the infeasibility of using HF at our facilities. 

Filter samples were digested by cutting filters into small pieces and placing them in 

microwave digestion tubes. The mass obtained from gravimetric analysis was used as the 

sample mass for the analyses of the filter samples; this number was typically 20-40 mg, 

depending on how much PM10 had been collected during the 24-hr sampling period. For the 

soils, digestions were performed by measuring 25 mg of each sample analyzed into the Teflon 

tubes. Deposition trap samples were analyzed in exactly the same manner as soil samples. A 

more detailed description of the digestion process employed can be found in the Supplemental 

Information section. 

Samples were pre-digested for 4 hrs in a fume hood to avoid violent reactions upon heating. 

Tubes were then placed in a Mars-Xpress CEM Digestion Microwave and subjected to an 

initial temperature ramp to 140°C that lasted 5.5 min with a subsequent holding period of 4.5 

min. After a 5-min cooling period, samples were removed from the apparatus; transferred to 

clean, pre-weighed 50-mL polypropylene tubes; diluted by a factor of 7 for soil samples and 8 

for PM10 samples; and filtered using a syringe filter (Fisherbrand 25 mm nylon syringe filters, 

0.45 μm pore size, sterile). Three standard reference soils – NIST 2710a, NIST 2711a, and 

NIST 8704 – as well as acid blanks were digested alongside soil and aerosol samples in order 

to confirm the quantitative recovery of metals contained in the samples and to verify that no 

contamination was introduced during the digestion process. 
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Samples were then analyzed via ICP-MS (Perkin Elmer, NexION 300x) using calibration 

standard IV-71a and quality control standard QCS-27 (Inorganic Ventures). Standard solutions 

of 0.5 – 200 μg/L prepared from IV-71a were used for calibration, and a 50 μg/L quality 

control solution prepared from QCS-27 was also used. Data for a given metal were accepted as 

quantitative if NIST SRM recovery was 80 – 110 %, the calibration curve R2 was greater than 

0.999, and the solution-phase quality control analysis was within 10 % of the known 

concentration of QCS-27.  

Figure 2-3. Time series of (A) 24-hour averaged PM
10

 mass concentrations at all 

sites, determined using gravimetric analysis of filter samples. The size-resolved 

particle number concentrations output by the OPC was also used to calculate the 24-

hour averaged PM
10

 mass concentrations at 4 m. (B) Five-minute resolution OPC 

data. 
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2.5 Results and Discussion 

2.5.1 Particle sizing and ambient mass concentrations 

2.5.1.1 Time series data 

The measured particle size distribution (dM/dlogDp) from the Down Valley site and the 24-

hour averaged PM10 concentrations from the Down Valley, Ä’äy Chù East, Visitor’s Center, 

and Island sites are depicted in Figure 2-3. Given that the Down Valley site was located 

directly in the exposed delta of the Ä’äy Chù and that the PM10 concentrations were 

substantially higher at this site compared to the other sites, the particle sizing and gravimetric 

analysis of samples from the Down Valley site were taken to be indicative of dust emissions 

from the Ä’äy Chù Valley. The 24-hour data from the filter samples shows a significant event 

occurred within the filter sampling period of May 19 at 11:00 to May 20 at 9:00 (PST), with 

the OPC data indicating the event took place on May 19 between 6:00 and 21:00 (PST). Based 

on our time series data, this period exhibited the highest ambient concentrations of PM10 

observed at the Down Valley site. The period between May 20 and May 25 is marked by 

multiple periods of elevated mineral dust concentration per day, followed by a less-dusty 

period between May 25 and May 27. Both the gravimetric and OPC data show increased dust 

emissions on May 29. Gravimetric analysis indicates that dust events occurred May 14 and 15, 

though no OPC data is available for these dates and thus fast time-resolution measurements of 

these events are unavailable. The particle size distribution showed little variation with time, as 

is evident in Figure 2-4. 

In addition, Figure 2-4 shows the particles in the PM10 size range to be quite fine, with a 

maximum in the mass size distribution of 3.25 µm. This is a key result, as the PM10 size 

distribution recorded in this study is very fine as compared to those previously found by 

studies of more well-characterized dust sources, such as Northern Africa, the Sahara, China, 

and Australia; results compiled by Huang et al. (2019) found the maximum of the volume size 

distribution for PM10 collected from these low-latitude dust sources to be closer to 10 µm. 

Huang et al. presented their results as the geometric diameter, while our OPC measurements 

report the optical diameter; however, we have confirmed the size distribution measured by our 
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OPC with the particle size distribution measured by an aerodynamic particle sizer (APS) that 

also sampled ambient PM10 in the Ä’äy Chù Valley (Figure 2-S4). This confirmation, as well 

as the quality control analysis previously described in the experimental section that confirm 

the OPC measurements, indicate that there is a negligible difference between the OPC 

measured optical diameter provided in Figure 2-4 and the geometric diameter of particles. 

Further discussion of the dust emission mechanisms that may have resulted in the fine PM10 

size distribution measured can be found in the dust emission mechanism section of this 

discussion.  

 

Figure 2-4. Normalized particle mass size distribution from the OPC data averaged over 

four time periods. Maximum at a particle diameter of 3.25 µm.  
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2.5.1.2 Diurnal Trends in Ambient PM10 

 The diurnal variation of the ambient PM10 mass concentration, as calculated from the OPC 

data, is depicted in Figure 2-5. While ambient dust concentrations are highly variable from day 

to day, ambient PM10 concentrations are generally highest in the afternoon and evening, 

between 13:00 and midnight (PST) and the early morning hours of 5:00 to 10:00 (PST) 

correspond to the lowest PM10 concentrations. The magnitude of net radiation measured by the 

net radiometer is generally close to zero at hours of the day when significant PM10 

concentrations were observed, demonstrating that dust activity was not restricted to daylight 

hours. Even though it is true that ambient dust may alter the net surface radiation budget, we 

use the net radiometer data here as a more general indicator of daytime versus nighttime over 

the course of our sampling campaign. This finding demonstrates that passive remote sensing 

of mineral dust emissions in the Arctic that is limited to daytime hours may miss dust 

production that occurs at night.  

 

Figure 2-5. Diurnal trends in ambient PM
10

 concentrations at the Down Valley site, as 

determined from the OPC data. Box-and-whisker plots show the minimum, 25 % quartile, 

median, 75 % quartile, and maximum of the data obtained continuously between May 17 

and May 29, 2018. The upper panel indicates the mean net radiation at the Down Valley 

site between May 4 and June 2, indicating the approximate range of daylight hours during 

this period. 
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2.5.1.3 Correlation between PM10 and PM2.5 and comparison with air quality standards 

While no PM2.5 filter samples were collected during the campaign, the PM2.5 concentration 

was calculated using the OPC data. Furthermore, the OPC data showed a strong correlation 

between the calculated mass concentrations of PM10 and PM2.5. The 5-minute resolution data 

gave an R2 value 0.88. However, when a single data point (May 28 at 9:50 P.M.) was 

removed, the coefficient increased to 0.95.  

   PM2.5 = 11.911 + 0.2156 * PM10  (2-3) 

Given the exceptional correlation between PM10 and PM2.5, we applied equation (2-3) – the 

interpolation equation relating the ambient mass concentrations of PM10 and PM2.5 at the 

Down Valley site – to the 24-hr PM10 concentration data obtained from the Mobile Station 

Sites (Ä’äy Chù East, Visitor’s Center, and Island), in order to estimate PM2.5 concentrations 

at these sites. The mobile station site PM2.5 concentrations estimated using this method are 

likely a lower-bound of the PM2.5, as the settling mechanisms of mineral dust result in larger 

particles being deposited at a faster rate. Thus, PM2.5 could potentially make up a slightly 

larger percentage of the PM10 size fraction at the mobile station sites than it does at the Down 

Valley site located directly in the dust source. 

2.5.1.4 Comparison of PM10 and PM2.5 concentrations with air quality standards 

The measured 24-hour average PM10 and estimated PM2.5 concentrations at the various mobile 

station sites (Ä’äy Chù East, Visitor’s Center, and Island) were then compared to air quality 

thresholds provided by the WHO (2006). The results of this comparison is shown in Figure 2-

6. The 24-hr air quality standard for ambient PM10 concentrations provided by the WHO is 50 

µg/m3, which is a target value for limiting risks to public health; the corresponding limit for 

PM2.5 concentrations is 25 µg/m3 (WHO 2006). Based on these air quality guidelines, it is 

evident that both the PM10 and PM2.5 limits of the WHO were surpassed at all three sites 

during our sampling campaign. Moreover, the estimated PM2.5 surpassed the WHO PM2.5 

limits on all days when the WHO PM10 limits were surpassed. Despite the short duration of 
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the measurement campaign, the results indicate that the emitted mineral dust negatively 

impacts air quality in locations near the Ä’äy Chù that are frequently visited by tourists. 

 

 

 

2.5.2 SEM/EDS analysis of ambient PM10 

The mineralogical composition of individual dust particles collected on May 27 at 10:15 to 

May 28 at 8:15 at a height of 6 m at the Down Valley site was determined based on the work 

of Falkovich et al,(Falkovich et al. 2001) and is shown in Table 2-2. The elements Si, Ca, Al, 

Mg, Fe, K, Na, and S were detected in the course of our analysis. It was found that the 

analyzed sample consisted of both pure minerals – quartz, calcite, gypsum, and dolomite – and 

aluminosilicate aggregates. These aggregates, which made up 75.7 % of all particles analyzed, 

were primarily clay minerals; through analysis of element ratios, certain clay minerals were 

Figure 2-6. Comparison of 24-hour ambient PM10 (right axis) and PM2.5 (left axis) mass 

concentrations observed at mobile station sites with the air quality guidelines of the 

World Health Organization (WHO). The WHO guidelines are 50 µg/m3 and 25 µg/m3 

for PM10 and PM2.5, respectively. (Citation: WHO, 2006) 
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identified as being aggregated with pure minerals. For example, all clay minerals containing 

1:1 of Ca and S were classified as aggregates of clay with gypsum. Examples of EDS spectra 

of particles and their corresponding mineralogical classification can be found in the 

Supplemental Information section (Figure 2-S5).  

Of all the particles sampled, 63.5 % contained Al, 22.6 % contained Fe, and 13.0 % contained 

Na; these elements were present in particles all classified as clay minerals. Calcium was 

present in 42.6 % of all particles, with 26.1 % of all particles being clay minerals with calcium 

and 16.5 % of all particles classified as either calcite, gypsum, or dolomite. It is important to 

note that the mineralogical data obtained through this analysis is semi-quantitative due to the 

small sample size in terms of the number of particles analyzed (n = 113); however, the 

SEM/EDS results nevertheless provide information regarding the major element content of the 

PM10 collected, and the data indicate a large presence of aluminosilicate and calcium-

containing minerals. Finally, the particle aspect ratios were also measured giving a mean value 

of 1.60 ± 0.53, where the error provided is the standard deviation. The aspect ratio analysis 

indicated that the majority of particles (88 %) were non-spherical, with certain particles 

possessing aspect ratios exceeding 3.0 (Figure 2-S6). 

 

Table 2-2. Mineralogical classification of PM10 particles (d < 10 µm) collected at the 

Down Valley site (h = 6 m) on May 27, 2018. 
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2.5.3 Minor and trace element content 

2.5.3.1 Method evaluation results 

Our results indicate that the modified version of EPA 3051a we employed for our sample 

digestions quantitatively extracts the following nine metals from both PM10 and soil samples 

for ICP-MS analysis: Mn, Fe, Co, Ni, Cu, As, Cd, Cs, and Pb. The results of our validation 

tests are discussed in the Supplemental Information section, while the elemental recoveries 

and limits of detection of our analyses can be found in Tables 2-S2 and 2-S3. 

 

2.5.3.2 Elemental Composition of Soil, PM10, and Deposited Mineral Dust Samples 

ICP-MS results are provided in Table 2-3 for all analyzed ambient PM10, dust deposition, and 

soil samples. Due to the quantity of samples analyzed, we have also condensed the data into a 

summary of compositions by sample type in Table 2-4. It is noteworthy that due to the low 

sample mass, elemental analysis of dust deposition collected from the Visitor’s Center was not 

possible. 

The analyzed elemental composition of PM10 is quite consistent between the Down Valley and 

mobile station sites and varies very little from day-to-day. This can be seen in the low relative 

standard errors (RSE) of the averaged PM10 composition in Table 2-4, which do not exceed 5 

% for any metal except Cd. Thus, the ambient PM10 samples analyzed showed little spatial or 

temporal variation in their chemical composition, with Cd being the most variable elements 

and Fe and Mn content showing the least spatial and temporal variation. Fine soil samples 

demonstrated increased variability in As (RSE of 28.9 %) and Pb (RSE of 28.6 %) as 

compared to the other analyzed metals. The As content was generally higher in the most up-

valley soil samples (B and C, both fine and bulk soil samples), as well as those closest to 

Kluane Lake (J, K, M, N, both fine and bulk soil samples where applicable). This subset of 

soil sample sites where As was found to be higher were also higher in Pb contentanalysed. 

More spatial variation was observed in the composition of the dust deposition samples than the 

PM10 air samples. Trends in dust deposition composition are in Table 2-3, as samples are 

listed in order of their proximity to the Kaskawulsh glacier, with the Upper Valley site being 
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the closest and Christmas Bay being the furthest site. At sites more removed from the river 

delta, such as Kluane Lake Research Station, Outpost Research Station, and Christmas Bay, it 

is not certain whether all the dust deposition collected originated from the exposed sediment of 

the Ä’äy Chù, as it is possible that a portion of the dust collected originated from other sources 

as well (such as road dust or natural dust sources nearby). The sample collected from 

Christmas Bay is of note in its deviation from the other samples. It comprised the lowest 

content of As and Mn, as well as the highest content of Ni, Cd, and Pb, as compared to the 

other analyzed dust deposition samples. The elevated lead content of the Outpost and 

Christmas Bay samples could likely be due to the increased proximity of these sites to areas of 

human habitation. The composition data for the deposition samples indicates that the impact of 

the dust plumes in terms of the deposition of metals extends at least a distance of 

approximately 5 km across the southern portion of Kluane Lake. 
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Sample Label Mn (mg/kg) Fe (%) Co (mg/kg) Ni (mg/kg) Cu (mg/kg) As (mg/kg) Cd (mg/kg) Cs (mg/kg) Pb (mg/kg)

Soils (Bulk)

A 524.04 2.59 11.87 44.00 50.03 7.24 0.63 0.82 8.65

B 423.07 2.42 9.57 35.53 44.74 10.01 0.40 0.68 5.58

C 537.51 2.60 11.91 48.10 40.13 8.69 0.83 1.09 6.66

D 552.26 3.43 15.18 56.81 47.11 5.35 0.34 1.06 8.17

F 443.13 2.59 9.65 25.66 28.79 < LOD 0.65 0.79 4.03

G 469.17 2.25 10.51 32.72 41.26 3.76 0.44 0.65 6.60

H 536.98 3.19 14.60 57.18 50.86 9.80 0.78 1.59 8.16

L 453.31 2.26 9.77 31.21 27.36 0.00 0.41 0.67 5.62

M 444.44 2.20 9.07 29.75 31.59 3.30 0.23 0.80 5.07

Average ± SE 

(%RSE)

487.1 ± 

16.65

(3.42 %)

2.62 ± 0.14

(5.46 %)

11.35 ± 0.75

(6.6 %)

40.11 ± 3.95

(9.84 %)

40.21 ± 3

(7.47 %)

5.35 ± 1.29

(24.15 %)

0.52 ± 0.07

(13.25 %)

0.9 ± 0.1

(11.17 %)

6.5 ± 0.53

(8.09 %)

Soils (Fine, d < 53 µm)

A 564.66 3.39 12.19 35.54 74.53 < LOD 1.06 0.80 6.08

B 595.84 3.70 18.46 56.13 86.53 47.31 1.00 0.81 14.71

C 767.47 3.93 18.80 75.66 80.94 10.22 0.75 1.68 11.59

D 571.53 3.65 16.25 61.87 69.14 3.03 0.58 1.09 8.66

E 490.78 2.24 9.78 36.28 94.96 2.98 0.31 0.72 7.22

F 528.66 3.26 12.72 37.94 84.78 2.51 1.12 0.60 6.17

G 495.01 2.30 11.49 33.87 52.44 8.40 0.44 0.60 7.09

H 553.54 3.21 14.48 59.10 72.93 8.01 0.85 1.53 8.43

I 517.52 2.53 11.37 39.81 66.48 7.59 0.22 0.48 7.37

J 642.36 3.10 15.15 47.22 107.38 11.68 0.99 0.65 9.09

K 640.04 3.25 17.61 57.89 97.05 14.95 0.66 0.66 9.51

L 604.69 2.87 13.60 46.91 78.70 9.67 0.67 0.71 8.71

M 665.32 3.55 17.90 55.59 119.90 28.76 0.74 0.70 10.25

N 551.62 2.54 11.09 37.79 96.07 19.38 0.49 0.80 53.57

R1** 418.95 2.25 8.56 43.89 199.85 4.36 <LOD 0.74 5.97

R2** 468.74 2.53 12.21 45.39 114.91 6.74 <LOD 0.87 7.37

Average ± SE

(%RSE)

567.3 ± 

20.16 

(3.55 %)

3.02 ± 0.14

(4.77 %)

13.86 ± 0.81

(5.88 %)

48.18 ± 3.37

(6.99 %)

93.54 ± 4.72

(5.04 %)

11.6 ± 3.35

(28.87 %)

0.62 ± 0.07

(12.01 %)

0.84 ± 0.09

(11.28 %)

11.36 ± 3.25

(28.63 %)

Dust Deposition
Upper Valley

(May to Oct)
418.11 2.84 14.49 48.05 51.07 10.24 1.08 0.84 8.50

Down Valley 

(May)
465.45 2.51 17.72 38.20 49.23 7.69 1.11 0.76 6.14

Down Valley

(June to Oct)
442.78 2.37 14.68 34.09 41.87 9.75 0.74 0.60 7.21

Island Site 

(May)
506.16 2.82 12.68 49.20 49.10 6.97 0.59 1.04 6.30

KLRS

(May to Oct)
423.43 2.20 9.97 36.26 34.60 8.68 0.78 0.36 7.38

Outpost

(May to Oct)
557.63 3.17 14.78 56.97 45.87 10.61 1.14 0.52 9.55

Christmas Bay

(May to Oct)
318.00 3.05 13.84 75.44 49.55 6.74 1.27 0.20 9.85

Average ± SE

(%RSE)

444.4 ± 33.5

(7.5 %)

2.74 ± 0.16

(7.5 %)

13.4 ± 0.8

(5.6 %)

50 ± 6.2

(12.3 %)

45.3 ± 2.5

(5.6 %)

8.8 ± 0.7

(7.7 %)

0.9 ± 0.1

(11.7 %)

0.6 ± 0.1

(21.2 %)

8.1 ± 0.6

(7 %)

 

Table 2-3. Elemental composition of all samples analyzed via ICP-MS. Sample label 

corresponds to the sample name in Figure 2-S1, with both the bulk and the fine fraction 

(d < 53 µm) analyzed. Analyses where the elemental content was below the limit of 

detection (LOD) are also indicated. ** Indicates samples not included in total average. 
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Sample Label Mn (mg/kg) Fe (%) Co (mg/kg) Ni (mg/kg) Cu (mg/kg) As (mg/kg) Cd (mg/kg) Cs (mg/kg) Pb (mg/kg)

Ambient PM10 (Down Valley, h = 2m)

May 14 10:00 to 

May 15 9:00
662.22 5.10 23.11 76.80 75.04 21.55 0.99 1.43 15.81

May 15 9:15 to 

May 16 7:00
714.15 4.89 23.61 77.53 75.81 18.67 0.60 1.69 16.02

May 23 10:10 to 

May 24 9:20
636.06 4.41 21.58 70.30 68.31 19.44 1.04 1.34 13.46

May 29 9:15 to 

May 30 9:25
711.02 4.76 25.08 70.63 70.17 21.01 1.74 1.54 16.44

Average ± SE 

(%RSE)

680.9 ± 19.1

(2.8 %)

4.79 ± 0.15

(2.8 %)

23.3 ± 0.7

(3.1 %)

73.8 ± 1.9

(2.6 %)

72.3 ± 1.8

(2.5 %)

20.2 ± 0.7

(3.3 %)

1.1 ± 0.2

(21.7 %)

1.5 ± 0.1

(5.1 %)

15.4 ± 0.7

(4.3 %)

Ambient PM10 (Down Valley, h = 6m)

May 14 10:20 to 

May 15 9:20
642.58 4.52 22.46 70.54 66.72 18.23 1.08 1.50 14.53

May 15 9:45 to 

May 16 7:15
741.94 5.06 25.38 82.82 82.69 17.40 0.44 1.61 16.70

May 22 9:20 to 

May 23 9:15
661.92 4.63 22.41 73.06 70.12 19.38 1.11 1.57 14.48

May 23 10:30 to 

May 24 9:25
670.56 4.53 23.06 74.59 75.62 20.91 1.07 1.59 14.00

May 29 9:30 to 

May 30 9:40
661.15 4.41 22.84 73.07 72.85 20.13 1.46 1.32 16.10

Average ± SE 

(%RSE)

675.6 ± 17.2

(2.5 %)

4.63 ± 0.11

(2.5 %)

23.2 ± 0.6

(2.4 %)

74.8 ± 2.1

(2.8 %)

73.6 ± 2.7

(3.7 %)

19.2 ± 0.6

(3.3 %)

1 ± 0.2

(16 %)

1.5 ± 0.1

(3.5 %)

15.2 ± 0.5

(3.5 %)

Ambient PM10 (Mobile Station)

A'ay Chu East
May 11 10:50 to 

May 12 20:00
714.11 4.59 23.05 79.22 78.78 18.39 1.00 1.57 15.86

A'ay Chu East
May 14 12:05 to 

May 15 11:45
729.96 4.53 25.85 67.89 61.56 20.18 1.70 1.74 14.78

Visitor's Center
May 20 9:55 to 

May 21 10:15
640.28 4.28 27.88 63.74 59.03 14.48 1.66 1.96 20.70

Island
May 29 13:05 to 

May 30 10:40
633.74 4.31 18.66 72.60 62.44 17.03 0.93 1.64 12.09

Island
May 30 10:44 to 

May 31 13:55
658.60 4.29 22.89 68.89 57.68 14.97 1.86 1.28 12.87

Average ± SE 

(%RSE)

675.3 ± 19.7

(2.9 %)

4.4 ± 0.07

(2.9 %)

23.7 ± 1.6

(6.6 %)

70.5 ± 2.6

(3.7 %)

63.9 ± 3.8

(6 %)

17 ± 1.1

(6.2 %)

1.4 ± 0.2

(13.5 %)

1.6 ± 0.1

(6.7 %)

15.3 ± 1.5

(9.9 %)

Table 2-3 (continued). Elemental composition of all samples analyzed via ICP-MS. 
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Soils, Bulk Soils, d < 53 µm Dust Deposition¥ Ambient PM10

(n = 9) (n = 14) (n = 6) (Down Valley** and Mobile)

Mn (mg/kg) 487.1 ± 16.65 (3.42 %) 567.3 ± 20.16 (3.55 %) 444.4 ± 33.5 (7.5 %) 675.48 ± 12.31 (1.82 %)

Fe (%) 2.62 ± 0.14 (5.46 %) 3.02 ± 0.14 (4.77 %) 2.74 ± 0.16 (7.5 %) 4.52 ± 0.72 (1.6 %)

Co (mg/kg) 11.35 ± 0.75 (6.6 %) 13.86 ± 0.81 (5.88 %) 13.4 ± 0.8 (5.6 %) 23.45 ± 0.78 (3.34 %)

Ni (mg/kg) 40.11 ± 3.95 (9.84 %) 48.18 ± 3.37 (6.99 %) 50 ± 6.2 (12.3 %) 72.64 ± 1.74 (2.39 %)

Cu (mg/kg) 40.21 ± 3 (7.47 %) 93.54 ± 4.72 (5.04 %) 45.3 ± 2.5 (5.6 %) 68.75 ± 2.74 (3.98 %)

As (mg/kg) 5.35 ± 1.29 (24.15 %) 11.6 ± 3.35 (28.87 %) 8.8 ± 0.7 (7.7 %) 18.11 ± 0.69 (3.8 %)

Cd (mg/kg) 0.52 ± 0.07 (13.25 %) 0.62 ± 0.07 (12.01 %) 0.9 ± 0.1 (11.7 %) 1.23 ± 0.14 (11.13 %)

Cs (mg/kg) 0.9 ± 0.1 (11.17 %) 0.84 ± 0.09 (11.28 %) 0.6 ± 0.1 (21.2 %) 1.58 ± 0.06 (3.85 %)

Pb (mg/kg) 6.5 ± 0.53 (8.09 %) 11.36 ± 3.25 (28.63 %) 8.1 ± 0.6 (7 %) 15.21 ± 0.76 (4.97 %)

 

Table 2-4. Average elemental composition per sample type – bulk soils, fine soil 

fraction (d < 53 µm), dust deposition, and ambient PM10 – as determined via ICP-MS. 

Standard error and relative standard error are also provided. 

¥Data from Down Valley Site (May Only) excluded from average. ** Data from sampler at 6 m height used only. 

 

 

Site

Downvalley 2m 6m 2m 6m 2m 6m 2m 6m 2m 6m 2m 6m 2m 6m 2m 6m 2m 6m

May 14 1361.06 615.22 10.48 4.33 47.50 21.50 157.85 67.54 154.23 63.88 44.29 17.45 2.03 1.03 2.94 1.44 32.49 13.91

May 15 1313.47 708.46 8.99 4.83 43.42 24.23 142.59 79.08 139.43 78.96 34.34 16.61 1.10 0.42 3.11 1.54 29.46 15.95

May 22 515.89 3.61 17.47 56.94 54.65 15.10 0.87 1.22 11.29

May 23 891.15 464.60 6.18 3.14 30.23 15.98 98.49 51.68 95.71 52.39 27.24 14.49 1.46 0.74 1.88 1.10 18.86 9.70

May 29 340.02 636.69 2.28 4.25 11.99 22.00 33.78 70.37 33.56 70.15 10.05 19.39 0.83 1.41 0.74 1.27 7.86 15.50

Ä'äy Chù East

May 14 

May 15

Visitor's Center

May 20

Island

May 23

May 29

Cd (ng/m
3
) Pb (ng/m

3
)Mn (ng/m

3
) Fe (µg/m

3
) Co (ng/m

3
) Ni (ng/m

3
) Cs (ng/m

3
)Cu (ng/m

3
) As (ng/m

3
)

13.45

4.49

0.63

0.76

6.39

6.44

6.000.57

0.455.22

1.03

0.65

4.20

1.8218.94

0.40

0.74

0.48

31.74

26.83

17.12

80.74

24.04

69.44

20.131.50

9.29

11.27

8.09

20.75

7.99

704.80

229.81

1.85

1.97

1.24

287.68

318.14

185.73

4.79

3m 3m 3m 3m

31.91

29.59

18.49

7.41

8.79

3m 3m 3m 3m 3m

 

Table 2-5. 24-hour averaged ambient concentrations of the measured trace elements in 

the ambient PM10 at the Down Valley and mobile station sites.  
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2.5.3.3 Ambient concentrations of minor and trace elements in PM10 

We have calculated the total concentration of each analyzed trace element in the aerosol 

samples in ng/m3 and provided this data in Table 2-5. As the composition of the collected 

PM10 air samples did not show significant day-to-day or site-to-site variation, we find that the 

ambient concentrations of each metal follow the trends of the gravimetric analysis, with lower 

ambient minor and trace element concentrations at 6 m as compared to 2 m at the Down 

Valley site, and higher concentrations at the Island and Ä’äy Chù East sites than at the 

Visitor’s Center. However, there are some instances when the concentrations observed at the 

Visitor’s Center equalled or even slightly surpassed those of the other two mobile station sites, 

such as in the case of Co, Cd, Cs, and Pb. This may be due to the proximity of the Visitor’s 

Center site to human activity, slight differences in the composition of the dust at this site, or 

the differences in aerosol concentration since the days the measurements were taken at the 

visitor center and the other mobile station sites were not the same. 

 

2.5.3.4 Comparison of ambient PM10, dust deposition, and soil samples 

In order to compare the elemental compositions of our samples, we have compared the 

enrichment factor of the Down Valley site ambient PM10 elemental composition with the other 

sample types. This factor was calculated for each element analyzed by determining the ratio 

between the mass fraction in the Down Valley site PM10 at a height of 6 m and the mass 

fraction of the element in each of the other sample types (mobile sites, deposition, fine soils, 

and bulk soils). The results of our comparison can be found in Figure 2-7.  

There are distinct trends in the elemental composition when comparing between sample types. 

Firstly, the enrichment factor of the Down Valley site ambient PM10 composition relative to 

that of the mobile station sites hovers near 1, indicating a similar composition between the 

PM10 samples collected at our air sampling sites throughout the river delta and at the Island 

site. Cd is an exception to this rule, likely because it has the lowest concentrations out of the 

metals we have quantified, and thus might be more influenced by contamination and 

measurement interferences. Figure 2-7 also demonstrates an overall elemental enrichment in 

the ambient PM10 samples as compared to the bulk soils. This trend is still apparent, but less 
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pronounced, when comparing the Down Valley site PM10 with the fine fraction of the soils and 

dust deposition. In this case, there are certain exceptions to the overall trend of PM10 

enrichment, such as for Cd (for which the concentration is statistically equivalent between 

Down Valley PM10 and deposition samples) and Cu (for which the concentration is 

statistically equivalent in the fine fraction of soils and PM10). Moreover, the elemental 

composition of the deposition samples is relatively similar to that of the fine fraction of the 

soils; the difference is much less pronounced than the difference between PM10 and fine soil 

samples. 

As these trends in sample composition were observed, an ANOVA test was performed to more 

quantitatively compare the observed trends described above. The results of the ANOVA can 

be found in Table 2-S4. Overall, the ANOVA analysis indicated a significant difference 

between the elemental composition of PM10 samples as compared to either dust deposition, 

bulk soils, and the fine fraction of soils, for all elements analyzed except for Pb. 

 

 

Figure 2-7. Bar graph of Down Valley site (DV) PM10 enrichment of trace elements as 

compared to Mobile Station PM10, deposited dust, fine soils (d < 53 µm), and bulk soils. 
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2.5.4 Evaluation of dust production mechanisms 

2.5.4.1 Contribution of saltation-sandblasting 

Parameterizations of dust emissions make the, often correct, assumption that vertical aerosol 

flux is proportional to horizontal flux. This is because saltation/sandblasting processes – in 

which larger, dense, wind-blown particles impact upon the surface, thus releasing fine 

sediments that would otherwise be too small to be entrained due to their low resistance in an 

airflow – are thought to be the dominant mechanism responsible for dust emission (Shao 

2008). However, the details of this mechanism can vary depending on the composition and 

size distribution of particles in the erodible soils, and thus parameterizations of dust emission 

developed based on low-latitude dust sources may not be applicable to high-latitude dust 

sources whose erodible soils may differ greatly in size and composition. Moreover, it is also 

possible for dust entrainment to occur through processes other than sandblasting, such as 

through direct aerodynamic entrainment (Loosmore and Hunt 2000; Shao 2001).  

We began by confirming whether the location of the Down Valley site was indeed a site of 

dust emission. By applying the method of Gillette et al. (1972), we calculated the daily net 

vertical aerosol flux as described in the experimental section. The results of this analysis can 

be found in Table 2-S5. We observed dust emissions on almost every day of our sampling 

campaign, with the exception being May 29. As a result, we concluded that we could safely 

assume that the location of our sampling instruments in the Ä’äy Chù Valley was indeed a site 

of dust emissions.  
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Because the saltation/sandblasting mechanism is known to be a dominant dust emission 

mechanism at previously characterized low-latitude dust sources, we attempted to confirm its 

importance as a mechanism for dust emissions in the erodible sediment of the Ä’äy Chù 

Valley. Through the process of sieving our soils we found that the percentage, by mass, of the 

bulk soil comprising particles smaller than 53 µm in diameter was 12.4 % for a soil sample 

near the Down Valley site (Sample G), and 14.5 % and 19.6 % for two soil samples collected 

in the delta, closer to Kluane Lake (Samples I and L, respectively). The results of our size 

distribution analysis, described in the Supplemental Information section, also demonstrated 

that the silt fraction (d < 20 µm) makes up 50-60 % of the the fine fraction of the soil samples 

analyzed (Figure 2-8). This demonstrates that the fine fraction of the soils is significant 

relative to the overall bulk mass of the erodible soils in the dust source, indicating that fine 

materials are present that could be released in the event that saltation were to occur. 

Furthermore, it is highly likely that saltation does occur at this location, as both the measured 

wind speeds and the calculated shear velocities at the Down Valley site are quite high relative 

to those previously documented to cause saltation to occur. The average shear velocity 

Figure 2-8. Normalized cumulative mass size distribution measured by a Coulter 

counter. Samples measured include dust deposition at the Down Valley (DV) site, as 

well as the fine fraction of two soil samples. 
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measure over the course of our campaign was 0.61 m/s ± 0.12 m/s, which is well above most 

thresholds for the emission of dust via the saltation/sandblasting mechanism (Bagnold 1941; 

Parajuli et al. 2016). We have also analyzed the size-resolved threshold velocity for 

entrainment. Figure 2-9 provides the comparison between the wind velocities measured at the 

Down Valley site during the entirety of our dust measurement campaign and the size-resolved 

threshold velocity for entrainment used by Ginoux et al. (2001). The threshold velocities for 

entrainment of PM10 are surpassed by the recorded wind speeds and the threshold velocities 

for particles 50 to 100 µm in diameter (particles that dominate in saltation processes) were 

surpassed throughout the majority of the campaign (56 % of the time for particles 100 µm in 

diameter or less); both of these results indicate saltation occurred at this location. Finally, the 

data indicating high shear velocities and significant soil mass within the saltation (fine sand) 

size range is consistent with the result of Nickling et al. (1978), who measured horizontal flux 

of particles in the Ä’äy Chù Valley. 

 

 

Figure 2-9. (left) Size-resolved threshold wind velocity necessary for dust entrainment, 

calculated from the parameterization used by Ginoux et al, 2001, which incorporates the 

physical mechanisms that lead to dust entrainment, including saltation-sandblasting 

(right) A histogram plot denoting the range of wind speeds calculated at a height of 10 m 

during May 4 to June 2 at the Down Valley site. 
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While the occurrence of the sandblasting mechanism is supported by our measurements of 

shear velocity, and wind speed, as well as the previous study by Nickling et al. (1978), it is 

noteworthy that the measurements of horizontal flux activity estimated by an installed 

SENSIT sensor at the Down Valley site did not detect significant saltation during the sampling 

period (Figure 2-S7), and furthermore the SENSIT detected zero particles during periods of 

intense dust emissions. Firstly, the observed trends may be a result of the lack of 

instrumentation sensitivity to the horizontal flux of particles at the Down Valley site. SENSIT 

instruments possess a limit of detection in terms of the kinetic energy of impact that will be 

counted as horizontal mass flux of particles (Baas 2004). The lack of saltation recorded during 

our study may be a result of saltating particles or dissociating aggregates whose impact was 

below the kinetic energy limit able to be registered by our SENSIT instrument – for example, 

insufficient momentum possibly stemming from the larger percentage of particles in the mass 

fraction below 53 µm. Thus, dust emission may have occurred due to sandblasting processes, 

but due to the limit of detection on our instrument these processes and the fine nature of the 

soil distribution, the horizontal mass transport may not have been recorded. Regardless of the 

reason for the lack of particle counts from the SENSIT, we conclude that the majority of the 

evidence supports the presence of the saltation/sandblasting mechanism and its contribution to 

the emission of dust from the Ä’äy Chù Valley. 

 

2.5.4.2 Detailed analysis of the saltation-sandblasting mechanism based on particle sizing 

and elemental composition 

We have considered the elemental composition of PM10 and soil samples to investigate the 

detailed saltation/sandblasting dust emission mechanism, as the composition information can 

serve as a signature of the source material for the PM10. We have chosen to focus on PM10 

analysis. This is because the results of our dust deposition sampling are much more difficult to 

interpret, as these samples were collected via passive sampling over several months.  

There are four ways through which sandblasting can result in dust emissions, as outlined by 

Huang et al (2019). First, the release of fine materials through the spalling or chipping of sand 

grains (defined as particles larger than 50 µm in diameter) is unlikely to be a dominant 



 

64 

mechanism of dust emission, as the elemental composition of the PM10 particles collected was 

distinct from that of the bulk fractions of the soils. Second, the disintegration of clay- and silt-

sized particle aggregates upon impact with the surface, or after being impacted by larger sand-

sized particles, may release fine particulate matter. If this were a predominant mechanism of 

dust emissions in the Ä’äy Chù Valley, the PM10 elemental composition would reflect that of 

the fine fraction of the soils. However, this was not the case either. Furthermore, the PM10 size 

distribution measured by the OPC at the Down Valley site is much finer than the particle size 

distribution predicted by the brittle fragmentation theory developed by Kok, which details the 

expected particle size distribution of PM10 emitted via this emission mechanism (Kok 2011). 

For these reasons, we conclude that the disintegration of fine particle aggregates is not likely a 

dominant dust emissions mechanism resulting from saltation-sandblasting.  

The third process through which saltation/sandblasting can produce dust is through the 

rupturing of clay coatings attached to the surface of soil grains. This process corresponds well 

with both the elemental and mineralogical analyses we have performed in this study, as the 

SEM/EDS analysis indicated that the majority of the PM10 particles were composed of silt-

sized clay mineral aggregates. Furthermore, the PM10 size distribution measured by the OPC 

at the Down Valley site is similar to that recorded by the Bullard et al. (2004) study of the 

release of particulate matter due to the rupture of clay coatings. The Bullard et al. (2004) study 

found a mode in the volume size distribution between 2.80 µm and 3.29 µm for the diameter 

of PM10 emitted via this mechanism, which fits much more closely with our measured 

normalized mass size distribution mode at 3.25 µm in diameter in comparison with the size 

distribution predicted by the Kok (2011) brittle fragmentation theory.  

In addition, this would explain the enhancement of trace elements in the PM10 samples as 

compared to the soil samples, both fine and bulk. It is noteworthy that if the enrichment 

factors were relatively consistent across all elements analyzed, the elevated minor and trace 

element content in the PM10 samples could also be explained by the presence of large silicate 

particles, such as quartz, which contribute significant mass to the sample relative to their trace 

element content and can effectively dilute the sample mass fraction. However, the fact that a 

wide range of enrichment factors were observed further indicates a difference in chemical 

composition beyond the presence of large silicate particles in the soil samples; juxtaposition of 
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the elemental enrichment results with the results of Bullard et al. (2004) further supports this 

conclusion. Moreover, we observed coatings on soil particles using SEM, and we confirmed 

using EDS analysis that the coating possessed a unique chemical composition as compared 

with the particle itself (Figure 2-S8), in which the coating clearly contains Mg and Fe, unlike 

the particle itself. Lastly, the release of resident fine particulate matter trapped within sand 

particles is another mechanism through which sandblasting can result in the emission of dust; 

while we are unable to confirm or deny the occurrence of this dust emission mechanism, we 

note that these particles would need to be have a very different chemical composition as 

compared to the fine and bulk soils, in order to explain the lack of similarity between the PM10 

elemental composition and that of both the fine and bulk soils.  

 

2.6 Conclusions 

We have successfully characterized dust emissions from the Ä’äy Chù Valley in Yukon, 

Canada. During our sampling campaign, which took place May 4 to June 2, 2018, we 

observed a significant dust event on May 19 as well as several smaller dust events during each 

day of the campaign. Our initial analysis indicates that the PM10 originating from the dust 

source comprises primarily non-spherical aluminosilicate clay mineral aggregates, as well as 

pure minerals such as quartz, gypsum, calcite, and dolomite. Analysis of the elemental 

composition of soils (both bulk and fine), dust deposition, and ambient PM10 indicate 

enrichment of trace metal concentration with decreased particle size cut-off, with clear 

enrichment of PM10 as compared to bulk soil samples, and slight enrichment of PM10 as 

compared to dust deposition and the fine fraction (d < 53 µm) of soils. Moreover, the 24-hr 

average concentrations of PM10 (near-FRM method) and PM2.5 (estimated) at all our sampling 

sites exceeded the air quality guidelines of the WHO. However, more sampling is needed for a 

longer period in order to more fully assess the impact on air quality and potential local health 

risks posed by the mineral dust emitted from the Ä’äy Chù Valley. In addition, we have 

discussed the physical processes that may dominate in the production of dust from the Ä’äy 

Chù Valley, and we have highlighted the rupturing of clay mineral coatings and the release of 

resident fine particulate matter as the two most likely emission mechanisms that take place at 



 

66 

this dust source. This conclusion was based on previous knowledge of the mechanism of dust 

emission via the extensively studied saltation/sandblasting mechanism, as well as confirmation 

using our chemical and mineralogical analysis. Our results have demonstrated the value of 

monitoring dust emissions from the Ä’äy Chù Valley in the Kluane Lake region of Yukon, 

Canada, and highlight the importance of continued study to elucidate the chemistry and 

physical mechanisms of dust emissions at this site that functions as an analogue for other high-

latitude proglacial dust sources. 
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2.8 Supplemental Information (Text) 

2.8.1 Quality control and data analysis for aerosol sampling instruments 

The level of contamination introduced during the handling and transport of the filter samples 

was determined through analysis of the field blanks for all four air samplers deployed in the 

field. The average mass on the field blanks was 0.11 mg ± 0.07 mg. The maximum mass of 

particulate matter recorded on a filter blank was 0.21 mg (found in a blank collected from the 
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6 m sampler at the DV site), which could introduce an over-estimation of no more than 10 

µg/m3 into the monitoring of a 24-hour period; this is more than an order of magnitude lower 

than the typical 24-hour mass concentration recorded by these instruments, and is thus a 

negligible contribution. Moreover, ICP-MS analysis of field blanks indicated negligible metal 

concentrations as compared to filter samples, also demonstrating the limited contamination 

introduced to the filters (see ICP-MS section). For all gravimetric and ICP-MS analyses, 

measurements were blank-subtracted to account for any contamination. 

To assess the accuracy of our OPC measurements, an averaged PM10 mass concentration was 

calculated from the measured particle size distribution for the same periods sampled by our 

mini-vol samplers at the Down Valley site (Gillies and Berkofsky 2004). An assumed particle 

density of 2.6 g cm-3 was used for this calculation, in accordance with the generally accepted 

density of mineral dust particles provided in the literature (Tegen and Fung 1994; Yang et al. 

2009). The daily mass concentration calculated from the OPC data was well correlated with 

the mass concentrations determined via gravimetric analysis of both the 6 m and 2 m quartz 

filters, with R2 values of 0.963 and 0.918, respectively. We then used the gravimetric data 

from the Down Valley site 6 m and 2 m samplers to estimate the daily ambient mass 

concentration of PM10 at the height of the OPC (4.5 m), using the method of Gillies et al. 

(2004). The comparison of the estimated values and OPC output gave an R2 value of 0.98 and 

a slope of 1.13 (Supplemental Information, Figure 2-S2); as the ideal slope should be 1.00, we 

found this to be an acceptable indicator of the validity of the OPC data.  

Furthermore, analysis of the variation in particle size distribution with wind speed showed no 

sampling error due to wind speed-induced biases in the OPC data. In addition, no correction 

for the refractive index of mineral dust particles was used to modify the OPC data output. This 

was justified by the fact that clay minerals, which SEM/EDS analysis indicated make up a 

large portion of ambient PM10 at the Down Valley site (see section 2.1), typically have 

refractive indices that fall in the range of 1.47 to 1.68 (Mukherjee 2013). The refractive index 

of polystyrene latex spheres (PSL) is included in this range (Smart and Willis 1967), and these 

were used as a reference to calibrate the OPC by the manufacturer. As a result, it was assumed 

that the difference between the refractive index of the mineral dust sampled and that of the 
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PSL calibration standard had a negligible effect on the particle sizing data provided by the 

OPC. 

 

2.8.2 Comparison of OPC data from 2018 and APS data from 2017 

An aerodynamic particle sizer (APS) sampled ambient air outside the Thachal Dhal Visitor’s 

Center from June 13 to June 21, 2017. The instrument was operated at a flow rate of 5 LPM ± 

0.2 LPM, with samples taken every minute. The data from the APS indicated the only clear 

dust event that occurred during the June 2017 sampling period took place from 12:00 to 15:00 

on June 19. We applied a Stokes correction to the average particle size distribution measured 

during this period. The purpose of the Stokes correction was to account for the error 

introduced into the particle sizing due to deviations of particle densities from the densities of 

the polystyrene latex particles used by the instrument supplier to calibrate the instrument; 

these particles have a density of 1.05 g/cm3, while typical values of the density of mineral dust 

have been shown to be 2.65 g/cm3 (Allen and Raabe 1985; Tegen and Fung 1994). The 

resulting size distribution of the measured aerodynamic diameters are provided in Figure 2-S4. 

The maximum of this distribution lies at 3.87 µm, which compares well with the maximum 

optical diameter measured by the OPC in May 2018, which was 3.25 µm. 

 

2.8.3 Calculation of 10-min PM10 at 6 m and 2 m at the Down Valley site 

Due to the high correlation between the results of the gravimetric analysis of filters from the 

Down Valley site and the 24-hour calculated OPC data, we calculated the interpolation 

equation relating the gravimetric and OPC data. The interpolation equations and R2 values for 

this analysis can be found in the Supplemental Information section (Figure 2-S3). This 

analysis allowed us to obtain data at two different heights with a 5-minute timescale. 
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2.8.4 Method validation for ICP-MS analysis of elemental composition 

As our protocol significantly modified Method 3051a, special care was taken to validate the 

procedure used in this study. Validation tests for the filter sample digestion protocol were 

completed by digesting 25 mg of a NIST standard together with a quartz filter, using the acid 

mixture 4 mL HNO3/1 mL HCl. Soil samples were analyzed using only 3 mL HNO3/1 mL 

HCl; the reduction in acid volume was due to the absence of the quartz filter, as this reduces 

the total sample mass by 0.14 g. Thus, this procedure was validated by digesting 25 mg of 

NIST standard using the acid mixture 3 mL HNO3/1 mL HCl. Three standards supplied by 

NIST were used for the validation tests: Montana I Soil with Highly Elevated Trace Element 

Concentrations (NIST 2710a), Montana II Soil with Moderately Elevated Trace Element 

Concentrations (NIST 2711a), and Buffalo River Sediment (NIST 8704).  

The percent recoveries of the NIST standards subjected to the digestion conditions used to 

digest soil and filter samples are provided in the Supplemental Information section (Table 2-

S2). For both soil and filter samples, the percent recoveries of these metals fell within an 

acceptable range of 80 to 110 %. Furthermore, analysis of filter blanks obtained in the field 

showed negligible concentrations of the metals quantified. The results of the field blank limit 

of detection (LOD), calculated as three times the standard deviation of the blank divided by 

the slope of the calibration curve, compared to the concentrations found in select filter samples 

can be found in Table 2-S3. 

There are several advantages to the technique we have employed, as we have avoided the use 

of highly hazardous materials, such as HF, which is typically used to digest samples of low 

mass (e.g. less than 50 mg). Furthermore, we have extracted several key elements that are 

crucial to the characterization of dust emitted from the Ä’äy Chù Valley, notably Fe and As. 

However, as neither HNO3 nor HNO3/HCl can completely digest the aluminosilicate matrix, 

there were several important metals that we were not able to quantitatively extract from our 

samples. These include Na, Mg, Al, K, and Ca, all of which can impact primary ecological 

productivity and can be related to the mineralogy of air and soil samples through the 

calculation of elemental ratios. Future work will focus on expanding the number of elements 

quantified in samples collected in the Ä’äy Chù valley 
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2.8.5 Coulter counter analysis of deposition and fine soils  

Both soil and deposition samples were sieved to select the size fraction smaller than 53 µm in 

diameter. This fraction of the soils was then analyzed by a Coulter counter using a 100 µm 

aperture, in order to obtain the size distribution of the particles in these samples. The fine 

fractions of two soil samples were analyzed (Samples G and H), as well as the June to August 

2018 deposition collected at the Down Valley site. 

 

2.8.6 Calculation of the size-resolved threshold velocity for particle 

entrainment 

The size-resolved threshold wind velocity for dust emission was calculated using the method 

employed by Ginoux et al. when parameterizing vertical aerosol flux for the Global Ozone 

Chemistry Aerosol Radiation and Transport (GOCART) chemical transport model (Ginoux et 

al. 2001). Equation (2-4) gives this parameterization, where ut is the threshold wind velocity, 

A is a dimensionless parameter of 6.5, 𝛷is the particle diameter, g is acceleration due to 

gravity, ρa is air density, ρp is particle density, and w is soil moisture. Note that this equation is 

only valid for soil moisture values less than 0.5 (ratio by volume of moisture to soil); the 

typical soil moisture measured during our campaign was 0.05, which is well below this limit. 

 

ut = A√𝛷𝑔
𝜌𝑎− 𝜌𝑝

𝜌𝑎
 (1.2 + 0.2log10 w)   (2-4) 

 

 

2.8.7 Comparison of vertical aerosol flux and saltation measurements 

We have compared the output of our SENSIT horizontal mass flux monitor with the ambient 

concentrations of PM10 obtained through our gravimetric analysis and OPC data, and have 
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provided two examples of this comparison performed on May 19 and 24 (Figure 2-S7). The 

10-min resolved PM10 concentrations at 6 m and 2 m were extrapolated based on the OPC data 

(Supplemental Information, Figure 2-S5). The results show very little correlation between the 

SENSIT data and ambient dust, with dust observed almost the entire 24-hour period on both 

days and very little horizontal mass flux recorded. While these are just two examples pulled 

from the entirety of our sampling period, there were no dust events that occurred which 

showed correlation between horizontal mass flux and ambient PM10. 

 

2.9 Supplemental Information (Figures) 

 

Figure 2-S1. Map of soil sampling locations. Samples A to N were taken from the Ä’äy 

Chù Valley and Delta, while sample R1 was well removed from the valley and R2 is a 

roadside sample retrieved near the Alaska Highway. For reference, the location of the 

four air sampling locations have been included: the Down Valley site (DV), Ä’äy Chù 

East (AAE), the Visitor’s Center (VC), and the Island. 
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Figure 2-S2. Comparison of ambient PM10 mass concentrations measured by the OPC 

(x-axis) with concentration values interpolated at the OPC height based on gravimetric 

data (y-axis). This analysis was based on the work of Gillies et al. 2004. 

 

 

Figure 2-S3. Correlation between 6 m and 2 m gravimetric data and 24-hour averaged 

PM10 calculated from the OPC data. Interpolation equations and R2 values are provided 

in the image. 
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Figure 2-S4. Results of the Stokes-corrected output of aerodynamic particle sizer (APS) 

measurements obtained on June 19, 2017 at the Thachäl Dhäl Visitor’s Center. 

Maximum at a particle diameter of 3.87 µm.  
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Figure 2-S5. EDS spectra of individual mineral dust particles. (a) pure quartz, (b) pure 

calcite, (c) dolomite, (d) gypsum, (e) clay mineral aggregate, (f) clay-gypsum aggregate. 

Note (d) is attributed to gypsum even though the S-Ca ratio is slightly higher than 1:1, as 

it was reasoned that the increased S peak size was due to partial overlap of the S and Au 

peaks. C, O, and Au peaks are not labeled. 
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Figure 2-S6. Particle aspect ratios as determined by SEM/EDS analysis. 
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Figure 2-S7. Down Valley site ambient PM10 concentrations and saltation during dust 

events on (A) May 19 and (B) May 24. 
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Figure 2-S8. SEM image of a soil particles collected from the river delta; one particle is 

clearly coated by a layer of clay. EDS analysis of the points with the coating (red cross, 

spectrum 5) and without (blue cross, spectrum 6) demonstrate a difference in the 

chemical composition between the particle and its coating. 
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2.10 Supplmental Information (Tables) 

Meteorological Equipment Manufacturer Model Name Height (m)

Soil Volumetric Water Content 

Sensor (Soil Moisture)
Campbell Scientific CS616 -0.05, -0.10

Saltation Sensit H14-LIN 0.0

Anemometer 1 NRG 40C 0.3

Anemomenter 2 NRG 40C 0.5

Anemomenter 3 NRG 40C 0.9

Net Radiometer Biomet CNR4 1.4

Humidity, Temperature Sensor Campbell Scientific CS215 1.5

Anemomenter 4 NRG 40C 1.7

PM10 Sampler (Quartz Filter) ARA Instruments
N-FRM 

Sampler
2.6

Humidity, Temperature Sensor Campbell Scientific CS215 3.0

Sonic Anemomenter Campbell Scientific CSAT 3B 3.5

Optical Particle Counter FAI Instruments 3.5

PM10 Sampler (Quartz Filter) ARA Instruments
N-FRM 

Sampler
5.9

Anemomenter 5 NRG 40C 6.0

PM10 Sampler (Nuclepore Filter) ARA Instruments
N-FRM 

Sampler
6.1

 

Table 2-S1. Down Valley Site meteorological monitoring instrument details. 

 

 

Table 2-S2. Percent recoveries of NIST standards digested to validate the quantitative 

nature of the protocol employed for soil and filter sample analysis. Missing values 

indicate that the element in question is not present in the standard reference material 

digested. 

55
Mn

57
Fe

59
Co

60
Ni

63
Cu

75
As

111
Cd

133
Cs

208
Pb

Filter Sample Analysis Validation: 4 mL HNO3 + 1 mL HCl + Filter

NIST 2710a 86.3 90.7 92.7 98.7 94.8 99.4 83.1 92.9

NIST 2711a 80.5 84.4 106.8 84.9 97.3 88.1 100.2 75.1 104.4

NIST 8704 88.0 84.0 84.5 105.3 70.6 93.9

Soil Sample Analysis Validation: 3 mL HNO3 + 1 mL HCl + No Filter

NIST 2710a 83.8 90.2 102.8 107.6 103.9 103.2 92.2 84.7

NIST 2711a 81.3 86.6 104.4 84.6 103.5 98.1 105.6 89.0 98.2

NIST 8704 94.0 90.5 96.3 100.2 90.4 90.2

Digestion Condition
% Recovery
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Table 2-S3. Limit of detection (LOD) of the Visitor’s Center (VC) and Down Valley 

Site (DV) field blank as compared to the solution-phase elemental concentrations of the 

May 20 filter sample collected at the VC Site and the May 29 filter collected from a 

height of 6 m at the DV site. 

 

VC Blank LOD 

(µg/L)

VC , May 20 

(µg/L)

DV Blank LOD 

(µg/L)

DV, May 29 

(µg/L)
55

Mn 0.05 11.15 0.01 37.44
57

Fe 0.57 728.67 1.93 2493.93
59Co 0.12 0.51 1.66 x 10-3 1.37
60Ni 0.18 1.23 0.02 4.24
63

Cu 0.19 1.21 0.06 4.32
75

As 0.17 0.22 0.37 1.11
111

Cd 4.00 x 10
-3 0.03 0.01 0.07

113Cs 0.00 0.03 0.00 0.08
208

Pb 0.04 0.36 3.02 x 10
-3 0.93
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Table 2-S4. Tabulated average daily vertical aerosol flux calculated from gravimetric data 

at the Down Valley site, using the method of Gillette et al. (1972). Positive values indicate 

net emissions, while negative values indicate net dust deposition during the filter sampling 

period. The overall average value of vertical flux measured during our sampling campaign, 

including standard error, was found to be 134.0 ± 52.9 (µg/m2/s) 

Time Period
Average Vertical 

Aerosol Flux (µg/m2/s)

May 15 9:46 to May 16 6:22 204.9

May 16 6:23 to May 17 10:38 91.1

May 17 10:39 to May 18 10:26 39.7

May 18 10:27 to May 19 11:34 42.7

May 19 11:35 to May 20 9:30 708.4

May 20 9:31 to May 21 9:50 74.2

May 21 9:51 to May 22 9:20 115.5

May 22 9:21 to May 23 10:31

May 23 10:32 to May 24 9:35

May 24 9:36 to May 25 9:38 173.3

May 25 9:39 to May 26 9:48 50.0

May 26 9:49 to May 27 10:15 29.6

May 27 10:16 to May 28 8:20 19.2

May 28 8:21 to May 29 9:30 244.3

May 29 9:31 to May 30 9:29 -50.8



 

 

Chapter 3 – Supplemental Analyses 

3.1 APS data collected from the Ä’äy Chù Valley in June 2017 

An APS sampled ambient air outside the Thachal Dhal Visitor’s Center from June 13 to June 

21, 2017. The instrument was operated at a flow rate of 5 LPM ± 0.2 LPM, with samples taken 

every minute. The APS setup at the Visitor’s Center can be found in Figure 3-S1.  

All APS data analysis was performed using IGOR Pro, and can be found in Section F of the 

Annex. The data from the APS indicated that, during the June 2017 sampling period, the only 

dust event whose emissions were above the detection limit of the instrument at the location of 

the Visitor’s Center took place from 12:00 to 15:00 on June 19, 2017; the instrument output 

from this event can be found in Figure 3-S2. Photos taken of the Ä’äy Chù Valley confirm that 

dust was produced during this period (Figure 3-S3). The APS data indicated that both fine and 

coarse particles were present in the ambient air sampled at the Visitor’s Center, and that 

ambient concentrations of particulate matter decreased significantly at 15:00 on June 19, 

remaining negligible for the rest of the day. 

 

Figure 3-S1. (A) Image of the aerodynamic 

particle sizer (APS) situated in the shed of 

the Visitor’s Center near Kluane Lake, with 

tubing passing from the exterior of the shed 

into the instrument inlet. (B) Schematic of 

the APS sampling scheme, denoting the 

process of sampling and drying ambient air 

from the exterior before analysis by the 

instrument. 
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In addition to particle size, the APS measures the side scatter intensity, which is a parameter 

related to the granularity and composition of particulate matter. Figure 3-S4 depicts the 

integrated side scatter intensity plotted against the integrated particle mass concentrations 

found by the APS. This plot shows a clear difference in the ratio of side scatter intensity to 

integrated particle mass during the period of 12:00 to 15:00 on June 19, when the dust event 

was observed, indicating unique granularity and composition of the particles sampled during 

this period as compared to the background concentrations of ambient particles sampled when 

there was no dust observed. Thus, analysis of the side scatter intensity is further indication 

that, not only did a dust event occur during this period, but that the particles emitted during the 

event were unique in their granularity and composition as compared to the background 

particles. 

 

Figure 3-S2. Normalized particle size distribution measured by an APS at the Thachal 

Dhal Visitor’s center on June 19, 2017. 

 

Finally, the error of the APS data was evaluated by applying a Stokes correction and observing 

the subsequent effect on the particle size distribution output by the instrument, as per 

instructions from the Aerosol Instruments Manager software manual (TSI 2013). The purpose 

of the Stokes correction was to account for the error introduced into the particle sizing due to 
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deviations of particle densities from the densities of the polystyrene latex particles used by the 

instrument supplier to calibrate the instrument; these particles have a density of 1.05 g/cm3, 

while typical values of the density of mineral dust have been shown to be 2.65 g/cm3 (Allen 

and Raabe 1985; Tegen and Fung 1994). A value of 1.60 g/cm3 was also tested, as this is the 

average density of PM10 determined from the analysis of predominantly organic aerosols (Hu 

et al. 2012). The results of the Stokes correction are provided in Figure 3-S5. The applied 

Stokes correction clearly indicates an over-estimation of particle sizing occurs when the 

particle density is assumed to be 1.05 g/cm3 as compared to when a density of 2.65 g/cm3 is 

used. 

 

Figure 3-S3. Photographic evidence obtained by the Island camera station on June 19, 

2017 at 12:20 PST, confirming dust emissions occurred during the measurement period 

of the APS. Dust has been circled in red. 
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Figure 3-S4. Correlation plot relating the integrated side scatter and particle mass 

concentrations for a time period that includes a known dust event on June 19, 2017. The 

correlation plot clearly shows an altered scatter-to-mass ratio (indicated by the overall 

slope of the correlation plot) for the times during which dust was observed, indicating a 

difference in the granularity of ambient dust with the background aerosol species. The 

presence of multiple trends with different slopes in the concentration range of 1-2 µg/m3 

indicates that at different points in the sampling period, for similar concentrations of 

ambient particulate matter in this size range, the granularity – and thus, particle 

composition – was not the same. 
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Figure 3-S5. Results of the particle size distribution measured by the APS on June 19, 

2017, with and without the application of a Stokes correction. Densities employed for 

the Stokes correction calculations were 1.05 g/cm3, as this is the density of polystyrene 

latex spheres which are used for calibration of the instrument; 1.60 g/cm3, a typical 

average value of PM10; and 2.65 g/cm3, the density of mineral dust. All estimated mass 

concentrations were calculated assuming a density of 2.65 g/cm3 regardless of which 

density was used for the Stokes correction calculation, as this is the density of mineral 

dust, which was thought to dominate in large part the sample composition due to the 

proximity of the site to the dust emission source. 

 

3.2 LA-ICP-MS microanalysis of mineral dust particles 

The procedure employed for LA-ICP-MS analysis is as follows. An Attom high-resolution 

ICP-MS instrument was used, set to perform the lowest resolution analysis possible to increase 

sample throughput. A Ni sampler cone (Nu Instruments, 0.9 mm hole, screw in, FB9) and 

skimmer (Nu Instruments, Ni WA7 Skimmer cone) meant for the analysis of dry samples were 

installed in the ICP-MS prior to analysis. The spectrometer was turned on and allowed to 

warm up for 20 minutes before the analysis took place, after which it was rinsed using 1 % 

(v/v) HNO3 for five minutes followed by a rinse with MilliQ water for five minutes. 

Optimization of the ICP-MS was first performed using a tune solution (provided by Nu 

Instruments) introduced through the nebulisation system. The peak shape of 115In was used as 
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an indicator for the optimization of the instrument, and parameters such as nebuliser gas flow 

rate, plasma torch position, and components of the ion optics system were modified until the 

peak of 115In showed a symmetrical and smooth shape with an intensity above 105 counts per 

second. 

 

Figure 3-S6. Analysis of the R2 values of the calibration curves generated from gas 

blanks, NIST 612, and NIST 610 standard reference materials. Elements with R2 values 

below 0.5 were Ti, Cr, Fe, and Ni. Laser ablation was completed on September 15, 2017 

using 17 % laser power and a 10 µm diameter spot size. 

 

After solution-phase optimization, the nebuliser was detached from the instrument and 

replaced by tubing leading from the laser ablation unit (Applied Spectra, J200, 266 nm 

Nd :YAG laser). The average laser power of the 266 nm Nd :YAG laser in the instrument was 

calculated by Madjid Hadioui to be approximately 90 mW (Hadioui 2018). In order to avoid 

the recurring problem of the ICP shutting down upon attachment of the laser ablation unit, the 

gas flow (0.7 LPM He/0.7 LPM Ar) of the laser ablation unit was turned on prior to 

attachment to the ICP-MS. In addition, prior to the analysis of all samples, gases within the 

chamber were purged to avoid the presence of ambient air in the ablation chamber. Two 

standard reference materials provided by the National Institute of Standards and Technology – 

NIST 612 and NIST 610 – were inserted into the ablation chamber, and the optimization 

procedure previously performed using the 115In peak was repeated by ablating NIST 612 and 

using the peak of 238U.  
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Once optimization was complete, NIST 612 and NIST 610 

were employed in the generation of a calibration curve. Firstly, 

a gas blank was obtained by performing ICP-MS analysis 

while the laser ablation system was online, but no ablation was 

occurring. Next, an area in a fresh, not previously ablated 

portion of the NIST 612 standard was located, and a spot in 

this area was ablated for 45 s. ICP-MS analysis was delayed 

for 15 s after the start of ablation in order to ensure the sample 

had reached the instrument. This procedure was repeated using 

NIST 610. 

The laser power was optimized by generating several 

calibration curves from the NIST 612 and 610 glass standards, 

each curve with a varied laser power. These tests were 

performed using a beam width of 10 µm, as this was the 

smallest beam width setting available on the laser ablation 

instrument’s Axiom user interface software. It is noteworthy 

that no validation tests were performed to confirm the spot 

size of the ablation crater after firing, as the Axiom software 

microscope imagery did not possess enough resolution to clearly see the ablation crater on the 

NIST standard, and we did not have the capabilities to verify the spot size using other 

microscopy techniques. Furthermore, a laser power greater than 20 % was not able to be used, 

as this was observed to ablate soil particles too quickly and to generate large aerosol particles 

that could be harmful if introduced into the ICP-MS instrument. The results of our 

optimization tests can be found in Figure 3-S6 and Table 3-S1. For elements not certified by 

NIST but still contained within the NIST standard, we used the elemental mass fraction values 

published elsewhere to complete the calibration curve (Pearce et al. 1997). In the end, a beam 

width of 10 µm and a laser power of 10 % were used for microanalysis (single-spot laser 

ablation), thus these were the conditions employed in the ablation of the standard reference 

materials and samples during both calibration and analyses. 

R2 LOD (ppm)
49

Ti -0.887 N/A

53
Cr -0.053 N/A

55
Mn 0.972 13.91

57Fe 0.235 465.00

59Co 0.998 2.13

60Ni 0.339 123.24

65Cu 0.999 12.55

66Zn 0.994 8.83

85Rb 0.999 4.32

88
Sr 0.987 9.30

95
Mo 1.000 6.98

111
Cd 0.994 18.07

120Sn 0.997 4.26

137Ba 0.997 3.68

208Pb 0.999 1.72

232Th 0.944 0.03

Table 3-S1. R
2
 and limit 

of detection (LOD) 

values for the analysis 

depicted in Figure 3-S6. 
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We chose to begin by analyzing soils collected by Dr. James King, our collaborator from the 

Department of Geography, from the exposed sediment of the Ä’äy Chù in May 2017, as we 

only collected very limited ambient PM10 samples during our first mineral dust sampling 

campaign in June 2017. Samples were mounted adhesively, by placing a small portion of soils 

in a clean petri dish and pressing the adhesive side of a clean piece of Scotch tape into the 

soils. Another piece of tape was then used to remove particles that were not securely attached 

to the tape in order to avoid the possibility of particles becoming detached and directly 

entering the ICP-MS in the absence of ablation. An image taken by the Axiom user interface 

software of the samples after mounting can be found in Figure 3-S7a, while images of a 

particle being ablated can be found in Figure 3-S7b,c. 

 

Figure 3-S7. (a) Soil sample mounted and introduced into the ablation chamber. (b) 

Microanalysis of an individual soil particle; photo was taken as ablation was taking 

place. (c) The same soil particle after ablation took place. (d) Pattern used during bulk 

analysis of soils. 
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As individual particles are ablated in a relatively short period of time, the ICP-MS analysis 

must be completed within a period of seconds during which the sample aerosol mass passes 

through the mass spectrometer. To determine the proper timing of analysis, ablation of 

individual soil particles was completed using time-resolved single-particle analysis mode, 

which revealed that it takes 5 s after the start of ablation for the sample to reach the ICP-MS, 

and typically 5 s for a chosen spot to be completely ablated through. Thus, the analysis must 

take place very quickly and can only be completed for very few elements per particle 

analyzed. Because a magnetic sector instrument was employed, elements of similar masses 

were chosen to decrease the time spent by the instrument scanning between elemental masses. 
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Figure 3-S8a. Microanalysis of soil particles, with only particles smaller than 

10 µm in diameter targeted. The results for four metals (As, Rb, Sr, and Cd) are 

provided, with gas blanks highlighted by red markers while particle analyses are 

in black. « Blk » indicates gas blanks, while « p » indicates the particle number. 
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Figure 3-S8b. Microanalysis of soil particles, with the intensity of peaks of As, Mn, and 

Cr provided. Blanks are highlighted by red markers (“blk” indicates gas blanks, “tpe” 

indicates tape blanks) while particle analyses are in black. Dotted black lines indicate the 

limit of detection calculated from the intensities of the blank replicates. 
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It was quickly found that the setup used in this study was not suitable for microanalysis of 

PM10. During analyses where PM10 particles were specifically targeted, the gas blanks 

provided intensities that were higher than those of the sample. The example of As, Rb, Sr, and 

Cd is given in Figure 3-S8a. As the variation in the gas blank intensities demonstrated a 

similar range and intensity as the analyses of particles, it was concluded that no signal from 

the PM10 particles targeted had been obtained. Possible explanations for this were the speed of 

ablation per particle, which may have been too fast to allow for detection using this method; 

the laser beam width, which may have been larger than the particles; the aim of the 

microscope, which may not have been accurate enough to aim at particles as small as PM10; or 

due to technical issues with the ICP-MS, such as improper optimization. Furthermore, the 

sensitivity of the technique was lower due to the infeasibility of using Si or Ca as an internal 

standard, as is typically done in LA-ICP-MS of geological samples to overcome the error 

introduced by elemental fractionation and matrix effects. In order to use an internal standard, 

the concentration of the reference element must be known, and due to the infeasibility of using 

microscopy to quantify Si or Ca in all particles analyzed, we were unable to use these 

elements as internal standards. This fact, coupled with the increased influence of matrix 

effects and elemental fractionation on the analysis of small particles found by Pearce et al. 

(2011) may have been a large factor in the unsuccessful nature of these analyses. 

Attempts were made to determine whether microanalysis of larger particles, such as soil 

particles in the 100 – 500 µm size range, were able to be analyzed using our LA-ICP-MS 

setup. However, due to the heterogeneity of our sample, it was conjectured that matrix effects 

likely had a significant impact on the signal output; due to the infeasibility of using an internal 

standard, there was no way to ensure the quantitative analysis of the elemental composition of 

the particles. Nevertheless, the relative elemental composition still holds interest as it can shed 

light into particle mineralogy, and thus a qualitative approach was employed for the analysis 

of these particles. The results of our analysis of Fe, Mn, and Cr in particles 100 – 500 µm in 

diameter can be found in Figure 3-S8b. It is much more clear which particles possessed the 

elements analyzed, as the measured peak intensity was much higher than the calculated limit 

of detection (which was calculated as three times the standard deviation of the blank, added to 

the average value of the blank, in the absence of an applicable calibration curve). The results 



 

93 

Table 3-S2. R
2
 and limit of detection (LOD) values 

for the analysis depicted in Figure 3-S9. 

from this analysis can be used as a binary indicator of whether or not the particle contained the 

metals analyzed (with a result of either “yes” or “no), in order to count, over a large 

population of particles, the number that contain a given metal. In addition, the relative 

concentrations of the various metals can be used to shed light on the mineralogy of the 

particles. However, as this technique was not able to be applied to our PM10 air samples, it was 

decided that the cost and time 

intensity of the technique were 

not worth the limited information 

able to be obtained, and thus 

attempts at microanalysis using 

LA-ICP-MS were not pursued. 

 

While microanalysis using LA-

ICP-MS proved unsuccessful, we 

hoped to use this technique to 

obtain the bulk elemental 

composition of our samples. 

Thus, the final attempt to use LA-

ICP-MS to characterize reference 

soil samples (to assess the 

feasibility before applying the 

technique to PM10) was the 

application of bulk analysis techniques. To perform this analysis, a similar protocol as was 

used for microanalysis was employed, with the only differences being the use of a lower laser 

power, wider spot size, and firing patter instead of ablating a single spot. Calibration curves 

using NIST 612 and 610 were created using a laser beam width of 100 µm and both 1 % and 2 

% laser power (Table 3-S2). A visual comparison of the resulting R2 values for each of the 

elements monitored can be found in Figure 3-S9.  

Similarly, a beam width of 100 µm and a laser power of 1 % was used for the analysis of soil 

samples. Soils were mounted and analyzed using a firing pattern, as can be seen in Figure 3-

R2 LOD (ppm) R2 LOD (ppm)
53Cr 0.9994 46.9 0.9996 45.228
55

Mn 0.998 84.05 0.9997 72.9484
57

Fe 0.333 833.061 0.9967 61.5065
61

Ni 0.5803 366.461 0.9995 61.5065
75As 0.9979 -5.143 1 4.4604
82Se 0.99303 1184.97 0.9734 690.646
85Rb 0.9998 252.169 0.9971 208.069
88Sr 0.99452 -6.3286 0.99902 4.0469
107Ag 0.9997 -1.0824 0.9979 11.4475
111

Cd 0.9978 -7.6533 1 0.26237
121

Sb 0.99936 -7.9025 0.9997 5.28133
137

Ba 0.99957 0.1455 0.9998 0.0855
208Pb 0.9992 0.02878 0.9995 0.038
232Th 0.99913 0 0.9996 0
238U 0.99924 0.18055 0.9996 0.216

1% laser power 2% laser power
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S7d. The ablation time per firing pattern was 5 mins, and ten replicates from different portions 

of the soil sample were analyzed. The resulting concentrations for each element, from each 

replicate, were averaged to obtain the overall concentration. Again, due to the heterogeneity of 

our sample, as well as the presence of Si in the tape, it was not possible to use neither Si nor 

Ca as an internal standard, and thus only external standard calibration was used to quantify 

each element.  

 

Figure 3-S9. Comparison of the R2 values of the calibration curves generated using laser 

ablation ICP-MS with a laser spot size of 100 µm and varied laser power. 

 

The resulting elemental concentration of a soil sample determined using LA-ICP-MS is shown 

in Table 3-S3, alongside the results of ICP-MS analysis of the soil sample after metals 

extraction via digestion. Only the concentrations of elements that were both measured by LA-

ICP-MS analysis and were quantifiable using solution phase ICP-MS are provided. There is a 

clear difference between the LA-ICP-MS results and those of the ICP-MS analysis of the 

digested soil. Furthermore, the discrepancy is not consistent: LA-ICP-MS detected much 

higher levels of Cr than solution phase ICP-MS (171 mg/kg versus only 29.8 mg/kg), while 

the opposite was true for Fe (1627.9 mg/kg versus 21782 mg/kg). There were two elements 

where the measured concentrations were somewhat similar between the two techniques: Mn 

and Pb. It is also possible that some of the measured element mass fractions were quantifiable 

for LA-ICP-MS but were not quantifiable via digestion method employed for solution phase 
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ICP-MS; however, there is no possibility of confirming whether these concentrations were 

correct. Furthermore, we did not attempt to perform bulk LA-ICP-MS on PM10 filter samples, 

a feat that could potentially be much more successful than the bulk analysis of soil samples 

due to the smaller particle size and increased homogeneity of PM10 size and composition. 

 

Table 3-S3. Comparison of ICP-MS results from the analysis of a reference soil sample 

collected from the exposed sediment of the Ä'äy Chù, with aerosols introduced to the 

plasma via laser ablation (left) or digestion followed by solution-phase nebulisation 

(right). 

 

3.3 Single particle ICP-MS analysis of TiO2 microspheres 

The goal of the SP-ICP-MS analysis performed in this study was to evaluate the potential use 

of SP-ICP-MS for the determination of the mineralogical composition of mineral dust particles 

with diameters of 1 µm or less, or PM1. A suspension of 950 nm TiO2 microspheres supplied 

by Corpuscular Inc. was analysed using SP-ICP-MS to evaluate the feasibility of using this 

technique for analysis of ambient dust particles collected from the Ä’äy Chù Valley. SP-ICP-

MS is typically employed for the analysis of nanoparticles; thus, a validation test was required 

to determine whether the technique can be employed for the analysis of particles 1 µm in 

diameter. Evaluation of whether particles in the PM1 size range of mineral dust can be 

measured using this technique was of interest, as expanding the use of SP-ICP-MS beyond the 

nanoparticle size range holds great advantages in the analysis of mineral dust. 

Element
LA-ICP-MS Mass 

Fraction (mg/kg)

Digested Sample ICP-MS Mass 

Fraction (mg/kg)

53
Cr 171.2 ± 8.61 (5.03 %) 29.8 ± 1.25 (4.19 %)

55
Mn 358.9 ± 25.99 (7.24 %) 376.8 ± 14.91 (3.96 %)

57
Fe 1627.9 ± 122.5 (7.53 %) 21782 ± 581.12 (2.67 %)

61
Ni 507.8 ± 11 (2.17 %) 34.07 ± 0.88 (2.57 %)

88
Sr 29.8 ± 6.57 (22.04 %) 115.8 ± 6.29 (5.43 %)

137
Ba 190.1 ± 21.54 (11.33 %) 93.78 ± 8.24 (8.79 %)

208
Pb 7.3 ± 3.44 (47.11 %) 6.17 ± 0.25 (4.05 %)
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Samples were prepared by performing a 10,000x dilution of the stock solution of TiO2, which 

has a concentration of 2.5 g/mL according to the manufacturer. The stock solution was 

vortexed for 1 min followed by 1 hour of sonicating. An aliquot of 4 µL of the stock solution 

was then transferred to a clean, 50 mL polypropylene tube, and 40 mL of MilliQ water was 

added. 

The Attom HR-ICP-MS was utilized for SP-ICP-MS analysis. Optimization of the ICP-MS 

was performed in an identical manner as described in the previous section, the only difference 

being that a Ni WA7 skimmer and Nu instruments 1.15 mm screw-in cone were used in this 

analysis, as these are more suitable for the analysis of wet samples. All analyses were 

performed using attenuated detection mode, meaning that the instrument used a filter to 

attenuate the ion beam before detection. This was due to the exceptionally high ion 

concentrations injected into the instrument during analyses, as the analysis of microspheres 

required calibration standards that are much higher than those typically used for nanoparticle 

analysis. 

 

Figure 3-S10. Calibration curve developed for single particle ICP-MS analysis of TiO2 

microspheres. R2 and interpolation equation are also displayed. 

 

To begin, the transmission efficiency was measured by analyzing a 500 ppt solution of 60 nm 

gold nanoparticles prepared from the certified reference material NIST 8013. Using NuQuant 
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data analysis software, the transmission efficiency was found to be 0.18 %. Ionic calibration 

standards of Ti4+ were prepared over a range of 0 – 400 ppb, with the resulting calibration 

curve possessing an R2 value of 0.9992 (Figure 3-S10). Finally, a solution of 950 nm TiO2 

particles was analyzed. The concentration of TiO2 microspheres provided by the manufacturer 

was 2.5 g/mL, but this was called into question because a large aggregated mass of particles 

was observed to have formed at the bottom of the stock solution tube, and it was not possible 

to resuspend these particles in solution. As a result, we have classified the concentration of the 

solution analyzed as unknown. 

 

Figure 3-S11. Single particle ICP-MS results from the analysis of 950 nm TiO2 

microspheres. The average size of the analyzed particles, with the standard deviation, 

was found to be 111.6 nm ± 4.1 nm, indicating this technique undersized the analyzed 

particles by over an order of magnitude. 

 

The result of the above protocol was that the TiO2 microspheres were sized as 111.6 nm ± 4.1 

nm, where the error provided comprises one standard deviation. A histogram of the sizing 

results, as well as a gaussian fit of the size distribution, can be found in Figure 3-S11. 

Assuming the average particle size of 950 nm provided by the manufacturer is correct, this 

demonstrated that the SP-ICP-MS procedure used underestimated the size of the analyzed 

TiO2 microspheres by almost one order of magnitude. Thus, it was concluded that our SP-ICP-

MS analysis was unable to accurately characterize PM1. 
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There are several reasons why this result was obtained. Firstly, there may have been an 

incorrect assessment of the transmission efficiency of particles from the solution into the ICP. 

This value is calculated using 60 nm gold nanoparticles, which usually poses no issue for the 

analysis of nanoparticles. However, the microspheres used in this study were more than ten-

times larger than the gold particles used for the transmission efficiency calculation. As a 

result, the TiO2 particles analyzed may have possessed a much lower transmission efficiency 

than the nanoparticles, as it may be more likely for these particles to settle in the various 

components of the ICP during transport. The transmission efficiency is used by the Nu Quant 

software to calculate particle size, and thus any errors in this value will result in erroneous 

particle sizing results. 

Secondly, and by far the most likely explanation for the observed underestimation of the 

diameter of TiO2 microspheres analyzed, it is possible that the background levels of titanium 

particles in solution were mistakenly sized. This would be a result of a signal from Ti that was 

too high to be detected by SP-ICP-MS. This is due to the fact that the attenuated signal 

detection by the ICP-MS has a limit to the maximum intensity that can be recorded. This limit 

corresponds to a particle analysis peak intensity of approximately 1 x 109, which, according to 

calculations performed by Madjid Hadioui, corresponds to a particle diameter of 350 nm 

(Hadioui 2018). Thus, if the peak intensity of the 950 nm TiO2 particles analyzed exceeded 

this threshold, the instrument may not have been able to process the signal and all peaks 

resulting from microsphere analysis may have been excluded from the dataset. As a result, the 

dataset would only include particles that were in the detectable range of the ICP-MS 

instrument, which could include any smaller nanoparticles of TiO2 that may have been present 

in background concentrations in the sample.  

Thirdly, it may be possible that the TiO2 particles were not sized correctly due to incomplete 

ionization in the ICP. If particles were only partially ionized in the ICP, this would result in a 

much lower peak intensity per particle, resulting in the underestimation of particle size. 

Regardless of the reason for the discrepancy in the results, we have concluded that the results 

of these experiments indicate the infeasibility of characterizing PM1 using SP-ICP-MS. 

Because the TiO2 microspheres analyzed were not accurately sized using this technique, we 

are unable to confirm whether or not particles of this size are completely ionized in the ICP, 
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nor whether it is feasible to quantify their minor and trace element content. We did not test 

whether or not SP-ICP-MS may be used to analyze particles in the 100 nm size range, and thus 

it may still be possible to apply this technique to the determination of mineral dust 

nanoparticle mineralogical content. In addition, it may be more feasible to analyze minor and 

trace elements in PM1, if the particles are completely ionized in the ICP and the sizing issue 

was due to the overwhelmingly high signal from the particles. This is because minor and trace 

elements have much lower concentrations than the major element, and thus provide a lower 

signal that may be detected by the instrument. 

  

3.4 Vertical aerosol flux calculations 

The vertical aerosol mass flux of PM10 particles was calculated using the gradient method of 

Gillette et al. (1972), given by Equations 2-1 and 2-2. This simple flux model was also used to 

calculate the vertical flux of trace elements analyzed via ICP-MS. The results of the gradient 

method were compared to the modeled dust emissions given by the vertical flux 

parameterization provided by Ginoux et al. (2001). The parameterization is given in equation 

(3-1), where Fp is the vertical flux of a given particle size range, C is a dimensional constant of 

1 µg·s2/m5, S is the probability of finding erodible sediment at the location studied (and was 

thus set to 1), sp is the fraction associated with each particle size range, u10m is the wind speed 

at a height of ten meters, and ut is the threshold velocity as calculated by Equation 2-4. 

However, note that Equation 3-1 is only valid when u10m is above the threshold velocity, ut, 

and that otherwise Fp is set to zero. A more detailed accout of this vertical aerosol flux 

parameterization can be found in the text of the Ginoux et al. 2001 manuscript. 

𝐹𝑝 = 𝐶𝑆𝑠𝑝(𝑢10𝑚)2(𝑢10𝑚 − 𝑢𝑡)  (3-1) 

𝑣𝑠𝑡𝑘 =  
2

9

𝜌𝑝𝑔

µ
𝑟2𝐶𝑐𝑢𝑛𝑛     (3-2) 

The threshold wind velocity, ut, was calculated using Equation 2-4 and the meteorological 

equipment in place at the DV site. In addition, the flux due to gravitational settling, vstk, was 

calculated using Equation 3-2, in which 𝜌𝑝 is the particle density, g is acceleration due to 

gravity, µ is the absolute viscosity of the air, r is the particle radius, and Ccunn is the 
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Cunningham correction factor. To calculate the deposition flux of particles due to gravitational 

settling, the product of the vstk and the calculated Fp was subtracted from Fp, for each size bin.  

The purpose of the comparison between the Gillette et al. and the Ginoux et al. 

parameterizations was to investigate whether the Ginoux et al. parameterization would be able 

to successfully model trends in dust emission that we observed at our DV tower if all the 

meteorological data was provided. We tested this parameterization both with and without the 

modified particle size distribution of the Kok group (Kok 2011; Zhang et al. 2013), as well as 

with the size distribution output by our OPC measurements. Finally, we tested varying the 

threshold velocity and particle size distributions used in the model, which we found to have 

little effect on the model output (Figure 3-S12). 

The vertical aerosol flux results of the gradient method of Gillette et al. (calculated using our 

wind-speed data and gravimetric analysis) and the parameterization developed by Ginoux et 

al. (which used meteorological data only) are provided in Figure 3-S13. The output of the 

Gillette method ranges from -9855.6 µg/m2/s to 5491.6 µg/m2/s, while that of the Ginoux et al. 

method ranges from 13.691 µg/m2/s to 2685.2 µg/m2/s; generally, the correlation between the 

outputs of the two dust emissions parameterizations is quite low, with an R2 value of 0.007. 

The two parameterizations give results that differ greatly in their identification of major dust 

emission events: the gradient method indicates a major dust event occurred on May 19 from 

11 a.m. to 10 p.m. (PST) while the Ginoux et al. parameterization predicts significantly less 

dust emission during this period, and the Ginoux et al. parameterization infers major dust 

emission episodes on May 20 from 6 a.m. to 10 p.m. (PST) and from May 25 at 10 a.m. to 

May 26 at 3 a.m. (PST) while there are no significant dust emissions indicated by the gradient 

method during either of these periods. There is also a significant portion of the gradient 

method result that is negative, while the results of the Ginoux et al. parameterization never fall 

below zero. Thus, the dust emissions fluxes calculated from our experimental gravimetric data 

and those calculating using the parameterization of Ginoux et al. do not agree. 
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Figure 3-S12. Comparison of the Ginoux et al. 2001 vertical aerosol flux model output 

with varied threshold velocity (ut) and particle size distribution (PSD). 

The differences between the results of the gradient method and the Ginoux et al. 

parameterization are most likely due either to the calculations performed or to differences in 

the mechanism of dust emission considered by the Ginoux et al. parameterization and those 

that occur from the sediment of the Ä’äy Chù Valley. The errors in the output of the Ginoux et 

al. parameterization may result from the omission of the term accounting for dry deposition 

turbulent transfer of particles to the surface. Because this was not included in the calculation, 

the Ginoux et al. results provided in Figure 3-S13 may be slightly higher than the values that 

would have been predicted by the parameterization were this component of dry deposition to 

be included. This may be a reason why the values output by the Ginoux et al. parameterization 

do not fall below zero for the period of sampling.  
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Figure 3-S13. 10-min vertical aerosol flux calculate using both the Ginoux and Gillette 

parameterizations. Points below -3000 ug/m2/s are not shown. Weather data from the 

DV site was used to compute all results. 

 

However, the omission of this deposition mechanism cannot explain the discrepancy between 

the parameterization outputs during which the gradient method calculations surpass those of 

the Ginoux et al. parameterization, such as in the case of May 19. Thus, another explanation is 

needed to more fully explain the discrepancy between the observed and modeled dust 

emission results. One possibility is that the mechanism of dust emission modeled by the 

Ginoux et al. parameterization is not applicable to or does not consider factors affecting the 

mechanism of sediment emission from the Ä’äy Chù Valley. The parameterization of Ginoux 

et al. assumes dust production occurs only from a saltation and sand-blasting mechanism, and 

has only been verified for a certain size distribution of soils; due to the high abundance of silt 

in the sediment of our pro-glacial location, the particle size distribution of the erodible soil 

from which dust is emitted is likely finer compared to other studies of dust emission sources. 

Thus, the dust emissions mechanisms dominant at this location may not be the same as at 

more well characterized low-latitude dust sources. 

Finally, it should be noted calculations to determine the ambient vertical aerosol flux were 

completed using IGOR Pro. The code used to perform these calculations is provided in the 

Appendix (Section A and B), for both the method of Gillette et al. 1972 and the method of 
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Ginoux et al. 2001. All calculations were performed on a 10-minute time resolution, and any 

necessary information regarding air density or wind speed was calculated using the weather 

data collected at the Down Valley site. 

 

3.5 Data analysis using IGOR Pro 

A significant portion of the work in this thesis document involved the analysis of large 

datasets using IGOR Pro (Appendix A to G). This includes the calculation of the time-

resolved normalized size distribution from the OPC data, calculation of the threshold velocity 

for dust emissions from weather data, and the graphical representation of SEM/EDS spectral 

data. The analyses that were and were not included in the Bachelder et al. manuscript, such as 

calculations involving the APS data or the vertical aerosol flux calculation based on the 

Ginoux et al parameterization, are included in these appendices. 

 

3.6 SEM Images and SEM/EDS Mapping  

While the images obtained during SEM/EDS analysis of PM10 and soil particles were not 

directly used in the published manuscript, they nevertheless contain insight into the shape, 

angularity, and surface characteristics of the mineral dust particles analyzed. Select images of 

both microscopy images and the SEM/EDS mapping results are provided in Annex H.  
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Chapter 4 – Conclusions 

The chemical and microphysical properties of wind-blown mineral dust emitted from the Ä’äy 

Chù Valley, Yukon in Northern Canada were successfully determined from samples collected 

in May 2018. The overall trends in dust emissions, particle size distribution, mineralogy, and 

chemical composition of ambient PM10 were observed during this period, and important 

insights were gained concerning the dust emissions mechanisms at this site. This 

characterization study also included a mineral dust sampling campaign which took place June 

2017, during which initial observations of dust emissions at this site confirmed that the Ä’äy 

Chù Valley is an active dust source. In the preceding pages, we have outlined both the final 

analyses in Chapter 2, as well as the unsuccessful exploratory work (Chapter 3). Overall, we 

have provided important results that will aid in establishing an understanding of the dust 

emission mechanisms and local impact of the dust emitted at this site, while validating low-

cost, efficient methods of characterizing mineral dust emissions from a remote, high-latitude 

dust source.  

4.1 Characterization of microphysical properties 

The results of particle sizing and gravimetric analysis performed during both June 2017 and 

May 2018 have been provided. The initial results of APS measurements obtained June 10 to 

23, 2017 at the Thachäl Dhäl Visitor’s Center confirmed that the Ä’äy Chù Valley is a source 

of mineral dust whose composition and shape are unique relative to the background aerosol 

species present at this location; however, due to increased precipitation that suppressed the 

emission of dust during the sampling period, limited data was obtained during this field 

campaign. A more comprehensive dataset was obtained May 4 to 31, 2018, providing crucial 

information as to the intensity and pervasiveness of dust emissions from this location. The 

highest concentrations of ambient PM10 were typically observed between 13:00 and midnight 

(PST), according to analysis of diurnal trends, while gravimetric analysis of 24-hour filter 

samples showed significant daily PM10 throughout the sampling period, both directly in the 

dust source as well as at three surrounding sites. Furthermore, the normalized particle size 

distribution showed little day-to-day variation, indicating consistency in the size distribution 

of PM10 particles in the Ä’äy Chù Valley. 
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In addition, the 24-hour measured PM10 and estimated PM2.5 concentrations for May 2018 at 

sites surrounding the dust source surpassed the 24-hour PM10 and PM2.5 air quality thresholds 

supplied by the World Health Organization (WHO) at least once at each site during the 

sampling period. This includes measurements performed at the Thachäl Dhäl Visitor’s Center 

and a location near the Alaska Highway. As the WHO 24-hour PM10 and PM2.5 thresholds are 

an indicator of the level of ambient particulate matter that may have negative effects on human 

health in the short-term – such as aggravation of asthma, impaired lung function, and risk for 

those with heart problems – the fact that these levels were surpassed at multiple sites near the 

dust source indicates that dust emitted from the Ä’äy Chù Valley negatively impacts local air 

quality. However, further sampling over a longer period is necessary to fully evaluate the 

impact of mineral dust emissions from the Ä’äy Chù Valley on local air quality and public 

health. In future dust sampling campaigns, measurement stations will also be established in 

local communities – for example, Destruction Bay would be an excellent location to monitor 

PM10 and PM2.5 as it is the closest town to the dust source, located 40 km northwest of the site. 

4.2 Mineralogical composition and particle morphology 

The mineralogical composition and particle morphology of a PM10 sample was determined 

using SEM/EDS analysis. It was found that the mineralogy comprised primarily 

aluminosilicate clay mineral aggregates, with pure minerals such as quartz, calcite, gypsum, 

and dolomite making up only 24% of the overall mineralogical composition. Fe was detected 

in 23 % of particles, all of which were clay minerals; no Fe-oxide minerals were detected by 

our SEM/EDS analysis. In addition, analysis of the aspect ratio – a parameter characterizing 

particle shape that has been defined in this study as the ratio of the length of the longest axis to 

that of the longest perpendicular axis – indicated that 88 % of particles analyzed possessed 

elongated shapes with aspect ratios exceeding the first size bin of 1 to 1.14 µm, with certain 

particles possessing aspect ratios exceeding 3. The SEM/EDS analysis performed in this study, 

while only semi-quantitative due to the limited number of samples and particles analyzed, 

demonstrates that ambient PM10 collected from the Ä’äy Chù Valley is composed primarily of 

aluminosilicate aggregate minerals and non-spherical particles. These results are highly 

valuable for future attempts to model the impact of dust emissions from the Ä’äy Chù Valley 
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on regional climate, as the mineralogy and shape of particles are highly related to their optical 

properties. 

4.3 Analysis of elemental composition 

Two techniques were employed to determine the elemental composition of soil samples 

collected from the Ä’äy Chù: ICP-MS and LA-ICP-MS. Microanalysis of individual PM10 

particles using LA-ICP-MS was not possible, as particles in this size range were too small to 

be detected by our LA-ICP-MS setup. This is because the microscope system of the laser 

ablation unit does not possess high enough resolution to allow for the precise ablation of 

particles as small as 10 µm in diameter, as well as the fact that the minimum diameter of the 

laser beam width is 5 µm. It is for these reasons that no signal was able to be obtained from 

the analysis of PM10 particles using LA-ICP-MS. As soil particles are much larger than PM10, 

often including particles 100 µm in diameter or larger, a signal was successfully obtained from 

these particles using LA-ICP-MS. However, due to matrix effects and elemental fractionation, 

we were unable to quantify the elemental content of individual soil particles. Finally, our 

attempts to determine bulk composition of soils using LA-ICP-MS were also unsuccessful, 

while the feasibility of using this technique to analyze ambient PM10 collected on filters was 

not assessed. 

ICP-MS analysis of the bulk elemental composition proved more effective than LA-ICP-MS 

analysis, allowing us to quantify the minor and trace element content in the ambient PM10, 

deposited dust, and soil samples we collected. Method 3051a, which outlines the U.S. EPA 

certified procedure for the extraction of metals from samples using acid digestion followed by 

ICP-MS analysis, was modified to allow lower detection limits and, subsequently, the analysis 

of smaller sample masses compared to those typically used. Thus, acid extractions of filter 

samples were performed using 4 mL ultrapure HNO3 and 1 mL ultrapure HCl, while the 

digestion of soil samples was performed using 3 mL ultrapure HNO3 and 1 mL HCl due to the 

absence of a filter which decreased sample mass. Validation of both the filter and soil 

digestion methods was performed to determine whether metals were quantitatively extracted 

and analyzed by applying the modified protocol to the analysis of standard reference soils of 
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known elemental composition. It was found that nine elements (Mn, Fe, Co, Ni, Cu, As, Cd, 

Cs, and Pb) were quantitatively extracted using these methods.  

Samples of ambient PM10, deposited dust, and soils collected from the Ä’äy Chù Valley were 

analyzed using this validated ICP-MS protocol. The analysis of both the bulk composition as 

well as the isolated fine fraction (<53 µm in diameter) of soils was completed, as this is the 

size fraction that is most likely to be entrained as mineral dust. The composition of ambient 

PM10 samples did not show significant temporal and spatial variation, nor did deposition 

samples collected both within the dust source and at surrounding locations (with the exception 

of the Christmas Bay location). Fine soil samples showed higher variability in As and Pb than 

in the other metals analyzed, while bulk soils lacked the high variability in Pb content but 

otherwise showed similar trends in spatial variability as the fine soils. Furthermore, we 

observed significant enrichment in the minor and trace element content of PM10 as compared 

to bulk samples, with enrichment factors between 1.5 and 3.5 depending on the element. This 

enrichment was not consistent across all elements, with Cu and As showing much higher 

enrichment compared to the other metals analyzed. We also observed a similar enrichment in 

the elemental composition of deposited dust as compared to that of bulk samples. Moreover, 

the elemental composition of the deposition samples was found to be relatively similar to that 

of the fine fraction of the soils.  

Initial tests were performed to evaluate the feasibility of using SP-ICP-MS to analyze PM1, or 

particles smaller than 1 µm in diameter. The analysis of 950 nm TiO2 engineered particles 

using SP-ICP-MS set to attenuated detection mode undersized the analyzed microspheres by 

almost an order of magnitude. While the specific reason for the underestimation of the particle 

size is not known, the analysis was not able to confirm that 1 µm particles can be completely 

ionized in the ICP, nor that their elemental compositions analyzed correctly. However, this 

does not necessarily eliminate the possibility of using SP-ICP-MS for the analysis of smaller 

mineral dust particles, such as those in the 400 nm or less size range, though the issue of 

unknown chemical composition and polydispersity of the particles must be considered. The 

idea of using SP-ICP-TOF-MS to detect the relative elemental concentrations, similar to how 

SEM/EDS was used in this study, is a possible question for future research on this topic. 
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4.4 Dust emission mechanisms 

Finally, analyses were completed to gain insight into the intensity and mechanism of dust 

emissions from the Ä’äy Chù Valley during the May 2018 sampling campaign. The vertical 

aerosol flux was calculated using measurements from the Down Valley site (Gillette et al. 

1972), with the results demonstrating that emissions were occurring at the Down Valley site 

throughout the May 2018 sampling period. The calculation of vertical aerosol flux from a 

common dust emission parameterization (Ginoux et al. 2001) yielded very different results 

from that of Gillette et al; this may be explained by the fact that the Ginoux et al. 2001 

parameterization was developed specifically from field studies completed in commonly 

studied low-latitude dust sources, such as in the Sahara desert, whose soils vary greatly in size 

and composition as compared to the soils of the Ä’äy Chù Valley. Given the discrepancy in 

the results of these two methods for calculating vertical aerosol flux, it is likely the mechanism 

for dust emissions at the Ä’äy Chù Valley differs greatly from those at lower latitudes. 

Therefore, it was concluded that the parameterization of dust emissions by Ginoux et al. is not 

appropriate for the calculation of dust emissions from the Ä’äy Chù Valley. This is a 

compelling result, as the discrepancy between the output vertical aerosol flux of the Ginoux et 

al. model – which is commonly used in global climate models, such as GEOS-Chem (Johnson 

et al. 2012) – and the results of the experimentally determined vertical aerosol flux is likely 

indicative of the inadequacy of these global climate models in depicting emissions from high-

latitude dust sources. 

The vertical aerosol flux calculations provided insight into the emissions processes occurring 

at the Ä’äy Chù Valley. To delve deeper into the potential mechanism of dust emission at the 

Ä’äy Chù, an analysis of the spatial variability of deposited dust composition was performed. 

Overall, the dust deposition samples showed little variation in composition, with the exception 

being the sample collected from Christmas Bay. By extension, the enrichment factor of each 

element analyzed as compared to the bulk soil samples was relatively consistent between 

deposition samples. This was a key result, as it demonstrated that the elemental enrichment of 

the deposition samples is present at the dust source, in the areas surrounding the dust source, 

and across Kluane Lake, indicating that the mechanism that leads to the observed elemental 

enrichment occurs during dust entrainment as opposed to during transport. 
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An important dust emissions mechanism that was evaluated in this study was the saltation-

sandblasting mechanism that is often thought to be an important contributor to the emission of 

dust. We found no correlation between our saltation measurements and the dust emitted from 

the Down Valley site, a highly irregular result that has either stemmed from instrument 

malfunction or a limit of detection of our saltation measurements that was too high to detect 

saltating particles. However, we have identified the extensive evidence that saltation-

sandblasting was an important mechanism for dust emission, including calculated shear 

velocities and measured windspeeds that greatly surpass the values at which saltation-

sandblasting was observed in previous studies, as well as our investigation of calculated 

horizontal mass flux using the parameterization developed by Nickling et al. 1978. 

Furthermore, through analysis of the small particle sizes measured in both ambient PM10 and 

soil samples, as well as the variation in elemental composition between sample types, we have 

identified the rupturing of clay coatings present on larger silt- and sand-sized particles as a 

likely mechanism for dust emissions from the Ä’äy Chù Valley. Our conclusion is further 

supported by the observations of the SEM/EDS analysis, which showed a dominance of clay 

minerals in the mineralogical composition of ambient PM10 as well as the presence of clay 

coatings on soil particles. We were also unable to rule out the possible contribution of the 

release of resident fine particulate matter from sand particles upon impact with the surface. 

4.5 Future work 

As this study was the first of attempt of a longer, five-year research campaign dedicated to the 

study of dust emitted from the Ä’äy Chù Valley, a major function of the results presented here 

is to highlight the importance of future work studying the physico-chemical characteristics of 

dust emissions from this site. This is due to the fact that the results presented in this thesis 

cover a wide range of topics, including potential air quality concerns, the nutritive content of 

the dust and its potential impact on local biogeochemical cycling of minerals, the detailed 

mechanisms of dust production, and more. Thus, as much as these results provide new 

information on dust emitted from this source, they serve equally as an indicator for how much 

more there is to learn about the emisson of dust and its impact in Yukon’s Kluane Lake region. 
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An important next step in the process of researching the dust emissions from the Ä’äy Chù 

Valley is to extend the campaign period to include study of the microphysical and chemical 

properties of the emitted dust throughout the year. The measurement campaigns depicted in 

this work were confined only to the late spring and early summer. This is, admittedly, a crucial 

period for dust emissions, as explained previously – however, it is also noteworthy that intense 

dust emissions were also observed at other points in the year, particularly towards late summer 

and early fall. Moreover, dust emissions were observed to occur regularly throughout the 

entire period of May to October 2017 by the camera monitoring station at the Island site. 

Vertical flux of the dust from the site may vary seasonally, and the collection of more data 

points throughout the year could aid in efforts to better understand, and eventually 

parameterize, this flux as it relates to meteorological factors, such as wind speed. Longer-term 

measurements would additonally aid the evaluation of the negative effects of the emitted dust 

on local air quality. 

Indeed, the impact of the emitted dust on public health must be more thoroughly evaluated, as 

no measurements of PM10 or PM2.5 were taken in the communities that live closest to the dust 

source such as Destruction Bay or Burwash Landing. This is crucial to study, as it is necessary 

to evaluate the impact of the dust emissions from the Ä’äy Chù Valley on the air quality in 

communities closest to the source in order to evaluate whether or not the emissions are a 

menace to public health. Thus, while the results of this study did indicate that the dust emitted 

from the Ä’äy Chù Valley does negatively impact the air quality in the area immediately 

surrounding the dust source, more information is needed on the degree to which air quality in 

local communities is impacted by emissions. Additionally, the effect of the dustiness on 

indoor air quality must also be considered when evaluating the impact of the dust on public 

health (Ghoshdastidar et al. 2018). 

Another important aspect of this project is the effect the emitted dust may have on local 

biogeochemical cycling of metals, which may impact primary productivity in both marine and 

terrestrial environments, and may also impact the health of local wildlife. While this study 

does report the total elemental content of certain metals, such as iron and arsenic, the 

speciation of these elements must be determined to better evaluate their bioavailability and 

potential impact on local ecosystems. This is because the bioavailability of metals may change 
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significantly based on their speciation in the environment – for example, inorganic species 

arsenate and arsenite are more toxic than organic arsenic compounds due to the difference in 

their bioavailability (Pongratz 1998). Thus, a study of the speciation of the metals present in 

the dust emitted from the Ä’äy Chù Valley, with particular focus on iron and arsenic, is an 

important next step in the processes of evaluating the potential impact of the dust on local 

ecosystems and wildlife. 

To conclude, we have successfully completed a case study of the composition, microphysical 

properties, and mechanisms of emission of mineral dust from the Ä’äy Chù Valley in the 

Kluane Lake region of Yukon, Canada. This campaign was the first, to our knowledge, in 

which direct measurements of dust emitted from a high-latitude dust source in a pro-glacial 

valley were performed. Furthermore, mineral dust emissions at this location are highly 

impacted by the active retreat of the Kaskawulsh Glacier – whose meltwaters no longer flow 

into the Ä’äy Chù Valley, leaving the sediment dried and more prone to erosion – and are thus 

indirectly affected by the rapidly rising temperatures in the Canadian North. Our research has 

shown the negative effects of the mineral dust emitted from this location on air quality, and 

indicate the enrichment of minor and trace elements in PM10 as compared to bulk soils. This 

work also provides important insights into the mechanism of dust production that leads to this 

enrichment, while providing an example of a robust approach for studying the chemistry and 

microphysical properties of dust in the harsh environment and remote location of an active 

dust source. These results have demonstrated the value of measuring dust emissions from the 

Ä’äy Chù Valley in the Kluane Lake region of Yukon, Canada, and highlight the importance 

of continued study to elucidate the physical mechanisms of dust emissions at this site and the 

resulting impact on atmospheric composition, chemistry, and ecosystems. 
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Appendix A: Vertical Aerosol Flux Calculations – Gillette 

et al. 1972 
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Appendix B: Vertical Aerosol Flux Calculations – Ginoux 

et al. 2001 

 

Function VerticalFlux() 

  

 Variable S_source_function, z_max, z_min, z_i // SOURCE FUNCTION 

 S_source_function = 1 // set z_i = z_min 

  

 // Ginoux only, with Kok 2011mod, or with TeamDust mod? If you want Ginoux, turn 

both OFF 

 Variable Kok_mod 

 //Kok_mod = 1 // mod ON 

 Kok_mod = -1 // mod OFF 

  

 Variable TeamDust_mod 

 //TeamDust_mod = 1 // mod ON 

 TeamDust_mod = -1 // mod OFF 

 If(TeamDust_mod ==1) 

 TeamDust_PSD() 

 Wave massFracOfEachClass 

 EndIf 

  

 // Set threshold velocity manually? 



 

iv 

 Variable u_t_switch, u_t_manual_value 

 u_t_switch = 1 // set u_t manually when on, off = -1 

 u_t_manual_value = 7 

   

 Wave Roughness_Length, CUP_WS_ms_6m_Avg, Shear_Velocity // import all Table 

10 waves 

 // ---------------------------------------------- Dry Deposition ------------------------------------

----------- \\ 

 Make/o/n=(numpnts(Roughness_Length)) v_hat_d // effective dry dep velocity 

 Make/o/n=(numpnts(Roughness_Length)) v_d // deposition velocity NEED HALP 

  

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_1 

 // --------------------------- Size Class 1: 0.1 - 0.18 um, eff. radius = 0.15 -------------------

-------- \\ 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_1 // FLUX of particle size class p 

 Make/o/n=(numpnts(Roughness_Length)) u_10m 

 Make/o/d/n=(numpnts(Roughness_Length)) u_t_1 

 Variable C_dim_factor,s_p, i 

 C_dim_factor = 1 //ug s^2 m^-5 

  

 u_10m = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // find the windspeed at 10 m from that 

at 6m 

 if(numtype(Roughness_Length[i])==0) 



 

v 

  u_10m[i] = (Shear_Velocity[i]/0.41)* (ln( 10/Roughness_Length[i])) // 

assuming stable conditions & zero plane displacement = 0 

 EndIf 

 EndFor 

 Variable A_param,phi_p_1, acc_grav, rho_particle 

 Variable w_surface_wetness 

 w_surface_wetness = 0.050 // can also input wave from field data 

 A_param = 6.5 

 phi_p_1 = 0.15 *10^-6 // radius in m 

 acc_grav = 9.80665 // m/s^2 

 rho_particle = 2.6*10^3 // kg/m3 (ie, 2.6 g/cm3) 

//CALCULATE AIR DENSITY 

 Wave AirTC_Avg_1_5m, rel_humidity_1_5m, BP_mb 

 Duplicate/o BP_mb, BP_Pa 

 BP_Pa = BP_mb*100 

 Make/o/n=(numpnts(Roughness_Length)) rho_air 

 Make/o/d/n=(numpnts(Roughness_Length)) p_sat //saturation vap pressure 

 Variable AirTemp_K 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the air density 

  if(numtype(AirTC_Avg_1_5m[i])==0 && numtype(BP_Pa[i])==0) 

  p_sat[i] = 

6.1078*10^((7.5*AirTC_Avg_1_5m[i])/(237.15+AirTC_Avg_1_5m[i])) // in mb 

  p_sat[i] = p_sat[i] // in Pa but got rid of conversion bc of RH 

  AirTemp_K = AirTC_Avg_1_5m[i] + 273.15 // convert celcius to kelvin 



 

vi 

  rho_air[i] = ((rel_humidity_1_5m[i]*p_sat[i])/(461.495*AirTemp_K)) + 

((BP_Pa[i] - (rel_humidity_1_5m[i]*p_sat[i]))/(287.058*AirTemp_K)) // kg/m3 

  Else 

  p_sat[i] = NaN 

  rho_air[i] = NaN 

  EndIf 

 EndFor 

  

  u_t_1 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 

 if(numtype(rho_air[i])==0) 

  u_t_1[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_1*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

 EndFor 

  

 s_p = 0.122*.25 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.048*0.005 

 ElseIf(TeamDust_mod==1 && Kok_mod != 1) 

  s_p = massFracOfEachClass[0] 

 ElseIf(Kok_mod == 1 && TeamDust_mod==1) 

  Print "Where the PSD is concerned, you don't know what you want. So, I am 

just going to use the Ginoux." 



 

vii 

 EndIf 

  

 Flux_p_1 = NaN 

 Variable V_u_10m, V_u_t 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 1 

 if(numtype(u_10m[i])==0 && numtype(u_t_1[i])==0) 

 If(u_10m[i] > u_t_1[i] && u_t_switch <0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_1[i] 

  Flux_p_1[i] =flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 ElseIf(u_10m[i] > u_t_manual_value) 

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_1[i] =flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 EndIf 

 EndIf 

 EndFor 

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_1 

 v_stk_1 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_P_1) 

  

   

 // --------------------------- Size Class 2: 0.18 - 0.30 um, eff. radius = 0.25 ------------------

--------- \\ 



 

viii 

 Make/o/n=(numpnts(Roughness_Length)) u_t_2 // threshold velocity of particle size 

class p 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_2 // FLUX of particle size class p 

 Variable phi_p_2  

 phi_p_2 = 0.25*10^-6 // radius in m 

  

  u_t_2 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 

 if(numtype(rho_air[i])==0) 

  u_t_2[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_2*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

  

 EndFor 

 s_p = 0.122*.25 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.048*0.026 

 ElseIf(TeamDust_mod==1 && Kok_mod != 1) 

  s_p = massFracOfEachClass[1] 

 EndIf 

  

 Flux_p_2 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 1 

 if(numtype(u_10m[i])==0 && numtype(u_t_2[i])==0) 



 

ix 

 If(u_10m[i] > u_t_2[i] && u_t_switch<0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_2[i] 

  Flux_p_2[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 ElseIf(u_10m[i] > u_t_manual_value) 

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_2[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 EndIf 

 EndIf 

 EndFor 

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_2 

 v_stk_2 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_p_2) 

  

  // --------------------------- Size Class 3: 0.30 - 0.60 um, eff. radius = 0.40 ---------

------------------ \\ 

 Make/o/n=(numpnts(Roughness_Length)) u_t_3 // threshold velocity of particle size 

class p 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_3 // FLUX of particle size class p 

 Variable phi_p_3 

 phi_p_3 = 0.40 *10^-6 // radius in m 

  

  u_t_3 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 
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 if(numtype(rho_air[i])==0) 

  u_t_3[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_3*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

 EndFor 

  

 s_p = 0.122*.25 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.048*0.192 

 ElseIf(Kok_mod != 1 && TeamDust_mod==1) 

  s_p = massFracOfEachClass[2] 

 EndIf 

  

 Flux_p_3 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 3 

 if(numtype(u_10m[i])==0 && numtype(u_t_3[i])==0) 

 If(u_10m[i] > u_t_3[i] && u_t_switch<0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_3[i] 

  Flux_p_3[i] =flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 ElseIf(u_10m[i] > u_t_manual_value) 

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_3[i] =flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 
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 EndIf 

 EndIf 

 EndFor 

  

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_3 

 v_stk_3 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_p_3) 

  

  // --------------------------- Size Class 4: 0.60 - 1.0 um, eff. radius = 0.80 -----------

---------------- \\ 

 Make/o/n=(numpnts(Roughness_Length)) u_t_4 // threshold velocity of particle size 

class p 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_4 // FLUX of particle size class p 

 Variable phi_p_4 

 phi_p_4 = 0.80 *10^-6 // radius in m 

  

  u_t_4 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 

 if(numtype(rho_air[i])==0) 

  u_t_4[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_4*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

 EndFor 
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 s_p = 0.122*.25 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.048*0.777 

 ElseIf(Kok_mod != 1 && TeamDust_mod==1) 

  s_p = massFracOfEachClass[3] 

 EndIf 

  

 Flux_p_4 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 1 

 if(numtype(u_10m[i])==0 && numtype(u_t_4[i])==0) 

 If(u_10m[i] > u_t_4[i] && u_t_switch<0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_4[i] 

  Flux_p_4[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 ElseIf(u_10m[i] > u_t_manual_value)  

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_4[i] = C_dim_factor*S_source_function*s_p*(u_10m[i]^2)*(u_10m[i] 

- u_t_manual_value) 

 EndIf 

 EndIf 

 EndFor 

  

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_4 
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 v_stk_4 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_p_4) 

  // --------------------------- Size Class 5: 1.0 - 1.8 um, eff. radius = 1.5 --------------

------------- \\ 

 Make/o/n=(numpnts(Roughness_Length)) u_t_5 // threshold velocity of particle size 

class p 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_5 // FLUX of particle size class p 

 Variable phi_p_5 

 phi_p_5 = 1.5 *10^-6 // radius in m 

  

  u_t_5 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 

 if(numtype(rho_air[i])==0) 

  u_t_5[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_5*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

 EndFor 

  

 s_p = 0.253 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.125 

 ElseIf(Kok_mod != 1 && TeamDust_mod==1) 

  s_p = massFracOfEachClass[4] 

 EndIf 
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 Flux_p_5 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 1 

 if(numtype(u_10m[i])==0 && numtype(u_t_5[i])==0) 

 If(u_10m[i] > u_t_5[i] && u_t_switch<0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_5[i] 

  Flux_p_5[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 ElseIf(u_10m[i] > u_t_manual_value) 

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_5[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 EndIf 

 EndIf 

 EndFor 

  

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_5 

 v_stk_5 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_p_5) 

  

  // --------------------------- Size Class 6: 1.8 - 3.0 um, eff. radius = 2.5 --------------

------------- \\ 

 Make/o/n=(numpnts(Roughness_Length)) u_t_6 // threshold velocity of particle size 

class p 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_6 // FLUX of particle size class p 

 Variable phi_p_6 
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 phi_p_6 = 2.5 *10^-6 // radius in m 

  

  u_t_6 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 

 if(numtype(rho_air[i])==0) 

  u_t_6[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_6*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

 EndFor 

  

 s_p = 0.322 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.257 

 ElseIf(Kok_mod != 1 && TeamDust_mod==1) 

  s_p = massFracOfEachClass[5] 

 EndIf 

  

 Flux_p_6 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 1 

 if(numtype(u_10m[i])==0 && numtype(u_t_6[i])==0) 

 If(u_10m[i] > u_t_6[i] && u_t_switch<0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_6[i] 

  Flux_p_6[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 
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 ElseIf(u_10m[i] > u_t_manual_value) 

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_6[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 EndIf 

 EndIf 

 EndFor 

  

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_6 

 v_stk_6 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_p_6) 

  // --------------------------- Size Class 7: 3.0 - 6.0 um, eff. radius = 4.0 um ---------

------------------ \\ 

 Make/o/n=(numpnts(Roughness_Length)) u_t_7 // threshold velocity of particle size 

class p 

 Make/o/n=(numpnts(Roughness_Length)) Flux_p_7 // FLUX of particle size class p 

 Variable phi_p_7 

 phi_p_7 = 4.0*10^-6 // radius in m 

  u_t_7 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the threshold windspeed 

 if(numtype(rho_air[i])==0) 

  u_t_7[i] = A_param*sqrt( ((rho_particle - 

rho_air[i])/rho_air[i])*acc_grav*phi_p_7*2)*(1.2+0.2*log(w_surface_wetness)) 

 endif 

 EndFor 
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 s_p = 0.302 

 If(Kok_mod == 1 && TeamDust_mod!=1) 

  s_p = 0.570 

 ElseIf(Kok_mod != 1 && TeamDust_mod==1) 

  s_p = massFracOfEachClass[6] 

 EndIf 

 Flux_p_7 = NaN 

 For(i=0;i<numpnts(Roughness_Length); i+=1) // calculating the flux of size class 1 

 if(numtype(u_10m[i])==0 && numtype(u_t_7[i])==0) 

 If(u_10m[i] > u_t_7[i] && u_t_switch<0) // manual entry is OFF 

  V_u_10m = u_10m[i]; V_u_t = u_t_7[i] 

  Flux_p_7[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 ElseIf(u_10m[i] > u_t_manual_value) 

  V_u_10m = u_10m[i]; V_u_t = u_t_manual_value 

  Flux_p_7[i] = flux_param(C_dim_factor, S_source_function, s_p,V_u_10m, 

V_u_t) 

 EndIf 

 EndIf 

 EndFor 

 //Gravitational Settling 

 Make/o/n=(numpnts(Roughness_Length)) v_stk_7 

 v_stk_7 = gravitational_settling(AirTC_Avg_1_5m, BP_Pa, phi_p_7) 
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  // --------------------------- Get the total flux in ug / m^2 / s --------------------------- 

\\ 

 variable data_check 

 For(i=0;i<numpnts(Roughness_Length);i+=1) // checking data 

 if(numtype(Flux_p_1[i])==0 && numtype(Flux_p_2[i])==0 && 

numtype(Flux_p_3[i])==0 && numtype(Flux_p_4[i])==0 && numtype(Flux_p_5[i])==0 && 

numtype(Flux_p_6[i])==0 && numtype(Flux_p_7[i])==0)   

 ElseIf(numtype(Flux_p_1[i])!=0 && numtype(Flux_p_2[i])!=0 && 

numtype(Flux_p_3[i])!=0 && numtype(Flux_p_4[i])!=0 && numtype(Flux_p_5[i])!=0 && 

numtype(Flux_p_6[i])!=0 && numtype(Flux_p_7[i])!=0) 

 Else 

  data_check = -1 

 EndIf 

 EndFor 

  

 If(data_check == -1) 

  print "data is not okay" 

 endif  

  

 compareModels(Kok_mod, TeamDust_mod, u_t_switch, u_t_manual_value) 

End 

Function compareModels(Kok_mod, TeamDust_mod, u_t_switch, u_t_manual_value) 

 Variable Kok_mod, TeamDust_mod, u_t_switch, u_t_manual_value 

 Wave Flux_p_1, Flux_p_2, Flux_p_3, Flux_p_4, Flux_p_5, Flux_p_6, Flux_p_7 
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 Wave v_stk_1, v_stk_2, v_stk_3, v_stk_4, v_stk_5, v_stk_6, v_stk_7 

 Wave u_t_1, u_t_2, u_t_3, u_t_4, u_t_5, u_t_6, u_t_7 

 Wave Roughness_Length 

  

 Make/o/n=(numpnts(Flux_p_1)) Emission_all 

 Make/o/n=(numpnts(Flux_p_1)) Vert_Flux_All 

 Vert_Flux_All = NaN 

  

 Variable i 

 For(i=0;i<numpnts(Roughness_Length);i+=1) 

 if(numtype(Flux_P_1[i])==0) 

  Emission_all[i] = Flux_p_1[i] + Flux_p_2[i] + Flux_p_3[i] + Flux_p_4[i] + 

Flux_p_5[i] + Flux_p_6[i] + Flux_p_7[i] 

  Vert_Flux_All[i] = (Flux_p_1[i] - v_stk_1[i]*Flux_p_1[i]) + (Flux_p_2[i] - 

v_stk_2[i]*Flux_p_2[i]) + (Flux_p_3[i] - v_stk_3[i]*Flux_p_3[i]) + (Flux_p_4[i] - 

v_stk_4[i]*Flux_p_4[i]) + (Flux_p_5[i] - v_stk_5[i]*Flux_p_5[i]) + (Flux_p_6[i] - 

v_stk_6[i]*Flux_p_6[i]) + (Flux_p_7[i] - v_stk_7[i]*Flux_p_7[i]) 

 EndIf 

 EndFor 

//  

// Wave weather_datetime, Weather_Filtertimes_START,Weather_Filtertimes_END 

// AMS_2_FTIR(weather_datetime,Flux_all_Ginoux, 

Weather_Filtertimes_START,Weather_Filtertimes_END,10,10) 

// Wave concwave_fil_avg 

// Duplicate/o concwave_fil_avg, Flux_filter_regrid_Ginoux 
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//RENAME based on PSD or U_t 

 String EndOfWaveName 

 EndOfWaveName = "" 

 If(Kok_mod !=1 && TeamDust_mod !=1) 

  EndOfWaveName = "_Ginoux" 

 ElseIf(Kok_mod ==1 && TeamDust_mod ==1) 

  EndOfWaveName = "_Ginoux" 

 ElseIf(Kok_mod ==1 && TeamDust_mod !=1) 

  EndOfWaveName = "_Kok" 

 ElseIf(Kok_mod !=1 && TeamDust_mod ==1) 

  EndOfWaveName = "_TeamDust" 

 EndIf 

  

 String nameThatWave 

  

 if(u_t_switch < 0) // means manual entry is OFF 

 nameThatWave = nameOfWave(Emission_all) + EndOfWaveName 

 Duplicate/o Emission_all, $nameThatWave 

 nameThatWave = nameOfWave(Vert_Flux_All) + EndOfWaveName 

 Duplicate/o Vert_Flux_All, $nameThatWave 

 Else 

 nameThatWave = nameOfWave(Emission_all) + EndOfWaveName + 

"_"+num2str(u_t_manual_value) +"m_s" 

 Duplicate/o Emission_all, $nameThatWave 



 

xxi 

 nameThatWave = nameOfWave(Vert_Flux_All) + EndOfWaveName + 

"_"+num2str(u_t_manual_value) +"m_s" 

 Duplicate/o Vert_Flux_All, $nameThatWave 

 EndIf 

  

 // should calculate RMSE btwn Ginoux and Kok vs 6m and 3m 

  

 make/o/n=(numpnts(u_t_1)) u_t_overall 

  

 For(i=0;i<numpnts(u_t_1);i+=1) 

  If(numtype(u_t_1[i])==2) 

   u_t_overall[i] = NaN 

  ELseIf(u_t_1[i]<u_t_2[i] && u_t_1[i]<u_t_3[i] && u_t_1[i]<u_t_4[i] && 

u_t_1[i]<u_t_5[i] && u_t_1[i]<u_t_6[i] && u_t_1[i]<u_t_7[i]) 

   u_t_overall[i] = u_t_1[i] 

  ElseIf(u_t_2[i]<u_t_3[i] && u_t_2[i]<u_t_4[i] && u_t_2[i]<u_t_5[i] && 

u_t_2[i]<u_t_6[i] && u_t_2[i]<u_t_7[i] && u_t_2[i] < u_t_1[i]) 

   u_t_overall[i] = u_t_2[i] 

  ElseIf(u_t_3[i]<u_t_1[i] && u_t_3[i]<u_t_4[i] && u_t_3[i]<u_t_5[i] && 

u_t_3[i]<u_t_6[i] && u_t_3[i]<u_t_7[i] && u_t_3[i] < u_t_2[i]) 

   u_t_overall[i] = u_t_3[i] 

  ElseIf(u_t_4[i]<u_t_1[i] && u_t_4[i]<u_t_2[i] && u_t_4[i]<u_t_3[i] && 

u_t_4[i]<u_t_5[i] && u_t_4[i]<u_t_6[i] && u_t_4[i]<u_t_7[i]) 

   u_t_overall[i] = u_t_4[i] 
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  ElseIf(u_t_5[i]<u_t_1[i] && u_t_5[i]<u_t_3[i] && u_t_5[i]<u_t_4[i] && 

u_t_5[i]<u_t_2[i] && u_t_5[i]<u_t_6[i] && u_t_5[i]<u_t_7[i]) 

   u_t_overall[i] = u_t_5[i] 

  ElseIf(u_t_6[i]<u_t_2[i] && u_t_6[i]<u_t_3[i] && u_t_6[i]<u_t_4[i] && 

u_t_6[i]<u_t_5[i] && u_t_6[i]<u_t_1[i] && u_t_6[i]<u_t_7[i]) 

   u_t_overall[i] = u_t_6[i] 

  Else 

   u_t_overall[i] = u_t_7[i] 

  EndIf 

 EndFor 

  

 If(u_t_switch<0) 

  Duplicate/o u_t_overall, u_t_fromGinoux 

 Else 

  nameThatWave = "u_t_" + num2str(u_t_manual_value)+"m_s" 

  Duplicate/o u_t_overall, $nameThatWave 

 EndIf 

End 
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Appendix C: OPC Data Import and Processing 
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Appendix D: OPC Data Analysis 
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 Appendix E: Plotting SEM/EDS Spectra 
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Appendix F: APS Data Analysis 
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Appendix G: APS Stokes Correction 

Function stokesCorrection(bins, particle_sizes, acc_bins, raw_ChanData,T_air, P_air, RH_air) 

 Wave bins, particle_sizes, acc_bins, raw_ChanData,T_air, P_air, RH_air 

 Make/o/n=(numpnts(acc_bins)) D_a_1 

 D_a_1 = initialAeroDias(bins, particle_sizes, acc_bins) // get the uncorrected diameters 

corresponding to each accumulation bin 

  

 //Get the average air density, viscosity 

 Variable air_density, air_viscosity 

 air_density = airDensity(T_air, P_air, RH_air)//airDensity(T_air, P_air, RH_air) 

 air_viscosity = airViscosity(T_air)//airViscosity(T_air) 

  

 //Get particle density 

  

 // Go through each accumulator to calculate the correct D_a 

 Variable i,j, R_one, R_two, temp_acc, temp_D,D_a_2 

 Variable denom, numer 

 Make/o/n=(numpnts(acc_bins)) W_correctDias 

 For(i=0;i<numpnts(acc_bins);i+=1)        

 // cut out all bins under limit of APS 

  temp_acc = acc_bins[i] 

  temp_D = D_a_1[i] 

  R_one = R_1(air_density, air_viscosity, temp_acc,temp_D)  // get 

R_1 

  D_a_2 = temp_D // start w. D2 = D1 

  //print num2str(R_one) 

  // Five iterations to calculate new diameter 

  Variable rho_particle 

  If(temp_D<2.5) 

   rho_particle = 1.6 

   For(j=0;j<30;j+=1) 

    R_two =R_2(air_density, air_viscosity, temp_acc, D_a_2, 

rho_particle) 

    denom = 6+(R_one^.666667) 

    numer = 6+(R_two^.666667) 

    D_a_2 = temp_D*((numer/denom)^0.5) 

   EndFor 

  Else 

   rho_particle = 1.6 

   For(j=0;j<30;j+=1) 

    R_two =R_2(air_density, air_viscosity, temp_acc, D_a_2, 

rho_particle)//r_2(air_density, air_viscosity, temp_acc, D_a_2, 2.6) 

    denom = 6+(R_one^.666667) 

    numer = 6+(R_two^.666667) 
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    D_a_2 = temp_D*((numer/denom)^0.5) 

   EndFor 

  EndIf 

  W_correctDias[i] = D_a_2 

 EndFor 

 //¥DeletePoints 0,181, W_correctDias 

 //String rename_wave = nameOfWave(raw_ChanData)+"_stokes" 

 //Duplicate raw_ChanData, $rename_wave 

 //¥DeletePoints/M=1 0,181, $rename_wave 

 //sortNumberConcs(W_correctDias, raw_ChanData, acc_bins, bins) 

End 

Function initialAeroDias(bins, particle_sizes, acc_bins) //Warning: this function has to be 

manually aborted?? 

 Wave bins   // size bins (sides of bins) 

 Wave particle_sizes // mean per bin 

 Wave acc_bins  // Raw data accumulator channels 

  

 // From PSL calib curve, calculate which accumulator bins correspond to which sizes 

 Make/o/n=(numpnts(bins)) acc_bin_equiv 

 acc_bin_equiv = -10^-13*bins^5+4*10^-10*bins^4-4*10^-7*bins^3+2*10^-4*bins^2-

0.0321*bins+1.2556 

  

 // New wave with the INITIAL aerodynamic diameters corresponding to the acc bins 

 Make/o/n=(numpnts(acc_bins)) D_a_1 

 Variable b,m 

 m = 41.628 

 b = 156.63 

 D_a_1 = (acc_bins-b)/m 

  

 return D_a_1 // initial calculation of aerodynamic diameters 

  

// // New wave with the aerodynamic diameters corresponding to the acc bins 

// Make/o/n=(1023) D_a_1 // Original D_a assigned by instrument. Each indice 

corresponds to raw data bins. 

// Variable i, j 

// i=1 

// j=0 

// do 

//  If(acc_bins[j]<acc_bin_equiv[i]) 

//   D_a_1[j] = particle_sizes[i-1] 

//   j+=1 

//  Else 

//   i+=1 

//  EndIf 

// while (i<(numpnts(acc_bin_equiv))) 

//  
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// return D_a_1 // return wave with mean dia for each channel number 

End 

Function airDensity(T_air, P_air, RH_air) // gonna start with dry air for now... 

 Wave T_air, P_air,RH_air 

 //AIR DENSITY 

 Make/o/n=(numpnts(T_air)) rho_Humid 

 Make/o/n=(numpnts(T_air)) p_vap 

 Variable M_d = 0.028964 //Molar mass of dry air, kg/mol 

 Variable M_v=0.018016 //Molar mass of water vapor, kg/mol 

 Variable P_sat,i // saturation pressure 

 For(i=0;i<numpnts(T_air); i+=1) 

  p_sat = 6.1078*10^((17.27*T_air[i])/(T_air[i]+237.3)) 

 EndFor 

 p_vap = RH_air*p_sat// P in Pa (rh is in percent) 

 rho_Humid = ((p_air*1000-p_vap)*M_d + p_vap*m_v)/(8.314*(T_air+273.15))// in 

kg/m^3 

 rho_Humid = rho_Humid*0.001 // convert to g/cm^3 

 return mean(rho_Humid) 

End 

Function airViscosity(T_air) 

 Wave T_air 

 //AIR VISCOSITY 

 Make/o/n=(numpnts(T_air)) air_viscosity 

 Variable b = 1.458*10^-6 

 air_viscosity = (b*(T_air +273.15)^(3/2))/(T_air +273.15+110.4) // in kg/(m*s) aka 

Pa*s 

 air_viscosity = air_viscosity*10 // conver to dynes*s/cm^2 

 return mean(air_viscosity) 

End 

Function R_1(rho_air, air_viscosity, acc_bin_number,D_a_1) 

 Variable rho_air, air_Viscosity 

 Variable acc_bin_number // to be converted to average particle velocity 

 Variable D_a_1 // uncorrected aerodynamic diameter 

  

 //Necessary variables 

 Variable Air_Vel = 15000 //  cm/s 

 Variable Particle_Vel = 100*10^5/(acc_Bin_number*4) // convert to cm/s from um/ns 

um/ns  

 Variable R_1 

 R_1 = (rho_air*(air_vel-particle_vel)*D_a_1)/(air_Viscosity*sqrt(1.05)) 

  

 return R_1 

End 

Function R_2(rho_air, air_viscosity, acc_bin_number, D_a_2, rho_particle) 

 Variable rho_air, air_Viscosity 

 Variable acc_bin_number // to be converted to average particle velocity 
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 Variable D_a_2 // corrected aerodynamic diameter 

 Variable rho_particle 

  

 //Necessary variables 

 Variable Air_Vel = 15000 //  cm/s 

 Variable Particle_Vel = 100*10^5/(acc_Bin_number*4) // convert to cm/s from um/ns 

um/ns  

 Variable R_2 

 R_2 = (rho_air*(air_vel-particle_vel)*D_a_2)/(air_Viscosity*sqrt(rho_particle))  

  

 return R_2 

End 

Function sortNumberConcs(W_correctDias, raw_ChanData, acc_bins, bins) // put the number 

concentrations into the correct size bin 

 Wave W_correctDias, raw_ChanData, acc_bins, bins 

  

 //new raw channel matrix 

 Make/o/n=((dimsize(raw_ChanData,0)), (numpnts(bins)-1)) new_dN 

  

 //numpnts in W_correctDias should equal number of columns of the raw_ChanData 

matrix 

  

 Variable i,j,k,temp_dN, start_index, end_index 

  

 For(i=1;i<(numpnts(bins)-1);i+=1)   // i is the size bins index (new_dN 

columns) 

  For(j=0;j<numpnts(W_correctDias);j+=1)// j is the acc bins index (raw_dN 

columns); FIND the start & end 

   if((W_correctDias[j]>=bins[i-1])&&(W_correctDias[j-1]<bins[i-1])) 

    start_index = j 

   ElseIf((W_correctDias[j]<=bins[i])&&(W_correctDias[j+1]>bins[i])) 

    end_index = j 

   EndIf 

  EndFor 

   

  For(j=start_index;j<=end_index;j+=1) // add all those columns to the new 

matrix 

   For(k=0;k<dimsize(raw_ChanData,0);k+=1) 

    new_dN[k][i] = new_dN[k][i] + raw_ChanData[k][j] 

   EndFor 

  EndFor 

   

 EndFor 

End 

Function checkForNans(matrix1) 

 Wave matrix1 
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 Variable i,j 

 For(i=0;i<dimsize(matrix1,0);i+=1) 

  For(j=0;j<dimsize(matrix1,1);j+=1) 

   if(numtype(matrix1)==2) 

    Print "NaN at: " + num2str(i) + "," + num2str(j) 

   EndIf 

  EndFor 

 EndFor 

End 

// Wave W_correctDias, raw_ChanData, acc_bins, bins 

//  

// //new raw channel matrix 

// Make/o/n=((dimsize(raw_ChanData,0)), (numpnts(bins)-1)) new_dN 

//  

// Variable i,j,k 

// For(i=0;i<(numpnts(bins)-1); i+=1)   // index for bins of sizes 

//  For(j=0;j<numpnts(W_correctDias);j+=1) // Index for acc bins 

//   If((W_correctDias[j]>=bins[i])&&(W_correctDias[j]<bins[i+1])) // if 

the acc bin corrected dia is within the size bin.... 

//    For(k=0;k<dimsize(raw_ChanData,0);k+=1) //rows 

//     new_dN[k][i] = new_dN[k][i] + raw_ChanData[k][j] 

//     //checkForNans(new_dN) 

//    EndFor 

//   EndIf 

//  EndFor 

// EndFor 

Function rawToNumberConc(raw_ChanData) 

 Wave raw_ChanData 

 Duplicate/o raw_ChanData, raw_ChanData_treated 

  

 Variable i,j 

 For(i=0;i<dimsize(raw_ChanData_treated,0);i+=1) 

  For(j=0;j<dimsize(raw_ChanData_treated,1);j+=1) 

   raw_ChanData_treated[i][j] = 

raw_ChanData_treated[i][j]/((5/6)*1000*4.9) 

  EndFor 

 EndFor 

 String treatedWave 

 treatedWave = "treated_"+nameofWave(raw_chanData)  

 Duplicate/o raw_ChanData_treated, $treatedWave 

End 
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Appendix H: SEM Images and SEM/EDS Mapping Results 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 


