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Abstract 

Soldiers that are deployed overseas are breathing ambient air containing concentrations 

of fine particulate matter known to cause adverse effects to human health.  A study initiated in 

2008 was designed to determine the concentrations and compositions of fine particulate matter in 

Baghdad, Iraq.  This study used a Davis Rotating drum Unit for Monitoring (DRUM) aerosol 

impactor to continuously collect size (eight stages between 0.09 and 10 microns in aerodynamic 

diameter) and time (hour and a half resolution) resolved aerosol samples for mass concentration 

and elemental composition analyses.  Results of this study show that fine particulate matter is 

associated with geogenic and anthropogenic source emissions.  Trace metal concentrations 

combined with vanadium (V) can be correlated to industrial and urban source emissions, while 

lead (Pb) is associated with geogenic and anthropogenic sources.  The mass loadings on the 

finest size fractions (0.09-0.26) of the DRUM aerosol impactor (0.09-0.34 microns) correlated 

with the mass loadings of coarse particles (2.5-10.0 microns) as both had similar elemental mass 

ratios, and thus were interpreted as having a common geogenic source.  Brittle fragmentation 

theory was incorporated in this study to assist in explaining particle behavior and was effective at 

explaining particle breakdown in no wind/low wind situations.  The aerosol particle samples 

collected during this study contained high total soil mass concentrations in all size stages.  

However, a peak in mass concentration was observed within the ultrafine (0.09-0.26 microns) 

stage that is not consistent with current hypotheses about the size distribution of mechanically 

produced soil particles through brittle fragmentation theory.  The production of soil particles 

cannot fully be explained by brittle fragmentation theory during high wind scenarios.  It is more 

likely that a combination of processes (brittle fragmentation, saltation, long-range transport, and 

midair collisions during high wind conditions) occur that result in excess mechanical grinding to 
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produce ultrafine soil particles during high wind scenarios.  A calibration study was conducted 

on the 8-stage DRUM aerosol impactor to ensure that the production of ultrafine particles was 

not a result of brittle minerals (calcium sulfate, sodium bicarbonate, and finely ground quartz) 

breaking down in the sampler.  Mineral particles were not observed on the smallest size fractions 

under either ‘wind’ (4.1 m/s) or ‘high wind’ (8.3 m/s) conditions.  This fact confirmed that the 

particles were not breaking down into smaller particles than observed in the initial size 

distribution characterized by an optical particle counter.  These findings suggest that the 

increases in soil element concentrations on the DRUM stages seen in data sets from Iraq and 

White Sands, NM, are not a product of particle fragmentation during sampling.  The production 

of these particles are important in that the fine particulate matter concentrations frequently 

exceed military exposure guidelines of 65 μg m
-3

 and individual constituents, such as lead,

exceed U.S. national ambient air quality standards designed to protect human health.  
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Chapter 1 Introduction 

1.1 History of Air Pollution 

Anthropogenic degradation of air quality is not a new phenomenon tied strictly to the 

industrial revolution.  Ancient records indicate that as early as 900 BC, King Tukulti complained 

of a noticeable smell in the air from the small asphalt-mining town of Hit, located in the vicinity 

of our present day Iraq.  The “smell” was associated with the hydrogen sulfide fumes emitted 

when mining ulmeta rocks (Brimblecombe, 1995).  In 1306 King Edward of England initiated 

the first air quality measures—he banned the burning of coal when his mother, Queen Eleanor, 

fled Nottingham Palace after succumbing to fumes emitted from its combustion (Evelyn, 1995; 

Hopke, 2009).  

King Edward’s ban was the first documented attempt at regulating air quality to protect 

human health.  Over the next few centuries correlations were made between the degradation of 

air quality and a rise in morbidity rates in affected areas.  The most noted of these involved the 

emission and trapping of sulfur dioxide over Meuse Valley, Belgium, Pennsylvania, US, and 

London, England. 

1.1.1 Meuse Valley, Belgium—1930 

The Meuse Valley, between the towns of Huy and Liège, was once considered the most 

industrialized area of Europe (Nemery et al., 2001).  The Valley was heavily lined with steel 

mines, zinc smelters, fertilizer and explosive plants, and glass manufacturers that emitted 

significant quantities of sulfur dioxide, sulfuric acid, and fluoride gases directly into the 

atmosphere (Bell and Davis, 2001).  Emissions of industrial pollutants coupled with 5 days 

(December 1-December 5, 1930) of thick fog, promulgated by anticyclonic conditions and a 

temperature inversion, resulted in the accumulation of sulfur containing particles (1-4 μm in 
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diameter) over the Valley.  By December 3, hundreds of people living in small fishing villages 

along the river began exhibiting signs and symptoms of respiratory distress (Nemery et al., 

2001).  The final few days of the smog event resulted in the deaths of more than 60 people, 10 

times the town’s normal morbidity rate (Firket, 1936).  

1.1.2 Donora, Pennsylvania—1948 

Similar to the Meuse Valley Incident, the first severe air pollution episode recorded in the 

United States, October 27 to October 30, 1948, was caused by the release of industrial pollutants 

that had become trapped within an anticyclonic inversion (Hopke, 2009).  The three day event 

ended with 20 dead and 6000 ill (Hopke, 2009), increasing the small town’s norm morbidity rate 

by 6 times (Davis, 2000; Schrenk et al., 1949). 

1.1.3 London, England—1952 

The most noted early air pollution episode was the London Smog of 1952.  At a peak 

measurement of 4.46 mg/m
3
 (Scott, 1953), 5-19 times greater than normal particulate matter

(PM) concentrations (Bell and Davis, 2001), the 1952 episode brought issues pertaining to air 

quality to the forefront of public scrutiny and contributed to the establishment of regulatory 

controls on industrial emissions.  

The region’s typical foggy and humid weather conditions were worsened by a 

temperature inversion, resulting in unusually colder temperatures from December 5-9, 1952.  Air 

quality had declined due to coal combustion to heat private homes.  The demand for heat in 

private homes magnified the average amount of smoke and soot normally released from the daily 

operations of power plants and factories.  As a result the stagnant air masses over London 

trapped large quantities of sulfur oxides (SOx) in the atmosphere.  Government reports indicate 

that the sulfur-enriched fog was responsible for 3,000 more deaths than normal (Ministry of 
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Health, 1954).  It is estimated that between the months of January and February over 8,000 

people died from complications due to respiratory and cardiac related illnesses brought on by 

foul air (Ministry of Health, 1954).  This was approximately 3 times the expected morbidity rate 

(Ministry of Health, 1954). 

1.2 Health Effects Associated with Long Term Exposure to Poor Air Quality 

Epidemiological investigations that study the effects of chronic and acute exposure to air 

pollution in populations living in/around industrial areas find significant correlations between the 

aerosol particle exposure and decline in human health (Bates, 1992; Schwartz and Marcus, 1994; 

Seaton et al., 1995).  Research conducted at 14 locations shows increases in morbidity with 

increasing particulate concentrations (Bates, 1992; Schwartz and Marcus, 1994; Seaton et al., 

1995).  The documented rise in insurance claims (Bell and Davis, 2001) for individuals admitted 

to the hospital due to exacerbation of respiratory and cardiac illnesses during peak particulate 

events (Dockery et al., 1989) strongly affirm that illness and air quality are related (Seaton et. al., 

1995).  There are also known increases in morbidity associated with short-term exposure to 

inhalable (≤10 μm) particulate matter and exposure to air pollutants (Katsouyanni et. al., 1995).  

Particulate matter is a complex mixture of extremely small solid particles (acids, dust, organics, 

metals, soil) and liquid droplets. The Environmental Protection Agency (EPA) defines fine 

particulate matter as particles and droplets with an aerodynamic diameter of 2.5 microns (PM2.5).  

Coarse inhalable particles are defined as having aerodynamic diameters larger than 2.5 microns

but smaller than 10 microns (U.S. Environmental Protection Agency accessed at 

www.epa.gov/air/caa/). 

 To understand the effects on human health associated with poor air quality, it is 

necessary to discuss particle size in relation to respiratory illnesses.  An analysis conducted 
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across six eastern U.S. cities indicated that an increase of 10 μg/m
3
 in fine particulate matter

correlated with a 1.1% increase in mortality, a 3.3% increase in chronic obstructive pulmonary 

disease, and a 4.0% increase in pneumonia related deaths (Schwartz et al., 1996).  

Most experts agree that particulate matter with an aerodynamic diameter of ≤10 μm 

(PM10) is responsible for a decline in human health; however, there is disagreement as to the 

pollution level that first causes significant impacts (Dockery and Pope, 1994).  Pope et al. (1995) 

suggested concentrations exceeding 150 μg/m
3
 may be responsible for a 7% decrease in lung

function and a 1-10% increase in respiratory symptoms (e.g., cough, lower respiratory 

symptoms, and asthma attacks).  Schwartz et al. (1996) showed a correlation between a 30 μg/m
3

increase in PM10 and a 12% increase in asthma related hospital visits.  Thurston et al. (1992) 

found a 1.9% to 2.1% increase in asthma hospital admissions for each 10 μg/m
3
 increase in daily

mean PM10.  Pope et al. (2002) showed 10 μg/m
3
 increases in annual average PM10 correlated

with an increase in overall mortality of 4%, cardiopulmonary mortality of 6%, and lung cancer 

mortality of 8%.  Increased incidences of illness associated with degraded air quality have led to 

tighter controls on emission with the passing of and subsequent amendments to the U.S. Clean 

Air Act of 1963. 

1.3 Clean Air Act 

Established in 1963, the Clean Air Act (CAA) provided the legal justification for the 

Secretary of Health, Education, and Welfare (HEW) to intervene when the pollution problems of 

a given state endangered the health and well-being of the population of another state (U.S 

Environmental Protection Agency accessed at www.epa.gov/air/caa/).  At the time of its passage, 

the Act was exclusively concerned with pollution emitted from stationary sources (U.S 

Environmental Protection Agency accessed at www.epa.gov/air/caa/). The passage of 
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subsequent amendments refined the CAA to include air quality criteria that both state and local 

government were to achieve and the time frame during which the achievements were to be made.  

The subsequent Clean Air Act of 1990 encompassed a broader spectrum of polluting sources - 

including emission criteria/objectives for area and mobile sources (U.S. Environmental 

Protection Agency accessed at www.epa.gov/air/caa).  The Clean Air Act required the EPA to 

establish National Ambient Air Quality Standards (NAAQS: 40 CFR part 50) for pollutants 

considered environmentally harmful.  The NAAQS identified six criteria pollutants (U.S. 

Environmental Protection Agency accessed www.epa.gov/air/criteria.html) for which both 

primary and secondary standards have been established; Table 1-1 identifies the NAAQS 

pollutants pertinent to this dissertation.  

Primary standards are stringent to ensure that safety factors for the protection of 

individuals at risk (the elderly, children, and those with pre-existing respiratory illnesses) are 

included in public health objectives.  Secondary standards are more general and are designed to 

protect public welfare, animal health, and aesthetics (U.S. Environmental Protection Agency 

accessed at www.epa.gov/air/criteria.html).  The 24-hour mass standards for fine particulate 

matter (PM2.5) were reduced in 2006 as a means of protecting U.S. citizens from short and long-

term aerosol exposures (Federal Register, 2006).  Although the U.S. EPA has designed these 

standards to protect citizens within its jurisdiction, it does not regulate the air quality of U.S. 

military personnel deployed abroad.  

1.4 Acute Lead Toxicity 

Another aspect of air pollution encountered in Iraq is airborne lead (Cahill, 2009).  Acute 

lead symptomatic poisoning is life threatening and is a result of acute toxicity via inhalation or 

ingestion.  Persons inflicted with acute symptomatic poisoning are likely to experience 
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abdominal colic, constipation, fatigue, anemia, peripheral neuropathy and alterations of central 

nervous system (CNS) functions (Cullen et al., 1983).  The illness can progress to acute 

encephalopathy with coma, convulsions, and papilledema (optic disk swelling caused by 

increased cranial pressure; Cullen et al., 1983).  Acute lead encephalopathy may result in 

irreversible neurological and behavioral disorders (Byers and Lord, 1943). 

1.5 U.S. Military Exposure Guidelines and the USACHPPM 

In 1996, the U.S. Army Center for Health Promotion and Preventive Medicine 

(USACHPPM), a military support organization consisting of toxicologists, environmental health 

risk assessors, physicians, industrial hygienists, chemists, and environmental engineers, issued 

the Technical Guide (TG) 230 Version 1.3–Chemical Exposure Guidelines for Deployed 

Military Personnel (USACHPMM RD 230, 2013).  To ensure a safer working environment, the 

goal of the USACHPPM was to create preventive medicine guidelines for wartime soldiers’ 

chemical exposures (USACHPPM RD 230, 2013).  By 1997, the USACHPPM received 

additional funding from the Army Office of the Surgeon General (for Nuclear, Biological, and 

Chemical issues) to address delayed and/or prolonged health effects experienced by veterans 

from chemicals that did not pose an immediate threat to life during deployment.  

By monitoring low-level exposures of military personnel to radiation and chemicals, the 

Department of Defense continues to take steps to ensure the health of its military personnel 

under Forced Health Protection (FHP).  USACHPPM determined military exposure guidelines 

(MEGs) based on chemical contact and sensitivities deployed soldiers would likely experience.  

These numbers are based on upper confidence limits of acquired data, and include uncertainty 

factors.  The following assumptions were made when establishing the MEGs (USACHPPM RD 

230, 2013): 
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 Deployed military populations consist of healthy and fit males and non-pregnant

female adults – in such cases that a female learns of pregnancy following deployment

and given that the greatest fetal concerns exist during the first trimester, toxicity and

reproductive effects were considered, when available, for establishing guidelines.

 Military personnel are assumed to be between the ages of 18-55.

 The average deployed person weighs approximately 70-kg.

Since deployment could range anywhere from weeks to years, and exposures vary 

between jobs, scenarios were designed for both short-term and long-term exposures.  Short-term 

MEGs do not cover acute exposure; rather, they are designated for a longer time frame (1-year).  

MEGs specifically identify 1-year as the target for short-term exposure as they are designated to 

ensure a protective working environment 24-hrs/day for 365 days (USACHPPM RD 230, 2013).  

Long term exposure has two classifications 1) a lengthier tour (>1year) and 2) multiple short-

term exposures that are consecutive.  

1.6 Air MEGs 

Discussed below are the three health level classifications (minimal, significant, and severe), 

which are designated under the 1-hour air MEGs (USACHPPM RD 230, 2013): 

 1 hour Minimal Effects – Air concentrations exceeding this level could result in mild,

non-disabling, transient, reversible effects.

 1-hour Significant Effects – Air concentrations exceeding this level could begin to elicit

irreversible, permanent, or serious health effects.

 1-hour Severe Effects – Air concentrations exceeding this level could elicit life

threatening or result in lethal effects for a small subpopulation.

Additional factors were included to make guidelines applicable to a deployed soldier’s breathing 

environment (USACHPPM RD 230, 2013): 

 Deployed soldiers will experience continuous exposure, that is, 24-hr/day – 365 days/yr.
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 Deployed soldiers are physically more active than the general population and will likely

have increased ventilation rates of 29.2 m
3
/day.  This exceeds the calculated ventilation

of 20 m
3
/day for non-military personnel.

 Under this calculation, ambient air is considered to be constant.

The deployed soldier’s derived ventilation rate is based on probable activities (standing in a fox 

hole, guard duty, load carriage, dig defensive positions) and the expected duration of activities 

military personnel are likely to participate in on any given day.  It is important to note that the 

calculated average is based on “normal” military operations and may vary based on the level of 

activity required for a given mission or mission location. 

As a means of estimating the inhalation rate, the USACHPPM assumed the personnel 

spent 6-hours sleeping (inhalation rate (IR) = 0.4 m
3
/hr), 4-hours eating and/or other sedentary

activities (IR = 0.5 m
3
/hr, EPA), 6-hours completing light duties (IR=1.2 m

3
/hr, arithmetic mean

of all light intensity activities), and 8-hours (IR= 2.2 m
3
/hr, arithmetic mean for digging related

tasks) engaging in moderate duties (USACHPPM RD 230, 2013).  Inhalation rates were 

calculated based on a 70 kg male because men tend to have higher respiration rates than females 

(USACHPPM RD 230, 2013).  These assumptions were used for deriving the weighted 

ventilation rate of 29.3 m
3
/day shown in USACHPPM RD 230 (2013).

Given that active duty military personnel are assumed to have higher ventilation rates 

than the average person, the EPA threshold limit values (TLVs), shown in Table 1-2, were 

adjusted to meet military needs.  It should be noted that the TLVs are higher than those 

suggested by the U.S. EPA because the MEGs do not include higher safety factors for the young, 

elderly, and immunosuppressed.  Table 1-2 provides the TLVs used to develop MEGs for 

wartime soldiers. 
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The adjusted threshold limits used for development of MEGS are based on an extended 

40-hr week (5 days/week exposure is assumed for members of the general working population, 

while 7 days/week are assumed for active duty soldiers).  Increasing the hours of the work week 

will also increase the default ventilation rate (10 m
3
/8 hrs) established by the Occupational

Safety and Health Administration (OSHA) for allowable exposure to breathable workplace 

pollutants.  Wartime soldiers live in their work environment; as such, they are continuously 

(24hr/day, 7days/week) exposed to workplace pollutants.  Due to their increased exposure to 

ambient conditions, the MEGs were established to address their exposure levels, which increase 

the ambient default of 10 m
3
/20 m

3
 to 20 m

3
/29.3 m

3
/day.

1.7 Soil MEGs 

Chemicals that adhere to soil particles can be inhaled as fugitive dust during storms and 

while digging.  Fugitive dust is classified using soil MEGs.  The ability of nonvolatile chemicals 

to liberate as fugitive dust during soil agitation is estimated using a Particulate Emission Factor 

(PEF) of 1.32 x 10
9
 m

3
/kg (USACHPPM RD 230, 2013).  PEF parameters are derived from the

U.S. EPA recommended default values and are not representative of geographical regions 

outside of the U.S.  The absence of actual field data values in military war zones outside of the 

U.S. presents limitations for accurate predictions (USACHPPM RD 230, 2013).    Since air 

MEGs are expressed in terms of the gaseous phase, soil MEGs were used to evaluate aerosols.  

Soil MEGs assume a body weight of 70-kg, exposure duration of 1-year, a target risk factor of 

1x10
-4

, an inhalation rate of 29.2 m
3
/day, and a particle emission factor of 1.32x10

9
 m

3
/kg

(USACHPPM RD 230, 2013). 
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1.8 Project Background and Justification 

Recent reports have indicated that aerosol concentrations (PM2.5) in military areas 

of operation are higher than the allowable 24-hour average mass-based standards established by 

the U.S. EPA in 2006 for the safety of U.S. citizens (Engelbrecht et al., 2009; Sheehy, 2008) and 

exceeds the MEGs (Engelbrecht et al., 2009) designed for the protection of soldier health.  The 

Battlefield Environment Division of the Army Research Laboratory, in conjunction with the 

USACHPPM, has prioritized understanding the warfighter’s aerosol environment through its 

commitment to obtain aerosol samples used for health impact studies in its “Aerosol 

Characterization for Soldiers’ Health Initiative” (Sheehy, 2008).  However, instrumentation 

limitations did not provide aerosol information of sufficient quality and quantity for medical and 

environmental health determinations (Weese, 2008).  Aerosol data that can provide the 

information needed for medical health determinations and meet the time resolutions required for 

acute epidemiological studies needs to include information on the size, concentration, and 

chemical composition of the particulate matter (Cahill, 2009). 

The focus of the aerosol characterization portion of the three-year Department of Defense 

(DOD) funded research project (Grants: W911NF-07-1-0346, W911NF-08-1-0318, and 

W911NF-09-0543) was to develop analytical protocols for characterizing biological aerosols 

collected using ground-based or UAV-based cascade impactor aerosol samplers, and to expand 

the use of DRUM aerosol impactors in other military interest areas for the purpose of aiding 

environmental, human health, and source determination studies.  As a component of this research 

program, the purpose of this dissertation’s research was: 1) to characterize the chemical 

composition of Iraqi aerosols utilizing an 8-stage cascade DRUM impactor; 2) to determine the 
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predominate sources of dominate aerosols within the region; and 3) to understand the behavior of 

aerosols found in Iraq. 

1.8.1 Vicinity 

Iraq is located in the NE corner of the Arabian Peninsula and lies between latitudes 29 5’ 

and 37 15’ and longitudes 38 45’ and 48 45’ (Buringh, 1963; Sibrava, 2006).  The general 

vicinity of Iraq is depicted in Figure 1-1.  The country is bordered by the Taurus Mountains of 

Turkey to the north, Zagros Mountains of Iran to the east, Saudi Arabia to the south, and Jordan 

and Syria to the west and northwest (Sibrava, 2006).  Physiograpically, Iraq is located in the 

Tigris and Euphrates drainage, near the center of the so-called ”Fertile Crescent” of 

Mesopotamia (Figure 1-2), and is characterized by a topographical low extending from central 

Syria to Saudi Arabia (Sibrava, 2006).  The country is divided into 5 physiographic regions 

unique in their hydrology, geology, and climate:  Jezira, the Foothills, the Northern Desert, the 

Lower Mesopotamian Plain, and the Southern Desert (Buringh, 1963). 

1.8.2  Iraq’s Climate 

Iraq is characterized as having a subtropical climate with a mean temperature of 73°F in 

Baghdad (National Oceanic and Atmospheric Administration accessed at 

www.ncdc.noaa.gov/oa/climate/afghan/iraq-narrative.html).  It is known for its hot, arid, low-

pressure summers that bring about strong Shamal (northeasterly) winds and cool, high-pressure 

winters that drive the Kous (southeasterly) winds (National Oceanic and Atmospheric 

Administration accessed at www.ncdc.noaa.gov/oa/climate/afghan/iraq-narrative.html).  The 

strong Shamal winds are primarily responsible for the extreme dust events observed during the 

spring and summer.  Strong Shamal winds carry large plumes of dust from the Taurus and 

Zagros mountains into the recessed plains of Iraq. 
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The dust clouds observed in Iraq are the result of low-pressure systems creating winds 

with sufficient energy for particles to break free of the topsoil and entrain in the passing storm 

(Thoppil and Hogan, 2010; Foda et al., 1985).  The strong winds are most prevalent during 

daytime hours due to surface winds becoming less hindered by friction as the lower layers of the 

atmosphere are heated and mixed (Membery, 1983).  Shamal winds can last one to five days and 

reach surface velocities of 15-20 m/s (Thoppil and Hogan, 2010).  The strength of the Shamal 

winds is the result of differences in surface pressures over Saudi Arabia, the Gulf of Oman, 

and/or Pakistan (Ali, 1994).  The vertical motion of the local air pressure systems determines the 

speed, direction, and thickness of the dust cloud (Ali, 1994).  The lack of vegetation and 

availability of uninterrupted surfaces optimize the strong northwesterly Shamal winds and 

southeasterly Kous winds.  

Area-wide dust storms carry fine particulate matter throughout Iraq.  Soldiers and 

inhabitants of the region are continuously exposed to these storms.  To characterize the aerosol 

content of air in the soldiers’ operating environment, an 8-stage DRUM (Davis Rotating drum 

Unit for Monitoring) aerosol impactor was placed outside their working and living quarters in 

Camp Victory, Iraq, beginning February 14, 2008.  The location of the DRUM impactors was 

chosen based on their proximity to the soldiers, who were responsible for collecting samples and 

maintaining the samplers. 

1.9 Sampling Study – DRUM and Particle Separation 

Ground-based, eight-stage DRUM impactors have been successfully used in remote 

areas, where frequent human intervention would otherwise be difficult, for the continuous 

collection of size and time-resolved aerosol elemental composition and mass concentration data 

(Cahill et al., 1985; Raabe et al., 1988; Cahill and Wakabayashi, 1993; Wetzel et al., 2003; 
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Collins et al., 2007).  The DRUM impactors are advantageous as they continuously collect eight 

size fractions (5.0-10.0, 2.5-5.0, 1.15-2.5, 0.75-1.15, 0.56-0.75, 0.34-0.56, 0.26-0.34, and 0.09-

0.26 μm in aerodynamic diameter) on Apiezon L™ coated Mylar™ strips and they are 

compatible with several non-destructive analytical techniques (beta–gauge for aerosol mass, 

ultraviolet-visible spectroscopy for optical absorption as function of wavelength, and 

synchrotron x-ray fluorescence for elemental composition; Cahill et al., 1999; Cahill, 2003).  

Particles collected on the DRUM impactor (Figure 1-3) are passed through a succession 

of stages where the aerosol jet is directed through a nozzle onto a solid surface.  Impaction, the 

physical distribution and deposition of particles, occurs as the collected aerosols are forced 

around a sharp bend stripping them from the high velocity jet.  The efficiency of this process is a 

function of particle aerodynamic diameter, air velocity, and jet dimensions.  The narrower the jet 

and higher the velocity, the finer the particles collected.  Finer particles are collected on each 

successive stage of the impactor as the sample passes through the device by decreasing the 

nozzle size and increasing the air velocity for each successive impaction stage.  The distribution 

of particulate matter between the stages provides a means for assessing the particle size 

distribution of the aerosol (Vincent, 2007). 

Collection efficiency is degraded through the loss of particles from bounce or rebound 

(Vincent, 2007).  That is, the elastic properties of both the particle and collecting surface are high 

during impaction resulting in the tendency of particles to bounce off the surface (Vincent, 2007).  

This is problematic as some particles, especially solid, gritty ones, may fail to be retained on 

impact.  Particle loss can be important if only a small fraction of material is collected on the 

correct stage.  Whether or not particle bounce occurs depends on many factors:  the velocity of 
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impacting particles, particle size, particle surface properties, and the properties of the collecting 

surface (Vincent, 2007).  

The elasticity of the particles on the Mylar™ is reduced with the addition of sticky 

substrates to enhance adhesion (Bench et al., 2002).  This project utilized Apiezon-L™ to coat 

the Mylar™, which has proven advantageous due to its uniform projected density, efficient 

particle collection, reduced tendency for background noise in elemental analysis due to its purity, 

and its anti-bounce properties (Bench et al., 2002; Lawson, 1979.)  If the impaction surfaces are 

not sticky, the resulting size distributions and mass median diameter values will be skewed 

towards smaller particle sizes (Dzubay et al., 1976). 

To address concerns pertaining to impaction and whether brittle minerals would fragment 

upon impaction, resulting in a higher proportion of finer particles within the DRUM, a DRUM 

impaction study was conducted and included in Chapter 4 of this dissertation.  The purpose of 

this study was to eliminate concerns that larger particles may fragment into smaller particles 

during impaction. This fragmentation would be problematic, as it would result in a 

misrepresentation of the particle being sampled and the true mass of individual size fractions.  

Results from this study indicate the sampler is performing correctly and that all particles were 

collected in the correct size fractions. 

1.10 Analytical Techniques 

1.10.1 Synchrotron X-Ray Fluorescence 

Synchrotron X-Ray Fluorescence (S-XRF) performed at the Advanced Light Source at 

Lawrence Berkeley National Laboratory in Berkeley, California was chosen for the analysis of 

the particulate matter samples, as it is a non-destructive technique widely accepted for aerosol 

analysis (Barberie et al., 2013).  The ability of the synchrotron beam to excite x-ray emission 
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from a sample while maintaining sample integrity for repeat analysis is advantageous given the 

small quantities of sample collected on the DRUM impactors and the uniqueness of a given 

sample (Barberie et al., 2013).  

A synchrotron generates a brilliant, broad-spectrum (including infrared, visible, and 

ultraviolet light, and x-rays) electromagnetic radiation beam, called synchrotron radiation, that 

can contain a flux of x-rays many orders of magnitude greater than that produced by a 

conventional x-ray tube.  Electrons emit synchrotron radiation when they are forced by magnetic 

fields to change directions at close to the speed of light.  As the magnets of the synchrotron steer 

the electrons in a circle of evacuated tubes hundreds of meters in diameter, the synchrotron 

radiation is given off tangentially from the circle (Owens, 2012).  At specific points along the 

circle, the synchrotron radiation is steered down a beamline to encounter a sample placed in its 

path.  When the synchrotron radiation hits the sample, it ejects inner electrons from the atoms in 

the sample.  The vacancies caused by the ejected electrons are filled with outer shell electrons 

(Pecharsky and Zavalij, 2009) that cascade down to fill the voids and x-rays characteristic of the 

change in energy between the outer shell and inner shell energies are released.  These x-rays are 

collected using a detector, subjected to curve-fitting programs for known elemental x-ray 

energies, and compared with thin film standards to result in final elemental concentrations 

(Barberie et al., 2013). 

This data was collected using the Advance Light Source’s polarized polychromatic-beam 

18keV bending magnet beamline 10.3.1 developed by University of California at Davis DELTA 

Group for analyzing the DRUM impactor’s low mass aerosol samples (Barberie et al., 2013).  

The polychromatic, or white, beam is advantageous because it allows for the simultaneous 

analysis of multiple elements.  The high beam intensity and low background resulting from the 
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synchrotron beam’s polarization provide the high signal to noise ratios required to quantify the 

elemental concentrations in low mass samples (Barberie et al., 2013).  

1.10.2 Beta Gauge 

The -gauge was used to measure the total mass of aerosols collected during the loading 

process.  The -gauge works by measuring the change in the intensity of -particles passing 

through a blank Mylar™ tape compared to one that is loaded with the sample (Husar, 1974; 

Friedlander et al., 1981; Chueinta and Hopke, 2001).  Friedlander et al. (1981) used the Beer’s 

law expression (Equation 1.1) to draw correlations with intensity and the number of -particles 

passing through the sample. 

1.1 

where, 

 =  incident particle flux, 

 =  exiting particle flux 

 =  areal density in mg/cm
2

 =  mass attenuation coefficient in cm
2
/mg

The general design of the -gauge is fairly simple, consisting of a  source, detector, and a filter 

holder.  Ideally, the  source spectrum and the mass thickness will not exceed the energy of the  

source (Chueinta and Hopke, 2001).  This project utilizes 
63

Ni (Emax = 67 keV and Eavg = 17

keV) as it has a low energy beta spectrum and a fairly long half-life of 96 years (ICRP Report 72, 

1995).  The long half-life ensues stability; as a result, decay corrections are not necessary.  

Further, stable beta sources encourage green practices within the laboratory as we would not be 

required to continually purchase new sources, nor have we created excess waste from depleted 

sources.  

I = I°e
-mx

 I
I
x
m
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1.11 Thesis Review/Approach 

The purpose of the research described in this thesis was to obtain, using DRUM aerosol 

impactors, particulate matter samples suitable for health impact studies, characterize the 

aerosol’s size distributions and chemical compositions, and determine the sources of observed 

particulate matter using meteorological analyses and known aerosol emissions (e.g., local wind 

trajectories and smelting industries).  As a result of this research, three papers will be submitted 

to peer reviewed publications: 1) one on the chemical composition of Iraqi aerosols; 2) one on 

the geochemical fragmentation seen within Iraqi aerosols; and 3) one on an experiment designed 

to study impaction and fragmentation in an 8-stage DRUM aerosol impactor.  However, it also is 

useful to put the results of these investigations into the broader context of the literature on 

aerosol research in the region and wind blown dust.  Therefore, this chapter summarizes some of 

the key research findings and techniques previously used to characterize Iraqi aerosols and wind 

blown dust. 

1.12 Heavy Metal Aerosols 

It is believed that over the duration of the Gulf War, an estimated 300 tons of depleted 

uranium, a by-product of the 
235

U radionuclide enrichment process for nuclear weapons and

reactors, were dropped over 20,000 km
3
 of Kuwait and southern Iraq from aircraft rounds and

tank-fired shells (US AEPI, 1995a).  Metallic uranium used in military operations is considered 

to be insoluble, however, long-term exposure to the elements (air/water) can slowly result in its 

oxidation to its +4 and ultimately +6 state(s) (Bem and Bou-Rabee, 1997). 

Particulate matter collected during a high atmospheric dust concentration event caused by 

regional wind contained a high concentration of uranium, 0.24 ng/g (Bem and Bou-Rabee, 1997) 

in contrast to the normally observed values of approximately 0.1 ng/g (Bem and Bou-Rabee, 
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1997).  Once in the air, small particles of uranium oxides (UO2, UO3, and U3O8) can be 

introduced into the human body via the inhalation of aerosols.  Of the uranium inhaled, up to 1% 

can be retained in the kidneys (ICRP-72, 1995).  Uranium toxicity is similar to that of other 

heavy metals; it is capable of forming stable complexes with biological ligands of low molecular 

mass and disrupting the re-absorption of glucose and amino acids (Priest, 2001). 

In 2001 the Lebanese Ministry of the Environment reported that more than 2400 tons of 

heavy metal (Pb, Cd, Mn, Zn, Se, and As) laden industrial waste was generated annually in 

Lebanon (Inhorn, 2004).  The presence of abnormally high levels of heavy metals in the air in 

Lebanon is suspected to be the cause of observed decreases in male fertility (Auger et al., 1995; 

Benoff et al., 1997; Telisman et al., 2000).  It is believed that 10-15% of all Middle Eastern 

couples are infertile (Serour, 1996), with Lebanon representing 60-70% of the total infertile 

population (Inhorn et al., 2008).  The pollution levels were worsened further by the continued 

practice of improperly disposing of medical, industrial, and household wastes (Hamdan, 2002). 

Improper disposal of wastes was not unique to Lebanon.  Recent news articles have 

highlighted concerns regarding wartime soldiers’ exposure to plumes of smoke in Iraq from 

active burn pits used to dispose everything from batteries to medical waste (Kennedy, 2009). 

However, to date, no concrete evidence exists linking burn pits emissions to adverse health 

effects amongst wartime soldiers (Lyles, 2011).  For data to exhibit any conclusive results, an 

independent burn pit study would need to be conducted.  That is, samplers would need to be 

employed upwind and downwind of local burn pits to get a better understanding of the emissions 

from the burn pit as well as the background concentrations and types of aerosol.  A better 

understanding of the background aerosols and different types of combustion emissions is 

required because there are high concentrations of aerosols throughout the Middle East.  For 
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example, dust is present virtually everywhere within the Middle East (Engelbrecht et al., 2009; 

Awadh, 2012; Misconi and Navi 2010; Al-Hurban and Al-Ostad, 2010) and local combustion 

sources (burn pits, smelters, manufacturers, etc.) are located throughout the Arabian Peninsula. 

 The Shamal winds are responsible for: 1) the large concentrations of aerosols lofted 

during Iraqi dust storms; 2) the long-range transport of mineral dust (Awadh, 2012; Clarke et al., 

2001; Yang et al., 2001; Moore et al., 2003), 3) the increased erosion along the predominant 

wind paths; and 4) the significant reductions in visibility that occur when high concentrations of 

mineral dust are present in the atmosphere.  The best way to ascribe major wind events to 

specific source regions is through the use of meteorological backward trajectory analyses. 

1.13  Backward Trajectories and the Use of HYSPLIT 

Computational meteorological trajectories have greatly improved in accuracy since their 

introduction in the 1940s.  Today, calculated trajectories are widely used within environmental 

sciences for describing the likely path a particle has taken (Abdalmogith and Harrison, 2005; 

Escudero et al., 2006; Cong et al., 2007; McGowan and Clark, 2008; Cahill et al., 2010).  

However, the particle path is limited by the accuracy of the trajectory (Pack et al., 1978).  The 

Eulerian and Lagrangian models differ in how the particle is considered as it travels.  The 

Eulerian model utilizes a fixed set of points in space to describe how the air flows, while the 

Lagrangian model studies individual air particles as they move through time and space (Stohl, 

1998).  Lagrangian particle dispersion models are generally preferred among atmospheric 

scientists for simulating physical and chemical processes (Stohl, 1998). 

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT_4) is an 

atmospheric dispersion model that mathematically interpolates the likely path taken by an 

aerosol parcel along backward (where has the particle been) and forward (where will the particle 
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go) trajectories.  It has been used in numerous studies worldwide to link aerosol deposition with 

source region identification (Abdalmogith and Harrison, 2005; Escudero et al., 2006; Cong et al., 

2007; McGowan and Clark, 2008; Cahill et al., 2010).  HYSPLIT requires input datasets of 

meteorological data.  There are four vertical coordinates that meteorological data can be useful to 

the HYSPLIT_4 model:  pressure-sigma, absolute-pressure, terrain-sigma, or a hybrid absolute-

pressure-sigma coordinate system (Draxler and Hess, 1998).  HYSPLIT is considered a hybrid in 

that it uses concepts from both the Eulerian (fixed grid) and Lagrangian models (advection and 

diffusion) in its computation (Draxler and Hess, 1998).  HYSPLIT was originally designed to 

assist the Bureau of Meteorology (BoM) in determining the likely direction a hazardous airborne 

contaminant would transport after emission (Draxler and Hess, 1998).  Once the trajectory is 

calculated, particle composition can be hypothesized based on emission sources known to be 

unique to a given region’s geological and topographical characteristics.  

1.14 Aeolian Dust Models 

Aeolian processes may be defined as the ability of wind to shape the surface of the Earth 

through erosion, transport, and deposition.  Alfaro and Gomes (2001) and Shao (2001) use size 

resolved dust flux measurements to describe processes that lead to dust emissions.  In doing so, 

the source soil is used to determine particle characteristics and likely downwind aerosol 

concentrations.  The accuracy of physical based models for dust emissions is dependent on 

correctly representing soil source profiles and their behavior during erosion, transport, and 

dispersion (Uno et al., 2006; Yin et al., 2007; Reid et al., 2008).  Butler et al. (2012) suggest that 

spatial variability is important when studying airborne soil particle size distributions and that 

studies should examine the distance a plume travels to estimate the particle size distribution in a 

dust cloud; larger source areas are more likely to have finer dust concentration profiles 
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downwind of them due to greater transport distances across the source areas.  In contrast, Kok 

(2011a; 2011b) suggested particle size distributions follow a power law and considered the 

development of the distribution to be a scale-invariant process.  Kok (2011b) selected data from 

leading saltation theorists to draw correlations with his brittle fragmentation model and validate 

his theory that particle size distributions are independent of wind velocity.  

1.15 Brittle Fragmentation 

Brittle fragmentation is currently one of the leading hypotheses used to describe particle 

breakdown.  Particle fragmentation is the rendering of a material into multiple pieces by 

applying a strain to the material, such as a chemical or mechanical load (Astrom, 2006).  Using 

this definition, brittle fragmentation is defined as the break-up of a brittle material.  

Fragmentation can be continuous or instantaneous (Astrom, 2006). Continuous 

fragmentation implies the slow mechanical breakdown or decomposition of particles through the 

processes of grinding and crushing (e.g., mining and milling).  Instantaneous fragmentation 

occurs quickly and is associated with violent processes that favor critical crack velocity (e.g., 

earthquake).  Both instantaneous and continuous fragmentation destroys smooth crack surfaces 

through the simultaneous breakup of unstable cracks. This can lead to the propagation of crack 

branches and dust fragments along the crack or fraction paths (Astrom, 2006; Fineberg and 

Marder, 1999).  Astrom and Timonen (1997) suggest the initial propagation of cracks, and their 

subsequent branching, may not be from related events; rather, the fragmentation may be the 

result of random nucleation and/or uncorrelated events/locations.  Astrom and Timonen (1997) 

propose that unstable main cracks create large fragments that form a damage zone in which 

smaller fragments become entrapped, filling the void space.  Sharon and Fineberg (1996) 

hypothesize that smaller fragments are likely to be found closest to main cracks while larger 
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fragments are created from crack branching.  As branches merge with multi-generational cracks, 

2D models show that fragments may continue to breakup, even beyond what was believed to be 

the level of “maximum” fragmentation (Linna et al., 2004; Astrom et al., 2004).  

Among leading theorists, much debate exists as to the role particle bombardment and 

saltation has on fragmentation.  Alfaro and Gomes (2001) argue that increasing saltating impact 

energies produce more disaggregation resulting in smaller particles.  They quantify this effect by 

suggesting the role wind velocity plays on a saltating particle’s energy is essentially squared.  

Kok (2011a, 2011b) argues that saltator impact speed and impact energy are independent of wind 

velocity.   To validate his theory, Kok (2011a, 2011b) calculated the mean aerosol dust diameter 

by number (DN) and volume (DV) from several published size-resolved vertical dust flux 

measurements (Equation 1.2). 



DN  D
dN

dD
Dlow

Dup

 dD /
dN

dD
Dlow

Dup

 dD

DV  D
dV

dD
Dlow

Dup

 dD /
dV

dD
Dlow

Dup

 dD

       1.2 

where, N and V correspond to the number of emitted aerosols at a given diameter (D) and Dlow 

(1.2 microns) and Dup (8.4 microns) represent the overlap of aerosol size ranges from published 

data sets.  According to Kok (2011b) equation 1.2 assumes the sub-bin distribution follows the 

power law for 2.0-10.0 micron diameter dusts (Gillette, 1974). 

To determine if our samples followed the power law and agreed with Kok’s model 

(2011b), we applied the theory of brittle fragmentation to the aerosols sampled in Iraq.   In doing 

so, the soil concentration was determined for each aerosol diameter (d) range sampled by the 

DRUM impactor using the techniques described in Malm et al. (1994) assuming the density (ρ) 

of soil was 2.5 g/cm
3
.  Equation 1.3 demonstrates the calculations used for determining
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dV/dlogD. 



[soil]  2.20[Al]2.49[Si]1.63[Ca]2.42[Fe]1.9[Ti]

dV 
[soil]



       1.3 

Once dV was determined, dV/dlogD could be calculated using the log of the diameter 

range for each size fraction, during its respective 1.5-hour sampling interval, the results were 

imputed and normalized within the brittle fragmentation model.  The data was further 

categorized within the model to separate local, Shamal, and Kous wind events.  This distinction 

was chosen to investigate the impact of long-range transport and wind velocity.  The results of 

these analyses are presented in Chapter 3. 

Scientists question whether ultra-fine soil particles can be generated.  However, experts 

do suggest that fragmentation can result from saltation.  Sow et al. (2009) suggests that changes 

to the aerodynamic roughness length during high velocity winds may result in brittle 

fragmentation for particles less than 5 microns.  Nickling et al. (1999) found significant particle 

size variability in bulk dust concentration profiles between individual events suggesting there is 

considerable variation in particle size emissions between distinct events.  Li et al. (2009) stated 

that over several seasons, wind erosion changes the particle size distribution of parent soils due 

to changes in wind and surface conditions.  Combining brittle fragmentation with other 

hypotheses for fine dust aerosol generation and observations of fine dust in the atmosphere leads 

to the conclusion that fine particles found in desert dust storms may result from the combination 

of several factors.  The results of this combination are examined in Chapter 3. 

1.16 Authorship 

 This dissertation is the result of my thesis investigations.  Several investigators have 

provided me with technical assistance, scientific guidance, and advice including: Catherine F. 
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author.   The second paper, Chapter 3, will have Catherine Cahill, Thomas Gill and Sean Egan as 

co-authors.  The final paper, Chapter 4, will have Sean Egan and Catherine Cahill as co-authors.  

Catherine Cahill provided scientific guidance for the papers.  Thomas Gill provided assistance 

with the interpretation of the soil modeling results.  Sean Egan assisted with MatLab 

programming and experimental implementation. 
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1.17 Figures 

Figure 1-1.  A general vicinity map of Iraq.  The green and red place markers depict the Taurus 

and Zagros Mountains ranges of Turkey and Iran, respectively.  Baghdad is represented with a 

blue thumbtack and Camp Victory is located in Baghdad.  Image created from Google Maps: 

www.google.com 
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Figure 1-2.  Camp Victory with respect to Baghdad.  Camp Victory is indicated with a green 

thumbtack and Baghdad is represented with a place marker.  Image created from Google Maps: 

http://www.google.com. 

http://www.google.com/
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Figure 1-3.  A schematic of the DRUM impactor and its size ranges. 
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1.18 Tables 

Table 1-1.  National Ambient Air Quality Standards
1
.

Pollutant Primary/ 

Secondary 

Averaging 

time 

Level Form 

Particle 

Pollution 

PM2.5 

Primary Annual 12 μg/m
3

Annual Mean, Average over 3 

yrs 

Secondary Annual 15 μg/m
3

Annual Mean, Average over 3 

yrs 

Primary & 

Secondary 

24-hr 35 μg/m
3

98
th

 percentile, Average over 3

yrs 

PM10 

Primary & 

Secondary 

24-hr 150 μg/m
3
 Not to be exceeded more than

once per year on average over 3 

yrs 

1
 Table 1-1 and its references are reprinted from the U.S. Environmental Protection Agency. www.epa.gov/air 

/criteria.html (accessed December 11, 2009).  

http://www.epa.gov/air%20/criteria.html
http://www.epa.gov/air%20/criteria.html
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Table 1-2.  Threshold Limit Values.  These values are adjusted to meet the Military Exposure 

Guidelines for Active Duty Soliders.
2

Criteria Pollutant TLV-Adj/TWA Adj. Long Term MEGs 

Lead (Pb) 0.001 mg/m
3

0.0015 mg/m
3

PM10 0.24 mg/m
3

0.07 mg/m
3

PM2.5 0.07 mg/m
3

0.04 mg/m
3

2
 Table 1-2 was accessed and reformatted from the USACHPPM RD 230. 



. 
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Chapter 2 An Analysis of Source and Source Regions and Chemical Composition of Iraqi 

Aerosols
2

2.1 Abstract 

Studies have shown that soldiers deployed in the Middle East are breathing ambient air 

containing concentrations of fine particulate matter known to cause adverse effects to human 

health.  A study initiated in 2008 was designed to determine the concentrations and compositions 

of fine particulate matter and quantify the fine particulate matter exposures for soldiers currently 

deployed in Baghdad, Iraq.  This study used a DRUM aerosol impactor to continuously collect 

size (eight stages between 0.09 and 10 microns in aerodynamic diameter) and time (hour and a 

half resolution) resolved aerosol samples for mass concentration and elemental composition 

analyses.  Results of this study show that there is fine particulate matter associated with both 

geogenic and anthropogenic source emissions.  The presence of Pb with S, Cl, and Br can be 

correlated to the use of leaded fuels within Baghdad.  Trace metal concentrations combined with 

V can be correlated to fuels and/or local mining and smelting operations.  Aerosol collected on 

the finest size fractions of the DRUM aerosol impactor (0.09-0.34 microns) correlate well with 

coarse particles and elemental soil ratios implying a geogenic source.  Lead concentrations 

observed during this study (2.0 ug m
-3

) exceed the U.S. national ambient air quality standard for

lead (0.15 ug m
-3

) designed to protect human health.

2.2 Introduction 

Recent studies have reported high concentrations of aerosols throughout the Middle East, 

including Iraq, particularly during dust storms (Al-Hurban and Al-Ostad, 2010; Engelbrecht et 

2
 Bell, J.M.; Cahill, C.F.  An analysis of source and source regions and chemical composition of Iraqi aerosols. 

University of Alaska Fairbanks, Fairbanks, Alaska.  In preparation for submission to the American Chemical 

Society, 2014.  
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al., 2009; Al-Dabbas et al., 2012; Misconi and Navi, 2010; Awadh, 2012; Shahsavani, et al., 

2012).  High aerosol concentrations are problematic because they effectively scatter light and 

reduce visibility (Saeed and Hassam, 2010; Awadh, 2012), affect the radiative budget of the 

earth (Liao, et al., 1999), damage military vehicles (Engelbrecht et al., 2009), and adversely 

affect human health (Pope et al., 1995. Seaton et al., 1995; McClellan, 2000; Bell and Davis, 

2001; MacNee and Donaldson, 2003; Derbyshire, 2007; Szema et al, 2010; King et al., 2011; 

WHO, 2012a; Morman and Plumlee, 2013).  Reported aerosol concentrations throughout the 

Middle East commonly exceed current standards such as the National Ambient Air Quality 

Standards (NAAQS) and Military Exposure Guidelines (MEGs). The NAAQS (U.S. 

Environmetnal Protection Agency accessed at www.epa.gov/air/criteria/html) and MEGs 

(USACHPPM RD 230, 2013) for particulate matter with aerodynamic diameter of less than 2.5 

microns (PM2.5) are 35 µg m
-3

 and 65 µg m
-3

 per 24-hour average, respectively.  These standards

were designed to protect human health because short term exposure to high concentration of 

airborne particulates have been correlated to increased mortality in infants and young children, 

inflammation of lung tissue, increased incidences of heart attacks, increased emergency room 

visits in people with pre-existing lung illnesses, and death from respiratory related diseases 

(Dominici et al., 2002; Pope and Dockery, 2005; Ghio et al., 2000; Van Der Eeden et al., 2002).  

Long-term exposures to high concentrations of airborne particulates have been correlated with 

increased incidences of hospital admissions to individuals with suppressed immune systems, 

cardiovascular and respiratory diseases, and premature death (Pope et al., 1995; Seaton et al., 

1995; Bell and Davis, 2001; MacNee and Donaldson, 2003). 

In desert environments, specifically Iraq (Al-Dabbas et al., 2012) and the Middle East, 

hospitals are inundated with respiratory patients during regional dust storm events (Prospero, 
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1999; Al-Frayh et al., 2001; Thalib and Al-Taiar, 2012).  Sanders et al. (2005) found that 

respiratory illness was the second largest cause of hospital admissions for deployed personnel.  

Incidences of asthma (Szema et al., 2010), desert lung syndrome (Derbyshire, 2007; Morman 

and Plumlee, 2013) and desert pneumonia (Hammond et al., 1989; Middleton, 2001; Griffin, 

2007; Al-Dabbas et al., 2012) are frequently reported as respiratory related illnesses among 

deployed U.S. military personnel in the Middle East. 

Engelbrecht et al. (2009) sampled total suspended particulate matter (TSP), particulate 

matter less than ten micrometers in aerodynamic diameter (PM10), and PM2.5 for 24 hours once 

every six days across the Middle East, including in Baghdad, Iraq.  The authors observed high 

concentrations of soil particles during dust storms.  To fully characterize each sampling area, and 

to understand soil particles being sampled, bulk soil was collected from the 15 sampling sites, 

throughout Iraq and the Middle East, and compared to dust particulate matter.  Results from their 

study suggested there are elemental ratio differences between soil found within the Arabian 

Desert and other desert regions (Engelbrecht et al., 2009; Awadh, 2012).  Specifically, 

Engelbrecht et al. (2009) noted higher concentrations of calcium (Ca) and magnesium (Mg) and 

reported lower concentrations of silicon (Si) at all sites within the study area.  This finding is 

significant in that it establishes a tracer for potentially differentiating Arabian Desert aerosols 

from dusts from other sources, and from the global background dust aerosols.  

Engelbrecht et al. (2009) also noted elevated levels of trace metals during non-dust storm 

periods.  Field reports suggest that elevated trace metals may correlate to monitoring site 

locations and their proximity to open burn pits where garbage, medical waste, batteries, and 

other hazardous and non-hazardous materials are discarded into excavated pits and combusted.  

Engelbrecht et al. (2009) and others (Schmaltz, 2008; Al-Khafaji, 2009; Al-Dabbas et al., 2012) 
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noted that the sources of non-dust trace metals were predominately anthropogenic and attributed 

these emissions to the continued use of leaded fuel in motor vehicles, engine combustion 

processes associated with oil, gasoline and natural gas, and regional smelting operations.  Iraq 

has significant oil resources with many active refineries.  Al-Baiji Oil Refinery, the largest 

refinery in Iraq, is located in the town of Baiji, 130 miles north of Baghdad (Al-Jebouri and 

Younis, 2012).  This refinery is linked to significant pollution events and is likely a continued 

source of anthropogenic trace metal emissions.  Al-Jebouri and Younis (2012) discusses the use 

of vanadium (V) as a tracer for anthropogenic source emissions from oil refinery operations.  In 

addition to ambient particulate matter sampling, atmospheric models have noted increases in 

sulfur dioxide and nitrous oxide concentrations (Radi et al., 2007).  These studies have correlated 

well with increased emission of combustion gases and the steady rise in local industries (Radi et 

al., 2007).  Iraq, and its surrounding countries have a long mining history of carbonate hosted ore 

deposits such as:  lead (Pb), zinc (Zn), and copper (Cu).  The mining of these deposits has 

continued into the present  (Ayhan and Ersayar 1985; Koptagel et al., 2006) and may be an 

additional anthropogenic source of ultra-fine mineral dust, mineral ash, and trace metal 

emissions.  Aerosols from these mining and mineral processing industries likely have unique 

metal to non-metal chemical composition that can be used, in addition to air mass back trajectory 

modeling, to attribute aerosols in potential source regions. 

The Enhancement Particulate Matter Surveillance Program (Engelbrecht et al., 2009) was 

a preliminary study designed to address immediate concerns regarding soldier health and 

abrasion to moving parts in machinery and vehicles due to high particle concentrations trapped 

within lubricants.  However, this study had significant drawbacks in that it did not provide 

sufficient data to meet the time resolution necessary for epidemiological determinations.  
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Immediate issues presented with Engelbrecht et al. (2009) were the use of low volume one day in 

six samplers.  Dust storms moving through Iraq deposit vast amounts of organic and inorganic 

aerosols into the region; a low volume sampler would readily overload or shut off before the 

sampler became overloaded.  

Their study was further limited through the use of three different substrates for sample 

collection: Teflon™ membrane (T), Quartz fiber (Q), and Nuclepore filters (N).  The use of 

different filters on varying sampling days limited the elements being sampled on a given sample 

day, the quantity of the sample collected, and their reproducibility.  The brittleness of the Q filter 

media proved unreliable during gravimetric analysis.  Many of these samples were ignored 

because the edges of the filters were brittle and would frequently break off resulting in sample 

loss.  The choice of sample media also limited the length of collection.  The T and Q samples 

were set for 24-hr run times while the N sample would only collect for 2-hrs (counted as 24-hr 

sampling period) to ensure it did not become overloaded.  Collecting samples for only 2 of 24 

hours on every sixth day would miss diurnal effects and not fully represent local drainage, 

thereby missing key wind patterns important for identifying source and source regions.  

Additionally, it allowed for the possibility of missing significant pollution events altogether, as 

well as individual dust storms, which last for a day or portions thereof.  Further, sampling every 

sixth day and rotating through three different sampling media meant that different numbers of 

each type of filters were taken each month.  

Al-Dabbas et al. (2012) used large plastic bins to collect deposited dust samples from the 

top of buildings in several cities (Baghdad, Ramadi, Kut, Basra, Naraf, Karbala, Hilla, and 

Tikrit) throughout Iraq.  In doing so, they were able to collect a larger mass of aerosols 

(approximately 0.5 kg) without overloading collection bins; however, collection was limited by 
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the size of the aerosol and its ability to settle quickly.  The main objective of their study was to 

characterize regional dust storms and identify source regions likely to impact Iraq and the Middle 

East.  A benefit to the large collection of aerosols was that it provided an understanding of the 

overall types of trace metals and clays inherent to the region.  However, that study was unable to 

make mass concentration, size, and time determinations on the aerosols sampled.  Thus, they 

were unable to distinguish between the samples and how they were related to wind events.  Nor 

were they able to draw correlations between sources and source regions. 

Shahsavani et al. (2012) utilized a Grimm model 1.177 Aerosol Spectrometer optical 

particle counter to collect one day in six samples and samples on dusty days between April and 

September 2010 in Ahvaz, Iran.  On each of the dusty days measurements were taken every 30 

minutes over a twenty-four hour period.  During this period they sampled a total of 82 days (72 

of these days were classified as dusty).  Results from Shahsavani et al. (2012) confirmed the 

findings of Draxler et al. (2001) that showed high concentrations of PM10 aerosols (>3,000 

μg/m
3
) entering Ahvaz from Iraq, Saudi Arabia, and Kuwait.  Much of the aerosol was attributed

to Iraq because the Iraqi soil is easily lofted due to unstable desert surfaces from war efforts, 

significant desert plateaus, drought, deforestation, improper land use, etc (UNEP, 2003).  

Shahsavani et al. (2012) used a scanning electron microscope (SEM) to analyze samples that 

were collected on fiberglass filters from a high volume sampler to verify the findings of 

Engelbrecht et al. (2009) that showed higher Ca and lower Si in Iraqi soils than were present 

other desert regions.  Similar to Engelbrecht et al. (2009), Shahsavani et al. (2012) was limited 

by the duration of collection (every 30 minutes during dusty days and 24-hours/6 days) and the 

low number of samples collected.  
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The study presented here addresses the limitations of the previous studies cited above.  

Specifically, to overcome inherent problems associated with one day in six samplers we used an 

8-stage DRUM aerosol impactor to obtain size and time resolved samples of aerosol mass and 

elemental composition.  We report on continuous 3-week sampling campaigns designed to better 

understand the temporal variation of Iraqi aerosols and to provide sufficient data for 

epidemiological studies. 

2.3 Experimental Methods 

2.3.1 Sampling Site 

The monitoring site was located at Camp Victory in Baghdad, Iraq.  Samplers were 

placed outside of both the soldiers’ office and living quarters.  Baghdad is located within the 

Tigris and Euphrates drainage at the foot of the Taurus and Zagros Mountain Ranges (Figure 2-

1).  Camp Victory (Figure 2-2) is located 5-km from Baghdad International Airport and 16-km 

west of Downtown Baghdad.  

Iraq is classified as a having a subtropical, semi-arid climate and is known for its hot, dry 

summers with daytime temperatures exceeding 100 °F and nighttime temperatures remaining 

around 80 °F (Ali, 1994).  Evening temperature inversions occur as cool air masses are trapped 

below warmer air (Mohammed, 2013).  The temperature inversions are broken by winds 

exceeding 7.7 m/s and by heat from the morning sun.  Humidity inversions occur during daytime 

hours as the sun rises and the temperature inversion disappears (Ali, 1994). 

Winters are typically short (December and January) and mild, with 5 to 10 inches of 

precipitation and temperatures generally above freezing (Ali, 1994; Qatar, 1990; MEPA, 1989).  

Winter rainstorms are the result of frontal systems caused by the migration of cyclones over the 

Arabian Peninsula from the Mediterranean Sea (Ali, 1994).  Intensified thermal highs result in 
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low visibility and foggy conditions over the Tigris and Euphrates rivers that typically burn off by 

mid-afternoon.  

During the summer months visibility is worsened by the lack of precipitation and the 

lofting of fine silt from the Tigris and Euphrates riverbeds and evaporated lakes (Al-Farrajii and 

Harvey, 2000; NOAA accessed at www.ncdc.noaa.gov/oa/climate/afghan/iraq-narrative.html).  

The dry summer climate combined with steep pressure gradients produce strong northwesterly 

winds that loft large quantities of dust during sandstorms (Thoppil and Hogan, 2010; Ali, 1994).  

Strong Shamal winds carry large plumes of dust from the Taurus and Zagros mountains into the 

recessed plains of Iraq (Figure 2-3).  The dust cloud is a result of low-pressure systems creating 

winds with sufficient energy for particles to break free of the topsoil and entrain into the passing 

storm (Thoppil and Hogan, 2010; Foda et al., 1985).  The energy from the strong winds are most 

prevalent during daytime hours due to surface winds becoming less hindered by friction as the 

lower layers of the atmosphere are heated and mixed (Membery, 1983). Shamal winds can last 1-

5 days and reach surface velocities of 15-20 m/s (Thoppil and Hogan, 2010).  Increases in wind 

velocities are generally a result of differences in surface pressures over Saudi Arabia, the Gulf of 

Oman, and/or Pakistan (Ali, 1994).  The vertical motion of the local air pressure systems 

determines the speed, direction, and thickness of the dust cloud (Ali, 1994).  The lack of 

vegetation and availability of uninterrupted surfaces optimize the strong northwesterly Shamal 

winds and southeasterly Kous winds.  Dust storms in this region are significant in that they: 1) 

result in a tremendous amount of aerosols that reduces visibility (Figure 2-3) (Jassim and Buday, 

2006; Thoppil and Hogan, 2010); and 2) increased erosion along Shamal wind paths (Jassim and 

Buday, 2006). 
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2.3.2 Aerosol Sampling and Analysis 

Size and time-resolved measurements of aerosol size and composition were continuously 

collected at the site every three weeks starting on February 14, 2008, using an 8-stage DRUM 

aerosol impactor (Figure 2-4) (Raabe et al., 1988; Cahill and Wakabayashi, 1993).  The DRUM 

impactor is advantageous as it collects samples in smaller size fractions than traditional PM2.5 

filter methods.  In doing so, the differences in particle size, composition, and potential health 

effects can be determined.  The aerosol samples were collected on eight Apiezon L
TM 

coated

Mylar
TM

 strips each corresponding to a specific size fraction collected by the sampler.  The eight

size fractions were 5.0-10.0, 2.5-5.0, 1.15-2.5, 0.75-1.15, 0.56-0.75, 0.34-0.56, 0.26-0.34, and 

0.09-0.26 μm in aerodynamic diameter.  

The strips rotate underneath a nozzle that deposits aerosols of the correct aerodynamic 

diameter onto the sample strip.  The DRUM was programmed to concentrate an initial aerosol 

peak to mark the start of sampling by collecting aerosols for six hours before beginning its 

normal 8-mm per day rotation.  A blank of 6-mm is collected in the middle of the sample run by 

advancing the sample strip.  This blank is represented as a gap in the data set.  The gap allows for 

a more efficient match of peaks of corresponding fractions. At the conclusion of the three-week 

sampling event the sampler concentrates the sample again.  

The aerosols were analyzed with 1.5-hour resolution for mass concentration using 

elemental composition (27 selected elements between Mg and Pb: see Table 2-1) using 

synchrotron x-ray fluorescence (Cahill et al., 2010; Cahill et al., 1985) at the Lawrence Berkeley 

National Laboratory Advanced Light Source.  Synchrotron x-ray fluorescence is a non-

destructive technique, so the samples can be archived and reanalyzed later. 
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2.4 Meteorological Modeling 

The National Oceanic and Atmospheric Administration Air Resources Laboratory’s 

Hybrid Single Particle Lagrangian Integrated Trajectory Model, HYSPLIT (Draxler and Rolph, 

2013; Rolph, 2013), was used to compute archived backward meteorological trajectories from 

the global data assimilation system (GDAS, 2006-present).  Parameters used for all the trajectory 

calculations were starting elevations of 500, 1000, and 1500 meters above ground level with 

trajectory lengths between 24 and 76 hours.  Trajectory heights were chosen based on the 

likelihood of the particle to touch ground in route to the site.  The length of time each trajectory 

was run was based on the duration of a given wind event.  As previously mentioned Shamal 

winds can last for 24 hours up to 5 days.  Backward trajectories show where the aerosols, 

collected at the site at a specific time, may have originated and the path they took as they were 

transported to the site. 

2.5 Results and Discussion 

Figure 2-5 depicts four of the eight size fractions for the element calcium (Ca) and shows 

how Ca concentrations vary with size, due to changes in the dust profile over time.  Larger 

particles would settle out more quickly resulting in the enrichment of the plume in smaller 

particles as the plume transports over longer distances.  Once these particles are deposited to the 

surface, they can be resuspended and redistributed over Iraq with each subsequent dust storm.  

High Ca concentrations are expected as Iraq has significant calcite (CaCO3) and gypsum 

(CaSO4) mineral resources (Al-Dawachi, 2005; Al-Bassam and Huk, 2006; Awadh, 2012; Koh 

and Wakeley, 2011; Al-Dabbas et al., 2012) and dust storms are likely to loft anhydrous gypsum 

and calcite while passing over dry riverbeds, coastal sabkhas, and salt flats.  Although the second 

size fraction (2.5-5.0 microns) appears to be the most concentrated, results from stage one, the 
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largest size fraction (5.0-10.0 microns), cannot be analyzed with any level of confidence.  This is 

due to the significant mass loading that occurs during dust storms and the tendency of particulate 

matter to flake off when removing the aerosol laden Mylar
TM

 strips from the sampling drum.  

However, the smaller fractions contain less aerosol mass so flaking does not occur on the lower 

stages.  As a result, this study focused on aerosol particles smaller than 2.5 microns in 

aerodynamic diameter because these particles stick to the Mylar
TM

 strips, are a health concern as 

this size fraction is capable of becoming embedded in the deepest part of the lungs (Weese and 

Abraham, 2009), and are associated with increased incidences of respiratory illnesses (Pope et 

al., 1995; Seaton et al., 1995; Schwartz et al., 1995).   

 The time series of aluminum (Al), calcium (Ca), silicon (Si), magnesium (Mg), iron (Fe), 

and titanium (Ti) shown in Figure 2-6 represents concentrations of elements in aerosols collected 

on stage six (0.34-0.56 μm) during a three week field campaign beginning February 13, 2009.  

This period was chosen because it provided a background of both dusty and non-dusty days for 

the soldiers working quarters, and was representative of other sampling periods.   

Aerosols on stage six correlate well to one another in that peaks overlie in a “fingerprint” 

pattern.  The fingerprint is indicative of key soil components (Al, Ca, Si, Mg, Fe and Ti) found 

within the earth’s crust and desert soils (Faure, 1998).  The crustal element abundances (27% Si, 

16.3% Ca, 9.6% Al, 5.6% Mg, 8.4% Fe, and 0.2% Ti) in Figure 2-6 agree well with average 

abundances (28.2% Si, 4.5% Ca, 8.2% Al, 2.3% Mg, 5.6% Fe, and 0.56% Ti).  Many previous 

investigations (Duce and Tindale, 1991; Uematsu et al., 1983; Taylor and McLennan, 1985; 

Measures and Brown, 1996) state that aluminum’s crustal abundance is approximately 8% and is 

a useful indicator of mineral dust present in the air.   Given aluminum has proven successful as a 

mineral dust indicator in the past and its crustal element ratios correlate well to the known crustal 
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element abundances, the fingerprint defined above is expected to be representative of desert 

soils.  

Iraq has significant mineral resources and dust source areas enriched in Ca, Si, Mg, Al, 

Fe, and Ti (Al-Bassam and Huk, 2006).  Changing elemental ratios may be attributed to aerosols 

lofting from desert soils and basins, mineral enriched deposits, unstable limestone and gypsum 

shelves, and enriched clay layers (Al-Bassam and Huk, 2006).  However, the concentrations of 

individual elements will vary depending on the extent of erosion of particulaer soil surfaces, 

crusts, dry lakes, desiccated marshes, enriched deposits, mineral shelves or clay layers. 

Scanning electron microscope (SEM) analysis was used in a previous study (Engelbrecht 

et al., 2009) to determine if ultra-fine particles (<0.5 microns) were present on one <2.5 micron 

filter from each site.  According to this study, samples collected from Taji, Iraq and Kuwait 

differed from coarse fractions as they contained less of a geological signature (Si, Al, Mn, Fe, 

Ca, Mg), were more spherical than irregular, and contained products of combustion processes 

(carbon, sulfur, sodium, and chlorine).  The present study’s results differs from Engelbrecht et al. 

(2009) in that samples collected from Baghdad, Iraq routinely show geological signatures within 

the ultra-fine aerosols.  

The results of Figure 2-6 (0.34-0.56 microns in aerodynamic diameter) are consistent 

with the time series in Figures 2-7 (1.15 - 2.5 microns) and 2-8 (0.26-0.34 microns), with the 

exception that Ca (Figure 2-7) tends to vary more in both size and time.  Specifically, the ratio 

between Ca and Si seems to increase from 1:1 to 2:1 with particle size.  The differences observed 

in Ca/Si ratios are likely due to various deposits of calcite, calcium-bearing clay minerals, and 

gypsum in desert soil surfaces, desiccated marshes, and coastal sabkhas.  These findings are 

noteworthy as they suggest fragmentation of crustal surfaces into aerosol sizes smaller than 
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expected for brittle fragmentation of primary soil particles, differ from the findings of 

Engelbrecht et al. (2009), show the soil aerosol profile alters with transport, and demonstrate that 

source regions vary in clay, silt, evaporites, and crustal component concentrations.  Further, this 

data set is unique in that most aerosol samplers cannot distinguish particles less than 2.5 microns 

and particles within this range are not generally attributed to soil (Whitby and Cantrell, 1976; 

Seinfeld and Pandis, 1998). 

The wind rose in Figure 2-9 depicts wind patterns and velocities during the sampling 

period.    It is noteworthy that Mg is more heavily influenced by Kous winds (Figure 2-10) than 

Shamal winds (Figure 2-11).  As can be seen from the wind rose and the frequencies of wind 

speed (Figure 2-12), the sampling campaign in February 2009 had winds exceeding 5 m/s along 

both the Shamal (9%) and Kous (11%) drainage paths. 

The regression lines for Ca, Fe, and Al were plotted with respect to Si for stage 0.34-0.56 

microns (Figure 2-13) to demonstrate that other common crustal elements correlate with Si and 

are likely a product of soil components.  Calcium does not correlate to as well as Al and Fe, 

which may be due to the different calcium-bearing minerals originating from both the lithosphere 

and hydrosphere.  It should be noted that Ca tends to correlate better with Si when Si values are 

lower.  In Iraq, mineral resources associated with Ca are calcite (CaCO3), gypsum (CaSO4; Al-

Bassam and Huk, 2006), clay minerals such as montmorillonite 

((Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) (Al-Rawi et al., 1969) and the ions of calcium 

chloride (CaCl2) and calcium bromide (CaBr2) from sea salts (Bardoukia et al., 2003).  Sea 

breezes from the Mediterranean are likely a source of seawater-derived emissions of Ca 

(Bardoukia et al., 2003).  Sea salts are carried into Iraq predominately from the Mediterranean 

Sea with some influence from the Red Sea.  Significant variations also are seen between Si and 
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Mg.  This also may be due to Mg in sea salts, anthropogenic emissions from industrial processes 

(fertilizers), variable proportions of Mg-bearing minerals in Iraqi soil, and varying transport 

patterns.  Figure 2-14 is a HYSPLIT backward trajectory showing a parcel of air crossing the 

Mediterranean prior to being carried into Baghdad. 

Deviations from the regression line between a given element and silicon may be 

attributed to different wind directions bringing in other types of soil or anthropogenic source 

emissions (Figures 2-14 through 2-16).  As previously stated, Engelbrecht et al. (2009) and 

others (Schmaltz, 2008; Al-Khafaji, 2009; Al-Dabbas et al., 2012) noted anthropogenic sources 

of non-dust trace metals and correlated sources to the continued use of leaded fuel in motor 

vehicles, combustion processes associated with oil, gasoline, and natural gas, and regional 

battery smelting operations.  Specifically, Engelbrecht et al. (2009) states that the occurrence of 

Pb, Zn and other trace metals (As and Cd) correlate well to battery smelting operations.  The 

February 19
th

 peak (Figures 2-17 and 2-18) and the HYSPLIT trajectory (Figure 2-19) agree with

Engelbrecht et al. (2009) in that concentrations of Cu, As, and Ni increase during local winds 

and are likely attributable to smelting operations.  The presence of V (Figure 2-20) with Ni and 

Zn on February 18
th

 combined with the corresponding transport pattern also validates Al-Jebouri

and Younis (2012) claims that V is a useful tracer for anthropogenic source emissions from 

refineries, local smelting operations, and fossil fuel combustion processes.  

The CIA World Factbook estimates the 2013 population for Iraq as approximately 31.8 

million with 7.2 million of those people living in Baghdad.  A population of this magnitude, 

combined with Baghdad being the capital of Iraq and the hub of air, rail, and road transportation 

(Mustafa and Mohammed, 2012), requires significant amounts of fossil fuel resources for daily 

household, business, and transportation needs.  The wind rose for the March 2010 sampling 



45 

campaign (Figure 2-15) shows a higher occurrence of winds between 2.1-3.6 m/s (40.8%) and 

3.6-5.7 m/s (37.4%).  Figure 2-16 depicts the percentage of time that winds are in each range.  

The trace metals shown in Figures 2-17 and 2-18 are consistent with the HYSPLIT results in 

Figure 2-19 that show local winds and sources impacting the site.  The presence of V with Ni 

and Zn in Figure 2-20 provide further evidence that the wind drainage during this time is 

predominately local.  

The data shown in Figures 2-17, 2-18, and 2-20 are consistent with local wind events 

(Figure 2-19) and minimal influence from surrounding areas.  The peak that occurred on March 

18, 2010, was centered in the vicinity of Baghdad; therefore, the high Pb concentrations are 

likely a result of the trapping and accumulation of local combustion activities (tail pipe 

emissions, industrial combustion activities [Engelbrecht et al., 2009]), and Pb-Zn smelting 

activities (Carroll and Essik, 2008) within Baghdad’s recessed basin under minimal wind 

conditions.  Correlating Pb to S, Zn, and Br provides a fingerprint of anthropogenic emissions 

from leaded gasoline (Sturges and Harrison, 1986; Dowdell et al., 1994; Gribble, 2000).  

Bromine is associated with the tetraethyl lead, tetramethyl lead, and 1,2-dibromomethane 

(Lammel et al., 2002) compounds added to gasoline to reduce engine knocking.  A study 

conducted by Lammel et al. (2002) suggests the ratio of Br/Pb in vehicular emissions is 0.4-0.5 

in urban and rural sites.  Zn may also be used as an anthropogenic source emission for motor 

vehicles since Zn comes from the normal wear of tires and brakes (Adachi and Tainosho, 2004). 

A time series of Pb (Figure 2-21) was plotted to determine when Pb was at its maximum 

concentrations during this sampling campaign.  The Pb time series shows peak concentrations on 

March 12
th

 and the morning of the 18
th

.  Figure 2-22 shows a time series of S with the most

concentrated peaks occurring on stages 6 (0.34-0.56 μm) and 7 (0.26-0.34 μm), also on March 
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12
th

 and 18
th

.  A HYSPLIT analysis indicates that on both of these days winds entered Iraq from

Jordan and Saudi Arabia.  A smaller S peak on March 15
th

 is influenced by the Red Sea, the Gulf

of Aden, and Saudi Arabia as evidenced by HYSPLIT backward trajectories.  

The time series of Cl (Figure 2-23) shows Cl is well represented in all size fractions, 

especially in the 2.5-5.0 micron size fraction.  It is likely that this Cl signature is associated with 

sea salts from the Mediterranean Sea, salt flats, and coastal sabkhas.  This conclusion agrees with 

HYSPLIT backward trajectories occurring between March 10
th

 and 11
th

.  Chlorine on stage 8

(0.09-0.56 microns) peaks on the 12
th

 and 18
th

 and aligns well with the Pb and S peaks noted

above.  

The time series of S and Cl were plotted with Pb (Figures 2-24 through 2-27), as these 

elements are commonly associated with leaded fuel (Novakov et al., 1972; Miller et al., 1972), 

coal smelting, mining ash, sea salts, and gypsum (Engelbrecht et al., 2009; Engelbrecht et al., 

2013).  The overlapping peaks of Pb with S (Figures 2-24 and 2-25) and Pb with Cl (Figures 2-

26 and 2-27) are consistent with the elemental signature of the 1970s smog events within the Los 

Angeles (LA) basin (Novakov et al., 1972; Miller et al., 1972).  Similar to LA, photochemical 

pollution episodes are worsened by Iraq’s hot, sunny climate and its topographical low bounded 

by mountain ranges (Mustafa and Mohammed, 2012).  The lack of local drainage results in the 

trapping and accumulation of diurnal lead-laden traffic pollution and the re-suspension of road 

dust, which also may be lead-contaminated.  Mustafa and Mohammed, (2012) and others 

(Kanbour et al., 1987; Al-Quzweny, 1999) noted that spring (March, April and May) and fall 

(September, October, and November) were the most favorable months for the accumulation of 

air pollution, due to the lack of wind drainage in Baghdad.  The accumulation of Pb (Figure 2-

21) and the lack of sufficient drainage (Figure 2-19) during our March field campaign and
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trajectory analysis are consistent with the findings of previous studies (Engelbrecht, et al., 2009; 

Schmaltz, 2008; Al-Khafaji, 2009; Al-Dabbas, et al., 2012).  Figure 2-28 shows a three-week 

time series of Pb, Cl, Br, and S (0.75 to 1.15 microns) collected during the March 6, 2010 

sampling campaign.  Although S and Pb and S and Cl overly one another, there is no significant 

0.4 to 0.5 ratio between Pb and Br.   However, Harrison and Sturges (1983) noted that the 0.4 to 

0.5 narrowed to 0.11 to 0.59 in urban areas when atmospheric Pb and Br dominated traffic 

emissions.  Figures 2-28 and 2-29 suggests that 94% of the Pb associated with this field 

campaign is associated with sources other than gasoline.   

The high concentrations of Pb observed in some of the samples (Stages 1-8)  (Figures 2-

21 and 2-24 to 2-28) are of concern as they exceed the NAAQS (150 ng m
-3

) health-based

standard for Pb.  Health-based standards were established for Pb due to its suspected 

carcinogenicity, increased incidences of mental retardation (Fulton et al., 1987; Campbell et al., 

2000; Needleman, 2004; Papanikolaou et al., 2005) and aggression in children (McDonald and 

Potter, 1996), ability to accumulate in the skeletal system (Phillip and Gerson, 1994; Rabinowitz, 

1991), and correlations to hypertension (Nawrot et al., 2002; Fanning, 1988; Schwartz, 1995; 

ATSDR, 2005; Staessen et al., 1994) and cardiovascular disease in adults (Schober et al., 2006; 

Böckelmann et al., 2002; Cheng et al., 1988; Kirkby and Gyntelberg, 1985; Kosmider and 

Petelenz, 1962).  According to Hursh et al. (1969) approximately 95% of inhaled inorganic lead 

aerosols are absorbed from the bronchiolar and alveolar regions of the respiratory tract and 30-

40% of this amount absorbs into the bloodstream (Phillip and Gerson, 1994). 

The wind sector graph (Figure 2-30) and the wind rose (Figure 2-31) show the three-

week May to June sampling campaign was strongly influenced by winds originating from Syria, 

Turkey, and the Mediterranean Sea.  Figure 2-32 is an analysis of the predominant elements 
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associated with the 0.34 to 0.56 micron range (stage 6) beginning on May 29, 2010.  The text 

boxes above each peak (Figure 2-32) assist in illustrating the individual wind events (Figure 2-

33) and showing the origin of the air reaching the site during those events as determined by the

HYSPLIT backward trajectories.  The high S concentrations are likely associated with 

anthropogenic emissions from combustion activities (Figure 2-34) and the use of leaded fuels in 

Iraq and its surrounding countries.  In addition to leaded fuel, the presence of chlorine may also 

be correlated to salt mining operations and the lofting of fine sediment from dried lakebeds as 

well as salty desert soils and coastal sabkhas.  In absence of fuel emissions, S can also be 

associated with gypsum, natural S cycle from bacterial fixation, sea salt, coal smelting, and local 

industry.  

2.6 Conclusions 

This paper describes the results from a sampling campaign in Baghdad, Iraq, designed to 

collect continuous high temporal resolution, aerosol size and composition data for use in 

epidemiological studies.  This study showed that Pb concentrations routinely exceeded U.S. 

NAAQS, which are health based standards designed to safeguard human health.  The lead-laden 

aerosols are likely a result of anthropogenic source emissions from the continued use of leaded 

gasoline in Iraq, combustion activities, local smelting operations, and the lofting and transport of 

Pb enriched soil/deposits.  Sulfur, when combined with lead, is a good source indicator of the use 

of leaded fuels and smelting industries, as well as geogenic emissions of gypsum-laden dust.  Cl 

combined with Br and S indicates coastal and salt flat emissions and anthropogenic source 

emissions of leaded fuel and smelting activities.  The presence and accumulation of V, in the 

absence of wind drainage, is a good indicator of local fossil fuel refining, fuel combustion, and 

smelting/mining activities.  Soil element abundances were consistent across all aerosol size 
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fractions.  Additionally, good correlations between the crustal elements / Si ratios and the soil 

aerosol abundance ratios indicate that there are geogenic crustal particles in the finest size 

fractions. 

The presence of high concentrations of lead and other elements observed during this 

study suggest that there may be adverse health effects associated with the particulate matter 

breathed by soldiers deployed to Iraq.  Epidemiological studies of the effects of the observed 

particulate matter concentrations and compositions will determine what, if any, adverse health 

effects might be expected due to long-term exposure to the aerosols in the Iraqi atmosphere. 
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2.8 Figures 

Figure 2-1.  A general vicinity map of Iraq.  The green and red place markers depict the Taurus 

and Zagros Mountains ranges of Turkey and Iran, respectively.  Baghdad is represented with a 

blue thumbtack and Camp Victory is located in Baghdad.  Image created from Google Maps: 

www.google.com. 
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Figure 2-2.  Camp Victory with respect to Baghdad.  Camp Victory is indicated with a green 

thumbtack and Baghdad is represented with a place marker.  Image created from Google Maps: 

http://www.google.com. 

http://www.google.com/
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Figure 2-3.  Shamal dust storm passing through Iraq.  This Envisat/ASAR image is of a dust 

storm over Iraq occurring from September 12-15, 2008.  The star marker indicates the 

approximate location of Baghdad with respect to the Storm. The image was taken by 

Envisat/ASAR passes on the 12th and 15th of September.   ASAR images are generated from 

Level-0 (raw) and Level-1b products Envisat source Level-0 and Level-1b products are provided 

by ESA.  Envisat/ASAR image courtesy of Earth Snapshot. 
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Figure 2-4.  Photograph of a Davis rotating drum unit for monitoring (DRUM) aerosol impactor. 
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Figure 2-5.  Time series of calcium showing the temporal variability of representative size 

fractions over a three-week period in February 2009.  
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Figure 2-6.  Time series of the soil elements Al, Si, Ca, Mg, Ti, and Fe in the 0.34-0.56 micron 

size fraction.   The concentration of Ti is on the secondary axis.  This figure shows the presence 

of soil within the fine aerosols.  
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Figure 2-7.  Time series of the elements Al, Si, Mg, Ca, Ti, and Fe in the 1.15-2.5 micron size 

fraction.  The concentration of Ti is on the secondary axis. 



57 

Figure 2-8.  Time series of the elements Al, Si, Mg, Ca, Ti, and Fe in the 0.26-0.34 micron size 

fraction.  The concentration of Ti is on the secondary axis. 
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Figure 2-9.  A wind rose for Baghdad, Iraq.  Data for this wind rose was collected during a three-

week sampling campaign beginning February 13, 2009.  It can be noted from this figure that 

Shamal and Kous winds are the prevailing winds during this time.  It can also be noted that 34% 

of the time wind speeds were between 2.1-3.6 m/s during both Shamal and Kous winds.  Wind 

directions and wind velocity were compiled from data retrieved on September 21, 2013 from 

Weather Underground METAR KTZR at the Baghdad International Airport in Baghdad, Iraq. 

Camp Victory is 5km from Baghdad International Airport.  The wind rose was compiled using 

WRPlot from Lakes Environmental. 

Shamal 

Kous 

m/s



59 

Figure 2-10.  Time series of calcium and magnesium during Kous winds. 

.   
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Figure 2-11.  Time series of calcium and magnesium during Shamal winds. 
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Figure 2-12.  Wind speed ranges were collected for three weeks beginning February 13, 2009 

from METAR KTZR at Baghdad International Airport.  During this campaign typical winds 

ranged from 2.1 to 3.6 m/s (34.1%) and 3.6-5.7 m/s (33%) during both Shamal and Kous events. 

Wind Speed (m/s) 
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Figure 2-13.  Variation of specific crustal elements as they correspond to Si in the 0.34-0.56 

micron range during the February 13, 2009 sampling campaign.  This figure demonstrates how 

well Ca, Fe, Mg, and Al correlate to Si.  This indicates that these particles are from the same 

source and appear to be crustal soils within the 0.34 to 0.56 micron size fraction.  
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Figure 2-14.  HYSPLIT backward meteorological trajectories for a period possessing signatures 

characteristic of the Mediterranean Sea.  This trajectory is a 48-hour backward trajectory starting 

on February 22, 2009.   
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Figure 2-15.  Wind rose for Baghdad, Iraq.  Data collected during this three-week sampling 

campaign began March 10, 2010.  It can be noted from this figure that Shamal and Kous winds 

are the prevailing winds during this time.  It can also be seen that 41% of the time wind speeds 

were between 2.1-3.6 m/s during both Shamal and Kous winds.  Wind directions and wind 

velocities were compiled from data retrieved on September 21, 2013 from Weather Underground 

METAR KTZR at Baghdad International Airport in Baghdad, Iraq.  The wind rose was compiled 

using WRPlot from Lakes Environmental. 
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Figure 2-16.  Wind speed ranges for the March 2010 sampling campaign.  During this campaign 

typical winds ranged from 2.1 to 3.6 m/s (41%) and 3.6-5.7 m/s (37.4%) between Shamal and 

Kous winds. 

Wind Speed (m/s) 
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Figure 2-17.  Time series of trace metals aerosols (Pb, Cl, Br, and Zn) in the 0.75-1.15 microns 

size fraction.  The concentration of Zn is on the secondary axis.  Aerosols were collected during 

the three-week sampling campaign beginning February 13, 2009.   
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Figure 2-18.  Time series of trace metals aerosols (As, Pb, Cl, Br, and Zn) in the 0.75-1.15 

microns size fraction.  The concentration of Zn is on the secondary axis.  Aerosols were collected 

during the three-week sampling campaign beginning February 13, 2009.   
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Figure 2-19.  NOAA HYSPLIT Model backward meteorological trajectory ending on February 

19, 2010 shows air parcels originating predominately around Baghdad and Saudi Arabia and is 

consistent with Kous winds.   This backward trajectory was calculated for 48-hour period and is 

representative of the trace metal peak seen in Figures 2-17 and 2-18.  
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Figure 2-20.  Time series of trace metal aerosols (Zn, Ni, V, and Cu) in the 0.75-1.15 micron size 

fraction.  The concentration of Zn, Ni, and V are on the secondary axis.  Aerosols were collected 

during the three-week sampling campaign beginning February 13, 2009.   
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Figure 2-21.  Times series of Pb in aerosols ranging in size from 0.09-1.15 microns.  The 

concentration of Pb (0.34-0.56) is on the secondary axis. 
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Figure 2-22.  Time series of S in aerosols ranging in size from 0.09-1.15 microns.  The 

concentration of S (0.34-0.56 microns) is on the secondary axis.    
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Figure 2-23.  Time series of Cl in aerosols ranging in size from 0.09-10.0 microns.  The 

concentration of Cl (0.75-1.15 microns) is on the secondary axis.     
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Figure 2-24. Time series of Pb and S in two size fractions ranging from 0.34 to 0.75 microns. 

Stage 6 (0.34-0.56 microns) was plotted on the secondary axis. 
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Figure 2-25. Time series of Pb and S in two size fractions ranging from 0.09 to 0.34 microns.  

The concentration of Pb (stages 6 and 8) were plotted on the secondary axis. 
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Figure 2-26. Time series of Cl and Pb in two size fractions ranging from 0.34 to 0.75 microns.  

The concentration of Pb (stages 6 and 8) were plotted on the secondary axis.   
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Figure 2-27. Time series of Cl and Pb in two size fractions ranging from 0.09 to 0.34 microns. 

Stage 7 (0.26-0.34 microns) were plotted on the secondary axis. 
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Figure 2-28.  Time series of Pb, Cl, Br, and S aerosols in the 0.75-1.15 micron size fraction.  The 

concentration of S was plotted on the secondary axis.   
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Figure 2-29.  Time series of Pb, Cl, Ti, and Br in the 0.09-0.26 microns size fraction. The 

concentration of Br was plotted on the secondary axis.  It can be noted when Br and Pb are not a 

signature for leaded gasoline, Pb correlates well to titanium and is likely a soil signature.  
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Figure 2-30.  Wind sector graph for the May to June 2010 sampling campaign.  It can be seen 

from this graph that predominate winds during this period were from a northwesterly direction 

consistent with Shamal Winds.  Data was compiled from Weather Underground.     
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Figure 2-31.  Wind rose for Baghdad, Iraq for the May to June 2010 sampling campaign.  It can 

be noted from this figure that Shamal winds were the prevailing winds during time.  Wind 

directions and wind velocity were compiled from Weather Underground.  The wind rose was 

compiled using WRPlot from Lakes Environmental. 

Shamal 

m/s 
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Figure 2-32.  Elemental analysis of aerosols in the 0.34-0.56 micron size fraction.  This period 

was influenced strongly by winds from Northern Iraq, Syria, and the Mediterranean Sea.    
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Figure 2-33.  NOAA HYSPLIT Model backward meteorological trajectory beginning on June 6, 

2010.  This period possesses signatures characteristic of anthropogenic emissions from Iraq, 

Syria, and Saudi Arabia.  This backward trajectory was calculated for 72-hour period.    



83 

Figure 2-34.  General vicinity of Iraqi mining resources.  The markers depict active mines 

within Iraq, the Taurus and Zagros Mountains Ranges of Turkey and Iran, respectively.  Image 

created from Google Maps.  Data was compiled from Find the Data. 
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2.9 Tables 

Table 2-1.  Elements analyzed by Synchrotron X-Ray Fluorescence. 

Magnesium (Mg) Aluminum (Al) Silicon (Si) Phosphorus (P) 

Sulfur (S) Chlorine (Cl) Potassium (K) Calcium (Ca) 

Titanium (Ti) Vanadium (V) Chromium (Cr) Manganese (Mn) 

Iron (Fe) Cobalt (Co) Nickel (Ni) Copper (Cu) 

Zinc (Zn) Gallium (Ga) Arsenic (As) Selenium (Se) 

Bromine (Br) Rubidium (Rb) Strontium (Sr) Yttrium (Y) 

Zirconium (Zr) Molybdenum (Mo) Lead (Pb) 
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Chapter 3  High Velocity Shamal and Kous Winds Influence Brittle Fragmentation’s Particle 

Size Distributions:  A Case Study of Iraqi Aerosols
1.

3.1 Abstract 

High concentrations of dust particles are lofted into the atmosphere by the strong winds 

that frequently blow across the Middle East.  A study was initiated in 2008 to determine the 

concentrations and compositions of fine particulate matter in the atmosphere over Baghdad, Iraq.  

This study used a DRUM aerosol impactor to continuously collect size (eight stages between 

0.09 and 10.0 microns in aerodynamic diameter) and time (hour and a half resolution) resolved 

aerosol samples for analysis for mass concentration and elemental composition.  The samples 

collected during this study contained high concentrations of dust aerosols across the measured 

size distribution.  The brittle fragmentation model successfully explained particle breakdown in 

no wind/low wind situations.  However, a peak in mass concentration was observed within the 

ultrafine (0.09-0.26 microns) size fraction during high wind scenarios that is not consistent with 

the brittle fragmentation model and current hypotheses about the sizes of mechanically produced 

soil particles; therefore, another mechanism apparently exists for the production of geogenic 

Aitken size particles.  

3.2 Introduction 

High concentrations of aerosols exist throughout the Middle East, including Iraq (Al-

Hurban and Al-Ostad, 2010; Engelbrecht et al., 2009; Misconi and Navi, 2010; Awadh, 2012).

A predominant source of aerosols in the region is high velocity winds lofting, transporting, and 

depositing large quantities of sand and silt during desert dust storms (Figure 3-1).  However, 

significant portions of Iraq’s crustal surfaces have been disturbed, increasing the opportunity for 

1.
 Bell, J.M.; Cahill, C.F.; Egan, S.D.; Gill, T.E.  University of Alaska Fairbanks, Fairbanks, Alaska.  In preparation 

for submission to the American Chemical Society, 2014. 
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finer soil particles to loft.  Local geologists suspect the break-up of desert surfaces to be partially 

attributed to excavations from increased urbanization, oil field drilling, and military operations 

(El-Baz, 1994; Wilkerson, 1991; Shahsavani et al., 2012).  Additionally, historical wind events 

have weakened desert surfaces, enhancing erosion processes along the path of prevailing winds 

(Al-Dabi et al., 1977).  The enhancement of erosion processes allows for increased opportunities 

for soil to loft with each successive wind event.  The lack of rainfall (50-100 mm per year), few 

desert plants, and dry climate worsen and magnify the occurrences, effects, duration, and 

severity of dust storms (Jassim and Buday, 2006). 

Aerosols lofted from desert environments account for a large fraction of the mineral dust 

found in the troposphere (Andreae, 1995; Krueger et al., 2004).  Mineral dust contains trace 

amounts of heavy metals and other elements that can be used to characterize the sources of soil 

in the region.  Iraq has significant heavy metal resources within its local deposits (Liaghat et al., 

1999; Al-Juboury et al., 2008; Ismail et al., 2009; Awadh, 2012) as well as materials deposited 

by anthropogenic pollution, both which could provide potential geochemical signatures to 

identify some regions; however, it also means there are potentially multiple locations with 

similar signatures.  

Soils deposited during wind events are sorted and fall-out based on grain size:  fine 

particles (clay and silts) remain suspended in the atmosphere as dust, fine to medium sands 

undergo sandblasting and bombardment from saltation, and coarse particles creep or roll just 

above the soil surface during strong desert winds (El-Baz, 1994; Breed and Grow, 1979).  Given 

the natural sorting that occurs in desert environments, this paper only focuses on soil that 

remains suspended in the atmosphere as dust transported by winds.  Safar (1985) established 
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three conditions existing in desert environments that optimize the lofting of dust particles:  1) 

land surfaces are dry and dusty; 2) the lack of vegetation and uninterrupted surfaces allow winds 

to reach speeds necessary to emit soils as aerosols; and 3) unstable atmospheric conditions result 

from extensive vertical motions of the near-surface atmosphere and strong insolation.  

Iraq is located in the Arabian Desert in the northeast corner of the Arabian Peninsula, in 

the valley of the Tigris and Euphrates Rivers of the Fertile Crescent (Figure 3-2).  Iraq is 

bordered to the north and northeast by the Taurus and Zagros mountains (Sibrava, 2006), to the 

east by the Makhul-Hemrin-Pesh-i-Kuh Range, and to the west by Saudi Arabia and Jordan 

(Jassim and Buday, 2006).  Iraq has an arid climate, known for its hot dry summers, cold wet 

winters, and strong Shamal and Kous winds (Al-Farrajii, 1998; Awadh, 2012). Iraq’s hot 

lowland surfaces and lack of vegetation provide conditions that allow the strong northwesterly 

Shamal winds and southeasterly Kous winds to reach high velocities.  The terms Shamal (north 

to northwest) and Kous (south to southeast) describe specific wind patterns, regardless of the 

season (Ali, 1994).  These winds are generally a result of gradients in surface pressures over 

Saudi Arabia, the Gulf of Oman, and/or Pakistan (Ali, 1994).  Chapter 2 provides a more detailed 

description of Shamal and Kous winds.  Figure 3-3 shows the strong Shamal winds carrying 

large plumes of dust from the direction of the Zagros Mountains and the Taurus mountains in 

Turkey through the Baghdad area, while Figure 3-4 provides a vicinity map of this location.   

The Shamal and Kous winds are of interest as they are responsible for: 1) the large 

quantities of aerosols lofted during Iraqi dust storms; 2) long-range transport of mineral dust 

(Clarke et al., 2001; Moore et al., 2003; Awadh, 2012); 3) the increased erosion of surface areas 

along predominant wind paths; and 4) significant reductions in visibility (Ali, 1994) (Figure 3-1).  
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The Shamal winds have been documented to reach 100 km/hr so regional winds of this 

magnitude have resulted in conditions of zero visibility in dust (Membery, 1983; Foda et al., 

1985; de Villiers and van Heerden, 2007).  

This paper describes the results from a sampling campaign in Baghdad, Iraq, designed to 

collect continuous, high temporal resolution, aerosol size and composition data.  During the 

course of this study, high concentrations of ultra-fine soil particles were repeatedly sampled 

suggesting an ultra-fine soil particle generation mechanism exists in Iraq. 

3.3 Experimental Methods 

3.3.1 Sampling Site 

The site used in this study was Camp Victory, Iraq, a part of the Victory Base Complex, a 

U.S. military base used during the Iraq War that commenced in 2003 (Figure 3-2).  Camp 

Victory is located to the west of downtown Baghdad.  The sampler was placed outside the living 

quarters of the personnel responsible for sampler operation and the sampler was checked 

regularly. 

3.3.2 Aerosol Sampling and Analysis 

Size and time-resolved measurements of aerosol size and composition were collected at 

the site starting on February 14, 2008.  The study used an 8-stage DRUM aerosol impactor 

shown in Figure 3-5 (Raabe et al., 1988; Cahill and Wakabayashi, 1993).  The eight aerosol size 

fractions collected by the sampler were:  5.0-10.0, 2.5-5.0, 1.15-2.5, 0.75-1.15, 0.56-0.75, 0.34-

0.56, 0.26-0.34, and 0.09-0.26 μm in aerodynamic diameter.  The samples were collected on 

16.8-cm, Apiezon L
TM 

coated Mylar
TM

 strips wrapped around metal sampling drums.  Each size

fraction was collected on an individual drum stage that rotated 8-mm per day underneath an 
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aerosol nozzle that separated the particles into the correct aerodynamic size for that sampling 

stage using a momentum separation.  Each set of samples was collected over the course of a 

three-week period. 

The DRUM was programmed to concentrate the initial aerosol peak by collecting 

aerosols for six hours before beginning its normal 8-mm per day rotation.  A blank of 6-mm was 

collected in the middle of the sample run by advancing the sample strip.  This blank is 

represented as a gap in the data set.  The gap allows a more efficient matching of peaks on 

different size fractions.  At the conclusion of the three-week sampling event the sampler again 

concentrates the sample.  The 6-12-6 hour programming improves the identification of the 

sample start and stop times on the Mylar
TM

 strip.

The aerosol samples were removed from the metal drums and placed on slide frames in 

the laboratory.  Then they were analyzed for mass using beta-attenuation and elemental 

composition (28 selected elements between Na and Pb) using synchrotron x-ray fluorescence 

(Cahill et al., 2010) with 1.5-hour resolution.  The synchrotron x-ray fluorescence was performed 

at Lawrence Berkeley National Laboratory’s Advanced Light Source.  Synchrotron x-ray 

fluorescence is advantageous in that it is a non-destructive technique, which allowed each unique 

sampling event to be further studied via Scanning Electron Microscopy (SEM).  

The SEM was chosen for further analysis following the synchrotron x-ray fluorescence as 

it provides the ability to visually inspect the particles on the sample and determine their chemical 

composition.  Samples were prepared by cutting each time-resolved sample from the Mylar™ 

strip, adhering the sample to a micro petri dish; carbon coating the sample using a Hummer VI 

Sputter Coater, and placing the sample at a 45-degree angle in the sample holder.  The SEM 
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analysis was performed on a Hitachi S-2700 equipped with an EDAX elemental analysis system 

at California State University San Bernardino’s Stable Isotope Laboratory. 

3.3.3 Meteorological Modeling 

The National Oceanic and Atmospheric Administration Air Resources Laboratory’s 

Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) was used to 

calculate backwards meteorological trajectories from the global data assimilation system 

(GDAS, 2006-present) to help determine the source of aerosols and atmospheric contaminants 

(Draxler and Hess, 1997; Draxler and Hess, 1998; Draxler, 1999; Draxler and Rolph, 2013; 

Rolph, 2013).  The GDAS was used because trajectories were calculated outside of the United 

States and it provides gridded meteorological data for the Middle East and other non-U.S. 

locations.  Parameters used in the vertical velocity trajectory calculations were starting heights of 

500, 1000, and 1500 meters above ground level with backwards running times of 24 to 76 hours.  

These vertical heights and times were chosen to: 1) identify winds likely to touch ground and loft 

dust and 2) separate individual storm events.  Such a combination of trajectories shows where the 

aerosols collected at the site at a specific time may have been emitted into the atmosphere and 

the likely path taken while being transported to the site (Engelstaedter et al., 2009). 

3.4 Results and Discussion 

Engelbrecht et al. (2009) noted higher concentrations of calcium (Ca) and magnesium 

(Mg) in Iraq than most desert soils.  Much of the Ca is found as calcite (CaCO3) and gypsum 

(CaSO4)  (Al-Dawachi, 2005; Al-Bassam and Huk, 2006; Awadh, 2012; Koh and Wakely, 2011; 

Al-Dabbas et al., 2012).  High concentrations of Ca and Mg are also found within the data 

collected during this study.  The elemental concentration time series depicted in Figure 3-6 
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shows the DRUM’s eight size fractions for Ca and how each stage varied according to time 

during a sampling period.  Although the coarsest fraction (5.0-10.0 microns in aerodynamic 

diameter) is expected to provide most of the mass of the Ca collected during sampling, this is not 

the case for this time series due to sample loss in the laboratory.  Significant mass loading during 

dust storms led to solid, curved particulate deposits that flake off the sample substrate when 

straightening the aerosol-laden Mylar
TM

 strips for mounting on an analysis slide frame.  As a

result, the 2.5 to 5.0 microns size fraction (stage 2) tends to show the highest mass 

concentrations because it has less mass deposited on the strip and the problems associated with 

flaking occur less often.  As a result of the flaking potential of the two coarsest stages, this study 

focused on size fractions less than 2.5 microns in aerodynamic diameter as these particles stick 

well to the Mylar
TM

 strips and are of the size capable of becoming embedded in the deepest part

of the lungs (Weese and Abraham, 2009).  

The time series of aluminum (Al), calcium (Ca), silicon (Si), magnesium (Mg), 

titanium (Ti), and iron (Fe) in Figure 3-7 depict the elemental mass concentrations for size 

fraction six (0.34-0.56 microns).  Figure 3-7 is noteworthy in that the peaks are overlying one 

another in a “fingerprint” pattern and this relationship was explored further by comparing them 

to Si (Figure 3-8).  The fingerprint includes the key soil components of Si (26.8%), Al (8.40%), 

Fe (7.06%), and Ca (5.3%) found within the earth’s crust (Faure, 1998).  The results from stage 6 

are interesting in that particles of this size fraction (0.34-0.56 microns) are unusually fine for 

dust aerosols (Seinfeld and Pandis, 1998) but the particles captured on this stage clearly contain 

crustal soils. 
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Figures 3-9 and 3-10 are of interest because they show no particles in the finest size 

fraction (0.09-0.26 microns) during low/no wind conditions, but they do show increasing 

concentrations of soil in this size fraction as wind speed increases.  The presence of particles in 

the 0.09-0.26 micron range during high wind conditions that do not appear during local wind 

events would suggest that sources are less likely anthropogenic and that some aerosol production 

or transport mechanism exists that favors windy conditions.  Comparing the wind data shown in 

Figures 3-9 and 3-10, with the soil correlation data in Figure 3-11 (0.09 – 0.26 microns) shows 

the aerosols in the finest size fraction are consistent with typical desert soils being lofted by high 

winds.  This finding is noteworthy as it suggests that particles consistent with crustal surfaces are 

fragmenting into small sizes not expected to be formed from the brittle fracture of larger mineral 

grains.  

Seinfeld and Pandis (1998) summarized Whitby and Cantrell’s (1976) explanation of 

typical aerosol growth patterns in a diagram outlining a tri-modal distribution.  This diagram 

remains the basis for our current understanding of aerosol size distributions.  In this diagram the 

very fine particles in the Aitken mode, that includes the particle sizes collected on stage 8 of the 

DRUM sampler, are the primary particles associated with anthropogenic processes and result 

from gas-to-particle conversions (Whitby and Cantrell, 1976; Jaenicke, 1993; Seinfeld and 

Pandis, 1998).  The particles collected on stage 8 are Aitken mode in size; however, their 

composition is consistent with soil and they only appear during Shamal and Kous wind events 

(Figures 3-9 and 3-10).  This behavior suggests that a mechanism exists for the production of 

Aitken mode geogenic particles and that this mechanism is occurring on desert surfaces or as 

aerosols undergo transport after emission.  The higher concentrations of lofted fine soils at 
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higher wind velocities could result from: 1) sandblasting/disruption of surface coatings (clay 

minerals, chemical precipitates, weathering rinds, surface ion oxides) on sediments; 2) fine soil 

aerosols being produced by gouging/chipping of mineral grains during saltation and collisions; 3) 

very fine soil particles transporting long distances to the site; and 4) anthropogenic industrial, 

urban, and military activities creating very fine soil particulates that do not occur naturally. 

The linear regression lines obtained from plotting the major soil elements against silicon 

show that crustal elements correlate well with each other (Figure 3-11).  Deviations from the 

regression line between a given element and silicon may be attributed to soils mixing with 

anthropogenic aerosols and/or coming from another source region or production mechanism.  

Lead, on the other hand can be associated with geogenic emissions of contaminated soil 

transported into Iraq and anthropogenic source emissions of local pollution episodes such as 

leaded gasolines, road dusts contaminated with lead emitted from vehicles, and industrial 

emissions.  

The overlapping peaks of Ti and Pb (Figures 3-12 and 3-13) demonstrate a common 

source for these two metals.  Figure 3-12 is noteworthy because Pb is correlated to Ti in the 2.5 

to 5.0 micron range.  This is a larger size fraction than would be expected with particles 

associated with combustion products.  However, the correlation between Pb and Ti in Figure 3-

13 is almost certainly urban and likely associated with re-suspended industrial/urban/military 

dusts.  It is likely that many of the minerals native to the desert soils of Iraq have been spread 

across the region due to successive wind events, and elements derived from anthropogenic 

contamination are likewise spread across the region.  As a result it is very probable the surface of 

every single road in Baghdad and Camp Victory and of every tire of every vehicle are well 
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coated with Pb (from gasoline, urban, and industrial sources) and Zn (from urban and industrial 

sources and the tires themselves).  Figure 3-14 is a time series plot of Pb, Zn, and Ti in the 0.09-

0.26 micron size fraction.  Figure 3-14 is significant because Zn and Ti, which as oxides are 

significant tire components, can be correlated to Pb, thus further relating these compounds to 

urban aerosols.   HYSPLIT backward trajectories were used to confirm the source regions for 

Zn, Ti, Pb, and all trace element signatures (Figure 3-15). 

It should be noted that significant Pb is found during local wind events. High 

concentrations of Pb in no wind or local windy conditions are likely the result of the 

accumulation of Pb from the continued use of leaded fuels, local smelting and industrial 

operations, re-suspended urban/fugitive dusts, tire wear, and combustion related activities 

(Engelbrecht, et al., 2009; Schmaltz, 2008; Al-Khafaji, 2009; Al-Dabbas, et al., 2012).  

 Since the combustion products of mining activities and some industrial activities (cement 

manufacture) can resemble soil, the aerosol samples were visually and elementally inspected 

using an SEM (Figure 3-16).  The purpose of the SEM analysis was to validate that samples were 

indeed soil and not products of high temperature combustion.  If the particles are the product of 

high temperature combustion and gas-to-particle conversion they would be more spherical and 

uniform in appearance than fragmented soil particles.  From a visual analysis of the SEM 

images, all samples appeared to be jagged and not spherical, consistent with eroded soils (Miller 

and Gosar, 2009).  The particle shown in Figure 3-16 is jagged and comprised of Si (51.8%), Al 

(23.13%), Ca (0.76%), Fe (4.8%), Ti (1.76%), Pb (12.24%) and Mg (2.16%), consistent with a 

clay type material.  Further, this particle is an ultra-fine aerosol (0.09 to 0.25 microns) that was 
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collected during a dust event in the February 13, 2009 sampling campaign.  The presence of Pb 

at 12.24% by weight means the soil particle was probably contaminated. 

Local geologists hypothesize that military operations and war efforts have contributed to 

the disturbance of desert surfaces, which would increase their erodibility by the wind (El-Baz, 

1994; Shahsavani et al., 2012).  The presence of soil elements within the collected aerosols is 

consistent with this fact.  However, given that the aerosols are likely clay minerals, as suggested 

by the composition, a more reasonable explanation for the composition and generation of the 

aerosols would be a result of chemical weathering over past climates, the accumulation of 

pollutants with time onto the clay mineral surfaces, and the emission of extremely fine clay 

particles as aerosols in strong winds.   

Kok (2011a) applied the theory of brittle fragmentation (Astrom, 2006; Oddershede et al., 

1993; Gilvarry and Bergstrom, 1961; Astrom et al., 2004) to aerosols to determine if the theory 

could explain the particulate size distributions obtained from dust flux measurements made in 

desert environments.  Kok applied the theory of brittle fragmentation to the surface of the 

primary larger mineral grain since the surface is considered the weakest point of the particle.  

The ability to weaken the surface of the mineral grain and produce fragments is dependent on 

impact energies and the cohesiveness of the particle.  As a result, dust emissions correlate to the 

ability of a stressor to produce fragmenting impacts (Kok, 2011a).  Kok’s (2011b) theoretical 

model (Figure 3-17) concluded that particle size distributions follow a power law and that the 

process is scale-invariant.  Kok (2011b) selected data from leading saltation theorists to draw 

correlations with his brittle fragmentation model and validate his theory that particle size 

distribution is independent of wind velocity.  His model correlates nicely with previous wind 
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tunnel studies and field measurements conducted by Gillette et al. (1972), Gillette (1974), Sow et 

al. (2009), and Shao et al. (2011) (Figure 3-17).  The theory of brittle fragmentation was used to 

determine if the data from this study also fits Kok’s model.  However, given that there are 

differences in particle fragmentation behavior under different wind regimes, specifically the 

large number of Si particles on size fraction six during large windstorms (Figures 3-9 and 3-10), 

the data collected in Iraq was separated into local, Shamal, and Kous wind bins before the model 

was applied to it. 

The wind rose (Figure 3-18) provides a basis for separating the direction and velocity of 

wind events.  The wind sector graph, Figure 3-19, overviews wind drainage patterns during the 

February 13, 2009 sampling campaign.  Figures 3-18 and 3-19 are important as they demonstrate 

the direction and speed of wind events during the sampling campaign.  It was noted that certain 

wind speeds would result in similar soil concentration ranges.  As a result the average was 

calculated from grouping twenty-five 1.5-hour sampling events with similar concentrations and 

wind speed ranges.  The greatest changes in soil concentrations occurred around 3.1 m/s.  It was 

also noted that when local winds exceeded 3.1 m/s the wind was greatly influenced by an 

incoming dust storm.  As such, 3.1 m/s was chosen as the break point between the higher speed 

Shamal and Kous winds and the slower local winds.  This break point is consistent with the 

lofting of fugitive dust described by Countess et al. (2001) who suggested that winds of 2.5 m/s 

can loft dust 100 m in 40 seconds, and in the range of wind velocities reported for severe dust 

episodes advecting into Beijing, China (Shi et al., 2005).  

Once the wind-bin ranges were chosen and data were separated into their respective wind 

event bins (local, Shamal, or Kous) by date and time of each sampling event, soil concentration 
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averages were calculated and plotted by size fraction (Figure 3-20).  Three points of interest in 

this graph are: 1) there is not enough mass during the local wind events to detect any soil 

particles on stage 8, 2) mass concentration for all wind speed bins increase from non-detectable 

in the finest size fraction to a local maximum in the 0.34-0.56 microns size fraction followed by 

a decrease to a minimum in the 0.75-1.15 micron size fraction and then an increase as 

aerodynamic diameter increases, and 3) mass concentrations on the larger stages increase with 

increasing wind velocities.  Although we see a systematic increase with wind speed, the data 

trends well with the brittle fragmentation model (Figure 3-21; Kok, 2011a, Kok, 2011b).  This 

agreement with the Kok model suggests the brittle fragmentation model works for aerosol 

sampled close to the source. 

The Shamal wind-bin graph (Figure 3-22) is of interest because there are significant mass 

concentrations recorded for stage 8 (0.09 to 0.26 microns) and soil concentrations continue to 

increase as wind velocity increases.  The mass concentrations appear to decrease in the largest 

size fraction (5.0-10.0 microns), but this is probably due to the high concentrations of large 

particles collected during high wind events creating samples that flaked off the substrate during 

sample handling.  It may also be due to larger particles settling out of the dust storm during long-

range transport.  Correlating this data to that of the Kok model (Figure 3-23) suggests that the 

model may not be apt for reacting, mixed, complex, and long transport distance dust clouds such 

as experienced with the Shamal.  The mass concentrations noted on stage eight (Figure 3-22) are 

seen as an uptick in Figure 3-23 that clearly deviates from the Kok model of brittle fragmentation 

alone.  The presence of ultra-fine particles and the uptick are also seen with the Kous wind 

events (Figures 3-24 and 3-25, respectively).  Further, a similar uptick is also seen within the 
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Sow et al. (2009) data set used in Kok (2011b) (Figure 3-17).  The uptick was not fully explored 

in Kok (2011b) because Sow et al. (2009) did not specify soil types with their dust flux studies 

and, according to Okin and Gillette (2002), the documentation of soil type in dust flux studies is 

required to understand wind erosion because it is a function of soil type.  Although Kok’s 

(2011b) brittle fragmentation model included only dust flux measurements, the non-dust flux 

aerosol data collected in Iraq, with the exception of the uptick in mass concentration in the 

smallest size fraction, trends well with the model.  However, the uptick and the increases with 

wind speed suggest that brittle fragmentation is not the only explanation for the observed particle 

size distributions. 

Desert aerosols sampled in and around Baghdad, appear to be different from “standard” 

desert dusts in that they have a peak in the smallest size fraction (0.09-0.26 microns; Figure 3-

26) as opposed to the model summarized and discussed by Seinfeld and Pandis (1998).  This

distribution is more likely associated with particles that are reacting with other particles, mixed, 

complex in nature and formation, and/or transported long distances. 

It was stated earlier in this paper that saltation would not be discussed.  However, an 

exception is made for the few studies covered in Kok (2011b) that contained finer aerosols in 

their size distributions and looked at the effect of wind speed on the size distributions.  If higher 

saltation impact energies produce more disaggregation of mineral grains, then dust storms would 

favor disaggregation and particle size distributions would always have high particle number 

concentrations within the finest size fractions.  This is not usually observed.  Also, brittle fracture 

theory predicts that primary particles would only break down to a minimum size.  Alfaro and 

Gomes (2001) used wind tunnel studies to argue that increasing saltating impact energies 
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produced more disaggregation resulting in smaller particles (1.5-14.6 microns), but not the very 

fine particles observed in this study.  This agrees well with the Kok model.  Sow et al. (2009) 

and Shao et al. (2011) measured three dust storms with friction velocities between 0.4 and 0.6 

m/s.  Sow et al. (2009) reported aerosol particles ranging from 0.3 to 20 microns.  Although most 

of the data highlighted from Sow et al. (2009) in Kok (2011b) agreed with the model, an uptick 

in mass concentration within their finest fraction was noted and then ignored due to the absence 

of soil types in dust flux measurements.  Shao et al. (2011) reported similar friction velocity 

ranges (0.2 to 5.5 m/s) with particles ranging from 0.3 to 8.4 microns although they questioned 

the reliability of their finest size fraction (0.3-0.6 microns).  Again, the data followed the Kok 

model. 

It can be seen from Figures 3-21, 3-23, and 3-25, that the brittle fragmentation model 

predicts, with a reasonable level of confidence, the production of fine particles from the original 

fragmentation of primary mineral grains by purely mechanical means.  As a result Kok (2011a) 

argues that saltator impact speed and impact energy are independent of wind velocities.  Rather, 

Kok hypothesizes that saltation is a scale-invariant process caused by a succession of cracks and 

new cracks in primary mineral grains merging until the stress has been alleviated and no new 

cracks will form from the given impact (Kok, 2011a; Kok, 2011b).  However, discounting wind 

velocity in particle fragmentation may be incorrect, as wind is known for its ability to impact and 

even enhance erosion processes (Tarbuck and Lutgens, 2013).  This study routinely captures 

particles on stage 8 (0.09-0.26 microns) during higher wind speed events.  The uptick in mass 

concentration on stage 8 shown in Figures 3-22 and 3-24 clearly deviates from Kok’s model 

indicating that brittle fragmentation alone may not explain the presence of these particular 
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aerosols.  This suggests that another mechanism, besides brittle fragmentation of primary mineral 

grains, is at work.  Given that the uptick in mass concentration only appears during windy 

conditions, the role of wind velocity in generating and/or transporting aerosols produced by non-

fragmentation processes, including aerosols resulting from chemical and anthropogenic 

pathways, cannot be discounted. 

The theory of dust aerosols produced from saltation is built on the premise that the dust 

size distribution is dependent on wind velocity for dusts produced from purely mechanical 

breakage of larger crystal grains (i.e., fracture of pure SiO2).  If this were true, larger windstorms 

would produce, to a certain point, finer particles.  Our elemental data and several new hypotheses 

and other data sets suggest that saltation is not the only explanation for fragmentation and dust 

production.  Carneiro et al. (2013) hypothesize that the ability of saltons (particles ejected from 

the granular bed by impacts with faster moving particles) to remain suspended high in the dust 

cloud (by leaping off other particles creeping along the granular bed), where drag acceleration is 

not as strong, results in increased opportunities for midair collisions.  They theorize that saltons 

may sustain the life of the storm (by acquiring additional momentum from the wind and using it 

to eject other particles through these collisions).  Additionally, high-energy saltons continue to 

gain speed and interact with slower, more brittle particles through collisions and bounce, enough 

stress could be generated across the surface of the particle to result in fragmentation.  This 

increase in fragmentation may explain the production of fine particles seen during large wind 

events.   

Butler et al. (2012) suggest that the distance a plume travels should be considered when 

examining particle size distributions.  Larger source areas are more likely to have finer dust 
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concentration profiles at downwind receptor sites, due to greater transport distances allowing 

time for larger particles to settle out while finer particles remain entrained in the plume.  

Considering the distance traveled by a dust plume may be a key factor in understanding Iraq’s 

unique data set.  Figure 3-26 depicts the average soil concentration as function of wind speed for 

both the Shamal and Kous wind events.  It can be seen in Figure 3-26 that the highest average 

soil concentration for the 0.56-0.75 micron size fraction occurred during the Shamal winds, 

while the highest average soil concentration for the 1.15-2.5 micron size fraction occurred during 

the Kous winds.  The shift in plume size distributions caused by aerosols settling out at different 

rates during different distances of transport may effectively explain why we routinely collect 

high concentrations of fine particles during the Shamal and Kous wind events.  

Stokes’s law, equation 3-1, describes the terminal settling velocity of a spherical particle 

as it settles in still air (Reist, 1993; Cahill et al., 2010).  
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where, 

g = gravity 

τ = particle relaxation time 

Cc = Cunningham correction factor applied to particles smaller than 10 μm to correct for air 

resistance 

d = aerodynamic diameter of particle 

ρp = the density of the particle (1000Kg/m
3
)

μ = the viscosity of air (1.82 x10
-6

P)

λ = mean free path of the gas molecules 

A, Q, b are the Cunningham correction constants (1.155, 0.471, and 0.596 respectively) (Allen 

and Raabe, 1982) 



112 

Table 3-1 provides estimates for the terminal settling velocities of the average particle 

diameter for each stage of the DRUM aerosol impactor assuming that the particles were initially 

at a height of 5500 m above the ground surface.  Although Table 3-1 provides calculated settling 

velocities it should be noted that these are not truly representative of how quickly particles are 

removed from the atmosphere.  If settling velocities were exact we would never experience a 

clear sky.  Rather, particles undergo interactions with the environment, such as gases depositing 

on their surface or coagulation with other particles, that leads to particles large enough to settle 

out of the atmosphere more quickly or coagulation with or nucleation of rain droplets resulting in 

the particle being washed out of the atmosphere (Whitby and Cantrell, 1976).  

Dust clouds vary in severity and storm length and some may last several days along a 

transport pathway (Wilkerson, 1991; Saeed and Hassam, 2010). Wilkerson (1991) suggests the 

likelihood of exposed soils in Iraq lofting during gentler wind events is increased fivefold due to 

weathering, breakdown, and inflow of new sediment.  It is likely that larger particles will loft and 

then settle out quickly while smaller particles remain entrained in the cloud, eventually settling 

on the surface.  As subsequent wind events occur, soil particles continue this cycle of lifting and 

settling thereby creating a favorable probability that each successive cycle would further reduce 

particle sizes downwind of a specific source region. 

Several prior field and laboratory studies of dust production in other desert environments 

suggest an additional mode of sub-0.1µm desert aerosol generation.  d’Almeida and Schütz 

(1983) first showed data that crustal-generated aerosols in the Aitken size range were present in 

Saharan dust, suggesting that they were formed by sandblasting disaggregation of compound 

particles of the parent soil, rather than by brittle fragmentation of mineral grains.  Gomes et al. 
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(1990) studied the generation of Saharan dusts near their source at El Abiod in northern Algeria, 

an environment with topographic and meteorological similarities to the Iraq sampling site.  

Gomes et al. (1990) echoed the results of d’Almeida and Schütz (1983): aerosols collected with a 

cascade impactor showed particles as small as 0.1 µm with a similar composition to those in 

coarser modes, “implying that these particles have a common origin” consistent with clay 

minerals  (weathering-derived coatings loosely attached to larger mineral grains) sandblasted off 

the surface of desert soils.  Gomes et al. (1990) also pointed out that such fine particles are likely 

to stay preferentially suspended in desert winds and will be disproportionally represented in dust 

clouds advected into a sampling site.  

More recently, data presented in Radhi et al. (2010) clearly showed the presence of 

crustal particles in aerosols 0.1 um and smaller collected with a MOUDI multistage impactor 

during dust storms in Australia’s Lake Eyre desert basin. The chemistry of these particles was 

also generally consistent with calcium-bearing clay minerals of complex composition, which 

could have been removed from the surface of larger grains under strong winds and saltation.  

Finally, Baddock et al. (2013) abraded Australian dune sands in a laboratory chamber for ~1 

hour, detecting the emission of aerosols with a mean size of 110-130 nm and as small as 18 nm.  

They stated, “… the number concentration of particles approximately trebled over the course of 

the experiment with results suggesting that collisions between mobile sand grains led to the 

production of new nanosized particles over time…. chemical composition suggests that 

nanoparticles are produced from the clay coatings surrounding the parent sand grains.” 

The Kok model (2011b) was specifically designed to exclude transport, deposition, and 

mixing.  A single pathway such as this would not clearly explain all dust production mechanisms 
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and thus would not always explain observed aerosol particle size distributions; rather, it is more 

likely that transport, mixing, and mechanisms of dust and aerosol production other than brittle 

fragmentation of primary mineral grains combine to create conditions favorable for the 

production of the specific particle size distribution observed at Camp Victory.  The combination 

of ultrafine aerosol production by sandblasting of clay-type mineral coatings on the surface of 

larger grains (d’Almeida and Schütz, 1983; Gomes et al., 1990; Radhi et al., 2010; Baddock et 

al., 2013), coupled with the apparent production and advection of ultrafine particles within dust 

plumes carried long distances by strong desert winds (Gomes et al., 1990; Butler et al., 2012; 

Carniero et al., 2013) and fine to coarse aerosols produced by brittle fragmentation particle 

generation as described by Kok (2011a, 2011b), together provides a logical explanation for the 

particle size distributions observed in the Camp Victory data during Shamal and Kous wind 

events. 

3.5 Conclusions 

Elemental signatures consistent with crustal materials have been found in the aerosols 

collected at Camp Victory, Iraq, using a DRUM aerosol impactor.  The presence of high 

concentrations of soil aerosols in the finest size fraction (0.09-0.26 m in aerodynamic diameter) 

collected by the DRUM sampler was surprising because most hypotheses about the generation of 

soil aerosols do not produce particles of this size.  The very fine particles only occur under windy 

conditions implying that the source of these particles is not local anthropogenic activity.  Wind 

roses, HYSPLIT meteorological backwards trajectories, and the aerosol composition show that 

although there are differences between the aerosols impacting the site during Shamal and Kous 

wind conditions, the finest size fraction of soil aerosols is produced under both Shamal and Kous 
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wind conditions.  The conclusion from these results is that a mechanism exists for the production 

of Aitken mode geogenic particles from desert surfaces. 

The soil data collected during this study agree with Kok’s (2011a) model based on the 

brittle fragmentation hypothesis except for the particles in the finest size fraction.  Therefore, 

brittle fragmentation, which is hypothesized to be independent of wind speed, may provide one 

mechanism for generating the small crustal particulates observed in the data, but it is not the only 

explanation.  The data presented in this study show wind velocity plays a significant role in the 

fragmentation process and fine particle production.  The combination of hypotheses put forward 

in recent papers by Carneiro et al. (2013) and Butler et al. (2012) could explain the deviation 

from the brittle fragmentation model via a fine particle production model in high wind, dust 

storm conditions that would lead to additional particle break down during particle transport in a 

dust plume.  In addition, the hypotheses and data of d’Almeida and and Schütz (1983), Gomes 

(1990), Radhi et al. (2010) and Baddock et al. (2013) suggest an additional mechanism of 

ultrafine dust aerosol production via sandblasting of clay and weathering-related coatings on 

desert sands.  These hypotheses are worthy of further testing to determine in they can explain the 

size distributions observed in the Camp Victory aerosol data. 
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3.7 Figures 

Figure 3-1.  Photograph of a dust storm in Baghdad (courtesy of Kevin Geisbert). 
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Figure 3-2.  A general vicinity map of Iraq.  The green and red place markers depict the Taurus 

and Zagros Mountains ranges of Turkey and Iran, respectively.  Baghdad is represented with a 

blue thumbtack and Camp Victory is located in Baghdad.  Image created from Google Maps: 

www.google.com. 
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Figure 3-3.  Shamal dust storm passing through Iraq.  This Envisat/ASAR image is of a dust 

storm over Iraq occurring from September 12 -15, 2008.  The star marker indicates the 

approximate location of Baghdad with respect to the Storm. The image was taken by 

Envisat/ASAR passes on the 12th and 15th of September.   ASAR images are generated from 

Level-0 (raw) and Level-1b products Envisat source Level-0 and Level-1b products are provided 

by ESA.  Envisat/ASAR image courtesy of Earth Snapshot. 
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Figure 3-4.  Camp Victory with respect to Baghdad.  Camp Victory is indicated with a green 

thumbtack and Baghdad is represented with a place marker.  Image created from Google Maps: 

http://www.google.com. 

http://www.google.com/
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Figure 3-5.  Photograph of a Davis rotating drum unit for monitoring (DRUM) aerosol impactor. 
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Figure 3-6.  Time series of calcium showing the temporal variability of representative size 

fractions over a three-week period in February 2009.  
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Figure 3-7.  Time series of the soil elements Al, Si, Ca, Mg, Ti, and Fe in the 0.34-0.56 micron 

size fraction.   The concentration of Ti is on the secondary axis.  This figure shows the presence 

of soil within the fine aerosols.  
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Figure 3-8.  Variation of specific crustal elements as they correspond to Si in the 0.34-0.56 

micron range during the February 13, 2009 sampling campaign.  This figure demonstrates how 

well Ca, Fe, Mg, and Al correlate to Si.  This indicates that these particles are from the same 

source and appear to be crustal soils within the 0.34 to 0.56 micron size fraction.  
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Figure 3-9.  Histogram of elemental mass concentrations (ng/m
3
) for silicon ranging from 0.09 to

10 microns under local, Shamal, and Kous wind conditions.  It is apparent from this graph that 

there are greater concentrations of ultra-fine aerosols (0.09 to 0.26 microns) than in some of the 

larger stages as shown by the 0.34 to 0.56 micron stage.  It is also noteworthy that a larger 

percentage of 0.34-0.56 silicon particles are present during local wind events.   
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Figure 3-10.  Histogram of elemental mass concentrations (ng/m
3
) for silicon ranging from 0.09

to 10 microns under maximum wind speeds for local, Shamal, and Kous wind conditions.  It is 

apparent from this graph that there are greater concentrations of ultra-fine aerosols (0.09 to 0.26 

microns) during Kous and Shamal winds than in some of the larger stages as shown by the 0.34 

to 0.56 micron stage. It is also noteworthy that a larger percentage of silicon particles are present 

during local wind events but not during the Shamal and Kous wind events.  This may be due to 

flaking of the large sample deposits associated with the Shamal and Kous winds.    
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Figure 3-11.  Variation of specific crustal elements as they correspond to silicon in the 0.09-0.26 

micron size fraction.   
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Figure 3-12.  Time series of Ti and Pb in the 2.5-5.0 micron size fraction.  
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Figure 3-13.  Time series of Ti and Pb in the 0.09-0.26 micron size fraction. 
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Figure 3-14.  Time series of Ti, Pb, and Zn in the 0.09-0.26 micron size fraction.   This figure is 

significant in that it can relate Ti, Pb, and Zn to anthropogenic emissions of leaded fuel and 

brake and tire dust. 
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Figure 3-15.  HYSPLIT backward meteorological trajectories showing air crossing the Taurus 

mountains (line of blue stars) on its way to the site. This period is based on a 72-hour backward 

trajectory beginning on February 13, 2009.  The black line represents the predominant drainage 

path into Baghdad and the red star denotes the Zagros Mountains bordering Iraq and Iran.  
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Figure 3-16.  SEM analysis of an aerosol sample (0.26-0.09 microns size fraction) from the 

February 13, 2009 sampling campaign.  The particle contains Si, Al, Ca, Fe, and Mg, consistent 

with being a particle of soil/clay mineral produced through chemical reactions in the soil.  
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Figure 3-17.  Kok Brittle Fragmentation Model.  This figure depicts the correlation of Kok’s 

Brittle Fragmentation Theoretical Model with that of laboratory and field data.   It can be seen 

that the model has a good correlation with the laboratory and field.  Figure from Jasper Kok, 

used by permission (Kok, J.F., 2011b.)   



134 

Figure 3-18.  Wind rose for Baghdad, Iraq for the February 13, 2009 sampling campaign.  It can 

be noted from this figure that Shamal and Kous winds are the prevailing winds during this 

period.  It can also be seen that winds were recorded in excess of 11 m/s.  Wind directions and 

wind velocity were compiled from Weather Underground.  The WRPlot was compiled from 

Lakes Environmental. 
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Figure 3-19.  Pie chart of wind paths. The pie chart depicts predominate wind paths for the 

February 2009 sampling campaign.  It can be seen that predominate drainage comes from the 

Mediterranean Sea, Turkey, and Syria areas consistent with the northwesterly Shamal winds. 
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Figure 3-20.  Bar graph of average soil concentrations as a function of wind speed for local wind 

events.  Soil was defined using the IMPROVE soil algorithm formula.  It can be seen from this 

figure that soil concentrations appear to increase in the larger size fractions with wind speeds and 

aerosol diameter size fractions.  The lack of soil elements in the 0.09-0.26 micron size fraction 

should be noted.  
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Figure 3-21.  Iraqi wind data (local event) plotted against Kok’s brittle fragmentation model 

(2011).  Although there is an increase in the normal volume size distribution with increasing 

wind speed, the data correlates well to brittle fragmentation theory.        
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Figure 3-22.  Bar graph of average soil concentrations as a function of wind speed for Shamal 

wind events.  It can be seen from this figure that the two middle size fractions (0.56-0.75 and 

0.75-1.15 microns) have the highest soil element concentrations.  The prominent peaks in the 

0.09 to 0.26 micron size fraction are of particular interest.   
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Figure 3-23.  Iraqi wind data (Shamal event) plotted on Kok’s brittle fragmentation model 

(2011).  The uptick in the 0.09 to 0.26 micron size fraction is of interest as it deviates from Kok’s 

model.  Aside from this uptick and increases in normal volume size distribution with increasing 

wind speed, the data agrees well with the brittle fragmentation model.   
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Figure 3-24.  Bar graph of average soil concentrations as a function of wind speed for Kous wind 

events.  It can be seen from this figure that the 0.75-1.15 size fraction has the highest soil 

element concentration.  The prominent peaks in the 0.09 to 0.26 micron size fraction are of 

particular interest.     
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Figure 3-25.  Iraqi Wind Data (Kous event) plotted on Kok’s brittle fragmentation model (2011).  

The uptick in the 0.09 to 0.26 micron size fraction is of interest as it deviates from Kok’s model.  

Aside from this uptick and increases in normal volume size distribution with increasing wind 

speed, the data agrees well with the brittle fragmentation model.  
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Figure 3-26.  Bar graph of average soil concentrations as a function of wind speed for Shamal 

and Kous wind events.  It can be seen from this figure that during this sampling campaign, the 

highest average soil concentration for the 0.56-0.75 micron size fraction occurred during Shamal 

winds, while the highest average soil concentration for the 1.15-2.5 micron size fraction occurred 

during Kous winds.  The prominent peaks in the 0.09 to 0.26 micron size fraction are of 

particular interest.  
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3.8 Tables 

Table 3-1.  A comparison of the settling velocities and deposition times for particles of different 

sizes of lofted to the top of a 5500 m dust cloud. 

Aerodynamic 

diameter range 

for DRUM size 

fractions 

(μm) 

DRUM stage  

mid-point of 

aerodynamic 

diameter (μm) 

Terminal settling 

velocity (m/s) 

Time required 

for particle at 

lofted to the top 

of the dust cloud 

(5500 m) to reach 

the surface 

5.0 - 10.0 7.5 1.72x10
-2 

3.7 days 

2.5 - 5.0 3.75 4.38 x 10
-4 

145 days 

1.15 - 2.5 1.83 1.09x10
-4 

1.6 years 

0.75 - 1.15 0.95 3.14x10
-5 

5.6 years 

0.56 – 0.75 0.66 1.61x10
-5 

10.8 years 

0.34 – 0.56 0.45 8.22x10
-6 

21.2 years 

0.26 – 0.34 0.40 6.73x10
-6 

25.9 years 

0.09 – 0.26 0.18 1.94x10
-6 

90 years 
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Chapter 4  The Effect of Aerosol Loading on the Particle Size Separation of Brittle Minerals in 

an 8-Stage DRUM Aerosol Impactor
1.

4.1 Abstract 

A calibration study was conducted on an 8-stage DRUM aerosol impactor to determine 

whether minerals subject to brittle fracture (calcium sulfate, sodium bicarbonate, and finely 

ground quartz) would fragment during impaction and to quantify the effects of high mass loading 

conditions on sample sizing.  The amount of mass collected at predetermined points on the 

sample substrates was varied to determine if the ratios of aerosol mass between different stages 

remained constant under a wide range of mass loading conditions.  The ratios remained constant 

as the mass loading increased implying that the minerals did not fragment during sampling.  

Mineral particles were not observed on the smallest size fraction (0.09-0.26 microns) under 

either ‘wind’ (4.1 m/s) or ‘high wind’ (8.3 m/s) conditions.  This fact confirmed the particles 

were not breaking down into smaller particles than what was observed in the initial size 

distribution characterized by an optical particle counter.  These findings suggest the increases in 

soil element concentrations on the DRUM stages collecting the smallest size fractions seen in 

data sets from Iraq and White Sands, NM, are due to actual single particles and not a product of 

particle fragmentation during sampling.   

4.2 Introduction 

A consensus exists among aerosol scientists about how atmospheric aerosols are formed.  

The basis for this understanding is summarized in a Seinfeld and Pandis (1998) diagram 

outlining a tri-modal distribution of typical aerosol growth patterns (Whitby and Cantrell, 1976).  

1.
 Bell, J.M.; Cahill, C.F.; Egan, S.D.  The effect of aerosol loading on the particle size separation of brittle minerals 

in an 8-Stage DRUM aerosol impactor.  University of Alaska Fairbanks, Fairbanks, AK. In preparation for 

submission to the American Chemical Society, 2014. 
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Aerosols within this distribution range from the ultra-fine particles (<0.1 μm) of the transient 

nuclei or Aitken nuclei range, through the fine particles (0.1-2.5 μm) trapped within the 

Greenfield gap (Greenfield, 1957) of the accumulation mode, to the coarse particles (>2.5 μm) 

associated with natural (e.g., biological or geogenic) processes.  Particles within the transient 

nuclei mode are typically combustion products that have undergone gas-to-particle conversions 

to form primary particles.  These particles collide with each other and grow into particles of the 

sizes found in the accumulation mode.  Ultimately, water vapor condenses onto accumulation 

mode particles causing them to be removed from the atmosphere via washout.  Coarse particles 

form by different processes than finer particles; they are generated from larger source materials 

through grinding and other mechanical processes. 

Atmospheric aerosols found within Iraq are predominately comprised of dust (Al-Hurban 

and Al-Ostad, 2010; Engelbrecht et al., 2009; Al-Dabbas et al., 2012; Misconi and Navi, 2010; 

Awadh, 2012; Shahsavani, et al., 2012).  For the purposes of this paper, dust is defined as the 

silt-sized or clay-size soil particles lofted due to high velocity winds (Middleton and Goudie, 

2001).  Dust is usually associated with coarse particulate matter (Seinfeld and Pandis, 1998); 

however, it has been detected across all of the size fractions collected by DRUM aerosol 

impactors (Lundgren, 1967; Cahill et al., 1985; Raabe et al., 1988; Cahill and Wakabayashi, 

1993; Wetzel et al., 2003; Collins et al., 2007) in Baghdad, Iraq.  The DRUM aerosol impactor is 

a cascade impactor that continuously collects size (eight size fractions between 0.09 to 10 

microns in aerodynamic diameter) and time-resolved aerosols (Lundgren, 1967; Cahill et al., 

1985; Raabe et al., 1988; Cahill and Wakabayashi, 1993; Wetzel et al., 2003; Collins et al., 2007; 

Cahill et al., 2010).  Of particular interest in the finest DRUM size fraction (0.09-0.26 μm) for 
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samples collected in Iraq is a peak in soil elements that occurred during high wind conditions. 

This peak is not consistent with a simple peak tailing of a soil size distribution.  Seinfeld and 

Pandis (1998) noted that number distributions of desert soils tend to exhibit three overlapping 

modes at diameters of 0.01 microns or less, 0.05 microns, and 10 microns respectively. 

Although the occurrence of fine particles (>0.3 microns) has been reported (Alfaro and Gomes, 

2001; Sow et al., 2009; Shao et al., 2011) and correlated to wind velocities, some models  (Kok, 

2011a; Kok, 2011b) suggest wind velocities have little role in this break down while others 

suggest it is a function of wind speed  (Sow et al., 2009; Shao et al., 2011, Carneiro et al., 2013) 

and transport (Butler et al., 2012).  Soil element concentrations are routinely detected in the 

finest fractions of the DRUM samplers deployed in Iraq.  The frequency of dust peaks raises the 

question of whether the peaks are due to naturally occurring processes in the environment or the 

breakdown of larger soil particles during sampling. 

Many studies (Mitchell and Pilcher, 1957; Lee et al., 1972; Whitby et al., 1974) argue 

about the level of certainty that cascade impactors, such as the DRUM aerosol impactor, have in 

representing the original particle captured.  This concern is largely associated with the integrity 

of the original particle and whether fracturing occurs during loading as one particle collides with 

other particles, thereby breaking the original particle into smaller pieces that are caught in the 

sampler’s air flow and deposited on later stages of the sampler.  It is suggested (Gordon et al., 

1974) that care should be taken when presenting data, as particle size from impaction on each 

stage can be misleading.  Lundgren (1967) argues that problems associated with particle loss and 

inappropriately represented data (due to wall loss) can be effectively eliminated through the use 

of a coating and proper instrumental design and operations. The DRUM sampler uses Apiezon 
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L
TM

- coated Mylar
TM

 sample substrates specifically to minimize the potential for particle bounce

or removal of particles from the sample strip (Wesolowski et al., 1978; Cahill et al., 1979; Raabe 

et al., 1988; Bench et al., 2002). 

It is the intent of this study to evaluate whether the brittleness of an aerosolized mineral 

may lead to particles fracturing during sampling.  The likelihood that one mineral may resist the 

scratching of the other is determined by the Mohs scale of hardness which ranges from one to ten 

(Tarbuck et al., 2013).  Gypsum is the defining mineral on the Mohs scale for hardness value two 

and has an absolute hardness of three.  Calcite is the defining mineral for hardness value three, 

and has an absolute hardness of nine.  Quartz is the defining mineral for hardness value seven 

and has an absolute hardness of 100.  Specifically, we are evaluating whether soft minerals, such 

as hemihydrate gypsum (CaSO40.5H2O) and calcite (CaCO3), are more likely to flake or 

fragment into finer particles while passing through the sampler or colliding with other soft/brittle 

mineral particles already deposited on the sample substrate.  Gypsum and calcite were chosen for 

analysis as they are major geological resources of Iraq (Bellen et al., 1959), are the predominate 

soft minerals found along Iraq’s drainage paths and dried wetlands, which are major dust 

sources, and are defining minerals within the Mohs scale.  Gypsum also comprises the ‘white 

sands’ of White Sands, NM, which have the largest known reserves of surface gypsum (Tarbuck 

et al., 2013) and are also a major source of dust aerosols in the southwestern United States.  

Calcite also was evaluated to further understand the behavior of soft minerals within the 

impactor and is also a common desert dust aerosol.  Measurements from these two mineral types 

were compared to quartz, a common but far harder mineral that is more resistant to mechanical 

breakdown.  The results from the sampler testing were compared with DRUM-sampled aerosol 
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datasets from White Sands, NM, and Baghdad, Iraq, to determine if the fine particles observed 

within those data sets are consistent with fine minerals breaking down in the sampler or if their 

formation was the result of naturally-occurring environmental processes. 

4.3 Experimental 

To determine whether impaction enhances the fragmentation of soft sedimentary minerals 

within the DRUM aerosol impactor, dry dispersed powders of anhydrous gypsum (CaSO4) salts, 

sodium bicarbonate (NaHCO3), and finely ground quartz (SiO2) were collected under different 

simulated wind speed conditions and sampling durations using the 8-stage DRUM aerosol 

impactor in the laboratory.  Table 4-1 provides a summary of the minerals used for analysis.  

Anhydrous gypsum was chosen for this study because a study conducted by Yu and 

Brouwers (2011) suggests gypsum strength is reliant on the amount of hydration.  As water 

evaporates the bonds between the gypsum crystals weaken, thereby weakening the crystalline 

structure and increasing the brittleness of the mineral.  The use of anhydrous gypsum in the study 

would represent the worst-case brittleness scenario and be most representative of the impact 

brittle minerals have during bombardment. 

NaHCO3 was chosen for analysis due to the number of Nahcolite deposits within the oil 

shales of Turkey and Jordan (Dyni, 2006).  Oil shales are the second largest fossil fuel in Turkey 

and are present as fine-grained sedimentary rocks (Altun et. al., 2006).  Nahcolite is a brittle 

mineral (Mohs scale hardness of 2.5) that represents dusts transported to Iraq during Shamal 

winds that may become susceptible to fragmentation upon impact.  
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SiO2 (silica) was chosen for analysis because it is a brittle mineral and the most abundant 

resource in the Earth’s crust (Faure, 1998).  Since SiO2 may be represented as sand and quartz, 

the predominant mineral in desert dust, and there are varying quartz deposits in and around Iraq 

ample opportunities exists for SiO2 to fragment.  SiO2 represents a significant amount of the dust 

lofted and transported to Iraq and has known brittle properties; therefore, its likelihood to 

fragment during bombardment was investigated.  The methods used for the sampling and 

analyses of the minerals are described in the following sections. 

4.3.1  8-stage DRUM Aerosol Impactor 

The DRUM aerosol impactor (Figure 4-1) is a rotating Lundgren-type (1967) impactor 

with a flow rate of 16 L min
-1

 that continuously collects size and time-resolved aerosols (Cahill

et al., 1985 Raabe et al., 1988; Cahill and Wakabayashi, 1993; Wetzel et al., 2003; Collins et al., 

2007).  The DRUM utilizes impaction to separate particles by aerodynamic diameter into 5.0-

10.0, 2.5-5.0, 1.15-2.5, 0.75-1.15, 0.56-0.75, 0.34-0.56, 0.26-0.34, and 0.09-0.26 μm size 

fractions.  These size cuts will decrease modestly as external wind speeds increase (Cahill and 

Barnes, 2009).  Normally, the rotation rate of the drums gives the time resolution of the collected 

samples.  In this study, the rotation of the DRUM was turned off so that the deposition time 

could be increased, thereby concentrating the aerosols collected on a given area.  This allowed 

the effects of the additional deposition on top of previously impacted samples to be measured 

and compared to previously collected particles that were not subsequently impacted by additional 

particles.  Apiezon L
TM

-coated Mylar
TM

 was used to cover the rotating drums to prevent the loss

of particles from bounce or rebound (Raabe et al., 1988).  Surface coatings, such as Apiezon 

L
TM

, are needed because the elastic properties of both the particle and the collecting surface are
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high during impaction resulting in the tendency of particles to bounce off the surface (Lundgren, 

1967; Vincent, 2007).  This is problematic as some particles, especially solid, gritty ones such as 

soil particles, may fail to be retained on impact and may be deposited on smaller stages.  Soils in 

the Middle East and other desert dust source areas are dry and fragile and thus may break into 

finer fractions as they collide against other particles in the DRUM aerosol impactor.  

The samplers were calibrated with the size-cut methods outlined and published by Raabe 

et al. (1988), and the uniformity of a sample across the 1-cm high deposition area on each stage 

was shown to be consistent as demonstrated by Bench et al. (2002).  Recent co-located field 

experiments by the U.C. Davis Delta Group also showed consistency between mass 

concentration measurements made by different DRUM aerosol impactors (Cahill et al., 2011). 

4.3.2 Aerosol Generation 

4.3.2.1 Sample Preparation 

Sample preparation entailed adding dry-dispersed dusts of NaHCO3, CaSO4, and SiO2, to 

the TSI Fluidized Bed Aerosol Generator (FBAG) sample reservoir.  The NaHCO3 and CaSO4 

did not require any preparation prior to use, as they were finely pulverized powders purchased 

from Baker Analyzed (Philipsburg, N.J.).  The SiO2 was ground into a fine powder with a rock 

grinder prior to use. 

4.3.2.2 Aerosol Generator 

Aerosols were generated using a TSI Fluidized Bed Aerosol Generator (FBAG) model 

3400A with a bead purge of 10 L/min and an airflow rate of 2 L/min. Air was supplied through a 

high efficiency particulate air filter (HEPA) to the device at 25 psi of pressure to ensure a steady 

flow. The copper bead bath in the FBAG was purged before introducing a new compound into 
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the system by flushing the reservoir with air for 30 minutes before filling the reservoir with new 

material.  The FBAG was equilibrated for 1 hour to ensure sample delivery resulted in a 

consistent aerosol output.  An optical particle sizer (OPS) was used to determine the particle size 

distributions of the aerosolized samples and the consistency of the aerosol generation. 

4.3.3  Methodology 

To simulate the movement of air and aerosols past the DRUM impactor by a wind, the 

inlet of the impactor was placed in the middle of a 12” wide Sonnotube (Figure 4-2) and air was 

pulled in a cross-stream past the inlet cap.  A HEPA filter was positioned upstream of the 

sampler’s inlet and a vacuum was pulled downstream of the inlet to create an up to 12.4 m/s flow 

of clean, HEPA-filtered air through the tube and past the inlet.  The ‘wind’ velocities were 

measured using a LPM Air flow meter.  A wind velocity of 8.28 m/s is representative of the 

Shamal and Kous windy days experienced in Iraq.  A TSI Optical Particle Sizer (OPS), model 

3330, was used to sample and record in real time the aerosol size distribution (17 bins between 

0.3 to 10 microns) created by the FBAG.  To do this, the OPS sampling line was placed in the 

Sonnotube between the injection port for the FBAG and the inlet for the DRUM. This allowed 

the clean air to dilute the aerosols from the FBAG upstream from the OPS sampling line and the 

DRUM’s inlet.  The diluted aerosol stream moved downstream through the Sonnotube, across 

the OPS sampling line and then across the DRUM’s sampling inlet, thus providing the same size 

distribution and concentration to the OPS as the DRUM.  In addition, the OPS was flushed with 

HEPA-cleaned air in between runs to remove residual aerosols from the inlet tube before the 

next sampling run.  Sample collection durations included 5-hour, 8-hour, 12-hour and 20-hours 

durations.  After each run, the substrate-coated drums in the DRUM impactor were rotated to 
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provide separation between the different sample deposits. After the completion of all sampling 

runs, the Mylar® DRUM strips were removed and placed on slide frames in preparation for mass 

concentration analysis using the -gauge.  

4.3.4  Mass Concentration Analysis  

A DRUMAir -gauge was used to measure the total mass of aerosols collected during 

sampling (Courtney et al., 1982; Chueinta and Hopke, 2001). The analysis is conducted by beta 

particle attenuation. 

4.4. Results 

4.4.1 Experimental Results 

4.4.1.1 Particle Fragmentation Tests  

 

Particle fragmentation studies were conducted on aerosolized particles of CaSO4, 

NaHCO3, and SiO2 collected by an 8-stage DRUM aerosol impactor.  In accordance with our 

OPS measurements of NaHCO3 and CaSO4, (Figure 4-3 and Figure 4-4, respectively) dust 

concentrations decreased in each successive fraction until they can no longer be read by the OPS 

finest fraction for NaHCO3, which represents particles 0.3-0.374 microns.  The OPS detected 

low concentrations of fine (0.3 microns) CaSO4 aerosols (Figure 4-4).  Figure 4-5 bins the OPS 

data for CaSO4 into size fractions equivalent to those measured by the DRUM.  In general, 

concentration decreases with each successive stage.    

Table 4-2 provides the effective mass concentration of CaSO4 collected under different 

lengths of time to simulate the effect of higher ambient mass concentrations during a normal 3-

hour sampling period.  The mass concentration increased with longer run times, with the greatest 

mass being collected during the 20-hour run.  Both NaHCO3 and CaSO4 particles were detected 
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on stages 1-6, which represent particles with aerodynamic diameters ranging between 0.34 to 10 

μm.  The table demonstrates that mineral dust generated by mechanical grinding mechanisms can 

readily be detected on stages with aerodynamic diameters smaller than the 2.5 μm, which is 

commonly thought of as the breakpoint between mechanically generated and combustion-related 

aerosols.  There was no distinguishable mass on stage 7 of the DRUM.  The OPS showed a low 

mass concentration of particles (0.13 ug/m
3
) in this size range, but the deposited mass was below

the maximum detection limit (MDL) for the beta gauge.  The lack of particles on the DRUM 

stages corresponding to particle sizes smaller than those observed using the OPS means that 

these particles are not breaking down or bouncing in the sampler, even during periods with large 

mass loadings present on the substrate. 

To confirm that samples are not breaking down within the sampler, Figure 4-6 shows the 

difference in loading becomes greater as fractions become smaller within the DRUM impactor. 

It should be noted the mass concentration ratio between stages 3 and 8 are not apparent as there 

was not sufficient mass on stage 8 to be considered.  It is for this reason a peak cannot be seen 

for this ratio.   Higher concentrations of CaSO4 are noted on stage 3 (1.15-2.5 microns) than on 

stage 2 (2.5-5.0 microns) as a more uniform concentration of pulverized material occurs across 

the 1.15-2.5 micron range.  Additionally, it is noted that as time progresses the FBAG does not 

consistently produce the same number of particles as during the initial measurement.  Figure 4-7 

shows decreasing particle numbers as sampling time increases. This may be due to the failure of 

the bead chain to pick up the same number of particles as the chain hollows out a track through 

the sample in the sample chamber. To minimize this problem it was ensured that the sample 
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chamber always had ample sample prior to and through each run so that gravity would cause the 

particles above the chain to be fill in the hollowed out area around the chain.  

The quartz samples were not reproducibly analyzed by the -gauge.  It appears the 

electrostatic properties of quartz fragments interfered with the transfer of electrons between the 

source and detector for the -gauge.  Therefore, no quantitative measurements of the mass of 

quartz particles were made.  However, the charging anomaly does indicate whether there are 

quartz particles present on a stage.  According to this evidence, quartz particles deposit on stage 

8. The OPS, however, cannot size particles smaller than 0.3 microns, so the initial size

distribution cannot be determined for the small particles.  Given that quartz is harder than the 

other minerals, it is unlikely that the quartz fractured when the other particles did not so it is 

probable that the quartz on stage 8 is due to particles initially of that size.  Figure 4-8 shows that 

the smallest particles entering the sampler, as measured by the OPS, could be below 0.3 microns 

in size because there are particles in the size fraction immediately above the OPS cutoff. 

4.4.1.2 Wind Speed Sampling Tests 

The CaSO4 and SiO2 aerosols collected by the DRUM aerosol impactor under simulated 

‘high wind’ conditions did not change from the ‘wind’ case.  That is, although the aerosols were 

injected into a larger volume of air and moved through the testing apparatus more quickly, there 

was no evidence of fragmentation upon impaction or loss of larger particles due to aerosol inlet 

impacts.  Figure 4-9 depicts the size distribution of aerosols collected during the high wind-speed 

tests.  The size distribution is consistent with what resulted from the low-wind test described 

above. 
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4.4.1.3 Comparison with other Data Sets 

Field campaigns conducted in Baghdad, Iraq, using DRUM aerosol impactors routinely 

detect dust within the finest size fractions (0.09-0.26 microns).  The time series of aluminum 

(Al), calcium (Ca), silicon (Si), magnesium (Mg) and iron (Fe) in Figure 4-10 depicts the 

elemental mass concentrations for dust in stage 6 (0.34-0.56 microns) during a period from 

02/13/09 to 03/05/09 in Iraq.  Iraq is an arid desert with soils enriched in brittle minerals (Bellen, 

1959) so there was concern that these aerosols were due to particle bounce and fragmentation in 

the sampler.  However, the results from the laboratory study suggest the high concentration of 

soil elements on this stage are indeed due to environmental production mechanisms and not 

particle bounce and fragmentation under high aerosol loading conditions. 

A field campaign conducted at White Sands Missile Range, New Mexico, using an 8-

stage DRUM aerosol impactor to study the production of aerosols as a function of meteorology 

during springtime (windy, dusty) conditions.  The field data from White Sands was used as a 

comparison to Iraq because the sand dunes are dominated by gypsum, the soils range from fine 

silt to coarse sand, and winds bring about the lofting of significant amounts of dust.  The 

presence of gypsum particles on stage 6 (0.34 to 0.56 µm), stage 7 (0.26 to 0.34 µm), and stage 8 

(0.09 to 0.26 µm), shown in Figure 4-11 (Cahill et al., 2005), of the White Sands Missile Range 

data was used in this study as a field measurement comparison to the experimental data.  These 

aerosols are significant in that they demonstrate the total mass of particles within the smallest 

size fractions of the DRUM impactor.  The presence of gypsum in these finest fractions suggests 

geogenic dusts may routinely fractionate to sizes not previously believed to result from 

mechanical processes.  The results of the study above and from Cahill et al. (2005) are consistent 
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with this study and show that these small size fractions are real and that there is no evidence of 

mechanical break down of the aerosols within the sampler. 

Figure 4-12 provides a ratio between DRUM stages 5 (1.15-0.75μm), 6, (0.75-0.56), 7 

(0.56-0.34), and 8 (0.26-0.09 μm) from the White Sands Missile Range study.  As partitioning 

occurs between each successive stage (5 to 6, 5 to 7, and 5 to 8) a greater concentration 

difference is seen and a substantial decrease in concentration exists between stages 5 and 8.  This 

would suggest particles are not fragmenting within the sampler. Therefore, the field 

measurements collected from White Sands, NM further suggests samples are not fragmenting 

within the DRUM impactor and that the presence of fine and ultrafine soil particles (<2.5 μm) is 

a result of fragmentation resulting from environmental geogenic processes.  

4.5. Conclusion 

A calibration study was conducted on an 8-stage DRUM aerosol impactor to determine 

whether brittle minerals (calcium sulfate, sodium bicarbonate, and finely ground quartz) were 

likely to fragment during impaction and to quantify the effects of high mass loading conditions 

on sample sizing.  The purpose of this study was to determine if inconsistencies observed with 

field data could be explained via instrumental design flaws or whether geological conditions 

exist that result in the enhanced presence of very fine-grained geogenic aerosols.  

Laboratory results show that particles are not fragmenting in the DRUM aerosol impactor 

across the range of mass loadings despite different wind conditions.  The mass concentrations 

decrease in each successive stage for the smaller size fractions as expected, implying that there 

are no small particle production mechanisms occurring in the sampler.  Additionally, the dust 



164 

concentrations on the DRUM stages were consistent with the particle distributions measured 

using the OPS, so no particle loss or production was occurring in the inlet and sampler.  

The results of the Iraqi field campaign and field measurements collected from White 

Sands, NM are consistent with this study and show no evidence of mechanical breakdown of the 

aerosols within the sampler.  Further, the results imply the presence of fine and ultrafine soil 

particles (<2.5um) observed in field samples is a result of production from environmental 

geogenic processes.  This suggests the DRUM cascade impactor is functioning as designed and 

its size-cut calibrations are consisted with Raabe et al. (1998). 

Future studies to confirm the effectiveness of the DRUM aerosol impactor as a 

quantitative aerosol collection device would verify the uniformity of the samples across the 1 cm 

high sample deposit through scanning electron microscopy (SEM).  Elemental mass could be 

then evaluated and validated using synchrotron x-ray fluorescence analysis to confirm the 

results.  The additional analyses could provide specific information on the behavior of quartz 

particles during sampling.   
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4.7 Figures 

Figure 4-1.  Photograph of a Davis rotating drum unit for monitoring (DRUM) aerosol impactor. 
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Figure 4-2.  Schematics of the instrumental set-up.  The inlet of the DRUM aerosol impactor was 

placed in the middle of a 12” wide Sonnotube to simulate a cross-stream of air. 
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Figure 4-3.  Optical Particle Sizer (OPS) measured the size distribution of NaHCO3 produced by 

the aerosol generator.   The finest size measured was 0.374 microns.  
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Figure 4-4.  Optical Particle Sizer measured the size distribution of CaSO4 produced by the 

aerosol generator.   The finest size measured was 0.3 microns.    



Figure 4-5.  OPS size bins were combined to fit within the DRUM aerosol impactor stages.  The 

finest measurable size fraction was stage 7 (0.26-0.34 microns). 
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Figure 4-6.  Mass concentration ratios between the DRUM impactor’s size fractions 3 (1.15-2.5), 

4 (0.75-1.15), 5 (0.56 -0.75 μm), 6 (0.34-0.56 μm), 7 (0.26 – 0.34μm), and 8 (0.09 – 0.26 μm). 

It should be noted that no peak appears for ratio stages 3 to 8.  Stage 8 did not have sufficient 

mass to be considered. 
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Figure 4-7.  A decrease of particles are generated by the FBAG over time. 
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Figure 4-8.  Optical Particle Sizer determined the mass concentration in each OPS bin range for 

quartz.  
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Figure 4-9.  Optical Particle Sizer determined the mass concentration in each OPS bin range for 

quartz under high wind conditions. 
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Figure 4-10.  Time series of the soil elements Al, Si, Ca, Mg, Ti, and Fe in the 0.34-0.56 micron 

size fraction.   The concentration of Ti is on the secondary axis.  This figure shows the presence 

of soil within the fine aerosols.  
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Figure 4-11.  Aerosol mass concentration for 0.09 to 0.56 μm aerosols collected by the DRUM 

sampler at Space Harbor, White Sands, NM (Cahill et al., 2005).  
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Figure 4-12.  This figure shows the ratios between stages 5 (0.56 -0.75 μm), 6 (0.34-0.56 μm), 7 

(0.26 – 0.34μm), and 8 (0.09 – 0.26 μm) for aerosol samples collected by the DRUM sampler 

from Space Harbor. 
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4.8 Tables 

Table 4-1.  Chemical summary information for minerals analyzed. 

Substrate Mineral 

Name 

Chemical 

Composition 

Mass (g/mol) Density 

(g/cm
3
)

Moh 

Hardness 

Calcium 

sulfate 

Gypsum CaSO4 136.15 2.96 2 

Sodium 

bicarbonate 

Nahcolite NaHCO3 84.01 2.2 2.5 

Silicon 

dioxide 

quartz SiO2 60.09 2.65 7 
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Table 4-2.  Mass concentrations of CaSO4 aerosols on stages 3-8 (0.09-2.5 microns) in 

laboratory tests.  The finest fraction of detectable aerosols range from 0.26 – 0.34 μm.   

Sample 

Duration 

(hr) 

Aerosol DRUM Stages Mass Concentration (μg/m
3
)

0.09-0.26 0.26-0.34 0.34-0.56 0.56-0.75 0.75-1.15 1.15-2.5 

5 ND 3.76 9.6 ND ND 14.8 

8 ND 5.6 ND 11.3 24.2 39.3 

20 ND 5.5 15 44.5 57.5 72.5 

5 ND 3.5 9.5 ND 9.9 24 

8 ND 4.4 ND 7.8 20.8 35 

12 ND 8 ND 17 30.6 45 
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Chapter 5 Conclusion 

This dissertation describes the results from a sampling campaign in Baghdad, Iraq, 

designed to collect continuous high temporal resolution aerosol size and composition data for use 

in epidemiological studies.  The studies that comprise this dissertation address the limitations of 

previous studies conducted in the same region.  To overcome inherent problems associated with 

one day in six sampling techniques and limited size segregation, an 8-stage DRUM aerosol 

impactor was used in this study to obtain 1.5 hour resolution mass concentration, particle size 

(between 0.09 and 10 microns in aerodynamic diameter), and elemental composition data during 

three week sampling campaigns.  The results of these analyses are described in the following 

sections.  

5.1 Sources of Iraqi Aerosols 

Results from the sources and source regions study (Chapter 2) demonstrate that Iraqi 

aerosols result from numerous natural and anthropogenic sources.  Aerosols containing lead and 

sulfur result from local fossil fuel combustion, smelting operations, the continued use of leaded 

fuel, and the lofting and transport of Pb enriched soil/deposits and gypsum-laden dusts.  The 

presence and accumulation of V, in the absence of wind drainage, is a good indicator of local 

fossil fuel combustion, smelting, and mining activities.  Bromine (Br) and S appearing together 

serve as an indicator of sea salts and when Br appears with Pb it correlates to anthropogenic 

source emissions of leaded fuel and smelting activities.  Elemental soil ratios were consistent 

across all aerosol size fractions and matched the elemental abundances found in the earth’s crust.  

The discovery of the crustal elemental abundances in particles in the finest size fractions means 

there are geogenic crustal particles in the finest size fractions and that current hypotheses for dust 
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particle generation need to be revised to include an Aiken nuclei generation mechanism for soil 

particles.  The ambient particulate Pb concentrations routinely exceed the U.S. National Ambient 

Air Quality Standards (NAAQS) for lead, which implies that there may be adverse health effects 

associated with breathing the Iraqi aerosol. 

5.2 Geological Findings and Brittle Fragmentation 

Elemental analyses, SEM images of individual particles, meteorological analyses, and a 

brittle fragmentation model were used to determine the sources and production mechanisms for 

the ultra-fine dust aerosols found in this study.  As described in Chapter 2, the presence of high 

concentrations of soil aerosols in the finest size fraction (0.09-0.26 m in aerodynamic diameter) 

was surprising because most hypotheses about the generation of soil particles do not produce 

particles of this size.  The meteorological analyses in Chapter 3 determined the fine particles 

only occurred under windy conditions.  This implied the source of these particles was not a result 

of local anthropogenic source emissions, which are higher under still air conditions.  Wind roses, 

HYSPLIT meteorological backwards trajectories, and the aerosol composition show that 

although there are differences between the aerosols impacting the site during Shamal and Kous 

wind conditions, the finest size fraction of soil aerosols is produced under both Shamal and Kous 

wind conditions.  The conclusion from these results is that a mechanism exists for the production 

of Aitken mode geogenic particles from desert surfaces. 

The soil data collected during this study agree with Kok’s (2011a) brittle fragmentation 

hypothesis during low wind situations; however, the high mass concentration of soil particles in 

the finest size fraction produced during high wind situations, does not agree with Kok’s brittle 

fragmentation hypothesis.  Therefore, brittle fragmentation, which is hypothesized to be 
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independent of wind speed, may provide one mechanism for generating the small crustal 

particulates observed in the data, but it is not the only explanation.  The data presented in this 

study show wind velocity plays a significant role in the fragmentation process and fine particle 

production.  The combination of hypotheses put forward in recent papers by Carneiro et al. 

(2013) and Butler et al. (2012) could explain the deviation from the brittle fragmentation model 

because they describe a fine particle production model in high wind, dust storm conditions that 

would lead to additional particle break down during particle transport in a dust plume.  These 

hypotheses are worthy of further testing to determine in they can explain the size distributions 

observed in the Camp Victory aerosol data.  

5.3 Aerosol Loading of Brittle Minerals on the 8-Stage DRUM Impactor 

To ensure that particles seen in the finest size fractions (Chapters 2 and 3) were not 

produced as a result of particle breakdown in the DRUM aerosol impactor during sampling, a 

laboratory calibration study was conducted (Chapter 4) on an 8-stage DRUM aerosol impactor.  

The purpose of this study was to prove that brittle minerals (calcium sulfate, sodium bicarbonate, 

and finely ground quartz) representative of mineral types found in Iraq would not fragment 

during impaction and to quantify the effects of high mass loading conditions on particle sizing.  

The study specifically examined whether the high concentrations of soil particles in the finest 

size fraction observed in the Iraqi samples could be explained via instrumental design flaws.  

Laboratory results show that particles are not fragmenting in the DRUM aerosol impactor 

across the range of mass loadings despite different wind conditions.  The mass concentrations 

decrease in each successive stage for the smaller size fractions as expected, implying that there 

are no small particle production mechanisms occurring in the sampler.  Additionally, the dust 



188 

concentrations on the DRUM stages were consistent with the particle distributions measured 

using the OPS, so no particle loss or production was occurring in the inlet and sampler.  

The results of the Iraqi field campaign and field measurements collected from White 

Sands, NM are consistent with this study and show no evidence of a mechanical break down of 

the aerosols within the sampler.  Further, the results imply that the presence of fine and ultrafine 

soil particles (<2.5 m) in the field samples is a result of production from environmental 

geogenic processes.  This suggests the DRUM cascade impactor is functioning as designed and 

its size-cut calibrations are consisted with Raabe et al. (1988). 

5.4 Future Work 

The production of ultra-fine particles found within desert dust storms seem to result from 

a combination of several factors that should be investigated further.  Specifically studies could 

evaluate how entrained particles interact with other particles and whether this interaction results 

in finer particle production.  The role of midair collisions and their relationship to the strength 

and duration of the dust cloud could be examined further to quantify their effects on 

fragmentation.  Studies should address whether midair collisions and increased travel distances 

can account for the size distributions observed in the data collected during this study.   

Future studies can confirm the effectiveness of the DRUM aerosol impactor as a 

quantitative aerosol collection device and verify the uniformity of the samples across the 1 cm 

high sample deposit through scanning electron microscopy (SEM).  Then elemental mass could 

be evaluated and validated using synchrotron x-ray fluorescence analysis to confirm the results.  

The additional analysis could provide specific information on the behavior of quartz particles 

during sampling. 
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The unique and valuable data set presented in this thesis should be used to assess future 

potential adverse health effects associated with the inhalation of the Iraqi aerosols.  The 

concentrations of lead and other elements suggest that there may be long-term impacts from 

soldiers’ exposure to the Iraqi air.  Epidemiologists should combine the results of the elemental 

analysis with information on soldiers’ health and exposure to Iraqi air.  If correlations between 

specific aerosol components and morbidity are discovered, the causality of the relationship can 

be investigated and steps to mitigate the effects can be explored and implemented.  Hopefully, 

the results of these studies will lead to new ways to protect U.S. soldiers and civilians from the 

dangers of ambient aerosols. 
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