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ABSTRACT  

 Particulate trace metals can enter the atmosphere as mineral dust, sea spray, 

anthropogenic emissions, biomass burning, etc. Once in the atmosphere they can undergo 

a variety of transformations including aqueous phase (cloud) processing, photochemical 

reactions, interact with gases, and ultimately deposit.  Metals in aerosols are of particular 

interest because of their natural and anthropogenic sources as well as their effects on 

local (human health) and global (climate change) scales.  This work investigates the 

metal component of atmospheric particles and how it changes during physical and 

chemical processes at local, regional and global scales, through laboratory and field 

studies. In the first part of this work, the impact of local dust storms (haboobs) on 

ambient metal concentrations and speciation is investigated in Tempe, AZ. It was found 

that metal concentrations substantially increase (> 10 times) during these events before 

returning to pre-storm levels. In a second part of this work, the impact of fog processing 

on metal concentrations, solubility and speciation is examined through field observations 

in California’s Central Valley.  The observations show that fog processing has a profound 

effect on local metal concentrations but the trends are not consistent between sites or 

even between events, indicating complex processes that need further investigation.  For 

example, fogs have an effect on scavenging and solubility of iron in Davis, while in 

Fresno soluble iron content is indicative of the source of the aerosol. The last part of the 

thesis investigates the role of particle size on the solubilization of iron from mineral dust 

aerosols during global atmospheric transport through laboratory experiments. The 

experiments showed that mineralogy and pH have the greatest effect on iron solubility in 
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atmospheric aerosols in general while particle size and photochemistry impact mainly the 

solubility of iron oxides.   
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

Properties of atmospheric aerosols 

 Aerosols are generally defined in the atmospheric community as suspended matter 

as a liquid or solid dispersed in a gas. Aerosols can be characterized by their physical, 

chemical and optical properties which can include size, shape, composition, etc. Aerosols 

are found throughout the atmosphere from ground level, through the troposphere, up in 

the stratosphere, and beyond. In this work, aerosol will refer to a solid particle in the 

troposphere. 

 The sizes of aerosol particles generally range from a few nanometers (nm) to tens 

of microns (µm) in diameter. Particles are split by their size into two categories: particles 

greater than 2.5µm, or “coarse” mode, and particles less than 2.5µm, or “fine” mode.  

This is an important distinction in atmospheric chemistry as these types of particles have 

different sources, atmospheric residence times, composition, optical properties, and 

health effects. 

Figure 1.1 shows different particles modes characterized according to their size. 

The fine mode described above is split into two sub-modes: the nuclei and accumulation 

modes. The nuclei mode consists of particles from approximately 0.005 to 0.1µm in 

diameter and although generally have highest particle numbers, they account only for a 

small fraction of atmospheric particle mass because of their small size.  These particles 

are generated through the nucleation, condensation and coagulation of gaseous vapors 

and can coagulate to form particles that fall into the accumulation mode. Accumulation 

mode particles fall in the range of 0.1 to 2.5µm in diameter and can act as cloud 
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condensation nuclei (CCN), which allow them to be rained or washed out in some cases; 

however, most particle removal mechanisms are not successful in this mode (hence 

“accumulation” term).  Coarse mode particles, diameters greater than 2.5µm, make up 

most of the mass of aerosol particles because of their large size. These particles are 

created though natural and man-made, mechanical processes and have the shortest 

residence times in the atmosphere because their settling velocities are higher.  

 

Figure 1.1. Schematic of different particle size modes and how particles come to be in 

that size category (adapted from Whitby and Cantrell, 1976). 

 

 The composition of tropospheric aerosols typically originates from their sources, 

but transformations during atmospheric transport also affect their chemical properties. 

Common components of tropospheric aerosols include nitrate, sulfate, ammonium, 

chloride, sodium, carbonaceous material (elemental and organic carbon), trace metals, 
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and water (Seinfeld and Pandis, 2006).  Aerosols can undergo gas and aqueous phase 

processing during transport, which can result in chemical transformation of the particle. 

Figure 1.2 shows potential components in the aqueous layer around a cloud condensation 

particle, which forms in high humidity conditions (particle deliquescence depends on 

chemical composition of the particle).  These components can come from dissolution of 

the particle (condensation nucleus) that the droplet forms on, partitioning of gas phase 

species into the aqueous phase, or from scavenging of other particles by collision. Gas 

phase reactions with particles under lower humidity conditions are also possible, altering 

the chemistry of the aerosol (Kong et al., 2014). This work will focus on trace metals in 

atmospheric aerosols. 

 

Figure 1.2. A schematic representation of the influence of particles and gases on 

cloud/fog drop composition. Reactions between several of the dissolved species shown 

here can also be important. (From Herckes and Collett, Encyclopedia of Atmospheric 

Sciences, 2015). 

 

 The optical properties of aerosols also have an impact on a global and local scale. 

Globally, aerosol particles can absorb or scatter light, affecting the radiative budget of the 
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Earth.  On a local scale, small aerosol particles can scatter or absorb light as well, which 

is the main cause of visibility impairment. The optical properties of the aerosol particles 

are dependent on aerosol optical thickness (aerosol numbers), phase function (angular 

dependence of light scattering) and single scattering albedo (ratio of scattering to 

absorption + scattering), which make up the radiative transport function, as well as the 

particle size, shape, and characterization (physical and chemical properties) (Dubovik et 

al., 2001).  

Sources of atmospheric aerosols 

 Aerosols can enter the atmosphere in a variety of ways. Natural sources include 

mineral dust and sea spray aerosols, anthropogenic sources include combustion aerosols, 

such as vehicle and industrial emissions, and some processes are both natural and 

anthropogenic such as biomass burning aerosols and secondary organic aerosol 

formation. The chemical composition of particles originating from each source is 

complex with organic and inorganic components. In this work, the inorganic components 

will be examined and are thus described hereafter. 

Mineral dust aerosols are classified as ejected minerals into the atmosphere 

through wind-blown suspension of soil material. Location strongly influences what type 

of mineralogy is ejected. Mineral dust aerosols are generally on the larger end of the 

aerosol size range, “coarse” mode particles, with a median size of 1-10µm (Reid et al., 

2003), but particles from tens of nanometers to hundreds of micrometers have been 

measured. Mineral dust particles in the accumulation mode (0.005-0.1µm) seem to have 

the greatest effect on atmospheric reactivity as they have the greatest surface area (Usher 

et al., 2003). Mineral dust aerosol morphology is largely dependent on the type of 
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mineral, which can affect its reactivity in the atmosphere. One of the largest sources of 

mineral dust aerosols are from Saharan dust storms, ejecting material high in the 

troposphere, which subsequently gets transported over the Atlantic Ocean (Figure 1.3). 

Australia, Asia and southern Africa are other locations which have large mineral dust 

emission events such as these. On a global scale, these events are exceptionally important 

for the transport of nutrients such as soluble Fe, P, Al, Mn and Si to the open ocean 

(Baker et al., 2006).  Global mineral dust emissions are in the range of 1,000 – 3,000 Tg 

yr
-1

 (Bauer et al., 2004; Cakmur et al., 2006).  On a regional scale, dust storms in Saudi 

Arabia, inland Australia, and the southwestern United States transport mineral dust 

aerosols tens to hundreds of miles away from their source.  These dust storms have an 

effect on visibility on short time scales, but the influx of non-native material may have a 

significant influence on agriculture in the long term (influx of nutrients). Mineral dust 

aerosols are almost always found in atmospheric aerosol samples as one of the most 

prominent components. Major elements (> 1 wt%) in mineral dust samples are the typical 

components of the upper continental crust including Al, Ca, Fe, K, Mg, Na and Si 

(Rudnick and Gao, 2005). 
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Figure 1.3 An image taken by the Moderate Resolution Imaging Spectroradiometer 

(MODIS) on NASA’s Terra satellite on June 10, 2010 (NASA image courtesy Jeff 

Schmaltz, MODIS Rapid Response Team at NASA GSFC). 

 

Marine aerosols, or sea-spray aerosols, can be injected from strong winds across 

the ocean surface, breaking waves, or popping bubbles. Sea-spray aerosols have global 

emission ranges of 2,000 - 10,000 Tg yr
-1

 (Gantt and Meskhidze, 2013).  Although this is 

a large global mass contribution, particle number counts are low, around 300 - 600cm
-3

 

(O’Dowd et al., 1997).  Secondary organic aerosols can also form from volatile 

compounds, dimethyl sulfide for example, over high biologically producing marine 

environments (Charlson et al., 1987). Since there is mechanical and chemical generation 

of particles, the size range of marine aerosol particles spans over 5 orders of magnitude. 

Secondary organic aerosols formed from marine by-products are generally in the 

nucleation and accumulation mode (sub-micron range and as small as a few nanometers 

in size) while bubble bursting on the surface can generate particles 1 - 2µm in diameter, 

but even more in the sub-micron range (Woolfe et al., 1987). Strong winds across the 

surface of the ocean cause an emission of a wide range of particles as well; although low 

concentrations are found in the larger size fractions. O’Dowd et al. (1997) shows a size 
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distribution of sea-spray aerosols from 0.05 - 150µm at wind speeds up for 17 m s
-1

, as 

sea-salt number and mass concentrations are highly dependent on wind speed. 

Inorganic composition of marine aerosols varies with size region due to inputs of 

anthropogenic and mineral dust aerosols. In pristine marine environments, Na
+
, Cl

-
, Ca

2+
, 

Mg
2+

, and K
+
 are found in high concentrations in coarse mode ( > 2.5µm) particles. 

Inorganic ions, such as NO3
-
, SO4

2-
, and NH4

+
, are also found in high concentrations but 

in fine mode (sub-micron) particles (Harrison and Pio, 1983). Other trace metals found in 

marine aerosols include Sr and Fe. 

Biomass burning aerosols result from the burning of biological material, which 

usually happens in large quantities on regional scales, especially in the tropics, as well as 

on temporal scales. Biomass burning happens all over the world in locations such as 

South America, Canada, southern Africa, the southeastern United States, and southern 

Europe. Biomass burning aerosols emission ranges are approximately 60 - 150 Tg yr
-1

 

(Kiehl and Rodhe, 1995) and have a median diameter in the sub-micron range. Major 

components of plants are cellulose and hemicelluloses and lignin, but also proteins, 

amino acids, volatile compounds, minerals, and water. Because of the major starting 

material composition, typical emissions from biomass burning include CO2, H2O, NO, 

N2O, N2, and SO2, but also a multitude of other intermediate compounds that can be 

released (CO, CH4, H2, C2H4, C2H2, PAHs, and soot particles) (Andreae and Merlet, 

2001). Major trace elements detected in biomass burning aerosols from the African 

savanna included P, Cl, S, K, Cu, and Zn. In addition, Al and Fe have been found in high 

concentrations close to the source (prescribed savanna fires in Lamto, Ivory Coast) as a 

result of soil remobilization during burning (Gaudiechet et al., 1995). 
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Major sources of combustion aerosols to the atmosphere are anthropogenic 

processes, which include industrial, vehicular, smelting, etc. emissions.  Aerosols from 

these combustion sources can be from direct emissions (primary aerosols) or can form 

from gases through atmospheric processes (secondary organic aerosols). Primary aerosol 

emissions, such as fly ash and tire wear particles, are generated through human activities.  

These sources contribute a considerable amount of brown and black carbon, which 

absorb in the IR, contribute to global warming, and have been found to increase the rate 

of melting in the Arctic ice sheets (Dumont et al., 2014). These anthropogenic emissions 

can be enriched in trace crustal elements such as Pb, Cd, and Cu.  

In addition to the production of primary particles, human activities produce gases 

that can undergo gas to particle conversion; called secondary organic aerosols (see Figure 

1.1 for particle growth).  Most of these combustion particles are less than 0.1µm in 

diameter and are in high concentration close to their source, but decreases significantly as 

they travel away from the source (nuclei and accumulation mode particles).  Although 

secondary organic aerosols are a significant fraction of atmospheric aerosols, they were 

not examined in this work. 

Transportation of atmospheric aerosols 

 Aerosol transport is largely dependent on particle size and meteorological 

conditions.  Large particles are heavier and therefore have higher settling velocities than 

smaller particles (Hinds, 2012). Large particles ( > 30 µm) do not travel far and have 

more of an effect on a local than global scale. Small particles, however, have the ability 

to travel further distances because of their long residence times and have greater global 

impacts. Because residence times of particles are minutes to months (based on size), 
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meteorology becomes the determinant in atmospheric aerosol transportation.  Intra-

hemispherically, the transport of particles from east to west happens more rapidly 

(weeks), since longitudinal wind speeds are on the order of 10 m s
-1

, than north to south 

(months), which have meridional wind speeds on the order of 1 m s
-1

.  Inter-hemispheric 

transport occurs much more slowly ( > 1 year) as there is a lack of thermal mixing 

equatorially (Jacob, 1999). Transport of aerosols vertically, between different layers of 

the atmosphere, is also very difficult. Since it takes years for aerosol particles to cross 

from the troposphere to the stratosphere, volcanic eruptions are the only major source of 

aerosols from the troposphere to the stratosphere.  

 During atmospheric transport there are a variety of different processes an aerosol 

particle can undergo that fall generally into two categories: aqueous and heterogeneous 

processes. Both of these processes can alter the chemical speciation of the aerosol particle 

changing their reactivity in the environment. 

Aerosol particles might act as cloud condensation nuclei and hence be 

transformed into atmospheric droplets (Andreae and Rosenfeld, 2008). Particles may also 

be scavenged by collisional processes into droplets. In the droplets, the particles might 

undergo aqueous phase processing, during which dissolution and subsequent chemical 

reactions can occur altering the original composition of the particle. Aqueous phase 

atmospheric processing is especially important when it comes to aerosol solubility 

(Spokes et al., 1994; Desboeufs et al., 2001).  Approximately 10-15% of droplets 

precipitate while the rest will undergo a cyclic process by which water condenses on the 

particle (CCN) and then evaporates approximately 5-10 times before it’s removed from 
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the atmosphere (Seinfeld and Pandis, 2006). The average lifetime of a CCN is 

approximately one week.  

During transport, particles can also undergo photochemical surface reactions or 

photochemical reactions in the aqueous phase (cf above).   Photochemical (oxidation) 

reactions in the troposphere are of significant importance because they cause aerosol 

aging and the formation of secondary organic aerosols (SOA) (Alfarra et al., 2006). SOA 

formation has also been shown to be catalyzed by iron (II), which can be present in a 

particle from the photochemical reduction of iron (III) to iron (II). That photochemical 

reduction pathway also affects the dissolution properties of an aerosol as iron (II) has 

been shown to be more soluble than iron (III) (investigated in Chapter 5). 

 Interactions with SOx and NOx gases are also an important part of aerosol 

chemistry. Gases can cause reactions to occur directly on the surface of particles or can 

partition into the aqueous phases through Henry’s Law. Anthropogenic SO2 emissions 

can partition into the liquid phase or be converted from gas to liquid by nucleation and 

form sulfuric acid (Finlayson-Pitts and Pitts Jr, 2000; Seinfeld and Pandis, 2006) which 

can lead to particle acidification affecting aqueous phase and gas-particle reactions. 

Fate and implications of atmospheric aerosols 

 After aerosols are emitted and transported it is important to consider their fate and 

implications. Generally, aerosols can undergo dry, wet or occult deposition. Dry 

deposition generally happens with larger particles when they fall out as part of 

gravitational settling. Wet deposition happens when aerosols are rained out either because 

they were incorporated in liquid droplets as cloud condensation nuclei or they are picked 

up on the way down. Occult deposition occurs when droplets, which contain particles 
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(CCN), hit a surface (i.e. fog hitting a building). Where aerosols are deposited can have 

an effect on human health, biologic systems and our climate. 

Aerosol particles can be split into two size categories for their health effects: 

particles greater than or equal to 2.5µm (PM>2.5 or coarse mode) or particles less than 

2.5µm (PM2.5 or fine mode). PM2.5 is regarded as particles that can get into our lungs and 

cause health effects including respiratory, circulatory, and even possible neurological 

issues (Schwartz et al., 2002; Lim et al., 2012; Smith et al., 2014). PM>2.5 has a large 

enough mass that it cannot navigate the L-shaped curve of the human esophagus and 

instead impacts on the walls of our throat and go into the stomach where they are 

digested (Heyder et al., 1986; Carvalho et al., 2011). PM2.5 is lighter and can navigate the 

sharp curve carried by the airstream.  Once in the lungs particles deposit onto the alveoli 

or walls of the lungs causing inflammation largely due to the formation of reactive 

oxygen species (ROS) (Gurgueira et al., 2002; Tao et al., 2003). It has been suggested 

that nanoparticulate material can cross through the blood barrier (Nemmar et al., 2002) 

and travel to other parts of the body. 

Aerosols deposit onto land and sea affecting terrestrial and aquatic ecosystems.  

Aerosols, especially ones which have been solubilized during transport, can provide a 

broad range of nutrients (e.g. nitrate and phosphate) to environmental communities. In 

areas of the ocean where nitrate and phosphate concentrations are high but chlorophyll is 

low (HNLC regions), iron was found to be a limiting nutrient (Martin, 1990). The main 

source of iron to the open ocean is from aerosol particles, predominately mineral dust, but 

also anthropogenic and biomass burning particles. 
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 In terms of climate impacts, aerosols can cause warming or cooling by direct and 

indirect effects. Aerosol direct effects refer to direct interaction of radiation with the 

particles. For instance, sulfate aerosols reflect light back to space having a cooling effect 

on our climate while black carbon absorbs IR radiation having a warming effect on our 

climate.  Aerosol indirect effects refer to a secondary process or effect caused by 

aerosols.  An example of an aerosol indirect effect would be iron-bearing mineral dust 

deposition into the ocean to seed phytoplankton growth. If more soluble iron is deposited 

to the ocean then phytoplankton blooms would increase which would subsequently 

increase the amount of CO2 uptaken by the ocean which has a cooling effect on our 

climate.  Aerosol direct and indirect effects on climate have some of the largest 

uncertainty in the global radiative forcing budget (IPCC; Figure 1.4). These large 

uncertainties make it essential for more research to be done to fully understand these 

effects and improve climate models. 
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Figure 1.4. Radiative forcing by emissions, their uncertainties, and our level of 

confidence/understanding. The lower plot shows the total anthropogenic radiative forcing 

(RF) in 2011 relative to 1750 (from the IPCC 4
th

 Assessment Report (AR4) of Climate 

Change 2007). 

 

Aerosol and fog sampling 

 Aerosol sampling can be done in a variety of fashions and is based on the interest 

of the researcher. Aerosols can be measured remotely based on their optical properties or 

in situ either immediately in the field or collected and brought back to a lab for analysis. 

In this work, we are most concerned with particle composition, although mass and size 

distributions of atmospheric particles are also important. Particle composition can be 

measured by a variety of techniques. Aerosol samples that are collected in the field and 

brought back to the lab are usually collected on filters or substrates using a pump, but 

collection of aerosols by dry deposition can also be performed. Filter and substrate 

samples can be collected as total suspended particles (TSP) or as size segregated particles 
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using a multi-stage impact sampler or a cyclone (Liu et al., 1976). Aerosol mass 

spectrometers (AMS) can measure particle composition real time and particle into liquid 

samplers (PILS) have good time resolution but only measure ions or total organic carbon. 

 In this work, we focus on offline aerosol sampling methods as samples were 

collected in the field and brought back to the lab for analysis.  A Tisch high volume 

aerosol sampler (flow rate = 1.13 m
3
 min

-1
) equipped with a PM2.5 impactor stage to 

collect samples split into two size fractions, PM>2.5 and PM2.5, was used to collect 

aerosols on acid cleaned cellulose filters for metals analysis by digestion and inductively 

coupled plasma mass spectrometry (ICP-MS). Chapter 5 focuses on iron solubility in 

simulated mineral dust aerosol samples. In this case, individual mineral phases were 

ground, resuspended, and size fractionated using a PM10 cyclone followed by a personal 

cascade impactor sampler (PCIS), which separated particles into five different size 

fractions. Particle sizes were confirmed by scanning electron microscopy and surface area 

was measured by Brunauer–Emmett–Teller (BET) theory using nitrogen (N2) adsorption.  

 This work also examines how trace metals in aerosols are processed by fog; 

therefore, in some cases, fog samples were collected simultaneously with aerosol 

samples. In this work, fog sampling was done using a plastic CalTech Active Strand 

Cloudwater Collector (CASCC). In a CASCC, droplets are collected via impaction on 

Teflon strands, which subsequently drop into a plastic bottle, as the air is “sucked” 

through the collector by a fan (Daube et al., 1987; Monger et al., 1989; Demoz et al., 

1996; Figure 1.5A). Another fog collection technique is the Rotating Arm Collector, 

which is based on the principal of inertial impaction. The sampler is placed facing the 

wind and the rod at the end of the sampling unit rotates allowing the samples to impact 
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and flow to the end of the rod into a plastic bottle where it is collected (Jacob et al., 1984; 

Collett et al., 1990; Krämer and Schültz, 1994; Figure 1.5B). Fog/cloud water can also be 

collected based on droplet size. The Colorado State University 5-stage cloud water 

collector (CSU 5-stage; Figure 1.5C) uses cascade inertial impaction to separate droplets 

in five sizes. As an air mass flows through the sampler, larger droplets that have greater 

inertia will impact in the earlier stages while the smaller droplets continue and impact at a 

later stage as the velocity of the air stream increases (Moore et al., 2002). 

  

 
Figure 1.5. Diagrams of a CASCC (A), RAC (B), and a CSU 5-Stage (C). 

 

Rationale and objectives 

 This work focuses on the inorganic composition of atmospheric particles and the 

processing of aerosols through field studies and laboratory experiments from local to 

global scale. This dissertation is structured to start with local aerosol composition moving 

to larger impacts as the dissertation proceeds. The first research chapter focuses on 

limited aerosol processing for a local phenomenon. Next, the processing of aerosols by 

fog at a regional scale is examined. Then, differences between rural and urban 

environments on aerosol processing with a focus on iron are discussed. Finally, 

C 

A B 
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laboratory experiments simulating multiple atmospheric processes are presented with 

respect to iron. Iron was chosen as a specific element of interest because it is naturally 

abundant, but also has anthropogenic sources. It has been shown to solubilize in the 

atmosphere providing interesting chemical reactions to study and is considered a limiting 

nutrient in parts of the ocean. This work contributes significantly to in situ aerosol and 

fog measurements as well as global atmospheric processing of iron which has been 

shown to indirectly effect climate. 

Characterization of haboob particulate matter in Tempe, AZ 

During this summer months in Arizona temperature and humidity profiles 

increase significantly as the monsoon season rolls through.  In the Phoenix area, 

monsoons are not the only massive weather event to happen. As cells move and converge 

to the south large downdrafts on arid land causes the resuspension of dust which move 

with the storm system, called haboobs. These dust events bring large influxes of dust in 

short periods of time affecting not only visibility and air conditions, but also can affect 

ecology.  During the summers of 2013 and 2014, aerosol samples were collected in 

Tempe, AZ with the goal of characterizing and determining the duration of effect a 

haboob has. It was hypothesized that dust storms fundamentally alter atmospheric 

compositions, specifically with regards to trace metals, on short time scales. 

Fog processing of trace metals in aerosols in California’s Central Valley 

Fog processing of atmospheric aerosols is important when considering the 

solubility and deposition of trace metals in the atmosphere. These liquid droplets that 

form around the aerosols provide an aqueous medium for reactions to occur, but they also 

allow scavenging of aerosol particles. In this work, aerosol and fog water samples were 
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collected from two locations in the Central Valley, CA, which has some of the worst air 

quality in the U.S.  Cloud water was also collected in Whistler, BC, a pristine 

environment, for a comparison. Samples were collected before, during, and after fog 

events to determine the effect of fog processing on trace metals in atmospheric aerosols. 

It was hypothesized that regional fog events substantially alter atmospheric trace metal 

concentrations in an urban environment. 

Processing of atmospheric aerosols in rural and urban environments: soluble iron 

content 

The type of particles that are emitted in rural and urban environments is 

substantially different.  In order to further examine fog, cloud, and humidity processing 

of aerosols, one element, iron, was chosen to be studied. Iron solubility and speciation 

can be used as a tracer of fog, cloud, and humidity processing as well as an indicator of 

difference sources and processing by anthropogenic gases. The liquid water of clouds 

provides an aqueous medium for solubilization to occur and dissolved anthropogenic 

gases can decrease the pH of a cloud droplet which increases iron solubility. In this work, 

the soluble iron content of aerosol samples collected in a variety of locations was 

determined. It was hypothesized that samples with higher soluble iron content have 

undergone a greater degree of atmospheric processing. 

Effect of particle size on iron solubility in atmospheric aerosols 

Iron and its solubility are important on a global scale. In certain parts of the 

worlds’ oceans there are enough nutrients, such as nitrates and phosphates, for 

phytoplankton to bloom, but do not.  HNLC ocean regions are limited by iron, and more 

specifically, soluble iron.  One of the main sources of iron to the open ocean is mineral 
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dust aerosols.  Studies have found that the solubility of these mineral dust aerosols is low; 

therefore, it is important to understand what happens during atmospheric transport that 

may contribute to its solubilization. In this work, the role of particle size of mineral dust 

aerosols on iron solubility during atmospheric transport was examined. Clay and iron 

oxide minerals are commonly found in Saharan dust, which has a large input of dust into 

the open ocean, so they were chosen to be studied. The role of processing by clouds and 

marine aerosols was examined as well as the role of photochemistry. It was hypothesized 

that as particle size decreases, iron solubility will increase and iron speciation will change 

with the addition of photochemical reactions. 
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CHAPTER 2 

CHARACTERIZATION OF HABOOB PARTICULATE MATTER IN TEMPE, AZ 

Introduction 

Haboobs, a special class of dust storms, can occur in many different regions 

(Sudan, Australia, Texas, etc.) and are particularly interesting because they occur 

suddenly and resuspend large quantities of dust.  A haboob formation occurs when fast 

moving downdrafts from dissipating thunderstorms hit the ground and, in arid regions 

(e.g. Arizona), cause the resuspension of dust. In Arizona, these thunderstorms usually 

develop along the mountain range on the Cochise and Pima county border as well as 

southeast of Tucson around noon, and then travel slowly northwest towards Phoenix. 

 Although haboobs in Arizona are less frequent than in Sudan (approximately 2-3 

haboobs per year as compared to 24 at Khartoum, Sudan), they can be just as dramatic.  

These turbulent air masses travel at approximately 30 mph, can be up to 60 miles wide 

and are an average of 4,000 – 8,000 feet in height.  Dust storms can last from minutes to 

hours and have the potential to alter the aerosol content greatly on short time scales. 

Haboobs in Phoenix usually last around 30 minutes and causes an intense drop in 

temperature, pressure, with an increase in wind speed and relative humidity (Idso et al., 

1972). 

Although haboobs occur all over the world and can affect a large amount of 

people, especially in the southwestern United States, their chemical composition is not 

well studied.  Several studies have examined the formation and structure of haboobs as 

well as changes in humidity, temperature, and air pressure that can happen during a 

haboob event (Lawson, 1971; Idso et al., 1972; Chen and Fryrear, 2002; Miller et al., 
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2008).  Particulate matter flux, concentration, and size distributions of haboobs have also 

been studied (Gillies et al., 1996; Chen and Fryrear, 2002), but much less is known about 

the composition of haboobs. Raman et al. (2014) published a study examining a 2011 

haboob in Phoenix using satellite, radar, and ground based measurements. In this work, 

Raman and coworkers state that haboob occurrences in Arizona have been more extreme 

(PM10 > 48.5 µg m
-3

) since 2007 and there has been an increasing trend of daily PM10 

concentration during the summer months from 2001-2011 (according to IMPROVE 

network data). Of the very few studies examining composition, one study in Tempe, AZ 

collected dust that deposited on a roof as a proxy for haboob aerosol particles and used 

XRF to determine the mineral composition of the haboob (Pewe, 1981). The results 

indicated that 58-61% of haboob dust is SiO2, 11-15% is Al2O3, 4-5% is Fe2O3, and 1-4% 

is CaCO3. Studies have not actively collected in situ haboob dust storm samples or 

characterized the trace metals in haboobs. It is important to use active collection (actively 

drawing air through a filter) to collect aerosol haboob samples because not all particles 

settle at the same rate, and therefore only a fraction of what is present in the atmosphere 

will be collected using passive approaches such as dust on a roof (Pewe, 1981). Another 

disadvantage to passive sampling is low collection mass. Active samplers allow for 

shorter collection times with enough mass collected for a variety of analyses. 

There are several studies that have studied the composition of Arizona soils and 

particulate matter (PM).  Upadhyay et al. (2011) collected PM2.5 samples during the 

winter in Phoenix and Tempe and found the average PM concentration to be 13.0 and 

8.8μg m
-3

, respectively (24-hr interval). PM2.5 samples from these sites comprised of 

mainly (55 ± 9%) elemental carbon (EC), organic carbon (OC), and soil elements, 
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specifically Al, Fe, K, and Ca. From the 18 trace metals analyzed Al, Fe, K, Ca, and Mn 

contributed 99% to the trace metal PM composition (~16% of the total PM composition). 

South of Phoenix, where haboobs generally originate, in Pinal County, Upadhyay et al. 

(2015; in press) collected soil samples and resuspended them to simulate aerosols in the 

region. Resuspended native soil samples showed elevated concentrations of As and Sb, 

while soils adjacent to roads showed elevated concentrations of Cu, Sb, and Zn.  High 

concentrations of organic carbon (OC) and PO4
3-

 were found in samples collected from 

cattle feedlots in the area as well. These aerosol components have the ability to become 

entrained during haboob events. Using this information we could infer the influx of 

various metals during a haboob event, but in situ sampling is still be the most accurate 

way to determine the chemical composition. 

Studying haboobs in the Phoenix area is important because these intense dust 

storms have the potential to affect the health of over 3 million people. In Arizona, it has 

been suggested that haboobs may bring in a large influx of the fungus, 

Coccidioidomycosis, which causes Valley Fever and affects 15-30% of the population 

(CDC reports). In this study, Valley Fever was not examined, but while a large fraction of 

the PM in a dust storm is greater than 2.5μm (mineral dust contribution), fine PM ( < 

2.5μm) can also be resuspended. Particulate matter that is 2.5µm or less can be harmful 

to human health because particles are small enough to be inhaled and retained in our 

lungs (Schwartz et al., 2002). Since these dust storms move through an urban area, it is 

possible that anthropogenic PM, which tends to be fine, can be resuspended during these 

dust storms. Metals and their speciation are especially important to consider in this fine 

fraction because of the formation of reactive oxygen species in the lungs which causes 
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inflammation and other health effects (Chapman et al., 1997; Prahalad et al., 1999; 

Karlsoon et al., 2005).  

Haboobs can bring a large influx of non-native dust into an area, which may be 

the case in Phoenix. This has the possibility to impact soil composition, possibly 

influencing agriculture as soil nutrients could be imported by the storms.  After haboob 

events there is one common and easily visual indication of a large influx of nutrients; 

algal blooms in pools. Although there have been no studies published on this, residents of 

the greater Phoenix area are very familiar with this phenomenon. 

In this work, particulate matter (PM) samples were collected before, during and 

after haboob events on the Arizona State University Tempe Campus to determine the 

impact of haboobs on aerosol composition in the greater Phoenix area. Fine PM was a 

specific focus of this work because of their ability to stay resuspended for longer periods 

of time and their potential health effects. It was hypothesized that as a haboob passes 

through Phoenix, there will be a large influx of mineral dust, but also smaller, more 

processed, anthropogenic PM will be resuspended.  In addition to a substantial change in 

aerosol composition during haboob events, it was hypothesized that the perturbation 

would last for several hours after the haboob has passed, especially for fine PM. PM 

samples were collected during the summers of 2013 and 2014 were analyzed for a variety 

of organic (alkanes, PAHs, etc.) and inorganic compounds. This work will focus on the 

trace metal composition of the aerosol samples. 
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Materials and Methods 

Sample collection 

The sampling site was located on the roof of the Life Sciences A-wing building 

(~50 feet high) on the Arizona State University Tempe Campus.  Tempe is part of the 

greater Phoenix area of Arizona, which during the summer monsoon season experiences 

large dust storms, or haboobs, originating from the south. Sampling was conducted 

between July 2, 2013 and September 5, 2013 and between June 30, 2014 and September 

8, 2014.  

Haboob particulate matter was collected using Tisch High Volume Samplers 

(Tisch Environmental, Village of Cleves, OH; 1.13 m
3
 min

-1
). Samples were collected on 

cellulose filters (Whatman 41; GE Heathcare Life Sciences) and split into PM2.5 and 

PM>2.5 using PM2.5 impactor plates (Tisch Environmental Inc., TE 231). Field blanks 

were taken before and after the sampling period. Ambient samples (before haboob) were 

collected at 24-hr intervals. During a haboob event, samples were collected for at least an 

hour to ensure enough particle (mass) loading for analysis.  After a haboob event, 

samples were collected for at least 2 hour intervals to ensure enough particle (mass) 

loading for analysis; however, after haboob samples were variable in length overall. After 

PM collection, samples were stored in a freezer until analysis. 

Trace metal analysis 

 Trace metal samples on cellulose filters were digested using a microwave assisted 

acid digestion (adapted from Upadhyay et al., 2009); in brief, a 5 x 5 cm section of filter 

was cut up and placed in a digestion vessel to which concentrated nitric (OmniTrace, 

EMD, Darmstadt, Germany, 70%) and hydrofluoric acid (EMD; 48%) was added and 
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digested (Mars 5 Microwave Digestion System, CEM Corporation, Matthews, NC). After 

digestion, samples were dried down then brought up in 2% nitric acid (OmniTrace, 

EMD) for analysis by a quadrupole inductively coupled plasma mass spectrometer (X-

Series 2 ICP-MS; Thermo Electron).  Samples were analyzed for 41 elements total. 

Reagent blanks, filter blanks, and standard reference materials (SRM2709 and 

SRM1649a) were treated in the same manner as samples.   

Enrichment factors 

 Enrichment factors are used to examine the composition of a sample as compared 

to its natural abundance in the upper continental crust (Han et al., 2006; Majestic et al., 

2009; Upadhyay et al., 2011) using the equation: 

EF(X) = (Xsample / Alsample) / (Xcrust / Alcrust)    (1) 

Where X is the metal of interest and “crust” is the concentration of the element in the 

upper continental crust (Rudnick and Gao, 2005).  Al is used as the reference metal since 

it’s naturally abundant and its concentration is relatively constant in the upper continental 

crust. 

Principal component analysis 

 Principal component analysis (PCA) is a useful statistical tool to group samples 

by commonalities, which can then be used to help determine sources based on elements 

(Hopke et al., 1991; Upadhyay et al., 2011; Gonzalez-Maddux et al., 2014).  In this 

statistical analysis, a large data set is reduced to principal components (PCs) and based on 

the correlation coefficient in that PC for an element, sources can be determined. The 

statistical packet used in this work was IBM SPSS (Version 22) to perform a varimax 

rotated PCA. 
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Results and Discussion 

Particulate matter concentrations 

 During the 2013 and 2014 sampling periods, 51 and 70 PM2.5 samples were 

collected, respectively. During the collection periods there were 7 and 3 haboob events in 

2013 and 2014, respectively.  Haboob samples were classified by their distinct frontal 

wall of dust. This is different from other dust storms, which are just blowing dust events 

with no characteristic “dust wall”, as well as days with high PM, where wind is not 

typically a factor. High PM is described as days that exceed the national standards: 150 

µg m
-3

 and 12 µg m
-3

 for PM10 and PM2.5, respectively (24-hour average standard, EPA, 

2012). 

Table 2.1. Average PM10 and PM2.5 concentrations (µg m
-3

) in Tempe, AZ. 

Average 

(µg m
-3

) 

2013        

(7/2 - 9/6) 

2014        

(6/30 - 9/9) 

Annual PM10
1

  108 110 

Annual PM2.5
1 12.1 12.6 

Sampling Period PM10
* 26.7 34.4 

Sampling Period PM2.5
* 7.2 6.3 

Haboob PM10
** 246 842 

Haboob PM2.5
** 17.7 48.5 

  
1
From EPA Air Quality Index Daily Values Report. All other data from Arizona   

  Department of Environmental Quality. 
  *

Excludes haboob events. 

  
**

Time period is not 24-hr standard. Average concentrations over 3-hr. 
 

 Table 2.1 shows the average concentrations of PM10 and PM2.5 annually, during 

the sampling periods, and during collected haboob events in Tempe, AZ. On average, 

Tempe was below the national standards in 2013 and 2014 for PM10, but slightly above 

the PM2.5 standard.  Additionally, Tempe had a record 133 days in exceedance of the 

national standards, 131 of which were determined to be “exceptional events” by the EPA 
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(Lee, 2014; The Arizona Republic). During the sampling periods, PM concentrations 

were relatively low, which is common for Phoenix as the wintertime typically has high 

PM due to inversion events. In 2013, the average concentrations of PM10 and PM2.5 over 

a 3-hr period during haboob events were 246µg m
-3

 and 17.7µg m
-3

, respectively; 

however, during a particularly large dust storm on August 20
th

, 2013, concentrations 

reached 1033µg m
-3

 and 85.9µg m
-3

 for PM10 and PM2.5 over 1-hr, respectively. In 2014, 

there were fewer haboob events, but they were more intense as the average PM10 and 

PM2.5 concentrations over a 3-hr period during haboob events were 842µg m
-3

 and 

48.5µg m
-3

, respectively. During two haboob events in 2014, July 25
th

 and September 6
th

, 

PM10 concentrations over 1-hr reached 1500µg m
-3

, and on September 6
th

 PM2.5 

concentrations over 1-hr reached 109µg m
-3

.  When comparing ambient PM 

concentrations to elevated PM concentrations during a haboob in 2013, on average, PM10 

and PM2.5 increase by 232µg m
-3

 and 12µg m
-3

 over a 1-hr period, respectively. In 2014, 

the increase was more significant with PM10 and PM2.5 increasing by an average of 

979µg m
-3

 and 49µg m
-3

 over a 1-hr period, respectively. Raman et al. (2014) found that 

during a haboob on July 5
th

, 2011, concentrations of PM10 and PM2.5 peaked at 1974 µg 

m
-3

 and 907 µg m
-3

, respectively, which is much higher than the events shown here. The 

haboob described in the paper was a particularly large dust event and lasted slightly 

longer than most events.   
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Elemental concentrations 

Table 2.2. Elemental concentrations (ng m
-3

) in PM2.5 samples collected in 2013. 
 

 Tempe, AZ   Non-Haboob   Haboob 
 

Element Median Min. Max. Median Min. Max. Median Min. Max. 

Al 1596 319 21763 1424 319 3898 13178 5618 21763 

As 0.543 0.124 3.41 0.501 0.124 1.00 2.61 1.33 3.41 

Ba 24.0 6.08 198 21.7 6.08 56.1 109 51.5 198 

Ca 1059 277 10514 994 277 2714 6845 3344 10514 

Cd 0.072 0.003 0.397 0.066 0.003 0.194 0.191 0.105 0.397 

Ce 2.09 0.45 26.1 1.88 0.45 4.61 15.2 6.74 26.1 

Co 0.444 0.088 4.77 0.413 0.088 0.862 3.27 1.34 4.77 

Cs 0.194 0.040 3.48 0.186 0.040 0.566 1.92 0.807 3.48 

Cu 64.4 20.6 303 57.9 20.6 273 108 75.7 303 

Dy 0.12 0.025 1.67 0.110 0.025 0.290 0.993 0.433 1.67 

Er 0.071 0.015 0.972 0.065 0.015 0.171 0.584 0.252 0.972 

Eu 0.040 0.008 0.479 0.037 0.008 0.091 0.290 0.131 0.479 

Fe 968 190 10561 915 190 2108 7684 3191 10561 

Ga 0.486 0.096 6.63 0.445 0.096 1.16 3.98 1.69 6.63 

Gd 0.156 0.033 2.11 0.142 0.033 0.373 1.25 0.563 2.11 

Hf 0.085 0.023 1.05 0.076 0.023 0.173 0.523 0.235 1.05 

Ho 0.024 0.005 0.335 0.022 0.005 0.058 0.200 0.086 0.335 

K 580 127 7448 542 127 1950 4682 1843 7448 

La 1.04 0.222 13.0 0.939 0.222 2.34 7.84 3.52 13.0 

Mg 448 121 5139 401 121 1084 3010 1486 5139 

Mn 22.9 4.2 265 19.9 4.2 48.7 162 68.7 265 

Mo 0.326 0 1.73 0.312 0 1.52 0.807 0 1.73 

Na 551 128 3245 504 128 1305 1811 1013 3245 

Nb 0.533 0.127 7.25 0.468 0.127 1.24 3.83 1.79 7.25 

Nd 0.883 0.182 11.3 0.780 0.182 2.02 6.74 3.07 11.3 

P 44 <DL 429 40.3 <DL 107 259 93.5 429 

Pb 2.91 0.457 18.2 2.58 0.457 4.70 12.4 5.11 18.2 

Pr 0.247 0.049 3.10 0.21 0.049 0.542 1.81 0.83 3.10 

Rb 2.46 0.484 36.6 2.23 0.484 6.01 21.6 8.61 36.6 

Sb 0.897 0.407 2.61 0.804 0.407 2.61 1.89 0.904 2.10 

Se 0.853 0.194 5.85 0.801 0.194 3.64 4.27 1.81 5.85 

Sm 0.171 0.034 2.22 0.149 0.034 0.394 1.34 0.600 2.22 

Sn 0.651 0.228 2.49 0.619 0.228 1.58 1.75 0.813 2.49 

Sr 9.20 2.76 86.2 8.66 2.76 23.5 51.3 26.4 86.2 

Th 0.279 0.057 4.21 0.250 0.057 0.719 2.24 1.03 4.21 

Ti 108 22.2 1347 98.4 22.2 233 712 330 1347 

U 0.067 0.017 0.791 0.059 0.017 0.158 0.478 0.217 0.791 

V 2.54 0.505 22.9 2.42 0.505 6.91 14.1 6.31 22.9 

W 1.22 0.133 6.40 1.18 0.133 6.40 1.27 0.726 3.79 

Zn 16.7 3.36 81.2 15.1 3.36 38.3 53.7 31.6 81.2 

Zr 3.20 0.949 36.4 3.05 0.949 6.10 18.6 8.42 36.4 



  28 

Table 2.3. Elemental concentrations (ng m
-3

) in PM2.5 samples collected in 2014. 

 
 Tempe, AZ Non-Haboob  Haboob  

Element Median Min. Max. Median Min. Max. Median Min. Max. 

Al 1269 55.0 123237 1249 55.0 7983 4012 2329 123237 

As 0.35 0.007 9.53 0.35 0.007 2.21 1.23 0.30 9.53 

Ba 15.8 2.95 926 15.7 2.95 71.0 60.0 21.5 926 

Ca 1150 168 75323 1068 168 5648 4202 1514 75323 

Cd 0.06 0.014 1.56 0.06 0.014 0.50 0.21 0.05 1.56 

Ce 1.64 0.33 142 1.58 0.33 10.30 5.39 2.71 142 

Co 0.32 0.04 24.1 0.32 0.04 1.63 1.20 0.50 24.1 

Cs 0.16 0.03 17.5 0.15 0.03 1.30 0.52 0.32 17.5 

Cu 105 39.1 438 104 39.1 313 417 116 438 

Dy 0.099 0.017 9.63 0.097 0.017 0.66 0.33 0.18 9.63 

Er 0.056 0.010 5.48 0.055 0.010 0.38 0.19 0.10 5.48 

Eu 0.031 0.006 2.68 0.030 0.006 0.19 0.10 0.05 2.68 

Fe 963 145 78337 944 145 5483 3606 1573 78337 

Gd 0.20 0.04 19.0 0.20 0.04 1.34 0.68 0.34 19.0 

Hf 0.06 0.01 5.85 0.06 0.01 0.33 0.27 0.11 5.85 

Ho 0.02 0.00 1.93 0.02 0.00 0.13 0.07 0.04 1.93 

K 521 100 44751 516 100 3389 1795 891 44751 

La 0.82 0.15 69.6 0.78 0.15 5.04 2.61 1.37 69.6 

Mg 397 67 30697 388 67 2301 1438 592 30697 

Mn 19.7 2.58 1576 19.5 2.58 95.9 68.3 31.4 1576 

Mo 0.37 0.07 6.25 0.37 0.07 1.35 1.38 0.32 6.25 

Na 676 112 20154 668 112 1405 3368 603 20154 

Nb 0.42 0.07 39.3 0.42 0.074 2.73 1.36 0.75 39.3 

Nd 0.70 0.13 64.1 0.67 0.132 4.55 2.25 1.18 64.1 

P 23 0.15 1651 22.4 0.15 119 91.1 29.7 1651 

Pb 2.02 0.61 69.2 1.95 0.61 7.81 6.00 2.39 69.2 

Rb 1.88 0.30 175 1.85 0.30 13.3 5.94 3.44 175 

Se 0.37 0.15 5.61 0.37 0.15 1.47 1.41 0.41 5.61 

Sm 0.14 0.03 13.0 0.14 0.03 0.91 0.44 0.24 13.0 

Sr 7.08 1.18 620 6.96 1.18 37.6 25.6 10.2 620 

Th 0.23 0.04 23.2 0.23 0.04 1.55 0.73 0.43 23.2 

Ti 71.8 14.4 8732 69.3 14.4 485 241 134 8732 

U 0.05 0.009 4.31 0.05 0.009 0.27 0.18 0.09 4.31 

V 2.39 0.55 155 2.24 0.552 12.5 10.9 3.19 155 

W 1.69 0.11 57.0 1.66 0.108 11.1 5.49 1.13 57.0 

Zn 16.9 2.43 440 16.9 2.43 42.5 52.0 15.8 440 

Zr 2.78 0.54 223 2.71 0.54 13.2 11.8 4.50 223 

 

 Tables 2.2 and 2.3 show the elemental concentrations in PM2.5 samples collected 

in 2013 and 2014 in Tempe, AZ. Tables are split by average, maximum, and minimum 
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values for Tempe, AZ during the sampling period as well as non-haboob versus haboob 

samples. All elemental concentrations increased during haboob events, which is 

consistent with a short sampling period of extreme PM concentrations. When compared 

to PM2.5 collected in Phoenix during the winter (Upadhyay et al., 2011), elements 

associated with natural sources (i.e. mineral dust) such as Al, Ca, Fe, Mg, etc. are higher 

in concentration. Elements associated with anthropogenic sources (As, Pb, Sb, etc.), 

however, were similar in concentration or lower in Tempe, AZ summer samples. 

Enrichment factors 

 

A 
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Figure 2.1. Average enrichment factors of PM2.5 samples collected during non-haboob 

and haboob periods in 2013.  Elements represented in A have enrichment factors less 

than 5 (black lines represent 1:1 X:Al, where X is element of interest), while elements 

represented in B have enrichment factors greater than 5 (black lines represent 100:1 

X:Al). Enrichment factors of elements of interest are normalized to Al (i.e. Al=1). 

 

B 

A 
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Figure 2.2. Average enrichment factors of PM2.5 samples collected during non-haboob 

and haboob periods in 2014.  Elements represented in A have enrichment factors less 

than 5 (black lines represent 1:1 X:Al, where X is element of interest), while elements 

represented in B have enrichment factors greater than 5 (black lines represent 100:1 

X:Al). Enrichment factors of elements of interest are normalized to Al (i.e. Al=1). 

 

 The enrichment of elements compared to Al, a major trace metal in the upper 

continental crust, was determined for PM2.5 samples collected in Tempe, AZ. Ten 

elements were found to be enriched (EF > 5) in PM2.5 samples: As, Pb, Zn, Mo, Sn, W, 

Cd, Cu, Sb, and Se. Figure 2.1 shows these ten enriched elements and their enrichment in 

ambient and haboob samples in 2013. Figure 2.2 shows eight of these enriched elementas 

and their enrichment in ambient and haboob samples: As, Pb, Zn, Mo, W, Cd, Cu, and 

Se. Sb and Sn are missing from this list as they were not analyzed in the 2014 samples. 

The differences in enrichment factors of haboob versus non-haboob samples will be 

discussed later. 

B 
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 PM2.5 samples collected in South Phoenix showed similar elements to be enriched 

as this study including As, Ba, Cr, Cu, K, Ni, Pb, Sb, Se, Sr, and Zn (Upadhyay et al., 

2011). Differences in enrichment factors is likely due to differences in sampling season 

as south Phoenix samples were collected in the wintertime while these samples were 

collected in the summer. Source samples were collected in Pinal County, which is also 

the origin of haboob dust storms, and resuspended to simulate PM2.5 and PM10 from these 

sources as part of another study by Upadhyay et al. (2015). Source samples were enriched 

in elements such as As, Ca, Cu, Ni, P, Pb, Sb and Zn, which is in good agreement with 

our findings. Upadhyay and coworkers noted that all the samples including the natural 

and agricultural samples were enriched in As and Sb, which they suggest is a local 

pollutant source and is from long range transport. 

 
Figure 2.3. Principal components 1 (mineral dust) vs 2 (anthropogenic) from principal 

component analysis (PCA) of PM2.5 samples collected during summer 2013 at ASU-

Tempe Campus. 
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Figure 2.4. Principal components 1 (mineral dust) vs 2 (anthropogenic) from principal 

component analysis (PCA) of PM2.5 samples collected during summer 2014 at ASU-

Tempe Campus. 

 

 PM2.5 samples from 2013 were analyzed (26 elements) by PCA (Figure 2.3). The 

first principal component (PC1) accounted for 60% of the total variance and was 

determined to be soil derived as it had strong influences from elements such as Al, Mg, 

Ca, Ti, etc.  A high mineral dust contribution is consistent with low enrichment factors of 

these elements and with other studies who have examined soil compositions in the desert 

Southwest (Majestic et al., 2009; Upadhyay et al., 2011; Gonzalez-Maddux et al., 2014). 

The second (PC2), third (PC3), and fourth (PC4) principal components accounted for 

15%, 7%, and 6% of the total variance. These components are likely derived from 

industrial sources such as coal combustion (Cu; Xu et al., 2004), vehicle emissions (Cd, 
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Mo, Cu, Pb, Zn; Solomon and Hopke, 2008), and possibly non-ferrous smelting 

processes (Cu, As, Pb; Ramadan et al., 2000).  

 PM2.5 samples collected in 2014 were analyzed (26 elements) by PCA. 65% of the 

variance was accounted for by the first principal component (PC1), which was attributed 

to natural sources (i.e. mineral dust), similar to the samples from 2013. The second (PC2) 

and third (PC3) principal components accounted for 14% and 9% of the variance, 

respectively. Similar to samples collected in 2013, PC2 and PC3 were attributed to 

anthropogenic sources. 

 Upadhyay et al. (2011) performed PCA analysis on PM2.5 samples collected in 

South Phoenix during the wintertime. In their study, PC1, which accounted for 55% of 

the variance, was dominated by combustion sources, while PC2, which accounted for 

25% of the variance, was dominated by soil sources.  During the wintertime in Phoenix, 

there is a large inversion layer that forms, which traps all the emissions in the area; air 

quality is Phoenix in the wintertime is particularly poor. Since the samples in this work 

were collected during the summer, PC1, which accounted for 60% and 65% of the total 

variance in 2013 and 2014, respectively, was attributed to soil sources due to the summer 

monsoon season. 
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Temporal duration and effect of haboobs 

 

Figure 2.5. Particulate matter (PM) concentrations of Al (Blue; A) in μg m
-3

 and Cd 

(Red; B) in ng m
-3

 in aerosol samples collected during the summer of 2013 at ASU 

Tempe Campus. Arrows represent periods during which haboobs occurred. PM2.5 (gray) 

concentrations are plotted on the primary y-axis (µg m
-3

). 

A 

B 
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 To study the temporal effect of haboobs, aerosol samples were collected before, 

during, and after haboob events. During haboob events, PM concentrations increase 

significantly for a very short period of time with PM10 increasing an order of magnitude 

more than PM2.5. This is corroborated by the increased concentration of Al during haboob 

events, which is used as a tracer for mineral dust (Figure 2.5A). Cd can be used as an 

indicator of anthropogenic sources as Cd is not a naturally abundant trance metal. 

Aerosol samples collected during haboob events had elevated Cd concentrations (Figure 

2.5B) suggesting a resuspension of anthropogenic PM from the greater Phoenix area.  

 

A 
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Figure 2.6. Al (Blue; A) and Cd (Red, B) concentrations in PM2.5 samples collected 

during 2014 at the ASU Tempe Campus in μg and ng m
-3

, respectively. 

 

In 2014, PM samples were collected with better time resolution (i.e. shorter and 

more sampling periods after a haboob) to study if PM and elemental concentrations 

remain elevated after a haboob. PM, Al, Cd, and other metal concentrations decrease 

rapidly immediately after the haboob event. Haboob events bring a large influx of dust 

into the Phoenix area; however, all the dust does not remain in the region. Instead, the 

haboob moves through the region, which is why there is a significant decrease in PM 

concentration after the event is over. On July 25
th

, 2014 (Figure 2.6) it shows that after 

the haboob event PM decreases significantly, but does stay elevated for several days.  

This phenomenon can be observed with changes in Al concentrations before, during and 

after the haboob event. Ambient concentrations of Al are around 1 µg m
-3

, during the 

haboob event the Al concentration increases to 123µg m
-3

, and after the event 

B 
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concentrations decrease rapidly to 7µg m
-3

 and remain around 5µg m
-3

 for the next 24 to 

48 hours. This haboob event did not have any rain associated with it, which would alter 

the PM concentrations after the event, as rain/humidity has been known to scavenge 

atmospheric particles. Approximately 2 out of 3 haboob events are followed by rain 

(Idso, 1972). 

 

A 
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Figure 2.7. Enrichment factors (EF) of Mg (purple; A) and Cu and Sb (orange and teal; 

B) in PM2.5 samples collected during the summer of 2013 at ASU Tempe Campus. 

Arrows represent periods during which haboobs occurred. PM2.5 concentrations (grey) is 

plotted on the secondary y-axis. 
 

Figure 2.7A shows the enrichment factor of Mg in haboob PM samples collected 

during 2013. The enrichment factors throughout the sampling period at approximately 1, 

which shows the Mg from the samples is similar in abundance as compared to the upper 

continental crust (i.e. natural sources). There is not a significant difference between 

haboob events and non-haboob events suggesting the influx of dust is mainly crustal in 

composition and/or the Mg is all associated with crustal material. 

 Enriched elements (EF > 10) in haboob particulate matter included Cd, Cu, Mo, 

Sb, Sn, W, Zn, and in some samples Pb. Enrichment factors of these anthropogenic 

elements decrease during haboob events as more PM and mineral dust is brought into the 

area.  However, their enrichment factors return to previous values within approximately 

B 



  40 

24 hours after the haboob event as PM and mineral dust particles fall out of suspension 

(Ex. Cu and Sb; Figure 2.7B).  

Conclusions 

 This work examined time resolved haboob particulate matter samples collected on 

the ASU Tempe Campus during the summers of 2013 and 2014.  In particular, this work 

and other work done by the Herckes group at ASU sought to chemically characterize 

these haboob samples. In this work, trace metal composition of samples collected before, 

during, and after the haboob event was determined. In general, during haboob events PM 

increased significantly then rapidly decreased after the event. This trend was also seen 

with all trace metals, which increases 1-2 orders of magnitude during the haboob events. 

Enrichment factors of anthropogenic elements decreased significantly during haboob 

events as mineral dust floods the area effectively diluting the anthropogenic signal even 

though anthropogenic elements are also increasing during the events. Compounds 

examined in other work by members of the Herckes’ group shows that organic carbon 

and polycyclic aromatic hydrocarbons (PAHs) increase during haboob events as well. 

Future work should include more time resolved samples, single particle characterization, 

and possible biological characterization to determine if the fungus that causes Valley 

Fever is more prevalent during haboob events. 
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CHAPTER 3 

FOG PROCESSING OF TRACE METALS IN CALIFORNIA’S CENTRAL VALLEY 

Introduction 

 Aerosols can enter the atmosphere as sea spray, mineral dust, and from 

anthropogenic sources.  Once in the atmosphere, processing during short and long range 

transport can alter the chemical speciation of the aerosols, which can have various effects 

on human health, climate, and the biosphere.  An important atmospheric transformation 

process is atmospheric aqueous phase processing by fogs and clouds. First, incorporation 

of particulate metals into fogs and clouds will enhance their removal probability through 

precipitation (clouds) or droplet sedimentation and impaction (fogs) processes. Therefore 

incorporation into fog and clouds or scavenging by fogs and clouds has a substantial 

impact on the lifetimes of atmospheric compounds, including metals. Second, scavenging 

into the aqueous phase will allow PM to undergo aqueous phase chemistry, which 

provides ample opportunities for particles to undergo solubilization, photochemical, and 

redox and other reaction processes. Finally, only a small number of cloud/fog droplets 

end up precipitating (Warneck, 1994) and hence most aerosol particles can undergo 

several aerosol/cloud/aerosol processes during their transport and atmospheric lifetime. 

Numerous studies exist on fog and cloud composition in terms of acidity and 

major ions (Hoag et al., 1999; Collett et al., 2008; Wang et al., 2011), while fewer studies 

focus on organic matter in the atmospheric aqueous phase (Herckes et al., 2013 and 

references therein), and even less on trace metals (Fuzzi et al., 1984; Hallberg et al., 

1992; Gordon et al., 1994; Straub et al., 2012). The latter is likely the result of the 

experimental challenges in such measurements which, in some parts, only recently were 



  42 

overcome with the use of aerosol mass spectrometers (Girardoni et al., 2014). Most 

observational studies on metals are limited to metals of interest to sulfur oxidation such 

as Mn and Fe (Hegg and Hobbs, 1978; Brandt and van Eldik, 1995; Seifert et al., 1998). 

In addition, there are several studies that investigated, in detail, iron and iron speciation 

because of the indirect effect on global climate (ocean primary productivity; Chapter 5) 

(Kumar et al., 2010; Chuang et al., 2005; Journet et al., 2008). Very few studies included 

trace metals in clouds and are often from a deposition perspective and enhancement of 

deposition fluxes by direct fog deposition (e.g. Klemm and Wrzesinsky, 2007). Finally, 

several studies aiming at fog and cloud water collection for agricultural or domestic use 

also included metals as to assess the water quality of fog and cloud water (Schemenauer 

and Cereceda, 1992). 

 Studying the cloud and fog processing of aerosols is of importance when 

examining the fate of these aerosols species. Radiation fogs, prevalent during the 

wintertime in the Central Valley of California, form when high pressure systems force 

marine air to remain in a region, especially regions surrounded by mountain ranges. 

These fog episodes can last on a timescale of hours to days (longest fog episode between 

1954 and 1980 was 13 days; Holets and Swanson, 1981). Since fogs are comprised of 

water droplets (size ranges between 0.4µm to tens of microns) (Pruppacher and Klett, 

1980), and can last for extended periods of time, this can lead to aqueous phase reactions 

as well as deposition of aerosol particles. 

 The Central Valley of California has been one of the most studied areas in regards 

to fog chemistry. Studies have included fog processing of organic matter (Herckes et al., 

2007a, Collett et al., 2008, Mazzoleni et al., 2010, Ervens et al., 2013, Wang et al., 2013), 
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polycyclic aromatic hydrocarbons (Ehrenhauser et al., 2012), and major inorganic ions 

(Herckes et al., 2007b, Collett et al., 1999a) as well as sulfur oxidation (Collett et al., 

1999a and b, Hoag et al., 1999) and hydroxyl radical chemistry (Anastasio and 

McGregor, 2001) among many other studies (McGregor and Anastasio, 2001, Zhang and 

Anastasio, 2001, Ge et al., 2012, Moore et al., 2012). There is however limited data from 

this region on trace elements in the aerosols and fogs (Munger et al., 1983, Siefert et al., 

1998).   

 Trace elements and their processing by fogs in this region are of importance 

because of the aqueous phase reactions that can occur solubilizing harmful metals making 

them more easily uptaken in biological systems. In this study, select trace metals in fog 

water and aerosol (PM2.5) samples collected during two sampling campaigns in the 

Central Valley of California, Fresno and Davis, between 2010 and 2011 are examined. 

Cloud water samples were also collected in Whistler, BC in 2010 to compare to fog trace 

metal composition in the Central Valley. Aerosol samples in Davis and Fresno were 

collected before, during, and after fog events to determine the effect of fog 

processing/scavenging efficiency on atmospheric aerosols.  

Materials and Methods 

 Fog and aerosol samples were collected during January 2010 in Fresno, CA and 

January 2011 in Davis, CA and cloud water samples were collected in Whistler, BC in 

2010. The experimental set-ups, local conditions and additional chemical results are 

described in detail elsewhere (Ehrenhauser et al., 2012; Wang et al., 2013). 
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Sample Collection 

 Fog water samples were collected using Caltech Active Strand Cloud Collectors 

(CASCC) (Demoz et al., 1996).  In Davis and Fresno, fog collection was triggered 

automatically based on liquid water content (typically LWC > 60mg/m
3
) as measured by 

a CSU optical fog detector (Carillo et al., 2008). In Whistler, cloud collection was 

triggered by LWC measurements using a particulate volume monitor PVM 100. Samples 

for metal analysis were collected in pre-cleaned HDPE bottles, filtered with 0.45µm glass 

fiber filters (GFF, Whatman, GE Healthcare Life Sciences) and acidified with nitric acid 

(OmniTrace, EMD, Darmstadt, Germany; 70%) in the field and then refrigerated until 

analysis. 

  High-volume air samplers (Tisch Environmental, Village of Cleves, OH; flow rate 

1.13 m
3
 min

-1
) equipped with a PM2.5 impactor stage (Tisch-Environmental Inc., TE 231) 

were used to collect fine (PM2.5 or particles with an aerodynamic diameter smaller than 

2.5 µm) and large (PM>2.5 or particles with an aerodynamic diameter larger than 2.5 µm) 

particles. Particulate matter samples were collected on quartz fiber (QFF, Whatman QM-

A, GE Healthcare Life Sciences) and cellulose (CL, Whatman 41, GE Healthcare Life 

Sciences) filters.  Cellulose filters were pre-cleaned in a 0.5% hydrochloric acid bath and 

quartz fiber filters were pre-fired overnight at 650°C. 

Trace metal analysis 

 In the laboratory, fog and cloud water samples were diluted with 1% nitric acid 

and spiked with an indium internal standard for analysis using a double focusing 

magnetic sector inductively coupled plasma mass spectrometer (ICP-MS, 

ThermoFinnigan ELEMENT 2).  Aerosol samples were digested and prepared similarly 
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to previous methods outlined in Upadhyay et al. (2008). Briefly, samples were digested 

with 10mL nitric acid (OmniTrace, EMD; 70%), 4mL deionized water (18.2MΩ), and 

1mL hydrofluoric acid (EMD; 36%) in 22mL Teflon bombs using a Mars 5 Microwave 

Digestion System (CEM Corporation, Matthews, NC). Included in each digestion batch 

were standard reference materials (SRM 2709 and 1649a), a reagent blank, and a filter 

blank.  Standard reference materials, which are samples of known composition, were 

used to check the digestion procedure. Reagent and filter blanks were analyzed to 

subtract their trace metal contribution from the ambient aerosol samples. Samples were 

then dried down to 1mL and brought up in 1% nitric acid and spiked with an indium 

internal standard for ICP-MS analysis for Fresno and Davis aerosols. 

Scavenging Efficiency 

 Scavenging efficiencies for Fresno and Davis were calculated similarly to 

previous studies (Collett et al., 2008) using the equation:  

Scavenging Efficiency = 1 – (Xinterstitial/Xpre)             (1) 

Where X is the concentration of the element in the aerosol sample (in ng m
-3

), 

“interstitial” refers to the aerosol sample collected during the fog and “pre” is the aerosol 

sample collected before the fog event. 
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Results and discussion 

Metal concentrations in fog and cloud water samples 

 

 

 
Figure 3.1. Box and whisker plots for major (A) and minor (B) element concentrations in 

fog and cloud water collected in Whistler, BC (Blue), Fresno, CA (Green) and Davis, CA 

(Purple). The black line represents the median, whiskers represent range, the top and 

bottom of the boxes indicate the 75th and 25th percentile, respectively, circles represent 

outliers and asterisks represent extreme outliners. 

 

 Figure 3.1 shows metal concentrations in fog samples collected in Fresno, CA and 

Davis, CA as well as cloud samples from Whistler, BC for comparison purposes.  Metal 

concentrations overall were consistent with the local environment. In general, Whistler 

presented the lowest trace metal concentrations, consistent with the more pristine 

B 

A 
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location, while Fresno presented highest concentrations, consistent with the polluted 

nature of the location. There was a substantial inter- and intra-event variability at each 

site, which might be driven by changes in liquid water content (LWC) and changes in 

local atmospheric composition.  In fact, increased LWC may lead to more dilute metal 

concentrations in fog/cloud water samples. This has been shown for ions in previous 

studies (e.g. Elbert et al., 2000; Aleksic and Dukett, 2010, Straub et al., 2012). The range 

of concentrations for most metals even at a given site is substantial, up to one order of 

magnitude and more (Figure 3.1). Higher, and largely variable, concentrations in P in 

Whistler may be due to the location of the sampling sites, which were midway up the 

mountain and at the peak. The midpoint was located in a forest which is likely the source 

of higher P concentrations from biological material in the summer.  Wang et al. (2013) 

also showed the presence of biological macromolecular material at this site in Whistler.  

Sr was another element that showed higher, and largely variable, concentrations in 

Whistler. Elevated Sr concentrations may be linked to a mineral dust or marine 

contribution; although, more investigation is needed. 

Table 3.1. Select metal concentrations in fog and cloud studies around the world, past 

and present  

Site (µg L
-1

) Fe Mn Pb Cu Ni Reference 

Fresno, CA 2010 62 
(3.9-159) 

6.7 
(1.5-13) 

1.4 
(<0.3-4.9) 

16 
(<0.1-51) 

3.6 
(0.4-9.9) 

this work 

Davis, CA 2011 20 
(0.2-51) 

11 
(2.5-21) 

<0.003 
(<0.003-0.6) 

14 
(<0.01-37) 

3.4 
(1.1-8.0) 

this work 

Whistler, BC 2010 29 
(3.2-66) 

3.6 
(<0.1-5.7) 

0.7 
(<0.1-2.3) 

3.9 
(<0.1-9.9) 

0.8 
(<0.1-1.2) 

unpublished 

Norway 2011 53 
(1.0-211) 

10 
(1.1-37) 

0.3 
(0.2-0.3) 

9.1 
(5.5-14) 

49 
(5.3-130) 

Wang et al., 

2015 

Pennsylvania 34 
(26.3-99) 

4.4 
(3.2-14) 

 0.6 
(0.4-2.3) 

2.4 
(1.9-8.5) 

Straub et al., 

2012 

IMS95 (Bakersfield/Kern 

and Fresno) 

339 
(16-886) 

12.7 
(1.6-118) 

   Hoag et al., 

1999 

Oildale/Bakersfield 1982 240-6400 97-800 241-366 45-401 124-586 Munger et 

al., 1983 
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 Table 3.1 shows the concentrations of select metals in our study with other fog 

and cloud studies as well as earlier studies in the Central Valley. The concentrations of 

trace metals in the Central Valley have overall decreased since fog samples were 

collected in Oildale in 1982. In addition, trace metal concentrations continued to decrease 

from fog samples collected in the 1990’s in Bakersfield and Fresno. These decreases will 

be discussed further in regards to trace metals concentration in PM2.5 found in this study 

compared to other studies in the Central Valley. 

 While more studies exist on metal concentrations in fogs and clouds, it is 

important to note that here we compare against temporally similar studies at other sites. A 

reason is that fog composition tends to reflect local air quality and substantial changes 

over time might occur as a result of policy changes and be directly reflected in fog 

composition. This has been shown for fog and cloud acidity, ions and organic matter in 

various locations as well as in the Central Valley (e.g. Herckes et al., 2002; Aikawa et al., 

2007; Blas et al, 2008; Aleksic et al., 2009; Gioda et al., 2013; Herckes et al., 2015). For 

metals, time series samples are less frequently included in observational studies. 

 The fog water data can also be compared to earlier studies in the Central Valley. 

In Frenso, there are studies as far back as 1995 that included metal concentrations (Hoag 

et al., 1995), while other locations, like Oildale (Bakersfield area), there are data that 

goes back all the way to the early 1980s (Munger et al., 1982). Overall, metal 

concentrations in fog water collected from Fresno and Davis, CA between 2010 and 2011 

were much lower than reported concentrations from Munger and coworkers suggesting 

that air quality has significantly improved over the past 30 years. Improvements in air 

quality are largely due to the Clean Air Act implemented in 1963, with major reforms in 
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the late 1970’s which required the federal and state governments to make regulations on 

industrial and mobile pollution sources. Notably, Pb has decreased in fog water 

concentrations by 3-5 orders of magnitude over the past 30 years. This is consistent with 

the phasing out of leaded gasoline. Similar observations on a shorter time scale (10 years) 

were seen by Herckes et al. (2002) in Strasbourg (France), where Pb concentrations in 

fog had decreased by more than an order of magnitude between 1990 and 1999 following 

the phasing out of leaded gasoline. These changes over time are even more impressive as 

in our recent work, looking at 30 years of fog chemistry data in the Central Valley (but 

not metal concentrations), it was shown that there was a significant decrease in liquid 

water content (Herckes et al.,2015). 

Metal processing by fogs events

 

 

A 



  50 

 
Figure 3.2. PM2.5 concentrations of Al and Fe (A) and Sb, Pb, and Cd (B) (ng m

-3
) from 

Fresno, CA. Grey bars represent periods of fog. 

 
 

   

A 

B 
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Figure 3.3. PM2.5 concentrations of Al and Fe (A) and Sb, Pb, and Cd (B) (ng m

-3
) from 

Davis, CA. Grey bars represent periods of fog. 

  

 Figure 3.2 shows PM2.5 concentrations of select metals in Fresno, CA. No 

statistically significant differences were observed between pre-, post- or interstitial (PM2.5 

collected during a fog event in grey bars). Figure 3.2A shows Fe and Al concentration 

timelines in PM2.5 samples from Fresno. These elements are generally representative of 

natural contributions (i.e. from mineral dust); although, it is possible that anthropogenic 

sources may also contribute to these metal concentrations (Majestic et al., 2009). Figure 

3.2B shows Sb, Pb, and Cd concentrations in PM2.5 samples from Fresno, which is meant 

to act as a proxy for anthropogenic sources as Sb, Pb, and Cd have very low 

concentrations in natural samples.  

 In Fresno, Fe and Al concentrations in PM2.5 samples are approximately 2 and 10 

times greater, respectively, than in Davis (Figures 3.2A and 3.3A, respectively).  During 

     B 
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fog events in Davis, Al and Fe concentrations decrease significantly while during fog 

events in Fresno, Al and Fe concentrations decrease very little. There are different 

explanations for a difference in scavenging.  

The scavenging of aerosol particles depends on their size, their hygroscopicity 

and the humidity (degree of supersaturation). The supersaturation was not observed in 

our case, but one indicative parameter could be liquid water content which was higher in 

Fresno as compared to Davis. This is opposite of what we would expect based on the 

scavenging of trace metals in Davis (i.e. expected Davis to have higher LWC than 

Fresno). A lower LWC results in higher solubility and larger particles being scavenged 

first, while smaller and less soluble particles would be scavenged later. Additionally, 

lower LWC suggests a larger abundance of secondary inorganic particles that are highly 

hygroscopic and hence grow faster into fog droplets, preventing the activation of larger 

amounts of mineral dust particles that tend to be less soluble, while at the same time 

limiting the range towards small particles on what will be activated.  The latter could 

mean that the interstitial aerosol tends to be enriched in the smallest particles (less than 

200nm, might not get activated into fog droplets; Gilardoni et al., 2014). Measurements 

of particle size distributions containing Fe in Bakersfield in the wintertime 2000 - 2001, 

showed a pseudo-Gaussian distribution with a peak at 0.4µm (Ham et al., 2010).  Also, 

Cahill et al. (2011) shows that (non-soil) iron is found in very fine (0.09 to 0.26 µm) and 

ultrafine (<0.09 µm) aerosols in Fresno and Bakersfield. The concentration of very fine 

particles in Fresno and Bakersfield were 2 and 15 times greater, respectively, than in 

Sacramento, which is 14 miles from Davis. Since ideal activation sizes for particles to 

become CCN usually falls about > 0.5µm, this leaves particles less than this suspended 



  53 

even during fog events, which may be the case in Fresno.  Mineral dust particles, as may 

be more prevalent in Davis, can span across a large size range ( < 0.1 to > 10µm), but the 

majority of particles fall within the 0.5 - 2µm (Tegan and Lacis, 1996), which is in the 

ideal activation range. Unfortunately, in this work, no simultaneous measurements of 

particles sizes were available.  

 An additional consideration, and possible interpretation of this data, is that aged 

particles tend to become more hygroscopic after processing. In an area like Davis, where 

there are less fresh emissions, aerosols might be overall more hygroscopic. On the other 

hand, if there are consecutive fog events (as in Davis on January 15 - 18
th

), a first fog 

event can scavenge and deposit the most hygroscopic particles resulting in a less 

scavenging of those particles in the follow-up event. 

 In some instances, a higher concentration in interstitial aerosol compared to pre-

fog aerosol illustrates the impact of physical processes including horizontal air mass 

movements, entrainment of air masses from above the fog into the fog layer and local 

emissions. As a result, rather than just seeing a decrease in concentrations as expected in 

a closed system, where particles can only go into the fog phase (as shown in models and 

some observations; Fahey et al., 2005), the concentrations occasionally increase, which is 

clear evidence of entrainment/advection/emissions. The latter is a challenge in our 

measurement approach, where long integration times are needed to collect sufficient 

aerosol for offline analysis, increasing the likelihood of these phenomena, besides the 

challenge to “time” perfectly the onset and dissipation of the fog. A novel approach is the 

use of aerosol mass spectrometry (AMS) in such studies. In recent years, AMS was 

successfully used to study organics and ionic species (Ge et al., 2012; Gilardoni et al., 
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2014), but not yet on Fe and other trace metal. Therefore, the offline methods, while 

prone to artifacts, are our best available tools. To capture all fog events in our studies, we 

proceeded to calculate scavenging efficiencies. 

Observed trace metals scavenging efficiencies for Davis and Fresno fog events

 

A 
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Figure 3.4. Calculated scavenging efficiencies in Fresno (A) and Davis (B), CA. Circles 

represent medians and lines represent maximum and minimum values. 

 

 Scavenging efficiency can be defined as the fraction of aerosol that is 

incorporated and/or removed by a fog event by measuring the pre- and interstitial aerosol. 

While scavenging efficiency calculations can be a useful tool, they are difficult to 

estimate using our methods. Typically, plates are used to physically collect droplets. 

These droplets are then evaporated and the remaining aerosol if used to determine 

scavenging efficiency (Collett et al., 2008). Some scavenging efficiency calculations 

resulted in negative values, indicating that the interstitial aerosol concentration was 

greater than the pre-aerosol concentration. These values were eliminated as they were 

clearly entrainment events (cf. previous section).  

B 



  56 

 Figure 3.4 shows large variability in PM2.5 scavenging efficiencies within samples 

collected from each site as well as between sites. In the case of consecutive fog events 

occurring, the scavenging efficiency calculated for the second fog event was typically 

lower than the first, which shows easily scavenged materials get removed by fog 

deposition processes. For several elements, only very few measurements were available 

because of the low concentrations in the aerosol phase. A large variability between events 

even for a given site is not unusual and was observed for organic and elemental carbon 

too (Herckes et al., 2013). Given the analytical challenges detailed before, very few 

measurements exist, especially for metals. One comparative study by Hallberg et al. 

(1992) used scavenging efficiency to determine the scavenged fraction of sulfate, 

elemental carbon, and a few metals by fogs collected in the Po Valley, Italy.  They 

defined scavenging efficiency as: 

  Scavenging efficiency = Xfog / (Xinterstitial + Xfog) 

This study found low scavenging efficiencies for the reported metals (less than 0.4) 

suggesting other aerosol components (e.g. salts) are being more preferentially scavenged. 

 Calculated scavenging efficiencies show greater scavenging of Fe and Al in Davis 

(~0.8 and 1, respectively) than in Fresno (~0.6 and 0.4, respectively) (Figure 3.4). 

Scavenging of Fe in Davis may be linked to lower concentrations PM in the appropriate 

CCN range.  Fresno may have higher PM concentrations and particles containing salts, 

sulfate and nitrate which are more likely to become activated first as they are more 

hygroscopic. 

 Sb, Pb and Cd are elements generally associated with anthropogenic emissions 

(especially traffic related).  Concentrations of all three elements were approximately 
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twice as high in Fresno as they were in Davis, which is consistent with Fresno being a 

more urban area. During fog events in Fresno and Davis, Sb, Pb and Cd concentrations 

did not significantly decrease suggesting tiny particles that were not activated or 

scavenged by the fog events.  This hypothesis is supported by low scavenging 

efficiencies (0.1-0.4; with the exception of highly variable Sb scavenging efficiencies in 

Fresno) in both Fresno and Davis and was consistent with the majority of anthropogenic 

elements. 

Conclusions 

 In this work, metal concentrations in fog/cloud water and PM2.5 are reported. 

Metal concentrations in fog/cloud water samples were mostly consistent with the local 

environment. PM2.5 samples showed increased metal concentrations in Fresno as 

compared to Davis, in general. In Davis, fog seemed to incorporate/deposit metals in 

PM2.5, while Fresno did not, suggesting other components of Fresno PM2.5, such as 

carbonaceous compounds and salts are being preferentially incorporated into the fog over 

metal components.  

 This work found large inter- and intra-site variability in fog/cloud water samples 

as well as aerosol samples collected in Whistler, Fresno, and Davis. Sources of variability 

may be linked to air mass movement or aerosol entrainment above the fog.  Additionally, 

size distributions of aerosols can shift which could change which particles are scavenged. 

Finally, aerosol ageing and processing has the possibility to play a large role in which 

particles become CCN or are scavenged by fog. Highly processed aerosols can be 

associated with more soluble material making aerosols more hygroscopic. 
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 Although this data shows interesting differences between sampling sites and trace 

metals in fog/cloud water and aerosols, improved observation studies are needed. Size 

resolved aerosol and fog droplet samples and more time resolved samples would be 

beneficial to better understand fog and cloud microphysics.  Deposition measurements 

would significantly improve scavenging efficiency calculations.   
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CHAPTER 4 

PROCESSING OF ATMOPSHERIC AEROSOLS IN RURAL AND URBAN 

ENVIRONMENTS: SOLUBLE IRON CONTENT 

Introduction 

 The chemical composition and speciation of metals in atmospheric aerosols is 

dependent on their emission source and the atmospheric processing they undergo during 

transport. The solubility of metals in aerosols is dependent on both of these processes. 

When an aerosol is emitted, the process by which it is produced can affect its solubility. 

Vehicle emissions can have increased solubility due to their small particle size (Shi et al., 

1999) and the hot combustion process by which they are formed. Mineral dust aerosols 

on the other hand tend to have lower solubility as they do not undergo significant 

processing during emission, besides erosion, and they tend to be larger particles. During 

atmospheric transport, aerosols can undergo aqueous phase processing as well as 

processing by anthropogenic gases and photochemistry. This atmospheric processing can 

solubilize metals changing their reactivity and fate in the environment. 

 The solubility and speciation of metals in atmospheric aerosols is important 

because of their impact on ecosystems and organisms. In the environment, soluble metal 

species from atmospheric aerosols provide nutrients to the open ocean and other 

biologically active surfaces.  In remote areas of the ocean, aerosol deposition can act as a 

large or dominant source of nutrients including select metals; therefore, trace metal 

solubility plays an important role in marine productivity. On the ocean surface, trace 

metal nutrients, such as Fe, Cu, Co, Cd, and Zn have been found to be depleted (Butler, 

1998). 
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 The solubility of metals in aerosols is also important for health purposes. Small 

particles (< 2.5µm) can penetrate the lungs and interact with lung fluid, which acts as an 

aqueous medium for solubilization to occur (Morrow, 1972). Smaller particles can cross 

into the blood and potentially travel to the brain. This was especially important in the 

case of lead, which was emitted from cars as tetraethyllead, before leaded gasoline was 

banned in the mid-1970’s. It was banned because lead is a neurotoxin, mainly affecting 

the decision making part of the brain (Needleman, 1990). Copper is another metal that 

can be particularly harmful because soluble Cu in aerosols has been shown to enhance the 

formation of ROS species in lung fluid, which causes irritation and inflammation 

(Charrier et al., 2014). 

 In regards to iron, solubility in atmospheric aerosols has been widely studied 

primarily in response to its limitation in the open ocean affecting primary productivity, 

which in turn affects the amount of CO2 uptaken by the ocean from the atmosphere. 

Martin (1990) was one of the first to examine what he calls the “iron hypothesis”.  Since 

then researchers have been trying to determine why soluble iron content in the open 

ocean is low. Baker et al. (2006) found that Saharan dust, which is a major aerosol source 

contributing to the Atlantic Ocean, had a soluble iron content around 1.7%, while other 

sources had on average a solubility of 5.2%. In iron solubility studies, speciation of iron 

(Fe(II) vs Fe(III)) is also considered as Fe(II) has been found to be more soluble, and 

hence bioavailable, than Fe(III) (Zhuang et al., 1992). Cloud/fog processing has also been 

found to increase iron solubility as they provide an aqueous medium for reactions to 

occur (Desboeufs et al., 2001). Interactions with gas phase species such as SOx and NOx 
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have been suggested to increase iron solubility in atmospheric aerosols (Meskhidze et al., 

2005). 

 In this chapter, iron solubility in aerosols collected in Tempe, AZ and in 

California’s Central Valley is examined. Iron solubility measurements are discussed in 

terms of source (natural vs anthropogenic) and atmospheric processing of the aerosols 

and are compared to literature observations. It is hypothesized that aerosol samples from 

more polluted regions will have higher soluble iron content due to processing by 

anthropogenic gases (NOx and SOx) and emission from sources that already start most 

soluble. Additionally, we want to test the hypothesis that aqueous phase processing (i.e. 

fog) will result in higher iron solubility in ambient particulate matter. 

Materials and Methods 

Sample collection 

 PM2.5 and PM>2.5 samples were collected using a Tisch High Volume Sampler 

(Tisch Environmental,Village of Cleves, OH) operating at a flow rate of 1.13m
3
 min

-1
 

and fitted with a PM2.5 impactor plate (Tisch Environmental, TE 231).  Aerosol samples 

were collected on cellulose (CL, Whatman 41, GE Healthcare Life Sciences) and quartz 

fiber filters (QFF, Whatman QM-A, GE Healthcare Life Sciences).  Prior to use, 

cellulose filters were cleaned in a 0.5% hydrochloric acid bath and quartz fiber filters 

were baked overnight at 650°C. Field blanks were taken before and after the sampling 

period. Particulate matter samples were collected at 24 hour intervals. During fog events, 

particulate matter samples were collected for at least one hour to ensure enough particle 

(mass) loading for analysis. After PM collection, samples were stored in a freezer until 

analysis. 
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 Aerosol samples were collected during January 2010 in Fresno, CA. Sampling 

was performed at the experimental farm at the California State University at Fresno, 

located on a large agricultural plot, but close to major highways and residential areas. 

 A second field study was conducted in January 2011 in Davis, CA during January 

2011.  The sampling site was on an agricultural field close to the California State 

University at Davis campus as well as less than a mile from a major highway. 

 A third and final field study in the Central Valley of California was conducted in 

in Bakersfield/Oildale, CA during January and February 2013. The sampling site was in a 

lot situated between a church and a residential community.  Across the street 

(approximately 100 yards away) was an oil field. 

 Finally, local samples were collected in Tempe, AZ during the summer of 2013.  

The Tempe sampling site was located on the roof of the Life Sciences A-wing building 

on the Tempe campus of Arizona State University. Tempe is an urban area located on the 

border of Phoenix. During the summer monsoon season it occasionally experiences 

massive dust storms, also known as haboobs (Chapter 2). 

Sample extraction 

 Samples were extracted following a well-established procedure (Upadhyay et al. 

2011). In brief, 3 x 3 cm squares of PM2.5 filters and 2 strips of PM>2.5 filters were cut up 

using a ceramic blade on a Teflon cutting board. Samples were placed in 50mL plastic 

centrifuge tubes (VWR, Radnor, PA) to which 8mL of 5mM acetate buffer (pH 4.3) was 

added. Samples were extracted for soluble iron by shaking in a rotisserie shaker for 150 

minutes. Samples were covered with aluminum foil to reduce the amount of light present 
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as photochemical reactions on the surface of particles have been shown to increase iron 

solubility (Borer et al., 2009).  

Soluble iron analysis 

 Sample extracts were filtered using a plastic syringe and a PES membrane filter 

(0.22µm pore size, Millex, Millipore Corporation, Cork, Ireland). Aliquots were taken for 

Fe(II) and FeT (total soluble iron =  Fe(II) + Fe(III)) measurements. To measure Fe(II) by 

UV-Vis a 5.2mM ferrozine reagent solution (3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-

4’,4”-disulfonic acid sodium salt, Sigma-Aldrich) was added, which forms a colored 

complex with Fe(II) (pink). To reduce all the Fe(III) to Fe(II) in the FeT sample to be 

measured by UV-Vis spectroscopy, 5.5mM hydroxylamine hydrochloride (99.999% 

metals basis, Sigma Aldrich, St. Louis, MO) was first added followed by the ferrozine 

reagent. A Shimadzu UV-1700 Spectrophotometer was used with the wavelength set at 

562nm and a 1cm pathlength plastic cuvette. Samples were measured within 30 minutes 

of the ferrozine reagent being added (Upadhyay et al., 2011). 
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Results and Discussion 

  

Figure 4.1. Percent soluble iron in PM2.5 samples collected from various sites. Bars 

represent averages and black line represents maximum and minimum values. Grey 

represents urban areas, blue represents ocean regions, green represents agricultural areas, 

and brown represents areas with mineral dust aerosol sources. All samples were analyzed 

similarly to make a more accurate comparison. 

 

 Figure 4.1 shows the soluble iron content (%) in PM2.5 samples collected in this 

study compared to PM2.5 samples from other locations.   Variability between sites was 

observed as was variability within a site, which is denoted by the maximum/minimum 

bars in Figure 4.1. Variability across sites is due to the local environment (i.e. sources of 

particles). Urban areas typically have higher soluble iron content as the areas are heavily 

influenced by anthropogenic emissions (i.e. vehicles, industry, etc.). The San Joaquin 

Soil (SRM2709), however, which is used as a reference material for crustal samples, has 

1 - Hand et al., 2004   

2 - Siefert et al., 1994   

3 - Majestic et al., 2006   

4 - Upadhyay et al., 2011   

5 - This study   
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low soluble iron content since mineral dust in not very soluble. Samples collected over 

the ocean generally can be influenced by a variety of sources, which explains the mid-

range but variable soluble iron contents shown in Figure 4.1.  In addition, they are likely 

to have undergone long range transport to the sampling locations with the corresponding 

opportunities for atmospheric processing and hence enhanced solubilization. Variability 

within a site is partly due to changes in meteorological conditions throughout the 

sampling period. For example, periods of high humidity or fog could allow for aqueous 

phase reactions to occur as particles can act as CCN. Another possible explanation for 

intra-site variability is changes in wind direction, which could result in differences in 

particle sources and hence, solubility being sampled.  The samples analyzed in this work 

are examined further for their intra-site variability focusing on how local meteorological 

events impact iron solubility. More specifically, in Fresno and Davis, the impact of fog 

on iron solubility in aerosols will be examined, then “haze” (i.e. high humidity) events in 

Bakersfield, and finally haboob dust storms impact on iron solubility in aerosols from 

Tempe, AZ. 
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Figure 4.2. Soluble iron content in PM2.5 samples collected in Fresno, CA during the 

winter of 2010. Grey bars represent periods of fog. (data from Upadhyay et al., 2011) 

 

 Figure 4.2 shows the soluble iron content of PM2.5 collected in Fresno, CA, an 

urban area in the San Joaquin Valley.  Fresno has historically bad air quality and 

generally, the soluble iron content of Fresno aerosols was high (average of 5.2%) 

(Upadhyay et al., 2011). Comparatively, Saharan dust has an average soluble iron content 

of 1.7% (Baker et al., 2006; Trapp et al., 2010), suggesting that in Fresno there is an input 

from anthropogenic sources or extensive processing. Smaller particles have higher 

surface area and more highly processed aerosols have been found to have higher iron 

solubility. The grey bars in Figure 4.2 represent periods of fog and were included to 

examine the effect of aqueous phase processing on aerosol iron solubility. In Fresno, 

there does appear to be an effect on solubility during periods of fog. As the fog forms 

iron solubility increases indicating the aerosol population is being processed by the high 

humidity conditions before the fog forms. During the fog event, there is a decrease in 
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solubility during the fog, suggesting the more soluble aerosols are being incorporated into 

the fog. After the fog dissipates, the soluble iron fraction returns to average, which shows 

an input from “fresh” anthropogenic emissions. This suggests that in this region, iron 

solubility is dependent on emission sources, with scavenging of more soluble particles 

during fog events.  

 

Figure 4.3. Soluble iron content in PM2.5 and PM>2.5 samples collected in Davis, CA 

during the winter of 2011. Grey bars represent periods of fog. 

 

 Figure 4.3 shows the soluble iron content of PM2.5 and PM>2.5 samples collected 

in Davis, CA. Davis is a mostly agricultural, sub-urban city in northern California at the 

inlet of the San Joaquin Valley. In Davis, soluble iron content was low (average of 0.72% 

for PM2.5), which is consistent with mineral dust sources and few anthropogenic inputs. 

The soluble iron content of PM2.5 was slightly higher than that of PM>2.5 (average of 

0.41%), which shows the impact of particle size on iron solubility. The effect of aqueous 
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processing on the iron solubility in this region is similar to that of Fresno, but more 

extreme. When examining the January 15
th

 to 18
th

 fog periods, it is observed that as the 

fog forms, iron solubility increases.  During the fog, the more soluble particles are 

scavenged, leaving less soluble particles in the interstitial aerosol.  Considering the low 

solubility of these aerosols, other factors affecting solubility are unlikely. 

 

Figure 4.4. Soluble iron content in PM2.5 and PM>2.5 samples collected in Bakersfield, 

CA during the winter of 2013. The grey bar represents a period of haze (RH > 90%). 

 

 Figure 4.4 shows the soluble iron content of PM2.5 and PM>2.5 samples collected 

in Bakersfield, CA. Similarly to Davis, the samples collected in Bakersfield had low 

soluble iron content (average of 0.38% in PM2.5). This result was unexpected in 

Bakersfield as it appears to be heavily influenced by anthropogenic sources, especially 

from oil refineries. Although, in a study by Majestic et al. (2006), urban areas were found 

to have iron solubility in PM2.5 samples ranging from 0.2 to 13%. During the sampling 

period in Bakersfield there was no fog events; therefore, the grey bar in this plot 
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represents a period of high relative humidity (RH > 90%) to examine the effect of 

aqueous phase processing on iron solubility. In Bakersfield, it appears that iron solubility 

in atmospheric aerosols might be greatly influenced by haze/fog events. During the 

January haze event, iron solubility increased from 0.5 to 1%. Since there was no fog 

formation, these more soluble aerosols were not scavenged and remained in the 

interstitial aerosol. This increased solubility during fog/haze events is important to 

consider as other metals may also become soluble during this time. 

 

Figure 4.5. Soluble iron content in PM2.5 samples collected in Tempe, AZ during the 

summer 2013 monsoon season. Blue bars represent periods of rain. Green arrows 

represent haboob events. 

 

 Figure 4.5 shows the soluble iron content of PM2.5 samples collected in Tempe, 

AZ. Soluble iron content was low in aerosols from Tempe (average of 0.21%). Although 

Tempe is an urban area it is strongly influenced by mineral dust, especially in the summer 

when these samples were collected. Upadhyay et al., (2011) found iron solubility of 
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PM2.5 samples collected in Nogales, AZ was around 1%. To study the effect of 

scavenging on iron solubility in atmospheric aerosols in Tempe, Figure 4.5 shows periods 

during which rain occurred (blue bars). During periods of rain, it iron solubility tends to 

increase. While increases in relative humidity may play a role in this, a more likely 

explanation is that when it rains, larger particles are scavenged first leaving smaller, more 

soluble particles in the atmosphere. The green arrows in Figure 4.5 represent periods 

during which a haboob occurred. During a haboob there is a rapid increase in mineral 

dust in the area for a relatively short period of time (minutes to hours). Iron solubility was 

at its lowest during these events, which reflects this excess contribution of mineral dust.  

Table 4.1. Percent of total soluble Fe that is Fe(II) in PM2.5 samples. 

Site Fe(II) % (min-max) 

Fresno, CA 97 (50-100) 

Davis, CA 68 (20-100) 

Bakersfield, CA 87 (71-100) 

Tempe, AZ 72 (43-100) 

 

 Table 4.1 shows the percent of soluble iron that is Fe(II) (the remaining fraction is 

assumed to be Fe(III)).  Across all sites, the fraction of Fe(II) is greater than 50% 

suggesting some form of processing at all sites since iron bearing minerals are more 

typically comprised of Fe(III). Fresno, CA had the highest fraction of Fe(II), which is 

consistent with an urban area with anthropogenic inputs.  It was hypothesized that 

Bakersfield would have high soluble iron content in PM2.5 samples due to the industrial 

sources in the region, but this was not observed. However, Fe(II) seems to be the 

dominating species in these samples suggesting that of the soluble iron present it is likely 

from an anthropogenic source. Intra-site variability is likely due to changes in 

meteorology throughout the sampling period. 
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Conclusions 

 This chapter examined the solubility of iron in aerosol samples collected in the 

Central Valley of California and in Tempe, AZ. Soluble iron content was found to be the 

highest in Fresno, followed by Bakersfield and Davis, and then Tempe (results 

summarized in Table 4.1). These findings are consistent with the local environment as 

Fresno is an area with significant anthropogenic input. It is also possible that increased 

soluble iron content might be due to interactions with anthropogenic gases from the local 

environment. Although Tempe, AZ is an urban area, PM in the summer months can be 

largely attributed to dust resuspension, including special events like haboobs, and mineral 

dust aerosols has been previously shown to have low soluble iron content. 

 The effect of meteorological events like fog and rain on iron solubility in aerosols 

from these cities was studied. In Fresno, Davis and Bakersfield, soluble iron content 

increased with increases in humidity (i.e. pre-fog/haze events) suggesting aqueous phase 

processing of aerosols. These increases in solubility were followed by scavenging of the 

more soluble aerosols during the fog, leaving less soluble material in the interstitial 

aerosol, which was sampled. In Tempe, higher iron solubility may be due to rain out of 

larger, less soluble particles, so smaller particles are left, increasing the soluble iron 

fraction. 
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CHAPTER 5 

EFFECT OF PARTICLE SIZE ON IRON SOLUBULITY IN ATMOPSHERIC 

AEROSOLS 

Introduction 

 Plankton blooms affect the biogeochemical cycles of carbon, nitrogen, silicon, 

and sulfur, thereby affecting the earth’s climate (Boyd et al., 2007).  For example, oceans 

are responsible for removing approximately one-third of anthropogenic CO2 from the 

earth’s atmosphere (Zeebe, 2012) with marine phytoplankton playing a large role in that 

removal.  A process called upwelling, which transfers nutrients, such as nitrogen, 

phosphorus, and potassium, to the photic zone from deep waters, controls photosynthesis; 

however, in parts of the ocean where concentrations of these nutrients exceed the 

demand, other limiting nutrients emerge. Iron has been determined to be the limiting 

factor in the high nutrient, low chlorophyll (HNLC) areas (Figure 5.1), which dominate 

the southern ocean (Martin, 1990; Falkowski et al., 1998).   

 There are a variety of iron sources to the open ocean, which are largely dependent 

on sampling location. In remote ocean regions, such as the sub-arctic and Southern 

Ocean, atmospheric mineral dust is a major source of iron in addition to upwelling of iron 

rich waters, resuspension of coastal sediments, glacial melt, hydrothermal vents, sediment 

interactions, volcanic activity, etc. (Boyd and Ellwood and references herein, 2010; 

Jinkells et al., 2005). In coastal waters, sedimentary and riverine sources usually supply 

materials to the oceans. In other ocean regions, atmospheric inputs from extraterrestrial 

dust and urban pollution can be a major source of iron. The concentration of iron in the 

ocean is limited by the scavenging of the less soluble form of iron, Fe (III), from 
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seawater.  Also, the iron concentration in surface seawater is depleted compared to 

deeper ocean, which is consistent with biologic uptake close to the surface and release 

from organic matter in the deep ocean (Archer and Johnson, 2000).   

 
Figure 5.1. Distribution of HNLC regions in the oceans (data from the Levitus World 

Ocean Atlas, 1994). 
 

 Mineral dust aerosols contain approximately 3% iron by mass (Jinkells et al., 

2005) and can undergo long range transport resulting in an estimated 14-16 Tg of iron 

deposited into the oceans annually (Gao et al., 2003). Although this is a significant 

amount of iron, only a very small fraction of it is soluble (~2-4% from clays and 

~0.003% from iron (oxyhydr)oxides) and thus bioavailable (Journet et al., 2008). It is 

possible that the soluble iron fraction in aerosols is the result of reactions during 

atmospheric transport or from anthropogenic iron sources, which have been found to be 

highly soluble (10-50%; Kumar et al., 2010; Chuang et al., 2005), mixing with mineral 

dust aerosols.  Iron containing minerals can dissolve via three different mechanisms: 1) 

proton-promoted dissolution, where high proton concentrations disrupt Fe-O bonds in the 

crystal lattice, 2) ligand-controlled dissolution, where ligand molecules form surface 
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complexes with iron and detach to form soluble Fe(III), and 3) reductive dissolution, 

where Fe(III) forms soluble Fe(II) generally by photochemical reactions (Fu et al., 2010). 

 Fe(II) is considered to be the more bioavailable form of iron because less organic 

ligands in the ocean complex with Fe(II) than Fe(III) (Cwiertny et al., 2008).  In most 

mineral dust found in the atmosphere iron is presumed to be in the Fe(III) form, which is 

substituted into aluminosilicate minerals and present in (oxyhydr)oxides such as goethite 

and hematite (Cwiertny et al., 2008). Fe(II) can be produced by the dissolution of Fe(II) 

compounds or by the reduction of Fe(III) at the solid/liquid boundary layer when O2, O3, 

H2O2, and other oxidants are present. The photochemical reduction of Fe(III) to Fe(II), 

which then is rapidly reoxidized to Fe(III), is also a major source of Fe(II) (Dedik et al., 

1993, Arakaki and Faust, 1998).  

 The factors affecting iron solubilization during atmospheric transport need to be 

considered as aerosol particles are a large source of soluble iron the open ocean. Figure 

5.2 represents three main processes a mineral dust aerosol may undergo during 

atmospheric transport: environmental processing (i.e. cloud and marine processing, 

changes in relative humidity), interactions with anthropogenic gases, and photochemical 

processes. Two other factors affecting iron solubilization during transport are related to 

mineral dust aerosol directly: mineralogy and particle size. 
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Figure 5.2 Schematic diagram of atmospheric processing and transport of mineral dust 

aerosols to the open ocean. 

 

In this section, the hypothesis that iron solubilization varies as a function of 

particle size and mineralogy is examined. According to Buseck and Adachi (2008), dust 

particles can range from 200nm to 100μm and particles less than 10μm can be 

transported long distances.  The average dust particle size, hundreds of kilometers from 

its source, is approximately 3μm (Buseck and Adachi, 2008). This work examines 

particle sizes ranging from 10μm to less than 250nm with a specific focus on particle 

sizes between 2.5μm and 250nm, since smaller particles are most likely to travel further 

distances and decreased particle size leads to increased surface reaction sites for iron to 

be solubilized.  Atmospheric dust typically contains quartz, feldspar, calcite, gypsum, 

illite, kaolinite, smectite, and hematite (Claquin et al., 1999).  In this work, illite, 

kaolinite, magnetite, hematite, and goethite are examined as they are relevant iron 

bearing minerals. Particles are size fractionated then extracted into a simulated 

cloudwater buffers as well as a marine aerosol solution.  The extracts were analyzed for 

soluble iron content by inductively coupled plasma mass spectrometry (ICP-MS) as well 

as their oxidation states by UV-VIS spectroscopy. Photochemical experiments were 

performed to determine the role of photochemistry during atmospheric transport. 
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Materials and Methods 

Reagents 

 Acetate and simulated cloudwater buffer solutions (Table 1)were made from 

chemicals obtained from Sigma-Aldrich including glacial acetic acid (99.8%), sodium 

acetate (99.0%), formic acid (≥96%), sodium formate (99+%), ammonium nitrate 

(99.999%).  The marine aerosol solution was prepared with sulfuric acid (10N, Fisher 

Scientific) and sodium chloride (≥99.5%, Fluka).   

Table 5.1. Composition of extraction solutions in solubility experiments 

Solution Composition 

Acetate Buffer (pH 4.3) 5mM acetate buffer* 

Simulated Cloudwater Buffer (pH 4.25) 5mM acetate buffer, 5mM formate 

buffer**, 5mM ammonium nitrate 

Marine Aerosol Solution pH (1.7) 0.1M sulfuric acid, 0.1M sodium chloride 

*Acetate buffer has a ratio of 0.36 (acetate/acetic acid).  

** Formate buffer has a ratio of 3.63 (formate/formic acid). 

 

 All plasticware was soaked overnight in a 10% nitric acid (OmniTrace, EMD) 

bath.  Mineral extracts were filtered with PES membrane filters (0.22μm pore size, 

Millex, Millipore Corporation, Cork, Ireland).  For ICP-MS analysis, iron standards were 

made from a J. T. Baker iron standard (1000ppm). For UV-Vis analysis, Fe(III) was 

reduced to Fe(II) with 5.5mM hydroxylamine hydrochloride (99.999% metals basis, 

Sigma Aldrich) then complexed with 5.2mM ferrozine solution (3-(2-Pyridyl)-5,6-

diphenyl-1,2,4-triazine-4’,4”-disulfonic acid sodium salt, Sigma-Aldrich). UV-VIS 

standards for Fe(II) and Fe(III) were made from ammonium iron(II) sulfate hexahydrate 

(minimum 99%, Sigma-Aldrich) and ammonium iron(III) sulfate dodecahydrate 

(minimum 99%, Sigma-Aldrich), respectively. 

 



  77 

Sample preparation 

 Five pure mineral phases (kaolinite, illite, magnetite, goethite, and hematite) were 

obtained from Ward Life Sciences (kaolinite, illite, goethite) and Fisher Scientific 

(hematite, magnetite). The samples were ground using a ceramic ball mill.  The ground 

mineral phases were then resuspended using a laboratory set-up described in detail in 

Upadhyay et al., 2015. The resuspended particles were collected  onto solvent 

cleaned/sonicated aluminum (Alfa Aesar Puratronic, 99.997% metals basis) substrates 

(25mm) using a Sioutas Personal Cascade Impact Sampler (PCIS) (SKC Inc.), which size 

segregates the resuspended particles into 5 different size fractions: >2.5, 2.5-1.0, 1.0-0.5, 

0.5-0.25, and <0.25μm.  The last, “catch”, stage (<0.25μm) was a 37mm Teflon filter 

(Teflo, Pall Life Sciences, Port Washington, NY).  The flow rate of the resuspension 

system was 9 L min
-1

. The aluminum substrates and Teflon “catch” stage were extracted 

into three buffer solutions: an acetate buffer, a simulated cloud water buffer, and a marine 

aerosol solution (compositions shown in Table 5.1).  The extracts were then filtered 

through a PES membrane filter (0.22μm pore size, Millipore, Millex) and subsequently 

aliquoted for analysis by ICP-MS for total soluble iron content and by UV-Vis for iron 

speciation. Light exposure was limited by keeping the extracts covered with aluminum 

foil at all times. 

Scanning electron microscopy (SEM) 

 SEM coupled with energy-dispersive X-ray spectroscopy (EDX) was used to 

confirm the particle size distribution obtained by sampling with the PCIS. Three mineral 

phases representing the three classes of minerals investigated (quartz, clay, iron 

(oxyhydr)oxide) were examined using SEM.  The bottom “catch” stage ( < 0.25μm) 
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could not be examined by SEM because gold and carbon coating disintegrated the Teflon 

filters. 

Surface area measurements 

 Brunauer-Emmett-Teller Theory (BET) was used to determine the surface area of 

kaolinite and magnetite at the following particle sizes: 10-2.5, 2.5-1.0, 1.0-0.5, and 0.5-

0.25 µm. In BET, surface area is determined by the physical adsorption of N2 gas to the 

surface of the mineral and the difference in mass before and after gas adsorption is 

proportional to the surface area. 

Inductively coupled plasma mass spectrometry (ICP-MS) analysis 

 Filtrates were diluted with 0.32M nitric acid and analyzed using a quadrupole 

ICP-MS (X Series 2, Thermo Fischer Scientific) for soluble iron content. 

 Illite and kaolinite have varying iron content, so the minerals were digested 

following a method detailed in Uphadhyay et al. (2009) then analyzed by ICP-MS for 

their total iron content. 

UV-Vis spectroscopy analysis 

 To determine the Fe(II) content, 5.2mM ferrozine solution was added to the 

extracts.  Ferrozine complexes with the free Fe(II) producing a light pink color (Reaction 

1), so the absorbance can be measured by UV-VIS spectroscopy at a wavelength of 

562nm. To determine the total iron content and subsequently the Fe(III) composition, 

5.55mM hydroxylamine hydrochloride was added to the extract (Reaction 2) before 

adding ferrozine to reduce the Fe(III) to Fe(II).                 
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3(C20H13N4NaO6S2 · xH2O) + Fe
2+

   (1) 

 

2HONH3
+
Cl

-
 + 2Fe

3+
  4H

+
 + 2H2O + N2 + 2Fe

2+
 + 2Cl

-
        (2)  

 

Photochemical Experiments 

 To determine the effect of photochemistry on iron solubility as it relates to 

particle size, size segregated minerals were extracted into marine aerosol and simulated 

cloud water buffer solutions and split into irradiated and non-irradiated (“dark” control) 

samples. The irradiated samples were placed in solar simulator, the set-up of which is 

described in detail elsewhere (e.g. Chen at al., 2010; Hutchings et al., 2010). In brief, 

samples were irradiated with simulated sunlight in a double jacketed wall reactor for 

temperature control. The simulated light was provided by a 300 W xenon arc lamp 

(Spectraphysics Oriel, 91160A), and the output of the arc lamp is filtered through a 

standardized air mass 1.5 filter (AM 1.5 Global), which yields a spectrum representative 

of the solar spectrum at ground level when the sun is at a zenith angle of 48.2˚. The 

power supply can be changed, but the lamp output power was set at a typical ambient 

value of 1325 W m
-2

. Figure 5.3 shows the photochemistry reaction set-up. Non-

irradiated samples were run at the same time in a dark environment to directly observe 

differences between having and not having photochemical reactions. Aliquots were taken 

at 1, 30, 60, and 150 minutes to observe the reaction rate of iron dissolution.  Samples 

were then filtered (0.22µm) and analyzed by ICP-MS for soluble iron content. 
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Figure 5.3. Schematic diagram of photochemical experimental set-up. 

 

Results and discussion 

Confirmation of particle size distribution by SEM and surface area measurements by 

BET: iron oxides vs clays 

Scanning electron microscopy (SEM) was used to verify sample preparation and 

the re-suspension processes as well as the collection of particulates on the different stages 

of the aerosol sampler. Figure 5.4 shows the SEM images for illite (A) and magnetite (B).  

One of each type of mineral phase (clay and iron oxide) was chosen to be representative 

of the other minerals for validation of the re-suspension protocol. The <0.25µm size 

fraction is not shown here because it was collected on a Teflon filter to act as a “catch” 

stage for the smallest particle. The Teflon filter cannot be analyzed by SEM because the 

sputter coating, which is necessary to prevent charging during imaging, disintegrates the 

Teflon filter. The images show that the particles appear to have the right sizes and 

distributions as expected; although, there does appear to be some small particles “sitting” 

on top of the larger particles in the largest size fraction. This small particle adhesion was 

not considered to be an issue because even though this may slightly increase the surface 
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area of the particle, the mass contribution of those small particles can be considered 

negligible and will not contribute significantly to the iron mass fraction. It was more 

important to ensure that no large particles were in the smallest size fraction, which is 

common in impaction methods from particle bounce between impaction stages. There 

was no large particles observed in the smallest size fractions, and hence the sample 

preparation protocols hence were considered validated. 
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Figure 5.4. Scanning Electron Microscopy (SEM) images for illite (A) and magnetite 

(B).  The SEM images are shown at the same magnification, 6500x, with a scale of 2μm. 

A 

B 
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Surface area measurements of kaolinite and magnetite using BET (Brunauer-

Emmett-Teller) theory show potential differences between clays and iron oxides as 

particle size decreases. One of each category of mineral (clay and iron oxide) was chosen 

because their mineral structures are quite different. Clay minerals have a structure 

resembling stacked “plates” and are typically more “spongy” with a lot of pores (Figure 

5.4A).  Iron oxide minerals are much more compact and geometric, with very small pores 

(Figure 5.4B). Surface area measurements were made on each set of particle sizes (10-

2.5, 2.5-1.0, 1.0-0.5, and 0.5-0.25µm) for kaolinite and magnetite.  Table 5.2 shows that 

the surface area of kaolinite does not change with decreasing particle size while 

magnetite has an approximately 3-fold increase in surface area with decreasing particle 

size.  The BET results for kaolinite reveal that since clays are already porous, changing 

their particle size does not significantly alter their surface area. Conversely, BET analysis 

of magnetite shows that since iron oxides are more geometric and not porous, decreasing 

their particle size increases their surface area.   

Table 5.2. Surface area measurements of kaolinite and magnetite made by the BET 

method. 

Mineral (m
2
/g) 10-2.5µm  2.5-1.0µm 1.0-0.5µm 0.5-0.25µm 

Kaolinite 31.3 21.7 30.2 29.9 

Magnetite 7.1 9.4 11.3 20.9 

 

Iron dissolution of minerals extracted into simulated cloud water and marine aerosol 

solutions 

Figure 5.5 shows that, on average, the percent soluble iron is an order of 

magnitude greater in the clays, illite and kaolinite, as compared to magnetite, hematite, 

and goethite.  First, the results of the solubility studies indicate that mineralogy greatly 
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affects iron solubilization. These findings are in agreement with a study by Journet et al. 

(2008), who observed increased iron solubility in clays (~4%) as compared to iron 

(oxyhydr)oxides (<1%).  In mineral dust, clays are much more prevalent than iron 

(oxyhydr)oxides and in the long range transport of mineral dust, clays have been found to 

be the most prevalent phase followed by quartz, feldspars and calcite (Jeong and 

Achterberg, 2014). Even though the weight percent of iron in clays is much lower than in 

iron (oxyhydr)oxides, the iron is much more soluble. In iron oxide minerals, iron is 

inferred to be in strong Fe-O lattice bonds. Clays have nano-thin platelet layers, resulting 

in high surface area (confirmed by BET; Table 5.2) and therefore more reaction sites for 

iron to solubilize. There are also differences in how the iron is bound in the crystal 

structure of clays. In clays, iron can “sit” in the interstitial layers as an impurity or can 

substitute in the crystal lattice for Mg or K, which is bound by ionic bonds.  Although 

clays have higher surface area overall, their surface area does not greatly change as a 

function of particle size, unlike iron oxides. These relative changes in surface area may 

not explain the effect of particle size on iron solubility in the simulated cloud water 

solution because no change was observed for the clays and iron oxides (Figure 5.5A and 

5.5B). There is a greater increase in iron solubility with decreasing particle size in the 

iron oxides as compared to the clays in the marine aerosol solution, which may be a result 

of the relative change in surface area with particle size (Figure 5.5C and 5.5D).   

As the pH of the extraction solution decreases, there is an increase in the fraction 

of soluble iron in the mineral. When clays were extracted into a simulated cloud water 

buffer (pH 4.3; Figure 5.5A) approximately 0.5-4% of the iron in the clay was soluble, 

but when extracted into a marine aerosol solution (pH 1-2; Figure 5.5C) the solubility 
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increased to 5-14%.  A similar trend is observed in iron oxides where the solubility 

increased from <0.3% to 0.5-2% when extracted into a simulated cloud water buffer 

(Figure 5.5B) and marine aerosol solution (Figure 5.5D), respectively.  This is consistent 

with previous studies reported in the literature (Bonnet and Guieu, 2004, Cwiertny et al., 

2008) that showed an increase in iron solubility with a decrease in solution pH.  
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Figure 5.5. Total soluble iron content (as a percentage) of the extracted mineral samples 

into simulated cloudwater and a marine aerosol solution at the various size fractions. The 

graphs on the left show the two clay minerals, while the graphs on the right show the 

three iron (oxyhydr)oxide minerals, which are substantially less soluble. Error bars are 

representative of the standard deviation of three replicate experiments. 

 

Figure 5.5 shows the effect of particle size and atmospheric processing on iron 

solubility in atmospheric aerosols. In the simulated cloudwater buffer, at sizes greater 

than 0.25µm, particle size does not appear to have a statistically significant effect on iron 

solubility. This is likely due to the low solubility of the iron in these minerals at this pH, 

which could make changes in solubility difficult to observe. At particle sizes smaller than 

0.25µm, there could be a size effect on solubility, but this was not determined in this 

study.  Samples collected at <0.25µm were on Teflon substrates and were difficult to 

A 

D C 

B 
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remove from the filter for analysis in addition to having very low mass loadings (iron 

content below detection limit in many instances).  

 In the marine aerosol solution (pH 1-2), it appears that as particle size decreases, 

soluble iron increases, indicating that surface area of the particle is one factor driving iron 

solubility (Figure 5.5C and 5.5D).  Baker and Jickells (2006) performed field studies 

examining the solubility of iron as compared with particle size. They showed that iron 

solubility is an inverse function of mineral aerosol concentration, proposing that the 

surface area to volume ratio, or specific surface area, is a contributing factor to solubility. 

Since smaller particles have more volume exposed, the iron solubility of fine aerosols as 

compared to coarse is greater. To show this relationship, the soluble iron fraction was 

normalized to surface area for hematite and magnetite (Figure 5.6). Goethite was not 

shown due to its different structure, and hence surface area, which will be discussed 

further. The clay minerals are not shown because their surface area does not change with 

changes in particle size. When soluble iron is normalized to particle surface area in figure 

5.6, there appears to be competing processes affecting solubility although the uncertainty 

of these measurements makes it difficult to conclude a definitive trend. In figure 5.5D, 

there is increasing iron solubility with decreasing particle size for magnetite and 

hematite; however, figure 5.6 shows decreasing chemical solubility possibly due to 

changing composition with size. 
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Figure 5.6. Percent soluble iron normalized to surface area (SA) for hematite (blue) and 

magnetite (purple). Error bars represent 3 replicate experiments. 

 

Iron speciation measurements of minerals in simulated cloud water 

In addition to total soluble iron measurements, we also measured the speciation of 

iron (Fe(II) or Fe(III)) using the UV-Vis/ferrozine method.  Figure 5.7 shows the results 

of speciation measurements for clays and iron oxides extracted into a simulated cloud 

water buffer, which contained acetate, formate, and ammonium nitrate (Table 5.1). In this 

experiment, it was observed that the clays, illite and kaolinite contain more Fe(II), which 

might explain their higher solubility as compared to iron oxides as Fe(II) has been found 

to be the more soluble form of iron (Cwiertny et al., 2008).  Iron (oxyhydr)oxides 

typically have a high Fe(III) content, although magnetite should have a higher Fe(II) 

content as its chemical composition is Fe3O4 (mix of Fe(II) and Fe(III)). 
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Figure 5.7. Soluble iron fraction (as a percentage) and speciation of the size fractionated 

minerals. The graphs on the left show the two clay minerals, while the graphs on the right 

show the three iron (oxyhydr)oxide minerals, which are substantially less soluble. Fe(II) 

(shaded) is stacked on top of Fe(III) (solid) and total soluble iron is shown as the height 

of the column. Error bars are representative of the standard deviation of three replicate 

experiments. 

 

Impact of photochemistry on iron solubility in mineral dust aerosols. 

Next, photochemical experiments were performed on size segregated mineral 

phases to determine the role of photochemistry in the solubilization of iron during 

atmospheric transport. In Figures 5.8 and 5.9, increased solubility over time is observed 

for all mineral phases when extracted into the marine aerosol solution. Dissolution of iron 

oxides is slower than that of clays, which is consistent with mineral/particle structural 

observations. The highly porous nature of clay materials allows for faster dissolution, 

while iron oxides typically have very few and small pores resulting in slower dissolution. 

A trend of increased iron solubility with decreasing particle size was observed, which is 

consistent with earlier experiments (Figure 5.5C and 5.5D). Irradiation of iron oxides 

(hematite and magnetite; Figure 5.8A and 5.8B) in a marine aerosol solution showed 

increased iron solubility with decreasing in particle size which was enhanced by 

photochemistry. Figure 5.5 also shows iron solubility in goethite was enhanced by 
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photochemistry, but the effect of particle size on iron solubility in goethite was variable, 

which was also observed in the initial particle size experiments (Figure 5.5D). The 

addition of photochemistry does not appear to affect the dissolution of clay minerals 

(illite and kaolinite; Figure 5.9) in a marine aerosol solution although a trend of 

increasing iron solubility with decreasing particle size is observed. 

Iron solubilization from iron oxides in the presence of solar irradiation might be 

caused by the photoreduction of the Fe(III) at the surface, which releases the surface 

bound Fe(II) into solution (Faust and Hoigne, 1990; Rubasinghege et al., 2010a). Organic 

ligands play a large role in the photoreduction of Fe(III) to Fe(II) as they can act as 

electron donors for the reaction (Zhu et al., 1993; Pehkonen et al., 1993 and 1995). While 

organic ligands can promote this photoreduction, they are not required. Specifically, 

photoreduction of Fe(III) on the surface of iron oxides is cause by light induced ligand to 

metal charge transfer excitations (LMCE). As Fe(III) is reduced to Fe(II), a hydroxyl 

group gets oxidized to form a radical. The Fe(II) and OH radical in solution can then 

further react to for reactive oxygen species in the presences of O2 (Borer et al., 2009 and 

references herein).  As shown in Sherman (2005), thermodynamics suggest this reaction 

can only happen at a low pH, in the absence of ligands. 
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Figure 5.8. The fraction of soluble iron (as a percentage) of the iron (oxyhydr)oxide 

minerals studied as a function of the time (in minutes) of the photochemical reaction in 

the marine aerosol solution (pH 1-2). Circles are representative of relative particle size 

with non-irradiated samples in black and irradiated samples in yellow.  

A 

C 

B 
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Figure 5.9. The fraction of soluble iron (as a percentage) of the clay minerals studied as a 

function of the time (in minutes) of the photochemical reaction in the marine aerosol 

solution (pH 1-2). Circles are representative of relative particle size with non-irradiated 

samples in black and irradiated samples in yellow. 

 

Results from the photochemical experiments in the simulated cloudwater buffer 

(pH 4.3) were highly variable (not shown here). A possible reason is that photochemical 

reduction of Fe(III) to Fe(II) is not thermodynamically favorable in the iron 

(oxyhydr)oxides (Sherman, 2005) and likely clay minerals under these conditions (pH > 

A 

B 
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4). We observed also that the solubility decreased occasionally over the duration of the 

experiment suggesting iron sorption to the centrifuge tube. Common practice in trace 

metal analysis of aqueous samples requires acidification to approximately pH 2 to ensure 

all the metal stays in solution. 

Variable and unexpected results for goethite 

 Goethite exhibits a trend of no change in soluble Fe with changes in particle size 

unlike the iron oxides, magnetite and hematite. Additionally, photochemical experiments 

show that photochemistry enhances iron dissolution, but an inverse trend of large 

particles having higher solubility than smaller particles. Originally goethite was grouped 

with the iron oxides, magnetite and hematite; however, goethite has a different structure 

and exhibits different characteristics unlike originally thought.  Instead of being more 

spherical in shape, goethite is more rod-like. In Rubasinghege et al. (2010b), it was 

shown that decreasing pH from 2 to 1 caused micro-goethite to have higher solubility 

than nano-goethite.  This is unusual as nano-goethite has higher surface area than micro-

goethite, but aggregation of nano-goethite at pH 1 (confirmed by TEM), reduces the 

reactive surface area, and appears to quench the dissolution of iron. Rubasinghege and 

coworkers attribute this phenomenon to the increased ionic strength of the solution at pH 

1 compared to pH 2 and confirms this with measurements of the zeta potentials.  In the 

pH 2 solution the zeta potential of nano-goethite is 75mV, but when the pH is reduced to 

1 the zeta potential drops to 35mV. Micro-goethite, on the other hand, had greater zeta 

potentials and is stable under all conditions. 
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Conclusions 

 

 In this section, the effect of particle size on iron solubility was examined.  It was 

found that the largest factor affecting iron solubility during atmospheric transport was 

mineralogy with clays having higher solubility overall than iron oxide minerals. Solution 

pH also plays a large role in iron solubility; as pH decreases, iron solubility increases. 

Both of these results are consistent with previous work in the literature. At lower pH 

environments a trend of increasing iron solubility with decreasing particle size can be 

observed for iron oxide minerals. Iron solubility in clay minerals seems mostly 

unaffected by particle size. This trend is explained by surface area measurements taken in 

this work, which shows greater changes in surface area as a function of particle size in 

iron oxides as compared to clays. Photochemical experiments showed that iron solubility 

increases with exposure to solar irradiation in iron oxides, but not in clays.  
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CHAPTER 6 

SUMMARY AND FUTURE WORK 

 This dissertation focuses on the trace metal composition and processing of 

atmospheric aerosols. Trace metals in aerosols are important on local, regional and global 

scales and their impact on health and the biosphere drives research on this topic. This 

work combines field and laboratory studies to understand trace metal processing in the 

atmosphere. Iron was a specific focus of this work, although other trace metals were also 

examined. Field sampling spanned from 2010 to 2014 and included the following sites: 

Fresno, Davis, and Bakersfield, CA as well as Tempe, AZ and Whistler, Canada. ICP-MS 

was employed for the majority of the analyses although a variety of other characterization 

techniques were used. 

 In Chapter 2, the trace metal composition of particulate matter (PM) samples 

collected during the summers of 2013 and 2014 in Tempe, AZ was determined.  The 

haboob dust storms in the summer can bring a large influx of dust into the area in a very 

short amount of time. It was hypothesized that haboobs derived from the south bring an 

influx of mineral dust into the greater Phoenix area, but also resuspend anthropogenic 

matter along the way. PM samples were collected before, during, and after haboob events 

and analyzed by ICP-MS for metal concentrations. Using data from ADEQ, PM spikes 

were observed during haboob events. During haboob events increases in trace metals 

common of mineral dust were observed, but also were elements common of 

anthropogenic emissions. The influx of high concentrations of mineral dust during a 

haboob causes decreases in enrichment factors for anthropogenic elements.  Finally, PM 

associated with anthropogenic emissions remains suspended after a haboob, which can be 
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potentially harmful to residents. Members of the Herckes group at ASU have focused on 

other components of these aerosol samples (i.e. organic and elemental carbon, polycyclic 

aromatic hydrocarbons, alkanes, etc.). Future work should focus on potential nutrient 

deposition (nitrate, phosphate, ammonium, etc.) from haboob events and changes in soil 

composition in the greater Phoenix area. Future sampling campaigns should focus on 

collection of haboob PM samples for biologic analysis because there may be a correlation 

between increased haboob occurrences and cases of Valley Fever in this region. 

 To study the effect of fog processing on trace metals in aerosols, aerosol samples 

were collected in California’s Central Valley before, during, and after fog events. Aerosol 

samples were collected in Fresno and Davis, CA in the winters of 2010 and 2011, 

respectively, to examine differences between urban and rural areas. Trace metal 

concentrations in fog and cloud water samples from Fresno, Davis, and Whistler, CA 

were also reported. It was hypothesized that trace metals are being incorporated into fog 

water droplets by particles acting as cloud condensation nuclei or being scavenged 

effectively removing them from the atmosphere. Trace metal concentrations in fog from 

Whistler were the lowest followed by Davis then Fresno, which is consistent with the 

local environment as Whistler is a remote location, Davis is an agricultural suburban city, 

and Fresno is an urban location. Fog was effective at activating or scavenging particles 

containing Fe and Al more effectively in Davis than in Fresno. This may be a result of the 

activation size of the particles, with larger particles being activated first over smaller 

particles. Additionally, the overall composition of particles in Davis and Fresno may be 

different such that other particles are scavenged first in Fresno, while trace metal 

containing aerosols in Davis are scavenged first in lieu of the other particles. Fog in 
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Davis and Fresno were not effective at activating or scavenging particles containing Sb, 

Cd, and Pb. Anthropogenic, highly processed particles may be too small to be 

incorporated into fogs/clouds. Future work needs to focus on scavenging measurements 

using deposition plates to quantify trace metal deposition/scavenging from fog events. 

Chapter 4 focused on atmospheric processing of iron, which has anthropogenic 

and natural sources. In this chapter, aerosol samples collected from California’s Central 

Valley and Tempe, AZ were extracted and their soluble iron content was determined 

using UV-Vis spectroscopy. It was hypothesized that samples from more polluted regions 

will have higher soluble iron content due to aerosol sources. Also, samples that have 

undergone aqueous phase processing (i.e. fog) will have higher iron solubility. The 

highest soluble iron content in atmospheric aerosols was found in Fresno, CA ( > 5%), an 

urban area with historically bad air quality. Higher iron solubility in Fresno was likely 

due to the sources of the PM, but also may be due to interactions with anthropogenic 

gases and fog processing. Davis, Bakersfield, and Tempe all had low soluble iron content 

(< 1%). In California’s Central Valley, there were some instances where iron solubility 

increased as the humidity increased (i.e. pre-fog/haze). During periods of fog those more 

soluble particles were scavenged removing them from the interstitial aerosol, which was 

sampled.  Periods of increased iron solubility in Tempe may be due to rain out of larger 

less soluble particles, so smaller more soluble particles left. Future work should focus on 

solubility of other trace metals in PM2.5 as metal solubility in aerosols is an important 

area of study due to the potential health effects. 

The final portion of this work (Chapter 5) focused on laboratory studies to 

determine the effect of particle size on iron solubility in atmospheric aerosols. Iron-
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bearing mineral phases were ground and resuspended to simulate mineral dust aerosols 

characteristic of the Saharan Desert, as this is the largest contributor of iron to remote 

regions of the Atlantic Ocean. Resuspended samples were size segregated into 5 particle 

sizes to examine the effect of particle size and then extracted into solutions simulating 

aqueous atmospheric processing.  It was observed that mineralogy and solution pH 

greatly affect iron solubility, with clays having higher solubility than iron oxides and 

increased solubility in more acidic environments, which is consistent with previous work. 

Clays have higher surface area than iron oxides, which explains their higher solubility. 

Iron oxides, however, have greater changes in surface area with particle size, so a trend of 

increasing solubility with decreasing particle size was observed in the marine aerosol 

solution (low pH). After samples were irradiated, it was observed that photochemical 

reactions likely play a role in the solubilization of iron from iron oxides, but not clays. 

This is likely due to the slow release of iron from iron oxides, while clays solubilize 

rapidly because of their high surface area. Future work in this field should focus on 

smaller particle sizes and what happens to the iron after deposition into seawater. 
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APPENDIX A 

SAMPLE INFORMATION FOR FOG WATER AND AEROSOL SAMPLES 

COLLECTED IN FRESNO AND DAVIS, CALIFORNIA 
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Table A1. Sample information for fog water collected in Fresno and Davis, CA. 

 

Sample ID 

Collection 

Location 

Collection 

Date 

Start Time 

(Local) 

Duration 

(min) 

Weight 

(mg) 

LWC 

(mg/m
3
) pH 

F010910 P1 Fresno, CA 9-Jan-10 1:30 120 100.78 39.86 6.97 

F010910 P2 Fresno, CA 9-Jan-10 3:30 120 171.7 67.91 6.63 

F010910 P3 Fresno, CA 9-Jan-10 5:30 180 241.44 63.66 7.3 

F011010 P1 Fresno, CA 10-Jan-10 1:45 420 186.22 21.60 6.66 

F011410 P1 Fresno, CA 14-Jan-10 20:00 60 90.98 71.97 6.41 

F011410 P2 Fresno, CA 14-Jan-10 21:00 60 89.32 70.65 6.48 

F011410 P3 Fresno, CA 14-Jan-10 22:00 60 88.78 70.23 6.62 

F011410 P4 Fresno, CA 14-Jan-10 23:00 60 77.38 61.21 6.66 

F011410 P5 Fresno, CA 15-Jan-10 0:00 60 99.22 78.48 6.88 

F011410 P6 Fresno, CA 15-Jan-10 1:00 60 128.3 101.49 7.01 

F011410 P7 Fresno, CA 15-Jan-10 2:00 60 100 79.10 7.15 

DAA010611 Davis, CA 6-Jan-11 5:31 260 291.08   6.915 

DAMIX011511 Davis, CA 15-Jan-11 9:50 460 322.88 4.74 6.91 

DAA011511P1 Davis, CA 15-Jan-11 17:30 170 335.8  16.60 6.67 

DAA011511P2 Davis, CA 15-Jan-11 20:20 216 344.54  58.83 6.835 

DAA011511P3 Davis, CA 15-Jan-11 23:56 449 381.86  51.57 6.855 

DAMIX011611 Davis, CA 17-Jan-11 0:57 258 423  6.47 6.42 

DAA011711P1 Davis, CA 17-Jan-11 20:57 191 248.54  9.68 6.555 

DAA011711P2 Davis, CA 18-Jan-11 0:08 382 138.54   6.685 

DAMIX012311 Davis, CA 23-Jan-11 9:30 175 198  92.57 6.805 

DAA012511 Davis, CA 25-Jan-11 6:35 205 566.18   6.36 
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Table A2. Sample information for aerosol samples (PM2.5 and PM>2.5) collected in 

Fresno and Davis, CA. 

Sample ID  

Collection 

Date 

Start 

Time 

(Local) 

Time 

total 

(min) 

Air 

volume 

(m
3
) Comments 

010810HVI_QFF 1/8/2010 11:04 847 958.014 PRE 

010910HVIP1_QFF 1/9/2010 1:30 240 271.2 INTERSTITIAL 

010910HVIP2_QFF 1/9/2010 5:30 187 191.196 INTERSTITIAL 

010910HVI After_QFF 1/9/2010 8:56 673 760.038 POST 

010910HVI_QFF 1/9/2010 20:13 180 202.044 PRE 

011010HVIP1_QFF 1/10/2010 2:00 394 444.768 INTERSTITIAL 

011010HVI After_QFF 1/10/2010 8:46 612 691.56 POST 

011010HIV_QFF 1/10/2010 19:10 428 482.736 PRE 

011110HIVP1_QFF 1/11/2010 2:24 465 525.45 INTERSTITIAL 

011110HIVA_QFF 1/11/2010 10:17 541 577.656 POST 

011310HIV_QFF 1/13/2010 19:19 1435 1623.132 PRE 

011410HIVP1_QFF 1/14/2010 19:17 233 263.064 INTERSTITIAL 

011410HIVP2_QFF 1/14/2010 23:15 355 401.376 INTERSTITIAL 

011510HIVA_QFF 1/15/2010 5:12 846 957.336 POST 

01062011DavisA_CL PM2.5 1/6/2011 15:17 1167 1318.71 INTERSTITIAL 

01072011Davis_CL 1/7/2011 22:05 1113 1257.69 POST 

01082011Davis_CL  1/8/2011 16:46 1296 1464.48 POST 

01092011Davis_CL  1/9/2011 14:31 1540 1740.2 no fog 

01102011Davis_CL  1/10/2011 16:18 1501 1696.13 no fog 

01112011Davis_CL  1/11/2011 17:25 1401 1583.13 no fog 

01122011Davis_CL  1/12/2011 16:54 1272 1437.36 

stopped sometime between 

4am and 2pm 

01132011Davis_CL  1/13/2011 14:25 1531 1730.03 PRE 

01142011Davis_CL  1/14/2011 16:04 1546 1746.98 INTERSTITIAL 

01152011Davis_CL  1/15/2011 17:58 804 908.52 INTERSTITIAL 

01162011Davis_CL  1/16/2011 7:29 583 658.79 POST 

B01162011Davis_CL  1/16/2011 17:19 456 515.28 PRE 

C01162011Davis_CL  1/16/2011 1:02 267 301.71 INTERSTITIAL 

01172011Davis_CL  1/17/2011 5:36 716 809.08 POST 

B01172011Davis_CL  1/17/2011 17:38 796 899.48 INTERSTITIAL 

01182011Davis_CL  1/18/2011 7:01 664 750.32 POST 

01202011DavisBK_CL  1/20/2011 16:47 1 1.13 Field Blank 

01202011Davis_CL  1/20/2011 16:54 1486 1679.18 PRE 

01232011Davis_CL  1/23/2011 9:38 217 245.21 INTERSTITIAL 

QFF = Quartz Fiber Filter, CL = Cellulose Filter, FBK = Field Blank



 

 


