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ABSTRACT 

Wind erosion, transport and deposition of particulate matter can have significant impacts on the 

environment.  It is observed that about 40% of the global land area and 30% of the earth’s 

population lives in semiarid environments which are especially susceptible to wind erosion and 

airborne transport of contaminants.  With the increased desertification caused by land use 

changes, anthropogenic activities and projected climate change impacts windblown dust will 

likely become more significant.  An important anthropogenic source of windblown dust in this 

region is associated with mining operations including tailings impoundments.  Tailings are 

especially susceptible to erosion due to their fine grain composition, lack of vegetative coverage 

and high height compared to the surrounding topography.  This study is focused on emissions, 

dispersion and deposition of windblown dust from the Iron King mine tailings in Dewey-

Humboldt, Arizona, a Superfund site.  The tailings impoundment is heavily contaminated with 

lead and arsenic and is located directly adjacent to the town of Dewey-Humboldt.  The study 

includes in situ field measurements, computational fluid dynamic modeling and the development 

of a windblown dust deposition forecasting model that predicts deposition patterns of dust 

originating from the tailings impoundment.  

Two instrumented eddy flux towers were setup on the tailings impoundment to monitor the 

aeolian and meteorological conditions.  The in situ observations were used in conjunction with a 

computational fluid dynamic (CFD) model to simulate the transport of windblown dust from the 

mine tailings to the surrounding region. The CFD model simulations include gaseous plume 

dispersion to simulate the transport of the fine aerosols, while individual particle transport was 

used to track the trajectories of larger particles and to monitor their deposition locations.  The 

CFD simulations were used to estimate deposition of tailings dust and identify topographic 



12 
 

mechanisms that influence deposition.  Simulation results indicated that particles preferentially 

deposit in regions of topographic upslope.  In addition, turbulent wind fields enhanced deposition 

in the wake region downwind of the tailings. 

This study also describes a deposition forecasting model (DFM) that can be used to forecast the 

transport and deposition of windblown dust originating from a mine tailings impoundment.  The 

DFM uses in situ observations from the tailings and theoretical simulations of aerosol transport 

to parameterize the model.  The model was verified through the use of inverted-disc deposition 

samplers.   The deposition forecasting model was initialized using data from an operational 

Weather Research and Forecasting (WRF) model and the forecast deposition patterns were 

compared to the inverted-disc samples through gravimetric, chemical composition and lead 

isotopic analysis.  The DFM was verified over several month-long observing periods by 

comparing transects of arsenic and lead tracers measured by the samplers to the DFM PM27 

forecast.  Results from the sampling periods indicated that the DFM was able to accurately 

capture the regional deposition patterns of the tailings dust up to 1 km.  Lead isotopes were used 

for source apportionment and showed spatial patterns consistent with the DFM and the observed 

weather conditions.  By providing reasonably accurate estimates of contaminant deposition rates, 

the DFM can improve the assessment of human health impacts caused by windblown dust from 

the Iron King tailings impoundment.  
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1 INTRODUCTION 

1.1 Aerosols and the environment 

An aerosol is a solid or liquid particle suspended in a gas (Seinfeld and Pandis, 2006).  For our 

purposes we are concerned with particulate matter that typically ranges in size from tens of 

nanometers to hundreds of micrometers in diameter suspended in air.  Figure 1 is an idealized 

schematic of the particle surface area distribution for atmospheric aerosols (Whitby, 1978).  

Coarse particles are defined as having aerodynamic diameters >2.5-μm (PM2.5) and are typically 

produced via mechanical action.  This form of aerosol production is called direct particle 

emission or primary production.  Coarse aerosol sources include windblown dust, seaspray, 

volcanic eruptions, and plant particulate matter (Seinfeld and Pandis, 2006).  These aerosols are 

typically large enough to be removed from the air by gravitational settling within hours to days.  

Aerosols that have diameters of <2.5-μm are defined as fine particles and are most often 

separated into two ranges: Aitken nuclei range (<0.1-μm) and the accumulation range (0.1-μm < 

Dp < 2.5-μm).  The Aitken-mode particles are formed from gas-to-particle conversion and are 

typically referred to as secondary production aerosol.  The aerosols tend to grow in size over 

time, either through diffusion and coagulation or through hygroscopic growth, thereby shifting 

the size distribution towards the accumulation mode.  Accumulation mode aerosols have 

atmospheric lifetimes of approximately 10 days, the same as the hydrologic cycle because their 

main removal mechanism is wet deposition.  Typical atmospheric aerosol number concentrations 

and PM10 (particulate matter with aerodynamic diameter ≤ 10-μm) mass concentrations for rural 

regions range from 2,000 to 10,000 cm
−3

 and 10 to 40 μg m
−3

, respectively (Seinfeld and Pandis, 

2006).  However regions that are impacted by anthropogenic aerosol sources, such as polluted 

urban regions, typically have significantly higher number concentrations and mass 
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concentrations ranging from 10
5
 to 4×10

6
 cm

−3
 and 100 to 300 μg m

−3
 (Seinfeld and Pandis, 

2006).  Anthropogenic sources include transportation, coal combustion, cement manufacturing, 

metallurgy, and waste incineration (IPCC; Forester et al., 2007).  Estimates of anthropogenic 

aerosol sources range from about 100 Tg y
−1

 (Andreae, 1995) to about 200 Tg y
−1

 (Wolf and 

Hidy, 1997).  Anthropogenic sources contribute to about 10% of the global aerosol production of 

PM10 aerosols, which is estimated to be between 1,000 and 3,000 Tg y
−1

 (Duce, 1995; Textor et 

al., 2006; Cakmur et al., 2006).  Natural and anthropogenic aerosols are very heterogeneous in 

their spatial and temporal distribution and chemical composition.  Characterizing aerosol 

populations is an important environmental problem due to their heterogeneous nature and their 

significant effects on climate, health and human welfare. 
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Figure 1. Idealized schematic of the distribution of particle surface area of atmospheric aerosols 

(Whitby and Cantrell, 1976).  Principal modes, sources and particle formation and removal 

mechanisms are included.  

 

Aerosols significantly affect the earth’s climate directly and indirectly.  In the direct effect, 

aerosols scatter and/or absorb incoming solar radiation.  The physical and chemical properties of 

aerosols play a significant role in direct radiative effects.  For example pure sulfate, nitrate and 

sea salt particles (which are white in the visible spectrum) scatter nearly all incident solar 

radiation thereby cooling the planet (negative forcing) (IPCC; Stocker et al., 2013).  On the other 

hand black carbon containing aerosols tend to absorb a significantly larger percentage of incident 

radiation and tend to have a positive top of atmosphere (TOA) radiative forcing, i.e., net 

warming (IPCC; Stocker et al., 2013).  In spite of large spatial and temporal variations of 

aerosols, the global aerosol direct effect is reasonably well understood and has been determined 

to have a net negative TOA radiative forcing of −0.27 [−0.77 to +0.23] W m
−2

, Figure 2 (IPCC; 

Stocker et al., 2013). 

The indirect effect of aerosols impacts cloud properties in several ways.  Aerosols are 

fundamental to cloud formation as hydrophilic aerosols act as cloud condensation nuclei (CCN) 

onto which water vapor can condense.  The first publication to suggest an “indirect effect” of 

aerosols on climate was authored by Towmey (1974).  He proposed the relationship, CCN(s) = 

cs
k
, to link aerosol concentration (c) and CCN(s) number concentration in cloud forming parcels 

while holding the liquid water content (s) constant (k is an empirical constant varying from 0.3 to 

1.4).  The increase in cloud droplet concentrations results in an increased cloud albedo reflecting 

more incoming solar radiation (Twomey, 1974).  Additional indirect effects of aerosols on cloud 

formation include cloud lifetime effect where an increased number of smaller cloud droplets 
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(fixed LWC) reduces precipitation and prolongs the cloud lifetime (Albrecht, 1989).  The 

glaciation indirect effect links higher aerosol concentrations to increased solid phase 

precipitation (Lohmann and Karcher, 2002).  Finally, the semi-direct effect results from black 

carbon containing particles that can heat cloud containing layers causing increased cloud 

evaporation (Ackermann et al., 2000).  The cumulative TOA radiative forcing caused by all of 

the aerosol indirect effects is −0.55 [−1.33 to −0.06] W m
−2

, Figure 2
 
(IPCC; Stocker et al., 

2013).  The large uncertainties associated with the indirect effects are one of the most significant 

sources of errors within climate models (IPCC; Stocker et al., 2013).  Overall, aerosols play a 

vital role in the earth’s radiation budget and by decreasing the uncertainties associated with 

aerosols through continued research will significantly improve our ability to model the climate. 
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Figure 2. Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for 

the main drivers of climate change. Values are global average radiative forcing, partitioned 

according to the emitted compounds or processes that result in a combination of drivers. The best 

estimates of the net radiative forcing are shown as black diamonds with corresponding 

uncertainty intervals; the numerical values are provided on the right of the figure, together with 

the confidence level in the net forcing (VH –very high, H –high, M –medium, L –low, VL –very 

low). Total anthropogenic radiative forcing is provided for three different years relative to 1750. 

  

Exposure to elevated concentrations of aerosols can cause detrimental effects on human health.  

Because of the health risks associated with airborne particulate matter exposure guidelines have 

implemented by the U.S. Environmental Protection Agency (U.S. EPA) and the World Health 

Organization (WHO).  Elevated levels of particulate matter, especially PM2.5 (particulate matter 

with aerodynamic diameter ≤ 2.5-μm), pose the most serious health effects.  PM2.5 particles have 

a high mobility that results in them being more likely to be inhaled deeper into the respiratory 

tract where they can deposit (Sioutas et al., 2005).  Health effects associated with elevated 

particulate matter exposure include respiratory distress, aggravated asthma, chronic obstructive 

pulmonary disease (COPD), deceased lung function, irregular heartbeat, cardiovascular disease 

and increased mortality (Dockery et al., 1993; U.S. EPA, 2009; Brook et al., 2010).  Many of the 

health effects may be caused even by chemically “inert” aerosols.  The potential additional 

deleterious effects caused by toxic species, such as lead and arsenic, within a particle are not 

considered.  

Aerosols also have significant impacts on public welfare via reduced visibility, road hazards and 

agriculture losses.  To monitor deteriorating visibility in the US national parks, especially U.S. 

Class 1 areas, the IMPROVE aerosol monitoring network was created as a part of the 1977 Clean 

Air Act.  IMPROVE monitoring data at each site consists of optical extinction, composition and 

concentrations of fine particles collected at each site from 1988 to 2014 and is freely available on 
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the internet.  Natural extreme events such as dust storms and haboobs can significantly impact 

human welfare.  Their non-convective onset and drastic change in visibility make them 

significant traffic hazards (Ashley et al., 2007).  In addition, dust storms erode soil from 

agricultural fields which causes soil degradation and substantial crop losses (Griffin and Kellogg, 

2004) that can cost hundreds of millions of dollars in lost production per year (Wheaton,1992).            

1.2 Contaminant transport 

Environmental contaminants pose serious risks for the natural environment, human health and 

safety on a global scale.  Aerosol contaminants can originate from a variety of sources both 

natural and anthropogenic.  However, it is our ability to actively control the release of 

contaminants from anthropogenic sources that makes exposure to these preventable. 

There are four main transport routes for contaminants in the environment: soil, biota, water and 

air.  Contaminant transport within in soil occurs over very long time scales (e.g., decades) and is 

limited to a relatively small spatial area when compared to the other three transport pathways 

(Weber et al., 1991; Sheppard, 2005).  The biological pathways transport contaminants faster 

than through soil with time scales of weeks to years, and over a larger spatial extent however 

they are usually limited to local biomes (Arthur and Markham, 1982; Hope, 1993; Braune et al., 

2005).  The water pathway is very important transport mechanism for contaminants because of 

its potential to redistribute contaminants over much larger spatial areas through surface runoff 

and groundwater transport (McGechan and lewis, 2002).  However, the water pathway is 

generally constrained by watersheds and has a significantly more focused impact on aquatic 

environments such as rivers, lakes, oceans and ground water (Kolpin et al., 1998).  The airborne 

pathway can transport contaminants on local and global scales with much shorter time scales 
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than the other three mechanisms.  The temporal scale of airborne transport is on the order of 

hours to weeks over global spatial scales (Perry at al., 1999, Chu et al., 2003) and therefor 

aerosols have the potential to impact human health and safety over a much larger spatial scale 

and in a much faster timescale than the soil, biota and water pathways.  

Airborne transport of contaminants is the least studied of the transport pathways even with the 

potential global impacts.  Figure 3 shows characteristic time and spatial scales of transport in the 

four media as well as the number of published studies for each media (Csavina et al., 2012).   

Contaminant transport by water is by far the most investigated of all the pathways with about 

10,000 studies published in peer-reviewed literature over the past 20 years.  Soil has also been 

investigated quite extensively with about 5000 studies.  However, airborne transport of 

contaminated particles has had relatively few studies with only a few hundred.  In addition, it is 

observed that about 40% of the global land area and 30% of the earth’s population lives in 

semiarid environments (UNSO, 1997), which are especially susceptible to wind erosion and 

airborne transport of contaminants.  With the desertification caused by land use changes and 

anthropogenic activities and projected climate change impacts (CSCP, 2008; IPCC; Forester et 

al., 2007), and a drier southwest (Seager et al., 2007), airborne transport pathway will likely 

become more important (Pelletier, 2006).    
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Figure 3. Illustration of environmental contaminant transport media, their transport times and 

spatial extent and their relative number of scientific peer-reviewed papers (low < 1000 studies; 

high > 10,000 studies) (Csavina et. al., 2012) 

 

Major sources of chemically contaminated anthropogenic aerosols include industrial 

manufacturing, agricultural systems and mining (Driscoll et al., 2003; Csavina et al., 2011; 

Haddad et al., 2011).  Of the three main sources, mining operations may pose the greatest threat 

to human health and the environment (Csavina et al., 2012).  Potential mining sources include 

excavation, grinding, separation, smelting, refining and storage impoundments.  Of these, 

excavation, grinding and separation processes all produce aerosols through mechanical action.  

Mechanically generated aerosols typically have large particle sizes (Dp > 10-μm) and are limited 

to local and regional transport because of fast gravitational settling times, Figure 1.  For example, 
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a 10-μm diameter spherical SiO2 particle has a terminal velocity of 0.8 cm s
−1

 and would fall to 

the ground in 20.8 minutes if released from a height of 10 meters.  On the other hand, smelting 

and refining processes emit Aitken-mode aerosols formed from gas-to-particle conversion when 

hot vapors condense into ultra-fine particles that can contain large concentrations of chemical 

contaminants.  Due to the size of smelting and refining aerosols and their small terminal velocity, 

(e.g., 0.1-μm diameter SiO2 particle has a terminal velocity of 8×10
−5

 cm s
−1

) they can travel long 

distances having regional, continental and global impacts.  In many developed countries 

industrial and mining regulations have been imposed to cut down on the emission and spread of 

contaminants from these sources.  However, many large cities in developing countries struggle to 

meet their national ambient air quality standards which hinder efforts to reduce the emission and 

transport of particulate matter on a global scale (Shao et al., 2006).                  

1.3 Health effects of contaminated aerosols 

Ingestion of contaminants by inhalation, consumption and dermal contact emitted from mining 

operations can cause deleterious effects on human health.  The exposure route directly affects the 

risks associated with exposure.  For example, the health risks associated with contaminants that 

are ingested into the gastrointestinal system via direct consumption are dependent on size 

fractionation, speciation, mineralogy and bioavailability of the contaminant (Csavina et al., 

2012).  However, fine particles (Dp < 0.1-μm) can be deposited directly into the alveoli regions 

of the lungs where contaminants can be directly transferred into the blood stream (Park and 

Wexler, 2008; Valiulis et al., 2008).  Dermal exposure has the slowest absorption rate compared 

to consumption and inhalation.  However, long term dermal exposure can still pose serious 

health risks.    
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The specific contaminants produced by mining sulfidic copper ores such as those found in 

Arizona are dependent on the elemental composition of the ore.  Typical contaminants include 

arsenic, lead, mercury and chromium (Meza-Figueroa et al., 2009; Brotons et al., 2010; Csavina 

et al., 2011; Corriveau et al., 2011).  All four of these pollutants are cited by McCartor and 

Becker, 2010 in their list of the six most toxic pollutants affecting human health.   Furthermore, 

it is estimated that 40-60% of global airborne arsenic originates from smelters and mining 

operations (Chilvers and Peterson, 1987; Alloway and Ayres, 1997).  With mining operations 

producing large amounts of a variety of toxic pollutants, it is important to conduct further 

research to more accurately understand the extent of the impact and to find ways to reduce 

emissions. 

Arsenic, chromium and cadmium are carcinogens that have significant effects on brain function, 

nervous system function and vital organs (Csavina et al., 2012; ATSDR 2011).  Arsenic 

exposure has been shown to cause several types of cancer including of the lung, liver, bladder 

and skin (Lubin et al. 2008; ATSDR, 2011), and decreased production of red and white blood 

cells, abnormal heart rhythm, damage to blood vessels and reduced Intelligence Quotient (IQ).  

The detrimental health effect of lead exposure has been well documented.  It affects nearly every 

organ in the human body however the main target of lead toxicity is the nervous system.  Long 

term exposure to lead has been shown to cause encephalopathy, kidney disease, reproductive 

system damage, behavioral problems and anemia (ATSDR, 2007).  Children are especially 

susceptible to the neurotoxic effects associated with lead exposure.  Children with long term 

exposure to lead are shown to have reduced cognitive function, emotional behavioral disorders 

such as ADHD (Braun et al. 2006) and reduced IQ (Lanphear et al., 2005; Tong et al., 2000).  
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There is a strong correlation linking early childhood lead exposures to increased criminal 

behavior 20 years later (Needleman et al., 1996; Nevin, 2007).   

The US Environmental Protection Agency (EPA) regulates the airborne concentrations of six 

airborne pollutants including lead and particulate matter.  The 24-hr average for PM10 and PM2.5 

are 150 and 25 μg m
−3

, respectively, (USEPA, 2011).  The EPA PM10 limits are significantly 

higher than the World Health Organization (WHO) recommended limit which is 50 μg m
−3

 (24-

hr average period) (WHO, 2006).  The EPA limit for lead is 150 ng/m
3
 (3-month average).  It is 

important to note that even with the airborne lead standard, it has been shown that there is no 

safe threshold for lead exposure (Schwartz, 1994).   

1.4 Modeling wind erosion and aerosol transport 

Wind erosion involves three mechanisms: surface creep (Dp > 2000 μm) where particles roll 

along the surface, saltation (60 < Dp < 2000 μm) where particles bounce along the surface, and 

suspension (Dp < 60 μm) where particles become fully suspended in the air.  The kinetic energy 

associated with creeping and saltating particles can cause aerosol suspension by dislodging the 

smaller particles from the surface.  These three mechanisms produce a discontinuous process 

because a surface has a fixed amount of erodible material and once it has been scavenged it takes 

time for the erodible potential to return.  Erodible potential is governed by soil characteristics 

such as grain composition and moisture content and meteorological conditions.  To provide the 

best estimate of wind erosion, models must consider soil characteristics and meteorological 

conditions.       

Bagnold was the first person to establish the physical framework from which most 

geomorphological models are based.  In his famous book he focused on the physics of sand 
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transport, grain size distributions and sand dunes (Bagnold, 1941).  His work was left largely 

unnoticed for the better part of three decades before researchers in the Denmark, UK and USA 

rediscovered it which spurred increased attention into aeolian research (Tsoar, 1994).  For 

example Chepil, investigated soil and surface conditions that influence wind erodibility (Chepil 

et al., 1962) culminating in a wind erosion equation for agricultural fields (Woodruff and 

Siddoway, 1965). 

Empirical aeolian models use direct observations to parameterize functions relating different 

soils to meteorological quantities such as friction velocity.  Although empirical models capture 

the patterns (correlations) between variables there may be a limited physical basis for the 

correlations.  Also, the observations that are used to generate empirical models are typically 

focused in one particular region or biome so empirical relations that work for one area may not 

be useful in other regions.  Examples of aerosol dispersion models that use empirically derived 

dispersion parameters include CALPUFF, AERMOD, and CALINE4 (Holmes, 2006).  On the 

other hand, physics-based models use mathematical equations that are governed by physical 

principals.  Examples include the erosion model COMSALT (Kok and Renno, 2009) and 

dispersion models CALGRID and AERO (Holmes, 2006).   These physical models can produce 

results that match a wider range of observations than empirical models making them more 

applicable over a wider range of environments.  However they typically do not account for 

temporal and spatial variations in soil properties (Webb and McGowan 2009).   

CALPUFF and AERMOD are the two main dispersion models recommended for use in air 

quality assessments by the U.S. EPA.  These models simulate transport of particulate matter on a 

variety of spatial scales.   CALPUFF is a non-steady state dispersion model that can be used to 

simulate transport of pollution up to 1000’s of kilometers (Allwine et al., 1998).  However, the 
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plume characteristics are dependent on a select few atmospheric stability classes.  AERMOD on 

the other hand is a steady state dispersion model that includes boundary layer turbulent structures 

(US EPA, 2004) and is applicable for transport up to about 50km.  Even though this model 

includes the effects of boundary layer turbulence the fact that it is steady state prevents it from 

responding to temporal and spatial variations in meteorological conditions.  Also, both of these 

models include schemes to incorporate the impacts of complex topography.  However, their 

accuracy in replicating the effects topography on larger particles is largely unknown.  Both of 

these models have difficulty simulating the transport of larger particles that do not get fully 

suspended in the mean flow field and are transported very short distances (a few meters).   

Recent advancements in computational capabilities have made computational fluid dynamic 

(CFD) modeling a viable approach to simulating the erosion and transport of aerosols in 

topographically complex rural and urban areas (Csavina et al., 2012).   CFD models are 

completely physics based and can be used to solve for turbulent flows associated with boundary 

layer dynamics.  CFD models work much better than regulatory air quality dispersion models at 

simulating the complex wind fields associated with topography and large scale obstructions such 

as buildings.  Using CFD models allows accurate simulation of wind fields associated with 

complex terrain giving more accurate simulations of wind erosion, aerosol transport and 

deposition.   

Several studies have implemented CFD models to simulate particle transport and deposition of 

aerosols in the human respiratory system (Kleinstreuer and Zhang, 2010; Martonen et al., 2002; 

Yu et al. 1998).  However, minimal research has been done on the modeling of wind erosion and 

aerosol transport from storage piles using CFD models which are superior in simulating the 

effects of shear stress on such surfaces.  Studies include Badr and Harion, 2005, that simulated 
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the flow patterns around two common storage pile geometries with different wind directions.  

Diego et al., 2009, implemented the EPA AP42 wind erosion model for storage piles as a sub 

routine into a CFD model to directly simulate wind erosion.  Turpin and Harion, 2009 analyzed 

the effect of the stockpile clipping on dust emissions and Turpin and Harion, 2010a and 2010b, 

highlighted the influence of the surroundings buildings on the erosion of stockpiles.  Kon et al. 

(2007) created a model to predict hourly dust emission from flat copper tailing impoundments in 

Chile.  However, these studies focused specifically on the erosion process and not transport and 

deposition of the windblown material.  No single study has linked all three stages of windblown 

dust including erosion, airborne transport and deposition. 

1.5 Iron King Mine description 

The field site used to conduct the research is the Iron King mine tailings impoundment located in 

north central Arizona at 34.500 º north latitude and −112.253 º west longitude.  The mine was 

operational from 1906 till 1969, producing lead, gold, silver, zinc and copper (EA Engineering 

Science and Technology, 2010).  The Iron King Mine and Humboldt Smelter was classified as a 

Superfund site by the US EPA in 2008 after extensive soil, sediment, surface water, ground 

water, and ambient air testing of the area revealed that the property and surrounding areas are 

contaminated with both lead and arsenic (EA Engineering Science and Technology, 2010).  The 

site consists of two areas the Iron King Mine that covers approximately 153 acres that includes 

the tailings impoundment located approximately 1.5-km west of the town Dewey-Humboldt and 

the Humboldt smelter that covers approximately 182 acres located approximately 800-m 

southeast of Dewey-Humboldt (EA Engineering Science and Technology, 2010).    
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The climate is characterized as semiarid with a total annual precipitation of 480 mm (NCDC, 

2004).  The vegetation is largely composed of grasslands, chaparral, and pinyon/juniper 

woodlands (EA Engineering Science and Technology, 2010). The site has an average altitude of 

1436 m above sea level.  The topography directly adjacent to the tailings impoundment is 

characterized by rolling hills with the Chaparral gulch bordering the northern edge of the 

property and the Galena gulch bordering the southern edge.  Larger mountains (2300-m above 

sea level) are located approximately 20-km away in the surrounding Prescott and Tonto National 

Forests.  Most of the land adjacent to the northern, western and southern edges of the tailings is 

publicly owned State Trust and grazing land.  There is residential property located east of the 

tailings where Arizona state highway 69 separates the property from the town of Dewey-

Humboldt (population of 3,951).  The close proximity of residential structures to both the tailings 

and the Humboldt smelter may put them at risk of exposure to windblown contaminants, 

especially lead and arsenic.    

The tailings impoundment rises approximatly15-m vertically from the hillside with a rectangular 

shape and flat top (Figure 4).  The main tailings impoundment has a total aerial extent of 96,000 

square meters and is devoid of vegetation except where a 7200 m
2
 experimental 

phytoremediation project is attempting to reestablish native vegetation since May 2010 (Maier 

and Chorover, 2011).  The tailings have a reddish brown color and have a loam texture that 

consists of 34.7 % sand, 44.8 % silt, and 20.4 % clay, by mass (EA Engineering Science and 

Technology, 2010; Solis-Dominguez et al., 2012).  Concentrations of lead and arsenic in the 

surface of the tailings are as high as 0.983% and 0.630%, by mass, respectively (EA Engineering 

Science and Technology, 2010).  The tailings are often encrusted with white efflorescence 

deposits (especially after it rains) with average arsenic and lead concentrations of 0.22% and 
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0.24% by mass, respectively.  This crust is very friable and results in fine powdery material that 

is easily eroded by the wind.  The elevated concentrations of arsenic and lead in adjacent offsite 

soils are indicative of aeolian and ground water transport (Ramirez-Andreotta et al., 2013).  

 

 

Figure 4. Visual satellite image of the Iron King tailings impoundment and surrounding area.  

The tailings are identified by their yellowish discoloration and the locations of the two eddy flux 

towers and the Multiple Orifice Uniform Deposit Impactor (MOUDI) are marked by black and 

red outlined circles respectively.  The tailings are located at 34.500 º north latitude and −112.253 

º west longitude. 

 

1.6 Research objectives and explanation of dissertation format 

Wind erosion of the Iron King tailings impoundment is hypothesized to be a significant source of 

lead and arsenic contaminated atmospheric aerosols.  Erosion of the tailings is a discontinuous 

and irregular process because of the complex winds and temporal-spatial variations of surface 
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characteristics.  This results in a significant amount of heterogeneity in the spatial and temporal 

distribution of windblown dust.  Understanding the erosion properties of the tailings 

impoundment, the transport patterns of the aerosols and deposition influences should allow us to 

better understand the fate of fugitive windblown dust and its impacts on the surrounding 

community.  The objective of this research was to characterize the aeolian and meteorological 

properties of the Iron King tailings impoundment in order to create a predictive aerosol 

deposition model for windblown tailings material, specifically PM, arsenic and lead.  This was 

accomplished through direct observations, computational fluid dynamic modeling, physical 

models and operational weather forecasts.    

The first study presented in this dissertation (Appendix A) describes the simulation of 

windblown dust from the Iron King tailings impoundment using a computational fluid dynamics 

model, FLUENT
®
.  The purpose of this study was to simulate the transport of windblown dust 

from the impoundment to the surrounding region for the 2012 spring windy season.  The model 

includes gaseous plume dispersion to simulate the transport of the fine aerosols (Dp < 2.5 μm), 

while individual particle transport was used to track the trajectories of larger particles (Dp ≥ 2.5 

μm) and to predict their deposition locations.  In order to improve the accuracy of the 

simulations, both regional topographical features and local weather patterns were incorporated 

into the model simulations. My contributions to this paper included performing the observational 

analysis, performing and analyzing the simulations, production of all and figures tables and the 

writing of the first draft of the manuscript.  This study, “Simulation of windblown dust transport 

from a mine tailings impoundment using a computational fluid dynamics model” has been 

accepted for publication and is in press by Aeolian Research.      
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The second study (Appendix B) presents the formulation of the Deposition Forecasting Model 

(DFM) to predict the magnitude of wind erosion, transport and deposition of fugitive windblown 

dust from the impoundment.  The deposition forecast model is based on empirical relations and 

theoretical simulations of aerosol trajectories.  The empirical relations were generated from in 

situ observations collected from two eddy flux towers.  The simulations of aerosol trajectories 

were determined for a convectively turbulent boundary layer.  The model also assimilates the 

effects of regional topography since the CFD simulations showed that topographic influences can 

play a significant role in aerosol deposition.  My contributions to this study include analysis of 

observational data, aerosol trajectory simulations, the creation of the DFM, devising an optimal 

interpolation method for representing soil analysis data as well as all figures, tables and writing 

the first draft of the manuscript.  The resulting paper, “Development of a dust deposition 

forecasting model for a mine tailing impoundment using in situ observations and idealized 

particle simulations” is ready for submission to Aeolian Research.        

The last study (Appendix C) presents the verification of the deposition forecasting model 

(DFM) using inverted-disc deposition samplers.  We verified the accuracy of the deposition 

model spatial patterns through two month-long sampling periods.   The inverted-disc samples 

were analyzed for mass, chemical composition and lead isotopes.  The sampler results were 

compared to the predicted deposition simulated using the DFM.  The DFM was initialized using 

data from an operational Weather Research and Forecasting (WRF) model.  My contributions to 

this study include the experimental design, sampler preparation and collection, generating 

forecasts of deposition using the DFM, and comparison of DFM and sampler results.  I was also 

responsible for all figures, tables and writing the first draft of the manuscript.  The resulting 
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paper, “Verification of windblown dust deposition forecasting model using inverted-disc 

sampler” is ready for submission to Aeolian Research.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

2 PRESENT STUDY 

The complete methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings. 

 

Appendix A: Simulation of windblown dust transport from a mine tailings impoundment using a 

computational fluid dynamics model 

Stovern M. O. Felix, J. Csavina, K. P. Rine, M. R. Russell, R. M. Jones, M. King, E. A. 

Betterton, A. E. Sáez, 2014. Simulation of windblown dust transport from a mine tailings 

impoundment using a computational fluid dynamics model. Aeolian Research. in press 

 

(This paper is in press in “Aeolian Research”) 

 

The transport and deposition of both fine and coarse particulate matter from the Iron King 

tailings impoundment was simulated using a 3-dimensional computational fluid dynamic (CFD) 

model.  Our goal was to determine how regional topography and micro-scale flows effect the 

erosion and deposition of windblown dust.  We used FLUENT 14.5, distributed by ANSYS 

Corporation.  The three components we used were 1) basic fluid flow, 2) species transport, and 

3) discrete phase modeling (FLUENT User Guide).  When used together, these three components 

allow us to simulate the generation, transport and deposition of tailings particles eroded by the 

wind.  Observations were collected from two 10-m eddy flux towers and were used in 

conjunction with the US EPA AP42 wind erosion model to initialize the CFD model. 

Two eddy flux towers equipped with a suite of meteorological and dust monitoring instruments 

were installed on the impoundment in 2011.  Each tower has three anemometers located at 1-m, 
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3-m and 10-m heights. The north tower is equipped with all cup anemometers; while the south 

tower has a 3-D sonic anemometer located at 1-m above the ground.  Additional meteorological 

instrumentation includes wind vanes at 1-m, 3-m, 10-m, thermometers at 3-m and 10-m, 

hygrometers at 3-m and 10-m, a soil moisture probe and a soil radiometer.  Three TSI 

DUSTTRAK II 8530 dust monitors were fitted to each tower at 1-m, 3-m, and 10-m heights.  

The observations used to initialize the CFD simulations were recorded during the 2012 spring 

windy season, April 1
st
 to June 30

th
.   

The tower observations were used in conjunction with EPA AP42 wind erosion model for 

storage impoundments to calculate the erosion potential for hourly intervals during the 2012 

spring windy season.  The AP42 model uses observed fiction velocities derived from fastest mile 

observations and a threshold friction velocity.  The threshold friction velocity used was 0.172 

m/s and was derived from wind tunnel measurements conducted on a similar copper tailings 

impoundment (by Nickling and Gillies, 1986).  The AP42 estimates of average hourly emission, 

for periods that generated soil erosion, were 2.527, 1.516, 1.263, 0.190 g/m
2
 for PM30, PM15, 

PM10 and PM2.5, respectively.  The PM2.5 emission rate was used to initialize the plume 

simulations.  

In an effort to produce realistic simulations, a model domain was created that incorporated the 

regional topography and a k-epsilon two equation turbulent model to solve for flow fields.  The 

model domain had a horizontal extent of about 25 km
2
 centered on the tailings with a 1/3 arc 

second (10.3 meter) spatial resolution (USGS, 2012).  A turbulent fluid flow model was used to 

accurately simulate the turbulent eddies that are formed along the edges of the tailing 

impoundments and in the complex topography of the surrounding region. The wind field was 



34 
 

initialized with a logarithmic wind profile with a 7 m/s wind speed at 10-m height along the 

lateral boundary condition. 

Species transport modeling allowed for the tracking of multiple gaseous species in the CFD 

simulations.  By setting the diffusive property to represent a plume of 1-µm diameter aerosol 

particles we simulated the transport of a plume of fine windblown dust. Species transport 

modeling works best when simulating the transport of the smallest sized particles due to their 

high diffusivity and long gravitational settling times.   

Multiple dust plume simulations were conducted using the dominant wind directions observed on 

the tailings over a period of 18 months: southeasterly, southerly, southwesterly, and westerly.  

The dust plume simulations used a PM2.5 emission rate that was calculated using in situ 

observations and the AP42 wind erosion model.  Deposition was calculated every 500 meters 

downwind of the tailings for the four different wind direction simulations.  Surprisingly, there 

was not a systematic reduction in total deposition as the plume moved radially away from the 

tailings downwind.  In fact, several locations had greater total deposition when compared to 

locations closer to the tailings.  By comparing the topographic properties of the locations we 

found that plume deposition rates were being affected by the topographic slope.  Topographic 

slope is measured along a radial direction with the origin being the center of the mine tailings.  

Positively sloped areas are defined as upslope and negatively sloped areas are defined as 

downslope.  When we calculated the slopes for the plume deposition locations we found that the 

upslopes (i.e., small topographic ridges) coincided with regions of higher deposition and a 

reduction in deposition was also observed in regions of downslope.   
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Discrete phase modeling (DPM) provides a better method to simulate the transport of larger 

particles (Dp > 1 μm).  DPM is used to determine the trajectory of particles released into a flow 

field.  For these simulations particles with a 2.5-μm diameter were uniformly released from the 

tailings surface for multiple different wind directions simulations.  When these particles 

impacted the ground boundary they were trapped and their deposition location was recorded.  

We found that particles tended to become trapped in the turbulent eddies that formed near the 

edges of the tailings, increasing deposition.  However, particles that traveled further than 500 

meters from the tailings tended to deposit on regions of topographic upslope.  Utilizing two 

fundamentally different aerosol transport models, DPM and species transport, we have been able 

to show that airborne particulate matter preferentially deposit in upslope regions.           

The result of this work gives us some insight into how topography plays an important role in the 

transport and deposition of airborne particulate matter.  The impact of topographic upslope on 

aerosol deposition should be integrated into all small scale regional dust transport models in 

order to produce the most realistic predictions of windblown dust deposition.  By using these 

models we are able to better understand some of the controlling mechanisms of dust deposition 

in the region.   
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Appendix B: Development of a dust deposition forecasting model for a mine tailing 

impoundment using in situ observations and idealized particle simulations 

 

Stovern M., K. P. Rine, M. R. Russell, O. Felix, M. King, A. E. Sáez, E. A. Betterton. 2015. 

Development of a dust deposition forecasting model for a mine tailing impoundment using in 

situ observations and idealized particle simulations.  Aeolian Research, in preparation. 

(This paper is in preparation for submission to “Aeolian Research”) 

 

In the second study we develop a site-specific dust transport and deposition forecasting model 

(DFM) to predict hourly deposition of windblown material from the iron king tailings 

impoundment.  The model simulates multiple emission events and is parameterized using both 

physics based models and empirical relations derived from field observations.  The observations 

used to derive the empirical relations came from two eddy flux towers and a Micro Orifice 

Uniform Deposit Impactor (MOUDI) samples.   

The eddy flux towers setup directly on the tailings and are equipped with a suite of 

meteorological instruments including both sonic and cup anemometers (1, 3, 10-m), wind vanes 

(1, 3, 10-m), thermometers (3, 10-m), hygrometers (3,10-m), soil moisture probe and a soil 

radiometer.  Three TSI DUSTTRAK II 8530 dust monitors were fitted to each tower at 1-m, 3-

m, and 10-m heights. Each dust monitor utilizes an omnidirectional inlet that has a particle size 

cutoff of 27-μm aerodynamic diameter.  An observational period of June 7
th

 2012 to August,4
th

 

2013 was used to derive the empirical relations between wind speed, wind direction, relative 

humidity and dust concentrations. 
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A MOUDI was used on the tailings to determine aerosol size distributions.  Four sets of MOUDI 

samples were taken from April 2013 to June 2013.  The MOUDI samples were analyzed to 

determine the aerosol mass and contaminant concentrations as a function of aerodynamic 

diameter.   

Wind erosion of tailings impoundments has been shown to be dependent on both wind speed and 

relative humidity in semi-arid regions (Csavina et al., 2014).  To investigate the empirical 

relationship between observed wind speed, relative humidity and dust concentration, we 

compared the hourly accumulated dust concentrations with the associated hourly averaged wind 

speeds.  Cumulative dust concentrations were shown to be positively correlated and were fit with 

an empirical power law.  To account for the observed reduction in dust concentrations at higher 

relative humidity, a conditional weighting function was implanted.  This weighting function 

scales the empirical power law based on the relative humidity.  This method includes both wind 

speed and relative humidity as a way to predict erosion potential for the tailings impoundment. 

An empirical relation was determined between wind speed and standard deviation of wind 

direction.  There was a noticeable decrease in the observed standard deviation of wind direction 

relative to increasing wind speed.  This supports the common observation that high wind speeds 

have less variability in direction than winds with a lower speed.  This observed trend was 

captured using an empirical exponential function and assimilated into the DFM.  

A strong gradient in the vertical profile of dust concentrations was observed by the eddy flux 

towers, as expected.  A nearly one-to-one correlation was measured by the 1-m and 3-m 

DUSTTRAKs (R
2
 = 0.7739; slope = 0.9664).  However, at 10-m above ground, the cumulative 

dust concentration is approximately 50% of that measured at 3-m above ground (R
2
 = 0.61; slope 
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= 0.4434).  Knowing the average profile of dust concentrations we are able to estimate total 

windblown dust transported from the tailings impoundment.  

To characterize the mass distribution of the tailings dust by aerodynamic diameter, the MOUDI 

samples were grouped into three categories coarse (TSP-PM18), medium  (PM18-PM3.1), and fine 

(PM3.1).  The average mass fractions measured by the MOUDI for the three categories, coarse, 

medium, fine, were 30.1%, 30.0%, and 39.9%, respectively.  The empirically estimated erosion 

potential was fractionated using the average mass distribution of windblown tailings dust and 

each size category deposition pattern is simulated independently within the DFM. 

Idealized particle trajectory simulations were conducted in order to create a model that predicts 

the deposition locations of aerosols eroded from the tailings.  These simulations predict the 

trajectories and deposition patterns of 2.5-μm 10-μm and 25-μm diameter spherical particles in a 

convectively turbulent logarithmic wind profile.  These simulations were conducted in a 2-

dimensional framework where particles trajectories were determined for the downwind direction 

(X) and vertical direction (Y). The idealized simulations include several forces acting on the 

particle and these include gravity, stokes air resistance and Brownian and eddy diffusion.  Eddy 

diffusion is added to the particle trajectory model as a way of including the effects of convective 

turbulent eddies in the wind field. Simulation of 5000 individual particles was conducted to 

determine the radial deposition patterns for each of the three particle sizes.  The radial particle 

deposition patterns were fit with an exponential curve relating particle deposition and distance 

from source.  The exponential curves generated from the idealized particle simulations provide 

our “background” deposition patterns for the coarse, medium and fine size fractions.  
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Computational fluid dynamic simulations of windblown dust from the mine tailings showed 

aerosols preferentially deposited in regions of topographic upslope (Stovern et al., 2014).  To 

include the effects of topography in the DFM we used a weighted interpolation technique to 

assimilate topographic upslope data.   

Regional dust deposition caused by wind erosion of the tailings was generated by integrating the 

empirically derived meteorological functions with the idealized particle simulations.  The DFM 

hourly estimate of windblown dust deposition is generated using 105 individual emission events 

that cover the entire tailings pile.  For each emission event the total deposition map is comprised 

of three components, the deposition maps for the coarse, medium and fine airborne particulates.  

Using hourly forecast values of wind speed, wind direction and relative humidity the DFM can 

produce forecasts of coarse, medium, fine and total PM27 deposition.   

Chemical tracers of the tailings impoundment were used to verify the DFM.  The tailings contain 

both arsenic and lead at concentrations that are three orders of magnitude greater than the 

background levels in the region.  The arsenic and lead concentrations measured in topsoil 

samples were used as tracers of windblown dust transport to verify the DFM.  In order to 

determine how well the simulations capture the true deposition patterns of windblown dust, 

exponential decay rates derived from idealized particle simulations were compared to observed 

soil samples of arsenic and lead.  An optimal interpolation scheme was used to assimilate the 

heterogeneous top soil samples to produce a “smoothed” contour map of arsenic and lead 

concentrations for the tailings and surrounding region.   

The comparison of eight radial transects of arsenic and lead soil concentrations fell within the 

range 2.5 and 25-μm decay rates determined by the idealized particle transport simulations. The 
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radial decay rates measured in the surface soil reinforce the predicted radial deposition patterns 

from the idealized simulations.  This increased confidence in the DFM and suggests that the 

elevated arsenic and lead in the surface soils surrounding the tailings are most likely caused by 

aeolian transport. 

This work presented a mathematical model that relies on in-situ measurements to develop a 

predictive tool to quantify transport and deposition of PM27 dust from the iron king mine tailings 

impoundment.  Using arsenic and lead tracers we were able to verify that radial decay rates of 

arsenic and lead concentrations match the deposition patterns predicted by the DFM.  
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Appendix C: Verification of windblown dust deposition forecasting model using inverted-disc 

samplers 

 

Stovern M., K. P. Rine, O. Felix, M. King, A. E. Sáez, E. A. Betterton. 2015. Verification of 

windblown dust deposition forecasting model using inverted-disc samplers. Aeolian Research, in 

preparation. 

(This paper has been submitted to “Aeolian Research”) 

 

In this third study we examine the accuracy of the DFM by comparison to directly measured 

aerosol deposition rates observed using inverted-disc samplers.  Two, month-long field sampling 

campaigns were conducted, from April 21
st
 till May 22

nd
, and June 11

th
 till July 9

th
 2014.  The 

DFM was initialized by an operational Weather Research and Forecasting (WRF) model and 

provided a forecast of tailings sourced PM27 deposition for both sampling periods.   

Inverted-disc samplers have been used in several deposition experiments (Hagen et al., 2007; 

Koester, 1992) and have been shown to have high collection efficiency while minimizing dust 

resuspension.  A set of 20 inverted-disc samplers were placed around the Iron King property and 

surrounding area.  The disc samplers were placed along three transects to measure deposition in 

the northward, eastward and southward directions starting from the main tailings and extending 

up to 1 km away.  The samplers were mounted to iron stakes and placed at 1-meter height above 

the ground. 

The inverted-disc samples were analyzed for mass, chemical composition and lead isotopes. The 

samples were weighed using a Mettler AE100 micro balance (±0.1 mg) and an ICP-MS (Agilent 
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7700X with an Octopole Reaction System) was used to analyze for metal concentrations and lead 

isotopic composition.  

Prior to initializing the DFM with the WRF model, directly observed meteorological conditions 

were compared to WRF forecasts to test for systematic biases over a period of June 7
th

 2012 to 

August,4
th

 2013.  This period coincides with the same observing period used to determine the 

empirical relations used in the creation of the deposition forecasting model.  The WRF forecast 

wind speed, wind direction and relative humidity all showed strong positive correlations with 

observations, which is notable considering we were comparing point observations to weather 

forecasts generated at least 24 hours in advance.   The forecast of relative humidity and wind 

speed showed good agreement with the observations with a linear fit slope of 0.974 and 0.838, 

and a R
2
 value of 0.59 and 0.23, respectively.  Analysis of wind direction showed 14.7 degrees of 

counter clockwise bias of WRF model forecasts compared to observed wind direction. 

The DFM was initialized using the daily 12Z GFS WRF runs during the periods April 21
st
 till 

May 22
nd

 and June 11
th

 till July 9
th

 2014.  The U- and V- components of the 10-m winds, 2-m 

specific humidity, 2-m temperature and the surface pressure were extracted from the WRF model 

for each hour between 9 am and 9 pm.   

The DFM results from the April 21
st
 till May 22

nd
 sample period found that a majority of the 

deposition occurs in the northward direction forced by the dominant wind direction.  The 

maximum DFM forecast deposition rates of fine, medium, coarse and PM27 were 1.16, 1.10, 3.35 

and 5.97 mg m
−2

 d
−1

 respectively and were located north of the tailings impoundment.  However, 

there was significant forecast deposition in the southeastward and southwestward directions.  

This was the result of several synoptic scale troughs that shifted the daytime wind direction to a 
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more southwesterly and southeasterly flow for several days during the month.  The trough that 

affected the region on April 27, 2014 was accompanied by precipitation.  The WRF model 

predicted the high wind speeds associated with the trough but failed to accurately forecast the 

precipitation that was observed at the site.  The increased soil moisture caused by the 

precipitation greatly reduces windblown erodibility resulting in the deposition in the 

southwesterly direction to be significantly over estimated.   

The resulting DFM deposition forecasts for the sample period June 11
th

 till July 9
th

 2014 showed 

significantly less directional variation in deposition with the predominantly southerly winds 

causing almost all the deposition to be in the northward direction. The maximum forecast 

deposition of fine, medium, coarse and PM27 particles for the June sampling period are 1.36, 

1.32, 3.18 and 5.61 mg m
−2

 d
−1

 respectively and located directly north of the tailing 

impoundment.          

Total mass deposition for the sampling periods ranged from 178-1039 mg/m
2
 and averaged 482 

mg/m
2
.  The highest mass deposited was measured adjacent to the highway for the May sampling 

period and on the tailings impoundment for the June sampling period.  The large heterogeneity of 

aerosol mass deposition makes it difficult to ascertain fractional contribution of windblown 

tailings dust.   

Through the use of elemental analysis we can partition the captured dust and determine the 

influence the tailings on each sampler.  By analyzing the dust collected by the inverted-discs for 

arsenic and lead concentrations we can determine the relative contribution of dust originating 

from the tailings.  We compared transects of relative concentrations of observed As and Pb (ppm 

by mass) with the forecast PM27 for the northward, eastward and southward transects.   
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The southward cross sections of the model-predicted fractional reduction in deposition match 

very closely with the observed fractional reduction of ppm As and Pb measured in the inverted-

disc samplers for the June sampling period.  However, the DFM overestimated the relative 

amount of deposition measured by the southern samplers for the May sampling period.  This was 

caused by strong northeasterly winds associated with a synoptic scale weather system that 

produced precipitation in the region which the WRF model failed to predict.  The erroneous 

WRF weather forecast yielded an overestimation of windblown dust transport in the 

southwestward direction and exemplifies the errors that can occur when using a weather 

forecasting model.   

The eastward transect shows that the model had very good agreement by extending the source 

area to include the lower tailings region.  With the addition of the lower tailing/operations area 

there is significantly better agreement between the DFM model and the inverted-disc samplers.  

In addition, the eastern most sample located between the tailings impoundment and the town of 

Dewey-Humboldt had fractional As and Pb concentrations that matched very well with the 

predictions made by the DFM for both sampling periods. 

The northward transect shows a similar reduction in the fractional As and Pb concentrations as 

one moves away from the tailings.  The DFM was significantly better estimating the relative 

reduction of As and Pb for the May sampling period when compared to June.  For the May 

sampling period the DFM accurately predicted the fractional reduction in Pb concentrations at 

the sampler located 1-km north of the tailings.  However the DFM over-predicted the fraction 

arsenic and lead deposition for the samplers located approximately 200-m north of the tailings.  

Dilution of disc samples by few large local clean particles can explain the large relative decrease 

between the tailing located samplers and the samplers located approximately 200-m north. 
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The DFM predicts higher deposition rates in regions of topographic upslope.  However the 

northward samplers do not appear to show such a pattern.  Several reasons why we are not seeing 

the effects of topographic slope on deposition patterns may be due to changes in surface 

roughness along the northern transect which varies from very sparse vegetation usually less than 

a meter in height with large barren patches of soil to significantly more vegetation including 

shrubs, bushes and trees that are typically 2-3 meters in height.  This severe change in surface 

roughness may explain the counter intuitive results from the samplers.  In addition, the high 

natural variability in deposition may have overwhelmed the topographic effect.  

The lead isotopes can be used to identify the sources of the lead measured in the inverted-disc 

samplers.  As expected the inverted-disc samples located on the tailings themselves have same 

isotopic composition as the bulk tailings material.  This implies that the airborne lead captured in 

the samplers originated exclusively from the Iron King tailings.  Samples with lower isotopic 

ratios that tend towards the regional background lead fingerprint indicate that the airborne lead 

captured in these samplers is not exclusively sourced from the tailings.   

For the May sampling period, the samples that have the lowest isotope ratio includes the most 

southern sample and the eastern most sample.  The small contribution of tailings sourced lead 

measured in these samplers matches the monthly wind patterns that predominantly transported 

tailing material northward, away from these samplers.  It was interesting to note that the sampler 

located only about 200 meters from the southern edge of the tailings had the same fractional 

contribution of lead sourced from the tailings as the sampler located 1 km north.   

For the June sampling period the lead isotopic signatures measured by the samplers were 

significantly closer to the tailings bulk sample when compared to the May sampling period.  In 
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addition the June sample period the samplers had significantly higher lead concentrations when 

compared to May.  This may have been caused by a precipitation event that occurred on April 

27. The precipitation event significantly increased the tailings moisture content minimizing wind 

erosion and reducing windblown lead deposition for the May sample period.  In the June sample 

period the tailings had not received precipitation in over a month which significantly increasing 

the erosion potential.  The increased erosion potential for the June sampling period resulted in 

more tailings sourced lead deposition causing the increase in lead concentrations and shifting 

isotopic fingerprints closer to the tailings isotopic signature. This shows that local weather 

patterns including predominant wind directions and precipitation have a significant effect on the 

deposition of windblown dust from the Iron King tailings impoundment. 

The DFM is designed to utilize weather forecasts to predict the deposition of fugitive PM27 dust 

originating from the Iron King tailings impoundment.  By comparing the DFM predicted PM27 

deposition to arsenic and lead tracers collected by the inverted-disc samplers, it has been shown 

that the DFM performed very well with respect to capturing the spatial variations of the 

deposition patterns in the surrounding region up to 1 km distance from the tailings. The effects of 

topography on deposition need additional invesitgation due to the complex variations of surface 

roughness within the region.  However, combining the deposition patterns generated by the DFM 

and the known concentrations of arsenic and lead in tailing dust we can provide quantitative 

estimates of arsenic and lead deposition rates near the tailings impoundment. 
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3 CONCLUSIONS 

The results of this work showed that windblown dust from the tailings impoundment plays an 

important role in the transport of contaminants in the region.  The implementation of a CFD 

model, initialized with the EPA AP42 wind erosion model, proved an effective tool to simulate 

windblown dust transport and deposition.  The CFD simulations identified several mechanisms 

that influence aerosol deposition including topographic interception and wind sheltering.  Both 

aerosol plumes and individual particle trajectories showed that aerosols tend to deposit on 

regions of topographic upslope.  In addition, turbulent wake generated by the tailings 

impoundment caused enhanced deposition.  The CFD modeling provided a good first guess as to 

the factors that control deposition of larger particles in the region surrounding the tailings. 

The development of the DFM proved to effectively incorporate both empirical and physics based 

models to provide best estimate of PM27 dust from the mine tailings impoundment. The model 

was verified using arsenic and lead tracers measured in soil samples and directly collected 

aerosols using deposition samplers.  Using maps of arsenic and lead soil concentrations (i.e., 

tailings windblown dust tracers) we were able to show that the physics based simulations used by 

the DFM match the radial patterns observed in the soil tracers.  The direct deposition samplers 

were used to verify the DFM forecast of PM27 deposition patterns.  Looking at arsenic and lead 

tracers collected in the deposition samplers showed very similar patterns to PM27 deposition 

generated by the model.  In addition, the use of lead isotopes allowed us to determine the tailings 

sourced lead contribution measured by the inverted-disc deposition samplers.  Considering the 

larger degree of heterogeneity in the samples the effect of topographic interception could not be 

verified.  The DFM was proven to provide reasonable forecasts of tailings PM27 dust deposition 

when initialized using operation WRF weather forecasts.  By providing reasonably accurate 
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estimates of contaminant deposition rates, the DFM can improve the assessment of human health 

impacts caused by windblown dust from the Iron King tailings impoundment.     

 Additional improvements that could be implemented into the DFM include the use of soil 

moisture observations to improve emission estimates.  Soil moisture was shown to be a 

significant feature that impacted the DFM results during both the May and June, 2014 

verification periods. Assimilation of soil moisture into the model could be done through two 

methods including using WRF model soil moisture parameters or an empirical relation relating 

recent rainfall events and the typical soil drying rates.  The use of a model estimate of soil 

moisture would not significantly increase the DFM complexity.  However, it does potentially add 

significant errors caused by the WRF models surface soil parameterization scheme.  The use of 

an empirical relation requires the model to track the date of the previous rainfall and this would 

require the use of in situ verification of precipitation events.  The incorporation of soil moisture 

parameter would significantly improve the DFM estimate of hourly erosion potential.  

Several peculiar observations that occurred during the course of the study and they include an 

inverse correlation between observed wind speed and dust concentrations occurring in the late 

evening and the influence of surface roughness on deposition.  A counter intuitive inverse 

relationship between wind speed and dust concentrations was typically observed after 6PM local 

time.  During these cases the wind speed would significantly decrease as the sun set and an 

anomalously high dust concentrations were observed.  The dust spikes may be due to other 

sources such as wood smoke from nearby residential fires, increased road traffic and boundary 

layer contraction caused by loss of solar heating.  Additional analysis of these events may shed 

some light as to what is causing these counterintuitive observations.  Furthermore, while 

analyzing the month-long deposition samples a counterintuitive increase in deposition occurred 
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in a region of topographic downslope.  This downslope area had significantly more vegetation 

then in the upslope regions.  It would be interesting to compare CFD simulations that examine 

how surface roughness and topographic slopes interact to affect the deposition of aerosols.  By 

quantifying the relative influences of these two competing effects, they can be added to the DFM 

to improve the region deposition patterns.          

In addition there still remains several years of meteorological data set that is largely unexamined.  

The meteorological observations that have yet to be analyzed include 3-D winds collected with 

the sonic anemometer, vertical profiles of wind velocity, moisture and temperature and soil 

properties such as soil moisture and temperature.  These observations could be used for a 

semiarid boundary layer study.       
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Abstract 

 

Mining operations are potential sources of airborne particulate metal and metalloid contaminants 

through both direct smelter emissions and wind erosion of mine tailings. The warmer, drier 

conditions predicted for the Southwestern US by climate models may make contaminated 

atmospheric dust and aerosols increasingly important, due to potential deleterious effects on 

human health and ecology. Dust emissions and dispersion of dust and aerosol from the Iron King 

Mine tailings in Dewey-Humboldt, Arizona, a Superfund site, are currently being investigated 

through in situ field measurements and computational fluid dynamics modeling. These tailings 

are heavily contaminated with lead and arsenic. Using a computational fluid dynamics model, we 

model dust transport from the mine tailings to the surrounding region. The model includes 

gaseous plume dispersion to simulate the transport of the fine aerosols, while individual particle 

transport is used to track the trajectories of larger particles and to monitor their deposition 

locations.  In order to improve the accuracy of the dust transport simulations, both regional 

topographical features and local weather patterns have been incorporated into the model 

simulations. Results show that local topography and wind velocity profiles are the major factors 

that control deposition. 

 

Keywords: Aerosol transport, Dust, Deposition, CFD, Superfund  
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1 Introduction 

The Iron King mine tailings site located in Dewey-Humboldt Arizona is a potentially hazardous 

source of contaminated aerosols.  The Iron King Mine tailings and nearby inactive smelter site 

were officially added to the Environmental Protection Agency (EPA) national priorities list in 

2008.  The smelter was operational from 1904 till 1969.  It was used to extract lead, gold, silver, 

zinc and copper at different times. The 220,000 m
2
 tailings were impounded on property (EPA, 

2010).  Sediment from these mine tailings has significantly elevated concentrations of both lead 

(up to 0.20 wt%), and arsenic (up to 0.24 wt%), amongst other toxic species.  Additional tests of 

top soil from nearby sampling sites have shown elevated contaminant concentrations outside the 

boundaries of the Iron King Mine property.  The spread of the contaminants is in part caused by 

aeolian dust transport from the mine tailings.   

Aerosol and dust transport is a potentially dangerous mechanism for spreading contamination 

because of the high mobility of the smaller suspended particulate, especially for accumulation 

mode aerosols (<1 µm diameter). This particle size range is potentially hazardous to human 

health since they have the potential to deeply penetrate in the respiratory system.  The relatively 

large diffusivity of these aerosols causes them to have an increased likelihood to deposit in the 

smaller airways such as the alveolar regions of the lungs (Hinds, 1999).  Long-term exposure to 

these aerosol and dust particles may cause adverse health effects.  Lifetime excess cancer risks 

for a similar arsenic contaminated copper mine located in Hayden, Arizona, was estimated to be 

1 in 5,000 by the Arizona Department of Health Services (Public Health Assesment, 2002),  and 

up to 1 in 100, as estimated by EPA (Earth Justice, 2003).   
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In this work, we apply a Computational Fluids Dynamics (CFD) software tool, ANSYS 

FLUENT, to investigate aeolian transport and deposition rates of aerosols emitted from the Iron 

King Mine tailings to the surrounding region.  The CFD is based on the turbulent Reynolds 

Averaged Navier-Stokes (RANS) equations.  The complex topography of the terrain in the 

simulation area is included in the model. In addition, this CFD model can track both mixed 

gaseous species as well as predict the trajectories of individual particles (FLUENT Theory 

Guide).  By utilizing these schemes within the CFD model, realistic simulations of aerosol and 

dust transport can be achieved.      

2 Methodology  

2.1 Site description 

The Iron King Mine Tailings are located in north central Arizona at 34.500 º north latitude and 

112.253 º west longitude with an average altitude of 1436 m above sea level.   The topography of 

the land directly adjacent to the mine tailing impoundment is characterized by rolling hills with 

the Chaparral gulch bordering the northern edge of the mine property and the Galena gulch 

bordering the southern edge.  Larger mountains are located slightly further away in the 

surrounding Prescott and Tonto National Forests. It is a semiarid region that receives an annual 

average of 480 mm of precipitation (NCDC, 2004).   

The tailings impoundment rises vertically from the hillside with a rectangular shape and flat top. 

The tailings material has regions of reddish brown color and consists of gravelly sands and silty 

sands (Remedial Investigation Report, 2010).   The tailings have a loam texture that consists of 
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34.7 % sand, 44.8 % silt, and 20.4 % clay (Solis-Dominguez et al., 2012).  The tailings are 

encrusted with white efflorescence deposits after rain storms. 

2.2 Observations 

Since December 2011, the Iron King Mine tailings have been equipped with two 10-m height 

towers fitted with meteorological instruments and dust monitors. Each tower has three 

anemometers located at 10 m, 3 m and 1m heights. The north tower is equipped with all cup 

anemometers; while the south tower has a 3-D sonic anemometer located at 1 m above the 

ground.  Additional meteorological instrumentation was used to measure wind direction, 

temperature, relative humidity, soil moisture and temperature.  Three TSI DUSTTRAK II 8530 

dust monitors were fitted to each tower at 10 m, 3 m, and 1m heights. Each dust monitor utilizes 

an omnidirectional inlet that has a particle size cutoff of 27 μm aerodynamic diameter.  Figure 1 

shows four days of observations taken during 2012, including the 3-m height wind speed and 

direction, as well as the 1-m height DUSTTRAK data.  As expected, there is a noticeable diurnal 

pattern in both in wind speed and direction with wind speed increasing during the morning hours 

and turning to calm conditions in the early evening. The dust monitor data show a similar diurnal 

pattern with higher dust concentrations as the wind speeds increase during the day. Occasional 

peaks in dust concentration during the day are due to brief wind gusts or top soil perturbations. 

The region’s climate is characterized by two windy and dry seasons during spring and fall. This 

is ideal for producing aeolian dust.  In this study, we focus on the 2012 spring windy season 

which we define as being from April 1
st
 to June 30

th
.  The end of the spring windy season 

coincides with the start of the North American Monsoon when convective outbreaks can cause 

localized heavy rains that increase soil moisture, which inhibits dust emission.  
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The average wind rose of the 2012 spring windy season can be seen in Figure 2.  The wind rose 

was produced using the 10m anemometer daylight observations (8
00 

- 20
00

 hours local time). The 

dominant wind direction for all wind speed observations are Southerly, Southwesterly, 

Southeasterly and Northerly. The northerly winds tend to be very low speed and occur during the 

overnight hours. When we take into consideration only wind speeds exceeding 4 m/s southerly 

wind direction dominates with 36 % occurrence, while 85.2 % of wind speeds that exceed 4 m/s 

come from one of the four wind directions: southeast, south, southwest or west.  These 

observations were used in conjunction with the EPA AP 42 wind erosion model (EPA, 1988) to 

physically constrain the emission scheme that was used in the CFD species transport model. 

2.3 Emission scheme 

The emission model used to estimate wind erosion of the mine tailings comes from the EPA AP 

42 report (EPA, 1988).  The friction velocity is estimated from the near-surface logarithmic wind 

profile (Eq.1), where u(z) is the wind speed (m/s) at height z, K is the von Karman constant, u* is 

the friction velocity (m/s) and z0 is the roughness height (m).  The friction velocity is a measure 

of the shear stress exerted on the surface, and when this shear stress becomes sufficiently large 

and exceeds a critical threshold , uT
*
, erosion of surface particles may occur. Portable wind 

tunnel experiments conducted on a similar copper mine tailing impoundment also located in 

Arizona found uT
*
 = 0.172 m/s (Nickling and Gillies, 1986). 

𝑢(𝑧) =
𝑢∗

𝐾
𝑙𝑛

𝑧

𝑧0
       (1) 

The emission factor E (g/m
2
 per event) of a surface is defined in Eq. 2, where k is the particle 

size multiplier, N is the number of disturbances per event and Pi is the erosion potential for the i
th
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time period. The particle size multipliers for PM30, PM15, PM10 and PM2.5 are 1.0, 0.6, 0.5, and 

0.075, respectively (Cowherd, 2006).  

𝐸 = 𝑘 ∑ 𝑃𝑖
𝑁
𝑖=1         (2) 

The erosion potential for each time interval is calculated using Eq. 3.  In the case where u
*
 = uT

*
, 

the erosion potential is zero.  The friction velocity for each time interval is calculated from 

observed “fastest mile” within the time period.  Fastest mile is defined as the shortest time 

required for a single mile’s worth of distance to be advected past the anemometer.     

𝑃 = {
58(𝑢∗ − 𝑢𝑡

∗)2 + 25(𝑢∗ − 𝑢𝑡
∗)   𝑓𝑜𝑟 𝑢∗ > 𝑢𝑡

∗

0                                                     𝑓𝑜𝑟 𝑢∗ ≤ 𝑢𝑡
∗     (3) 

Frictional wind velocities were calculated using the fastest mile observations from the sonic 

anemometer located 1 m above the tailings because of its relatively high accuracy and since it 

requires less interpolation to the surface.  An analysis of fastest mile friction velocities was 

conducted for one hour time intervals for the 2012 windy season.  The resulting fastest mile 

friction velocities were used in the calculation of the erosion potential.   

2.4 Model description 

FLUENT 12.0 (distributed by ANSYS Corporation) has been used in a variety of studies 

involving aerosol transport, including flow over stockpiles (Diego et al., 2009, Badr and Harion, 

2005); quantification of the effect of industrial buildings on the wind erosion of stock piles 

(Turpin and Harion, 2010a 2010b); influence of the turbulent kinetic energy in the atmospheric 

boundary layer (Gorlé et al., 2009); and deposition and clearance of particles in human airways 
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(Anthony and Flynn, 2006).  Our simulations utilize a turbulent flow field, species transport and 

discrete phase modeling.   

2.4.1 Fluid flow  

Fluid flow simulations used the k- turbulent kinetic model, a two equation method used to solve 

for the Reynolds stresses term of the Reynolds Average Navier-Stokes (RANS) equations of 

motion (Eq. 4). The Reynolds stresses (Eq. 5) are an apparent force that arises from the time 

averaging of the instantaneous Navier-Stokes equations and they are represented in terms of a 

turbulent viscosity (Eq. 6).   

𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[µ (

𝜕𝑢𝑖

𝜕𝑥𝑗
+
𝜕𝑢𝑗

𝜕𝑥𝑖
−
2

3
𝛿𝑖𝑗

𝜕𝑢𝑙

𝜕𝑥𝑙
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢𝑖

′𝑢𝑗
′)   (4) 

−𝜌𝑢𝑖
′𝑢𝑗
′ = 𝜇𝑇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+
𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑇

𝜕𝑢𝑘

𝜕𝑥𝑘
)𝛿𝑖𝑗     (5) 

𝜇𝑇 = 𝜌𝐶µ
𝑘2

𝜀
       (6) 

The k- turbulence model introduces two transport equations to solve for the Reynolds stresses, 

one describes the transport of turbulent kinetic energy (k), and the other the turbulent energy 

dissipation rate (ε).  Using an iterative process, the turbulent kinetic energy and turbulent 

dissipation rate of the eddies is constrained.      

The fluid flow boundary conditions used for the outer walls of the domain include velocity inlets, 

pressure outlets, zero-shear boundaries, and no-slip boundaries.  The ground around the tailings 

was initialized as a no-slip boundary with a surface roughness of 0.1 m and roughness constant 

of 0.5 m.  The tailing walls were also defined as no-slip boundaries; however, they were assigned 
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a significantly small surface roughness of 0.0014 m because of the lack of vegetation.  The top of 

the domain was chosen as the limit of the atmospheric boundary layer (ABL) and was set as a 

zero-shear boundary, and walls parallel to the mean flow were setup as zero-shear boundaries as 

well.  The velocity inlet boundaries where initialized with a user defined logarithmic wind 

profile, with a 7 m/s wind speed at 10 m height, and surface roughness of 0.1 m was used in the 

logarithmic wind profile. The velocity inlet’s magnitude and direction can be controlled, 

allowing for non-orthogonal flows relative to the velocity inlet boundary.  The lateral boundaries 

are modified from zero-shear boundary to periodic boundaries for these non-orthogonal 

simulations.  Pressure outlets oppose velocity inlets and are initialized with a constant static 

pressure of 0 Pa.  The backflow direction is also appropriately specified for all pressure outlets.  

The inlet profile utilizes an isothermal temperature profile of 300 K.  This will produce a stably 

stratified boundary layer and not include the effects of convective mixing.  

For all the simulations, we specified uniform k and  on inlet surfaces with values of 0.5 m
2
/s

2
 

and 0.1 m
2
/s

3
, respectively. This was done following a recommendation by the FLUENT user 

guide, which states that for “flows where accurate profiles of turbulent quantities are unknown, 

uniform specification of turbulent quantities at a boundary are reasonable” (FLUENT User 

Guide). In addition, we also explicitly created a very large model domain with a significant run-

up distance which allows the k and  to fully develop from the specified inlet boundary values.         

2.4.2 Species transport (Eulerian Approach) 

The species transport model within FLUENT uses the convective-dispersion mass transport 

equation (Eq. 7), where Yi is the local species mass fraction, ν is the velocity vector, Ji is the 

dispersive flux, Ri is the net rate of production via a chemical reaction (Ri = 0 in this case), and Si 
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is the rate of creation from user defined sources (FLUENT Theory Guide).  For the regional 

simulations, the mine tailings act as the source of the aerosols, Si, utilizing a mass flow boundary 

condition.  Considering that we are in a turbulent flow, the dispersive flux is obtained using Eq. 

8, where T is the temperature and Dm, DT, Sct are the mass diffusivity, thermal diffusivity and 

turbulent Schmidt number, respectively.  The default turbulent Schmidt number used is 0.7, and 

the thermal diffusivity is calculated from the tracer species thermal conductivity (FLUENT User 

Guide).   

𝜕

𝜕𝑡
(𝜌𝑌𝑖) + ∇ ⋅ (𝜌𝑣𝑌𝑖) = − ∇ ⋅ 𝐽𝑖 + 𝑅𝑖 + 𝑆𝑖      (7) 

𝐽𝑖 = −(𝜌𝐷𝑖,𝑚 +
µ𝑇

𝑆𝑐𝑡
)∇ ⋅ 𝑌𝑖 − 𝐷𝑇,𝑖

∇T

𝑇
                (8) 

In this work, properties of the species were used to represent 1 µm diameter aerosol particles, so 

that particle advection and dispersion is representative of an accumulation mode dust plume.  It 

is reasonable to assume that 1 µm aerosols are likely to remain airborne after suspension because 

of their high mobility and relatively long gravitational settling time (settling velocity = 7.5 ×10
-5

 

m/s for particle density of 2.5 g/cm
3
) relative to the simulated time period of 900 s.   

For the species transport simulations, a user defined inert species was created to act as a tracer 

for accumulation mode aerosols.  The mass diffusivity of the tracer species was set equal to the 

diffusivity calculated for a 1 m particle, 2.77 × 10
-11

 m
2
/s., its viscosity was set as 1.72 × 10

-5
 

Pa s and its thermal conductivity at 0.0454 W/m K.  The density is not defined for either the 

tracer species or the air because it is assumed they are homogenously mixed within each model 

element and that the fluid behaves as an incompressible ideal gas.      
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Species transport boundary conditions include inlet mass fraction, inlet mass flux, inlet direction 

specification and boundary species fraction specifications.  A user defined function was used to 

define the inlet mass fraction and mass flux for the top of the tailings.  Each simulation had an 

emission mass flux of 6.316 × 10
-3

 g/m
2
 s and the emission lasted for thirty seconds for total 

emission of 0.1895 g/m
2
.  The mass fraction boundary condition was set so 100% of the mass 

emitted was the tracer species and the emission occurred normal to the upper tailings boundary.  

A fixed zero mass fraction for the species tracer was used as the surrounding ground boundary 

condition, which implies complete capture of particles by the ground surface.   

2.4.3 Discrete Phase Modeling (Lagrangian Approach) 

FLUENT’s Discrete Phase Modeling (DPM) tracks the trajectory of individual particles as they 

are injected into the flow. This Lagrangian approach requires that the tracked particles have a 

very small volume number fraction relative to the fluid volume mesh cells.  However, the 

volume mass fraction of the tracked particles relative to the fluid can be quite large without 

significant consequences (FLUENT Theory Guide).  The DPM particles were released into the 

same steady flow field with the identical wind profile and turbulent parameter boundary 

conditions used in the species transport simulations. 

The discrete phase modeling calculates the trajectory of a particle by using its equation of motion 

(Eq. 9), where up is the particle velocity, u is the fluid velocity, g is gravity, ρp is the particle 

density, ρ is the fluid density, FD is the drag force and Fx represents additional forces.  The drag 

force of the particles is calculated using the Stokes-Cunningham drag law, Eq. 10, where CC is 

the slip correction factor, dp is the diameter of the particle and µ is the fluid’s dynamic viscosity  
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𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝐷(𝑢 − 𝑢𝑝) +

𝑔𝑥(𝜌𝑝−𝜌)

𝜌𝑝
+ 𝐹𝑥      (9) 

𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑝
2𝐶𝑐

         (10) 

For particles of size less than 1 m, the additional force, Fx, contains the Brownian force, 

Saffman’s lift force, and the thermophoretic force.  The Brownian force is caused by random 

walk of highly mobile particles and the Saffman’s force represents a suspension (lift) force due 

to shear components of the flow.  The thermophoretic force arises when sufficiently small 

particles are located within a thermal gradient and was, therefore, neglected in our simulations. 

Particles were emitted from the upper surface of the tailings using a user defined file of injection 

points that were gridded with 5-m separation, covering the entire tailings.  This resulted in 4080 

particle injections per DPM simulation. Particles were released normal to the tailing surface with 

an initial velocity of 1 m/s. Multiple monodisperse DPM simulations were carried out for the 

four principal wind directions using 2.5 m particles.  Each boundary of the solution domain has 

a specific DPM condition in the case a particle comes into contact with the boundary. The 

ground surface, not including the tailings, used a deposition boundary condition; that is, particles 

that come into contact with the ground settle out. The tailings boundary condition was set to 

reflect all particles, which would represent bouncing.  All the side boundaries of the domain 

were set to let particles escape.   

2.4.4 Mesh generation 

Prior to running simulations with FLUENT, a model domain was created that was representative 

of the Dewey-Humboldt region, adjacent to the Iron King Mine tailings.  To accurately represent 

the area of around the tailings, topographic data was gathered from the United States Geological 
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Survey Seamless Data Server (USGS, 2012).  Topographic data for a 25 km
2
 area centered on 

the Iron King mine tailings that included portions of the adjacent town of Dewey-Humboldt was 

downloaded with a horizontal resolution of 1/3 arc second or about 10.3 m. The topographic data 

underwent processing in Matlab to create a grey scale image representative of the regional 

elevation.  The image had a buffer round the outer boundary that adds a 514.5 m run-up that 

slopes the edge of the topographic region down to a fixed elevation for the entire edge. The 

reason for adding this buffer region is to create a fixed flat edge that represented a base surface 

for mesh generation and processing.  Following the Matlab processing, the regional grey scale 

image was converted to a Non-Uniform Rational B-Spline (NURBS) surface utilizing 

Rhinoceros, a 3-D NURBS based modeling software (Rhinoceros 4.0, 2008).  The tailings were 

added by hand to the topographic surface using both satellite imagery and GPS coordinates that 

were collected on the tailings. Once the tailings were added, the ground surface was enclosed by 

a bounding box. The 5 km regional domain, with the buffer region included, had a total 

horizontal and vertical extent of 6750 m × 6300 m × 3780 m. The fully formed model domain 

was then imported into the ANSYS Design Modeler (2013) that was used to mesh the domain.  

Utilizing the ANSYS Mesher, the model domain was meshed using a tetrahedral meshing 

method.  The most refined mesh used in the simulations had 450,899 nodes, and 2,463,913 

tetrahedral finite elements.  The meshes were then exported for use in the FLUENT CFD model. 

2.4.5 Mesh verification 

Mesh verification is vitally important to maintain realism and repeatability of simulations.  Two 

common techniques are used to verify the mesh accuracy, which include iterative convergence 

and mesh independence. In order to verify mesh independence three different meshes were 
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created.  The grid refinement ratio is defined as the ratio of cell spacing for two separately sized 

meshes; for example, for meshes termed “fine” and “medium”, rG = Δxfine/Δxmed.  A grid 

refinement ratio of (2)
0.5

 is recommended (Stern et al., 2001). However, due to computational 

limitations, a more reasonable refinement ratio of (1.5)
0.5

 was used.  The total number of nodes 

for the three meshes, coarse, medium and fine are 330,462, 390,778 and 450,899, respectively.  

The total number of tetrahedral finite elements for the three meshes are 1,796,275, 2,124,416 and 

2,463,913. 

The R2 value (Eq. 12) was used to determine if there is mesh independence.  It was calculated by 

first estimating error quantities from three different sized mesh simulations for each degree of 

freedom.  There are six degrees of freedom needed to fully describe the turbulent fluid motion, 

turbulent kinetic energy (k), turbulent dissipation rate (ε), static pressure, and the three 

components of the wind velocity vector. The error was calculated from Eq. 11, where ej,k is the 

difference in value for a single degree of freedom simulated on two differently sized meshes, j 

and k (Roache, 1998).  If the R2 values are less than one, the simulation is considered to be 

mesh-independent, indicating that an appropriate approximate solution has been found.   

||𝑒|| = √∑𝑒𝑗,𝑘
2         (11) 

𝑅2 =
||𝑒𝑚𝑖𝑑,𝑓𝑖𝑛𝑒||

||𝑒𝑐𝑜𝑢𝑟𝑠𝑒,𝑚𝑖𝑑||
       (12) 

Converge of the iterative procedure employed in the solution of the differential equations is 

calculated using the L2 error norm value, which is calculated by differencing a degree of freedom 

for two simulations using the same mesh but different global simulation error (GSE) tolerances.  
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Eq. 13 shows how the L2 error norm is calculated, where xi, and xi-1 are degrees of freedom, I 

represents the more strict GSE tolerance and i-1 represents the less strict GSE simulation 

tolerance.  A strict limit of 5 percent or better was used to verify iterative convergence (Roache, 

1998).  

𝐿2 =
[∑(𝑥𝑖−𝑥𝑖−1)^2]

0.5

[∑(𝑥𝑖)
2]0.5

       (13) 

 

3 Results 

3.1 Simulation verification 

Twenty locations within the model domain were randomly selected to verify mesh independence 

and iterative convergence. The locations were selected by dividing the model domain into 100 

equal sized horizontal areas of which twenty were randomly selected for analysis. A vertical rake 

was used to sample the 6 degrees of freedom at 5 m intervals from the ground surface to a height 

of 3000 m.  Figure 3 shows the locations of the 20 random rakes within the model domain.   

The finest mesh was used to determine iterative convergence.  Three simulations were run using 

a GSE tolerance of 10
-3

, 10
-4

, and 10
-5

 for the six degrees of freedom.  The L2 Iterative 

convergence parameter was then calculated for all six degrees of freedom using the three 

differently sized meshes (Table 1).  Only the vertical component of the flow field did not meet 

the 5% criterion to show iterative convergence for the (10
-4

-10
-5

) L2 error norm test.  An 

additional simulation was conducted using a GSE of 10
-6

 which resulted in a L2 value of less 

than 1%, which meets the 5% criteria to show iterative convergence.  The R2 values were 

Figure 3 
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calculated for the six degrees of freedom to show mesh independence and can also be seen in 

Table 1.  The R2 values for all six degrees of freedom were less than 1, which confirms mesh 

independence. These verifications tests indicate that the finest mesh used represents accurately 

the solution of the problem within the tolerance limits selected. 

3.2 Species transport simulations  

Four simulations where conducted using the principal wind directions measured on the tailings 

during the 2012 spring windy season: northwestward, northward, northeastward and eastward 

wind directions.  First, wind velocity profiles were generated using a logarithmic wind profile 

that was initialized with a 7 m/s wind speed at 10m height. This wind profile speed was selected 

from hourly fastest mile observations that had friction velocities large enough to produce wind 

erosion. The logarithmic profile was used as a boundary condition on the inlet surface, 

depending on wind direction. Figure 4a shows wind velocity vectors calculated from the CFD 

simulation at the centroid value of the elements directly adjacent to the tailings and ground 

boundaries for an eastward wind direction.  The color mapping of the vectors represents the 

velocity magnitude (m/s).  Eddies and sudden changes in the velocity vectors can be identified 

downwind of significant surface elevation variations, including an adjacent open pit mine, 

located northwest of the tailings, and the tailing walls.  Figure 4b shows wind speed contours 

along an eastward orientated vertical plane.  The western edge of tailings creates oscillations in 

the vertical wind speed profile that propagate downwind. The tailings also generate a sheltered 

region of low wind velocities downwind of the eastern edge where elevation significantly drops 

compared to the top of the tailings.  These results confirm the expected sensitivity of the CFD 

simulations to the local topography. 
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The species emission rate was calculated with the EPA AP42 wind erosion model using 

threshold friction velocities and sonic anemometer observations taken on the mine tailings from 

March 25, 2012 through June 26, 2012. The AP42 wind erosion model estimates that windy 

season average hourly emission for periods that generated soil erosion were 2.527, 1.516, 1.263, 

0.190 g/m
2
 for PM30, PM15, PM10 and PM2.5, respectively.  PM2.5 is the smallest particle size 

regime estimated by the AP 42 wind erosion model and has the largest mobility of all the 

classifications.  PM2.5 particles have long gravitational settling time and low rate of Brownian 

diffusion and can be transported long distances.  For this reason the PM2.5 erosion rate was used 

in the species transport simulations.  A 30 s emission event is used in the simulations. The 

transient species transport simulations were conducted for 900 s with 4 s time steps.  The four 

second time step was selected to minimize the computational cost of the simulations while 

maintaining temporal resolution that allows us to observe the development of the species tracer 

plumes.  

Figure 5 shows contours of the tracer species mass fractions calculated at the centroid of the 

elements directly adjacent to the ground boundary conditions, approximately 8 m elevation, 90 s 

after the beginning of the emission event.  The mass fraction contours are shown on a 

logarithmic scale to accentuate the extent of the plume.  To estimate deposition rates from these 

results, a series of vertical rakes with 5 m vertical resolution were sampled from the solution 

every 500 m downwind from the tailings, up to a distance of 2500 m.  For each vertical rake the 

deposition rate was calculated using Fick’s law. Figure 6 shows the peak tracer species mass 

fraction profiles for the northward simulation at 500 m, 1000 m, 1500 m, 2000 m and 2500 m 

downstream from the center of the tailings.  Peak mass fraction time step is defined as being the 

time step with the highest cumulative mass fractions within the profile for the respective 
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location.  Deposition rates were calculated at each rake location for each time step.  Figure 7 

shows the time series of capture rates for the five downwind rakes for the northward wind 

simulation.  As expected, the deposition rates decrease with distance away from the tailings.   

Integration of the time series of deposition rates at each rake location gives the total deposition 

for each simulation.  The cumulative deposition results for the four simulated wind directions are 

presented in Table 2.  It is noticeable that that the total deposition values for the rakes do not 

necessarily decrease with distance from the tailings.  The northwestward wind simulation has the 

largest total deposition of the tracer species for all five of the downwind rake locations when 

compared to the other directional simulations.  This is caused by the topography. In general, 

ground elevation increases with distance from the tailings in the northwestward direction, 

causing increased species concentrations near to the ground as the species is forced up the 

topographic slope.  The elevation tends to decrease away from the tailings for the other three 

wind directions, which would suggest the total deposition to be smaller than the northwestward 

wind direction.  There are also seeming anomalies within each individual simulation; for 

example, the 1000 m rake for northward simulation, has a larger total deposition than the 500 m 

rake.  This increased deposition at 1000 m is caused by the vertical rake being located on the 

upslope side of a hill, which serves as an enhanced interception surface, thus increasing 

deposition.  The opposite argument can be made for the downslope side of the regional 

topography.               

Further investigation of the topographic effects on species tracer deposition was conducted by 

looking at the elevation and upslope information for the rake sample locations. Table 3 shows the 

elevation at the rake sample points and Table 4 presents the topographic upslope of the rake 
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sample points. The topography of the terrain along the investigated directions is shown in Figure 

8. The elevation information from Table 3 allows us to see if there is a correlation between the 

elevation and deposition totals from the simulations.  The rake locations that observed increasing 

total depositions as the distance from the tailings increased included: the northwestward 1000 m 

and 1500 m rakes, northward 500 m and 1000 m rakes, northeastward 1500 m and 2000 m rakes 

and eastward 1000 m and 1500 m rakes. There appears to be little correlation between the rakes 

elevation and total deposition because the northwestward 1000 m and 1500 m rakes have about a 

29 m decrease in elevation between them and the northward 500 m and 1000 m rakes have an 

increase of about 26 m between the sample rakes locations.  The last two seemingly anomalous 

rake pairs, northeastward 1500 m and 2000 m rakes and eastward 1000 m and 1500 m rakes, 

have small elevation differences between the rake locations on the order of 5.5 m to 7 m. For 

these simulations, there appears to be no correlation between higher deposition rates and 

elevation for the species transport method.  Nevertheless, it topographic upslope of the landscape 

may shed light on the observed trends.  The upslope of the ground at the rake sample locations is 

given in Table 4.  The northwestward 1000-1500 m, northward 500-1000 m, and eastward 1000-

1500 m seemingly anomalous sample locations have significant increases in upslope values, 

which are associated with the increase in total deposition.  Topography, specifically the upslope 

degree of the ground surface, seems to play a major role in the spatial variability of species tracer 

deposition.     

3.3 Seasonal deposition estimation  

Seasonal deposition rates were estimated utilizing the species simulations and the observed 

seasonal wind data.  The analysis of the windy season data found that 40.2 % of the hourly 
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fastest mile friction velocities, from the spring windy season, were sufficient to produce wind 

erosion according to the EPA AP42 wind erosion model.  By scaling the single simulation results 

by the number of events predicted by the AP 42 wind erosion model for that specific wind 

direction, we can estimate of the total seasonal PM2.5 deposition for all the sample rake locations 

and for each wind direction simulation.  Table 5 shows the 2012 windy season PM2.5 deposition 

as estimated by using the AP42 wind erosion model and the FLUENT species transport model.  

Although these deposition values may seem quite small, they represent only the smallest size 

fraction aerosols, <2.5 µm diameter.    

3.4 DPM simulations  

To further investigate the spatial variations observed in the species transport simulations, we 

conducted a series of DPM simulations. Each DPM simulation emits 4080 particles (2.5 m in 

diameter) from the tailings into the mean flow and one simulation is performed for each principal 

wind direction.  Most of the injected particles tended to deposit very near to the tailings because 

of swirling winds that arise from the tailings having an elevated position relative to the 

surrounding ground.  However, some particles managed to be transported further downwind and 

some, less than 5%, escaped the whole simulation domain; that is, were transported a distance of 

more than 3 km.  The 5% escaped particle fraction is an underestimate because the 

thermodynamically stable boundary layer does not allow for vertical mixing that would be 

associated with a convective boundary layer typical of a clear day.         

To study the effect of upslope on particle deposition, Figure 9 shows a distributed plot of the 

upslope value at the point where each particle deposits vs. the distance from the tailings where 

the particle deposited. From this plot it can be seen that once a particle gets far enough away 
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from the tailings ( > 500 m), it tends to deposit on positive upslope regions.  Even though the 

mean value of the upslope is positive for all particle deposition locations, which would be 

consistent with an upslope bias for deposition, the standard deviation is so large that a general 

quantitative conclusion is not possible.  However, the average and standard deviations of the 

upslope value for particles that settled more than 500 m away from the tailings show that 

particles that escape the swirling eddies created by the tailings topography preferentially deposit 

in areas of topographic upslope.  Additional sensitivity tests occurred that looked at the effect 

that injection location and injection velocities have on deposition location.  Results showed that 

variations of injection locations and injection velocity produced minimal effects on the 

deposition location.  These DPM results reinforce the results gathered from the species transport 

simulations, which showed that topography plays a major role in the deposition of fugitive 

aerosols from the Iron King Mine tailings.           

4 Concluding remarks  

Utilizing in situ observations and the EPA AP 42 wind erosion model, we were able to estimate 

wind erosion and local deposition of dust and aerosol from a chemically contaminated mine 

tailings site. The model coupled three-dimensional velocity fields obtaining from CFD 

calculations employing the k- turbulence model with either the species transport equation (for 

particles of size less than 1 m diameter) or the equations of motion for individual particles (for 

2.5 m diameter particles). The simulations showed significant heterogeneity in deposition 

patterns in the regions surrounding the tailings, with topographic upslope and wind velocity 

fields playing a major role in the deposition variability. These results show that future 



71 
 

predictions of deposition from this and similar sites must rely on accurate descriptions of wind 

velocity and surrounding terrain.  

The calculations presented in this work are preliminary in nature. Further work will be done 

towards validating the accuracy of the emissions model, which relies on empiricisms that may 

not be applicable to a specific location. In addition, processes such as saltation and particle creep 

have not been considered in detail, and they may play an important role in total emissions. 

Despite the limitations, the results give an estimate of the relative strength of deposition patterns 

in the region surrounding the tailings which, in turn, can be translated into deposition patterns of 

contaminants such as lead and arsenic, present at relatively high concentrations in the top soil of 

the tailings. 
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Table 1.  L2% error norm and R2 values for the six degrees of freedom and for three increasingly 

strict global simulation error residuals. 

 

 

 

 

 

 

  

      k        ε             P      ux      uy     uz 

L2% (10
-3

-10
-4

) 12.022 8.455 13.155 1.875 2.230 60.290 

L2% (10
-4

-10
-5

) 2.383 1.837 0.839 0.604 0.445 17.872 

L2% (10
-5

-10
-6

) N/A N/A N/A N/A N/A 0.819 

R2 0.819 0.813 0.842 0.918 0.819 0.610 
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Table 2. Total downwind tracer species deposition values (pg/m
2
) for a single event as a function 

of distance from the tailings. Emission events were simulated for the four principal wind 

directions specified. 

 

Distance from 

tailings (m) 

500 1000 1500 2000 2500 

Northwestward 

Deposition  

0.382 0.101 0.105 0.0979 0.0479 

Northward 

Deposition  

0.0534 0.054.1 0.025.5 0.0212 0.0196 

Northeastward 

Deposition  

0.0477 0.031.5 0.024.5 0.0269 0.0254 

Eastward 

Deposition  

0.143 0.058.6 0.079.5 0.0412 0.0321 
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Table 3. Ground elevation of the 20 sample rake locations used in tracer species simulations    

 

Distance from 

tailings (m) 

           500               1000              1500             2000             2500  

Northwestward 

Elevation (m) 117.5 144.3 115.4 134.9 160.0 

Northward 

Elevation (m) 96.7 122.6 140.6 111.7 142.2 

Northeastward 

Elevation (m) 89.2 121.3 92.5 85.1 90.6 

Eastward 

Elevation (m) 107.7 85.5 80.8 70.9 67.4 

  



77 
 

Table 4. Topographic upslope of the 20 sampling locations used in tracer species simulations. 

Positive values indicate increase in elevation along the specified direction. 

 

Distance from 

tailings (m) 

            500            1000             1500             2000            2500  

Northwestward 

upslope (m/m) −0.0246 −0.1472 −0.0141 0.0025 0.0345 

Northward 

upslope (m/m) −0.1553 0.2023 0.2707 0.0839 0.2131 

Northeastward 

upslope (m/m) −0.0445 0.1377 −0.1011 −0.1187 0.1694 

Eastward  

upslope (m/m) −0.1568 −0.0225 0.0199 −0.0381 −0.0485 
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Table 5. Estimates of total PM2.5 deposition for the 2012 spring windy season.   

Distance from 

tailings (m) 

500  1000  1500  2000  2500  

Northwestward 

Deposition (pg/m
2
) 

73.7 19.3 20.0 18.6 9.13 

Northward 

Deposition (pg/m
2
) 

17.7 17.1 8.06 6.69 6.20 

Northeastward 

Deposition (pg/m
2
) 

7.39 4.84 3.77 4.13 3.91 

Eastward 

Deposition (pg/m
2
) 

12.6 5.15 6.98 3.61 2.82 
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Figure captions 

 

Figure 1: Time series of observations taken from the eddy flux tower located directly on the 

tailings from June 13
th

 to June 17
th

, 2012.  The top plot is the 1 m height dust concentrations with 

a 10 second sample frequency.  The middle plot is a time series of the 3 m height wind speed 

with a 5 minute sample frequency.  The bottom plot is the corresponding wind direction. The x 

axis represents time in days with integer values corresponding to midnight. 

 

Figure 2: Wind rose generated using daytime 10 m height anemometer observations taken on the 

mine tailings from April 1
st
 to June 30

th
, 2012.  Daytime observations are defined as 8

00 
- 20

00
  

hours, local time. Wind speed in m/s.  

 

Figure 3: Twenty randomly selected vertical rake sampling locations used for mesh verification.  

The vertical rakes are color mapped by elevation (in m).  Image also includes the ground and 

tailing walls of the domain with each element face outlined. The finite elements corresponding to 

the mesh used in the simulation are outlined. 

 

Figure 4ab: Sample results from the FLUENT CFD computations: Wind velocity vectors at the 

centroid of the elements directly adjacent to the tailings and ground boundaries for an eastward 

(X direction) simulated wind direction. This wind simulation was initialized with a 7 m/s at 10 m 

height logarithmic wind profile along the eastern boundary. The color mapping of the vectors 

represents the wind magnitude (m/s).  Eddies can be identified downwind of the tailings where 

changes in elevation occur, and near the open pit mine, located northwest of the tailings.  

 

Figure 5: Contours of mass fraction of a northward species plume simulation, 90 seconds after 

emission from the tailings. Mass fractions are calculated for the centroid value of elements 

directly adjacent to the ground boundary.  The contours of mass fraction are overlaid on a 

Google earth satellite image of the region. Concentration values are in kgspecies/kgair. 

 

Figure 6: Vertical profiles of tracer species mass fraction for the northward transient species 

simulations.  The vertical profiles coincide with the peak mass fractions measured during the 

simulation at each sample locations 500, 1000, 1500, 2000, 2500 m. 

 

Figure 7: Time series of deposition rates calculated for the northward simulation at the 500, 

1000, 1500, 2000, 2500 m sample locations.  Deposition rates were calculated for each 4 s time 

step using Fick’s first law of diffusion.     

 

Figure 8: Topographic elevation (in m) of the terrain following the indicated directions from the 

tailings. Specific values for the sampled locations (marked with asterisks) are shown in Table 3. 

 

Figure 9: DPM particle deposition location ground upslope versus distance from deposition to 

the tailings.  This plot includes the particles released from the tailings for the northwestward, 

northward, northeastward and eastward wind directions. 
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Figure 1 

 

Time series of observations taken from the eddy flux tower located directly on the tailings from 

June 13
th

 to June 17
th

, 2012.  The top plot is the 1 m height dust concentrations with a 10 second 

sample frequency.  The middle plot is a time series of the 3 m height wind speed with a 5 minute 

sample frequency.  The bottom plot is the corresponding wind direction. The x axis represents 

time in days with integer values corresponding to midnight.  
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Figure 2 

 

Wind rose generated using daytime 10 m height anemometer observations taken on the mine 

tailings from April 1
st
 to June 30

th
, 2012.  Daytime observations are defined as 8

00 
- 20

00
  hours, 

local time. Wind speed in m/s. 
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Figure 3 

 

Twenty randomly selected vertical rake sampling locations used for mesh verification.  The 

vertical rakes are color mapped by elevation (in m).  Image also includes the ground and tailing 

walls of the domain with each element face outlined. The finite elements corresponding to the 

mesh used in the simulation are outlined.  
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Figure 4a 

 

Sample results from the FLUENT CFD computations: Wind velocity vectors at the centroid of 

the elements directly adjacent to the tailings and ground boundaries for an eastward (X direction) 

simulated wind direction. This wind simulation was initialized with a 7 m/s at 10 m height 

logarithmic wind profile along the eastern boundary. The color mapping of the vectors represents 

the wind magnitude (m/s).  Eddies can be identified downwind of the tailings where changes in 

elevation occur, and near the open pit mine, located northwest of the tailings.   
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Figure 4b 

 

Sample results from the FLUENT CFD computations: Wind speed contours along an eastward 

orientated vertical plane for an eastward (X direction) simulated wind direction. This wind 

simulation was initialized with a 7 m/s at 10 m height logarithmic wind profile along the eastern 

boundary. The color mapping represents the wind magnitude (m/s).  The tailings effects on the 

wind field can be seen along western edge of tailings where the increase in elevation creates 

oscillations downwind. The tailings also generate a sheltered region of low wind velocities 

downwind of the eastern edge.  
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Figure 5 

 

Contours of mass fraction of a northward species plume simulation, 90 seconds after emission 

from the tailings. Mass fractions are calculated for the centroid value of elements directly 

adjacent to the ground boundary.  The contours of mass fraction are overlaid on a Google earth 

satellite image of the region. Color mapping is logarithmically scaled and the concentration 

values are in kgspecies/kgair.  



86 
 

Figure 6 

 

Vertical profiles of tracer species mass fraction for the northward transient species simulations.  

The vertical profiles coincide with the peak mass fractions measured during the simulation at 

each sample locations 500, 1000, 1500, 2000, 2500 m.  
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Figure 7 

 

Time series of deposition rates calculated for the northward simulation at the 500, 1000, 1500, 

2000, 2500 m sample locations.  Deposition rates were calculated for each 4 s time step using 

Fick’s first law of diffusion. 
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Figure 8 

 

Topographic elevation (in m) of the terrain following the indicated directions from the tailings. 

Specific values for the sampled locations (marked with asterisks) are shown in Table 3.  
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Figure 9 

 

DPM particle deposition location ground upslope versus distance from deposition to the tailings.  

This plot includes the particles released from the tailings for the northwestward, northward, 

northeastward and eastward wind directions. 
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Abstract 

Mine tailings impoundments in arid and semiarid environments are susceptible to wind erosion 

due to their fine grain silt and sandy composition and lack of vegetative coverage. Aeolian 

transport of particulate matter from these mine tailings impoundments are potential hazards to 

human health due to the presence of metal and metalloid contaminants.  Predicting windblown 

transport of mine tailings material can be a useful tool in characterizing the risk and 

environmental impact on neighboring communities.  This work presents a model that can be used 

to forecast the transport and deposition of windblown dust from mine tailings impoundments.  

The deposition forecast model uses in situ observations from a tailings field site and theoretical 

simulations of aerosol transport to parameterize the model.  It includes a method for simulating 

deposition patterns for several different size fractions and can be translated to other regions and 

applied to different windblown dust sources. The model was developed using data from the Iron 

King Mine tailings in Dewey-Humboldt, Arizona, a Superfund site that is heavily contaminated 

with lead and arsenic.  A preliminary verification of the model was conducted using topsoil 

measurements of lead and arsenic as tracers of windblown dust from the tailings impoundment.  

The tailings tracers support the predicted deposition patterns generated by the deposition 

forecasting model.       

 

 

 

Keywords: Deposition, Dust, Wind erosion, Aerosol transport, Superfund 
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1. Introduction 

Aeolian transport of dust from mine tailings can be a significant problem in arid and semiarid 

regions, where the naturally dry and windy environment makes the tailings susceptible to wind 

erosion.  Dust particles can have deleterious health effects and, as a result, particulate matter, 

specifically PM2.5 and PM10, are one of six air pollutants regulated under the National Ambient 

Air Quality Standards NAAQS (USEPA, 2011). 

The US Environmental Protection Agency (EPA) recommends two models for predicting the 

dispersion of pollutants, including particulate matter: AERMOD and CALPUFF.  AERMOD is a 

steady state Gaussian plume model designed for industrial sources (Cimorelli, 1998).   It includes 

boundary layer turbulent structure parameterization and is applicable for transport up to about 

50km (USEPA, 2004).  However, the steady state assumption prevents it from responding to 

temporal and spatial variations in meteorological conditions.  CALPUFF on the other hand is a 

non-steady state plume dispersion and transport model that is recommended for long range 

transport simulations up to 1000’s of kilometers (Allwine et al., 1998; Scire et al., 2000).  

However, CALPUFF’s plume characteristics are dependent on a select few atmospheric stability 

classes. These classes were designed to maximize their accuracy for general use in a variety of 

environments and conditions, which often do not include site specific factors that affect 

windblown deposition patterns.  Both of these models have difficulty simulating the transport of 

the largest particles that do not get fully suspended in the mean flow field and are transported 

very short distances.   

In this work, we developed a site-specific dust transport and deposition forecast model (DFM) 

for a mine tailings impoundment.  The model simulates deposition of particulate matter with 



93 
 

aerodynamic diameter of 27-μm or less (PM27) via multiple emission events and is parameterized 

using empirical relations derived from field observations. The tailings are a part of the Iron King 

Mine and Smelter area, an EPA Superfund site since 2008 (EA Engineering, 2010).  The Iron 

King Mine site is adjacent to the town of Dewey-Humboldt, located about 90 miles north-

northwest of Phoenix, Arizona.  The Iron King mine tailings impoundment is contaminated with 

arsenic and lead, amongst other species  and is located near the town Dewey-Humboldt, Arizona, 

with a population of 3,951 (US Census, 2005).   

2. Methodology 

2.1 Site description 

The region is semiarid with an average annual rain fall of 47.7 cm (NCDC, 2004).  The 

vegetation is largely composed of grasslands, chaparral, and pinyon/juniper woodlands, but the 

mine tailings impoundment is devoid of vegetation except for a small phytoremediation test plot 

(7200-m
2
). The topography ranges from rolling hills to rugged mountainous terrain with the Iron 

King tailings impoundment and surrounding mountains located at 1436-m and 2300-m above 

mean sea level respectively (EA. Engineering, 2010).   

The Iron King tailings impoundment is located 1.5 km west-southwest of Dewey-Humboldt and 

has two adjacent waterways that are dry except during precipitation events, the Galena Gulch 

south of the property and the Chaparral Gulch along the northern boundary.  The tailings 

impoundment has a reddish brown color and rises vertically from a hillside with sloped sides and 

flat top (Figure 1).  The tailings material consists of gravelly and silty sands with a loam texture 

that consists of 34.7 % sand, 44.8 % silt, and 20.4 % clay (Solis-Dominguez et al., 2012).  The 

tailings material is acidic with a pH of 2.5 and is heavily contaminated with lead and arsenic with 
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peak soil concentrations of 9830 mg/kg and 6300 mg/kg respectively (Ramirez-Andreotta et al., 

2013; EA Engineering, 2010).  Elevated concentrations of arsenic and lead in adjacent offsite 

soils are indicative of aeolian and ground water transport (Ramirez-Andreotta et al., 2013).  

2.2 Instrumentation 

Two eddy flux towers were installed on the Iron King tailings in 2012 (Figure 1). 

Instrumentation includes: three TSI DUSTTRAK II 8530 monitor with omnidirectional inlets 

located at 1-m, 3-m and 10-m heights, cup anemometers at 3 and 10-m, a sonic anemometer at 1-

m height on the south tower only, thermometers and hygrometers at 3 and 10-m height.  The 

DUSTTRAKs sample PM27 (particulate matter with an aerodynamic diameter of 27 m or less).  

The DUSTTRAK and sonic anemometer observations are recorded with 10-s resolution.  In 

order to extend the battery life of the DUSTTRAKs they are turned off from 9:00 pm to 5:00 am, 

when winds are typically stagnant. Temperature and relative humidity meters as well as the cup 

anemometers operate 24-h a day at 5-min resolution.  The instruments are solar powered with a 

48-h reserve for cloudy days. A cell phone modem was used to remotely download the data to 

Tucson. 

A Multiple Orifice Uniform Depositing Impactor (MOUDI) was used to determine aerosol size 

distributions.  The MOUDI has been shown in several studies to be useful in determining 

contaminant distribution of airborne dust by particle size (Querol et al., 2000; Allen et al., 2001; 

Tursic et al., 2008; Csavina et al., 2011). The MOUDI-II (MSP Corp) has eleven stages that 

collect particles with aerodynamic cut point diameters of: 18, 9.9, 6.2, 3.1, 1.8, 1, 0.55, 0.32, 

0.18, 0.1, 0.054-μm and ultrafine particles collected on an “after filter”.  The MOUDI was 

located along the northern edge of the tailings impoundment with the inlet located 1-m above 

ground level (Figure 1).   
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2.3 Idealized particle trajectory 

Idealized particle trajectory simulations were conducted in order to create a model that predicts 

the deposition locations of aerosols released from the tailings.  These simulations predict the 

trajectories and deposition patterns for spherical particles of varying aerodynamic diameters in a 

convectively turbulent logarithmic wind profile.  These simulations are conducted in a 2-

dimensional framework where particles trajectories are determined in downwind and vertical 

directions.  

The trajectory simulations include the following forces: gravity, Stokes air resistance and 

Brownian and eddy diffusion.  Eddy diffusion has a significantly larger impact on aerosol 

trajectories than Brownian diffusion, especially in a convectively turbulent environment.  The 

trajectory of a particle under the influence of gravity and Stokes air resistance can be determined 

by integrating the force balance on the particle,     

𝑚
𝑑𝒗

𝑑𝑡
=  𝒈𝑚 + 3𝜋𝜇𝐷𝑝(𝒗𝒂 − 𝒗)      (1) 

where m is the mass of the particle, v is the particle velocity vector, g is gravity acceleration,  is 

the air viscosity, Dp is the particle diameter and va is the air velocity vector. 

For sub-micron particles the Brownian force may cause variations in the trajectory of the 

particles.  The effect of Brownian motion on a particle is included by calculating its mean 

displacement, X, 

𝑋 = (2𝐷𝑏∆𝑡)
1/2     (2) 

where Db is the molecular diffusivity of the particle and ∆t is the time scale.  Over a time scale of 

1 s, a 2-μm diameter spherical particle (ρp = 2500 kg/m
3
) diffuses 5 μm while falling 300 μm due 
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to gravity.  This shows that Brownian diffusion is insignificant under the conditions explored in 

this work. 

Eddy diffusion is added to the particle trajectory model as a way of including the effects of 

convective turbulent eddies in the wind field.  The eddy diffusivity of the air is modeled by 

𝐷𝑒𝑑𝑑𝑦 =
𝜅𝑢∗𝑍

𝜙𝑚
                         (3) 

where κ is the von Karman’s constant, u* is the friction velocity, Z is the height above the 

ground and ϕm  is the momentum similarity function  determined by Monin-Obukhov similarity 

theory (Shao, 2000). The Monin-Obukhov length, L, is given by 

𝐿 =
𝑢∗
3

𝜅𝑔

𝜃
𝑤′𝜃′̅̅ ̅̅ ̅̅ ̅      (4) 

where 𝑤′𝜃′̅̅ ̅̅ ̅̅  is the surface buoyancy flux based on temporal deviatory variables, 𝜃 is potential 

temperature and w is vertical component of the wind velocity (Shao, 2000).  The similarity 

function in equation (3) is given by 

𝜙𝑚 = {
1 + 𝛽𝑚𝜁                   𝜁 > 0

(1 − 𝛾𝑚𝜁)
−1/4        𝜁 < 0

    (5) 

where 

𝜁 =
𝑍

𝐿
        (6) 

The cyclical dependence of  L, ζ and u
*
 requires using an iterative process to solving for the 

Monin-Obukhov Length.  We used Zeng et al.’s (1998) method to iteratively solve for the 

nondimensional term ζ.  The momentum similarity function ϕm is determined using equation 5 

with βm and γm are 5 and 16 respectively (Shao, 2000).  For daytime conditions measured using 
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the eddy flux towers, we have found that the momentum similarity function typically has values 

in the range of 0.6 to 0.8. For the idealized simulations we use a fixed value of 0.7. 

The eddy diffusivity calculated by equation 3 is valid for the air itself.  However, particles do not 

instantaneously relax to changes in the fluid flow, so an adjustment must be made to the air eddy 

diffusivity to make it applicable to aerosol particles.  Particle eddy diffusivities are calculated 

from 

𝐾𝑝𝑧 = 𝐷𝑒𝑑𝑑𝑦(1 +
𝛽2𝜔𝑡

2

𝜎2
)−0.5                (7) 

𝐾𝑝𝑥 = 𝐷𝑒𝑑𝑑𝑦(1 + 4
𝛽2𝜔𝑡

2

𝜎2
)−0.5                 (8) 

where ωt is the terminal velocity of the particle, σ is the standard deviation of turbulent wind 

velocity and β is a dimensionless coefficient.   The standard deviation of daytime turbulent wind 

velocities, measured at 10-m height over an hour, is on the order of 0.8 m/s and β is of the order 

1 (Shao, 2000).  The calculated particle eddy diffusivity is used in equation 2 to determine the 

mean displacement of a particle caused by turbulent eddies in the boundary layer.      

We included the effects of eddy diffusion to the 2-D particle trajectory model by adding a 

displacement to the particle location after each time step.   The displacement of the particle is 

calculated by generating two random numbers.  The first random number is generated from a 

normal distribution with a mean displacement calculated using equation 2 and the particle eddy 

diffusivity with a standard deviation that is half of the mean.  The second random number is 

uniformly generated on the range – to  and is used to determine the direction of the random 

motion. 
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2.4 Assimilation of topography 

The topography of the study area is complex.  Stovern et al. (2014) employed a CFD model to 

simulate the transport of windblown particles from the Iron King impoundment using both 

individual particles (Lagrangian approach) and species plumes (Eulerian approach).  Their 

results showed that particles preferentially deposit on areas of up-sloping terrain. To include 

these effects on the deposition model we use a weighted interpolation technique to assimilate 

topographic upslope data. To calculate the regional topographic upslope we first collected 1/3 arc 

s (10.3-m) horizontal resolution topographic elevation data (USGS, 2013) for the Iron King Mine 

and the adjacent town of Dewey-Humboldt area (5250-m x 5700-m).  The upslope of each pixel 

is generated using a 5 pixel (51 m) radial cross section to estimate the slope.  Radial position is 

defined from the central location of the tailings pile.  The upslope values were assimilated into a 

map of background isotropic deposition estimates that is generated using the idealized particle 

trajectory results over a flat surface.   

The deposition forecasting model spatial resolution is limited by the topographic data 10.3-m 

resolution. Hence, each pixel of the upslope and DFM matrix represents a 10.3-m × 10.3-m area.  

The upslope map was linearly weighted prior to being assimilated to the background deposition 

map, so that positive upslope values increase the deposition linearly with upslope value through 

the relation 

𝑈𝑤 (𝑖,𝑗) = (𝑈𝑖,𝑗 ∗ 𝑊) + 1                  (9) 

where Ui,j is the upslope value of the i-th row and j-th column, W is a weighting constant with a 

value of 0.5 and Uw(i,j) is the new weighted upslope matrix value of the i-th row and j-th column.  

Slope values in the 25-km
2
 area centered on the tailings ranges from -0.6 to +0.6.  By applying a 
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0.5 weighting constant and adding 1 we shift the distribution of slope values to range between 

0.7 and 1.3 with flat ground having a value of one.  The value of the weighting constant (W) 

controls the influence of topography on deposition of aerosols.  The larger weighting constant 

means topographic slope has a greater impact on the deposition rate.  A weighting constant of 

zero would mean there is no influence of topographic slope on aerosol deposition.  Assimilating 

topography into the model is a vital step to accurately representing the deposition pattern of 

aerosols in a topographically complex environment. 

3. Results and discussion  

3.1 Analysis of observations 

We analyzed field observations collected from April, 2012 to August, 2013.  Periods of 

observational down time, days when the tailings were disturbed by human activity, such as 

during sampling, rainy days and subfreezing temperature periods were disregarded.  The 

remaining data, amounting to 46.7% of the total, were analyzed in hourly intervals from 9:00 

AM to 9:00 PM.   

Typically, DUSTTRAK data show sporadic dust spikes separated by long quiescent periods 

(Figure 2). After deployment in the field for several weeks, base line drift typically becomes 

noticeable but was accounted for by subtracting the baseline observed immediately prior to and 

after every dust spike.  

We integrated the measured dust concentrations of the dust spikes over one-hour periods to find 

hourly cumulative dust concentrations.  An observation was considered a dust spike if either a 

50-s average of dust concentration or a 50-s standard deviation exceeded the critical values of 

0.015 mg/m
3
 and 0.005 mg/m

3
, respectively (the standard deviation criterion was used to identify 



100 
 

the onset of the dust spike). These values were determined by analyzing the variability of 

baseline DUSTTRAK data. Analysis of hourly meteorological observations was also conducted 

to determine mean wind speed and relative humidity.  For wind direction, both hourly averages 

and standard deviations were calculated. Using these hourly meteorological observations in 

combination with the hourly cumulative dust concentrations, we derived empirical relationships 

to describe how dust concentrations relate to meteorological conditions (see below).     

Four sets of MOUDI samples were taken on the tailings to help determine dust particle size 

distributions.  The MOUDI samples were taken between April 2013 and January 2014 and were 

analyzed to determine the dust mass and contaminant (lead and arsenic) concentrations as a 

function of aerodynamic diameter. The MOUDI was programed to turn on from 11:00 AM to 

3:00 PM for each set of observations. For each sample, the MOUDI operated for approximately 

30 consecutive days to gather enough material for analysis. 

In the following sub-sections we develop several empirical relationships derived from direct 

observations.  First we look at the relationship between observed dust concentrations, wind speed 

and relative humidity.  Secondly, we determine the average vertical profile of dust by comparing 

1-m, 3-m and 10-m dust observations.  Thirdly, we determine the average aerodynamic size 

distribution of dust collected on the tailings with a MOUDI.  Finally, we examine the correlation 

between the average wind speed and the variance in observed wind direction.  These empirical 

relations will be used to construct the deposition forecasting model.        

3.1.1 Correlation of dust concentration with wind speed and relative humidity 

To investigate the relationship between observed wind speed and dust concentration, we first 

compared the hourly accumulated dust concentrations with the associated hourly averaged wind 
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speed over the daytime period 9:00 AM to 5:00 PM. A scatter plot of 10-m wind speed versus 

the 3-m height hourly accumulated dust concentrations for all the hourly observations is shown 

in Figure 3a.  Figure 3b shows the average 3-m hourly accumulated dust concentrations when the 

observations are binned by 1 m/s wind speed intervals. As expected, dust concentrations increase 

monotonically with wind speed. 

Csavina et al. (2014) showed the important role that relative humidity can play on wind erosion 

in semi-arid environments. Since the Iron King mine tailings site is located in a semi-arid 

environment, the effect of relative humidity was considered. Dust concentrations and relative 

humidity were inversely correlated, as shown in Figure 4a.  Partitioning the cumulative dust 

concentrations into 5% relative humidity bins gives a better representation of the observed trend 

(Figure 4b). The highest average cumulative concentrations occur at low relative humidity (5-

25%) and there is a decline until 75% where the average dust concentrations go to zero. The low 

value in Figure 4b at relative humidity < 5% reflects an average over relatively few data and was 

discarded due to the low occurrence of that specific condition. The effects of wind speed and 

relative humidity on dust concentration were correlated as follows, 

𝐶𝑑𝑢𝑠𝑡 = 𝐴1𝐴2𝑈
𝐵     (10) 

where Cdust is the cumulative hourly dust concentration (mg/m
3
), U is the average hourly wind 

speed (m/s), fitted power law constants were obtained by considering data at relative humidity < 

25% yielding values A1 = 0.05677 and B = 1.246. A2 is a function of relative humidity given by 

  𝐴2 =

{
 

 
1                                     𝑓𝑜𝑟 𝑅𝐻 ≤ 25%

(50 − (𝑅𝐻 − 25))
50
⁄           𝑓𝑜𝑟 25% < 𝑅𝐻 ≤ 75%

0                                   𝑓𝑜𝑟 𝑅𝐻 > 75%

   (11) 

Figure 2 
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This conditional weighting function provides a method to include relative humidity effect on 

cumulative dust concentrations and matches the observational patterns of wind speed and relative 

humidity effect on aeolian dust concentrations.  

3.1.2 Vertical profile of dust concentration  

Comparisons of dust concentrations recorded by the DUSTTRAKs located at 1, 3 and 10-m on 

the towers were used to assess vertical variations of dust concentration. Figure 5 shows that dust 

concentrations measured at 1-m and 3-m above ground are linearly correlated with a slope close 

to unity, which indicates uniform mixing over this altitude.  However, at 10-m above ground, the 

hourly cumulative dust concentration is approximately 50% of that measured at 3-m above 

ground (Figure 6).  The cumulative column abundance of airborne dust, Dcolumn (mg/m
2
), can be 

calculated by integrating the cumulative dust concentration, C (mg/m
3
), from the surface (z = 0) 

to the altitude where concentration of aerosols goes to zero (zc=0), equation 12.  Using the 

average vertical profile of cumulative dust concentration and linearly extrapolating estimated the 

cumulative column abundance.  Cumulative column abundance is used to determine the total 

mass of dust emitted by the tailings impoundment in the deposition forecast model. 

Dcolumn = ∫ 𝐶 𝑑𝑧
𝑧𝑐=0

𝑧=0
      (12) 

3.1.3 Particle size distribution of dust 

We utilized a MOUDI to determine the fractionated size distribution of the Iron King mine 

tailings dust.  The observed size distribution is presented in Table 1.  For our use, the stages were 

grouped into three categories: coarse = TSP-PM18 (first stage), medium = PM18-PM3.1 (second to 

fourth stages), and fine = PM3.1 (all stages below 3.1-μm ).  The average mass fractions for the 

three categories coarse, medium, fine, are 30.1%, 30.0%, and 39.9% respectively.  



103 
 

The deposition rates of each size fraction are individually simulated within the deposition 

forecasting model.  By separating the dust into three different size fractions we are able to 

simulate the deposition of aerosols with similar aerodynamic diameters.  This avoids the problem 

of determining the deposition of windblown dust that has a large size range (sub-micrometer to 

tens of micrometers in diameter) in a single simulation.        

3.1.4 Standard deviation of horizontal wind direction 

It is widely observed that the variability in wind direction is dependent on the wind speed: strong 

winds have less directional variability.  In order to quantify this relationship we directly 

compared the standard deviation of horizontal wind direction to the hourly average wind speed.   

To calculate the standard deviation of horizontal wind direction, we first determine the mean 

wind direction, θC by  

θ𝑐 = 𝑡𝑎𝑛
−1 (

sin (𝜃)̅̅ ̅̅ ̅̅ ̅̅

cos(𝜃)̅̅ ̅̅ ̅̅ ̅̅ ̅⁄ )     (13) 

where θ is a time series of observed wind directions (Weber, 1997). Once the average wind 

direction has been determined, one can perform a typical standard deviation calculation.  For 

example, we analyzed the meteorological observations to calculate both mean wind direction and 

standard deviation of wind direction for the period, April 2012 to August 2013.  Figure 7 shows 

the average standard deviation of wind direction when all samples are binned using 1 m/s wind 

speed intervals. There is a noticeable decrease in the average standard deviation relative to 

increasing wind speed.  These data support the common observation that high wind speeds have 

less variability in direction than winds with a lower speed.  The data were fitted to an exponential 

function, 
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𝜎𝜃 = 𝐴𝑒
𝐵𝑈      (14) 

 

where U is wind speed (m/s), σθ is the standard deviation of wind direction, and  A  = 66.28 and 

B = -0.2137. This empirically fitted exponential function will be used to simulate the angular 

distribution of the deposition pattern within the dust deposition forecast model.     

The standard deviation of the wind direction is assimilated into the forecast deposition model by 

assuming that the angular deposition pattern has a Gaussian shape with standard deviation given 

by equation 14. This trend is incorporated through the following weighting function: 

𝑊𝜃𝑖
= 𝑒−(𝜃𝑐−𝜃𝑖)

2 2𝜎𝜃⁄      (15) 

where i is the pixel index, θi is the angle between the i
th

 pixel and the center of the tailings, θc is 

the mean wind direction determined by the forecast wind direction and σθ is calculated using 

equation 14. This weighting method gives 100% weight to all the pixels directly downwind and 

creates a bell curve that reduces the weighting of the background isotropic deposition pattern as 

one moves angularly away from the mean wind direction.  

3.2 Idealized particle trajectory results 

Since we are simulating the deposition patterns of dust particles using 3-m observations, we 

initialized the particle transport by freely releasing the particles at 3-m height.  Figure 8 shows 

the trajectory of a 10-m diameter particle released in an atmosphere with a logarithmic wind 

profile. Stokes air resistance, turbulent eddy diffusion and gravitational settling are acting on the 

particle.  The logarithmic wind profile was initialized with a 5 m/s (10-m height) wind speed and 

a surface roughness of 0.181 mm, measured on a similar tailings impoundment (Nickling and 
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Gillies, 1986).  The particles in the simulations traveled significantly further than they would 

have if gravitational settling occurred without eddy diffusion. It is interesting to note that, since 

random motions generated by eddies affect the trajectory, no two particle trajectories are the 

same Figure 8 shows a single realization of many possible trajectories. 

A simulation of 5000 individual particles was conducted to determine the deposition patterns for 

spherical particles of fixed diameter and density 2650 (kg/m
3
). The simulations were conducted 

for three different particle diameters of 2.5-μm 10-μm and 25-μm.  Figure 9 shows two 

histograms of deposition location distance for 5000 individual 2.5-μm and 25-μm particles.  As 

expected, significantly more 2.5-μm particles that reached the 2000-m limit than 25-μm particles.  

The histogram data was fitted to an exponential curve relating particle deposition (Y) and 

distance from source (X, m),  

𝑌 = 𝐴𝑒𝐵𝑋      (16) 

Table 2 shows the fitted coefficients, A and B, for the three particle fractions.  We can use these 

empirically derived functions as a first guess for the radial deposition pattern for the three 

particle sizes.  By applying the MOUDI mass distribution of particle size fractions to the 

predicted airborne dust concentrations, we generate an isotropic background best estimate of the 

radial deposition pattern for each size fraction; coarse, medium and fine. 

3.3 Dust forecast model 

Integrating the empirically derived meteorological functions for wind speed, wind direction and 

relative humidity with the idealized particle simulations, we can forecast regional dust deposition 

caused by wind erosion of the tailings.  The deposition model is initialized by the generation of 

105 individual emission events that are evenly spaced 31-m apart covering the entire tailings 
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pile.  For each emission event the total deposition map is comprised of three components, the 

deposition maps for the coarse, medium and fine airborne particulates.   

The first step in generating the deposition map is to estimate the total hourly dust concentration 

(μg/m
3
) using equation 10.  The calculated hourly mass concentration is converted to column 

abundance, defined as the total dust mass of a column of air found by integrating the vertical dust 

profiles divided by the projected surface area of ground, and then multiplied by the area of the 

tailings pile, ~95,000 m
2
, to get the total mass of dust that is transported from the mine tailings 

impoundment.  This assumes that the wind erosion and transport is uniform over the entire 

impoundment.  Using the fractional distribution determined by MOUDI observations, the total 

mass of windblown particulate matter for the three size fractions is then calculated. 

Having estimated the total mass of the windblown particulate matter for the three size fractions, 

we generate a deposition map.  ‘First guess’ dust deposition patterns are generated for each of 

the 105 individual emission events for three size fractions.  We assume an isotropic dust pattern 

from each point source using the exponential functions derived from the individual particle 

simulations (Table 2).  The ‘first guess’ deposition maps have the same horizontal resolution as 

topographic data (10.3 m). The model calculation procedure is illustrated in Figure 10. Figure 

10a shows an example of a ‘first guess’ dust deposition map for medium size particles. Figure 

10b shows the map of weighted upslope values that are assimilated into the ‘first guess’ 

deposition map to modify the deposition estimates to include the effects of topography. Figure 

10c shows a representation of the angular weighting matrix that is created using wind direction 

and the empirical relation relating standard deviation of wind direction to wind speed.  When the 

angular weighting matrix and weighted upslope matrix are assimilated into the ‘first guess’ 

deposition map, we get the calculated deposition pattern for the specific size fraction and for the 
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point source (Figure 10d).  These results were generated by using an average hourly wind 

blowing towards 324° (west of north) at 5 m/s and a relative humidity of 20%, corresponding to 

prevailing observations. The three size fractions were summed to create hourly deposition 

(μg/m
2
) estimates of PM27 transported from the tailings. Figure 11 shows the resulting calculated 

dust deposition maps for the three size fractions and the cumulative PM27 deposition.  The spatial 

distributions of the fine and medium particle size fractions are much larger than the coarse size 

fraction.  However, because of the large spatial distributions of the fine and medium size 

fractions the maximum deposition amounts attributed to these size fractions are about 70% less 

than the coarse size fraction.  This results in the coarse size fraction being the dominant influence 

on the PM27 deposition pattern. 

3.4 Model verification 

In order to determine how well the simulations capture the true deposition patterns of windblown 

dust we compared our predicted deposition maps to observed topsoil samples of tracer species 

that originated from the tailings. The mine tailings contain both arsenic and lead at 

concentrations that are three orders of magnitude greater than the background levels in the 

region. By taking the surface soil (topsoil) measurements of arsenic and lead we created 

‘smoothed’ arsenic and lead concentration maps in the region around the tailings. Most of the 

topsoil sample data were obtained from the EPA IK remediation report (EA. Engineering, 2010), 

where 374 soil samples were collected at distances up to 2.5 km from the tailings pile. Our 

deposition model, combined with the use of an average concentration of lead and arsenic of the 

topsoil of the mine tailings, can be used to predict the deposition pattern of the two contaminants. 

It is important to point out that this model verification is based on comparison of observed spatial 
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trends to model calculations, since topsoil is subject to other potential contaminant transport 

mechanisms like liquid runoff during rainy periods.  

An optimal interpolation scheme was used to assimilate the heterogeneous data to produce a 

contour map of arsenic and lead concentrations as measured in the topsoil samples.  The soil data 

were assimilated into a map of the region with 10.3-m horizontal spatial resolution. The optimal 

interpolation scheme was based in the following equations 

𝑋𝑝𝑜𝑠𝑡 = 𝑋𝑝𝑟𝑖𝑜𝑟 +𝑊[𝑌 − (𝐻𝑋𝑝𝑟𝑖𝑜𝑟)]    (17) 

𝑊𝑖,𝑗 = 𝑒
𝑑𝑥 𝐿⁄       (18) 

where Xpost is the interpreted soil sample matrix, Xprior is the background matrix, W is the 

weighting matrix, Y is the observation vector and H is the matrix that identifies the nearest 

neighbor for the soil sample locations. We assumed a flat background matrix with zero 

concentration for both lead and arsenic (even though background concentrations are not zero, 

they are less than 0.1% of the tailings averages). The weighting matrix is determined by the 

distance between the sample locations and the map pixels.  An exponential function was used to 

determine the weights within the weighting matrix (equation 18) where Wi,j is the weight given 

to the i
th 

pixel influenced by the j
th

 soil sample, dx is the distance between the i
th 

pixel and the j
th

 

soil sample and L is the correlation length, which was set to 100-m for both the arsenic and lead 

soil sample interpolation maps.       

Figures 12 and 13 are maps of the natural logarithm of the interpolated arsenic and lead 

concentrations in topsoil, respectively. There are several areas that are high in both arsenic and 

lead, including the main tailings impoundment, the operations area just west of the main 
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impoundment and the smelter area, located about 2-km east of the impoundment. Note that, 

despite the smoothing, there are certain areas that are biased towards higher concentrations than 

their surroundings by specific measurements (notably two areas NE and SE of the tailings). 

To verify the deposition model, we examined arsenic and lead concentrations in transects 

originating at the tailings and following a specific directions.  Our expectation is that the top soil 

transects should match the pattern predicted by the particle transport simulations. Eight transects 

were plotted in the north, northeast, east, southeast, south, south west, west and northwest 

directions. The radial transects originated at the center of the tailings and extended out to 1 km.  

Figures 14 and 15 show the average of all eight transects. Also plotted on the graph are two 

straight lines that have the same slope as the exponential coefficients B from Table 2 for particles 

with diameters 2.5-μm and 25-μm.  For arsenic (Figure 14), the average transect falls between 

the deposition patterns predicted by a 25-μm diameter particles and a 2.5-μm diameter particles.  

For lead (Figure 15), the average of the log concentration transects is slightly higher and follows 

the deposition pattern of particles with a diameters 2.5-μm up to 300-m from the tailings.  The 

elevated lead concentrations near the tailings are caused by the westward and southwestward 

transects that cut through the operations area of the property.  The operations area has 

anomalously high values of lead that were probably not caused by windblown transport but 

instead by anthropogenic activity.  For distances greater than 300-m, the average lead transect 

falls between the predicted deposition patterns by the 25-μm diameter particle and a 2.5-μm 

diameter particle deposition decay rate.  The comparison of surface soil concentrations of arsenic 

and lead appear to reinforce the predicted radial deposition patterns from the idealized 

simulations.  This gives us confidence in our deposition model and allows us to suggest that the 



110 
 

elevated arsenic and lead concentrations in the surface soils surrounding the tailings are most 

likely caused by aeolian transport.                                     

4. Conclusions  

This work presents a mathematical model that relies on in-situ measurements to develop a 

predictive tool to quantify transport and deposition of PM27 dust from a contaminated source. 

The model includes the effects of wind speed, wind direction and relative humidity, which 

improves on previous efforts that use a single threshold friction velocity, such as the EPA AP42 

wind erosion model.  This model also incorporates regional topographic information and its 

impact on dust deposition, which has proven to yield significant effects. The method used to 

generate the model can be translated to other regions and applied to different windblown dust 

sources. Source apportionment techniques (such as lead isotope analysis) could potentially be 

used in future model validations.  Overall the deposition model is a practical method to predict 

deposition of several aerosol size fractions by incorporating empirically derived relations and site 

specific topographic effects.    
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Table 1. Mass distribution by particle size in MOUDI samples collected on the Iron King mine 

tailings impoundment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aerodynamic 
cut point 
diameter 

(m) 

Sample 1  
4/5/2013 to 
5/9/2013 
(μg) 

Sample 2  
5/9/2013 to 
6/7/2013 
(μg) 

Sample 3 
11/1/2013 to 
12/23/2013 
(μg) 

Sample 4 
1/24/2014 to 
2/14/2014 
(μg) 

18 690.5 741 557.45 609.3 
9.9 154 367 99.6 339.5 
6.2 284.5 232.5 117.4 325.25 
3.1 251 176 137.4 230.8 
1.8 147.5 174 107.25 2.8 

1 127.5 112.5 70.45 122.4 
0.55 121 145 91.6 103.25 
0.32 179 199 86.9 147.1 
0.18 117.5 118 54.5 69.9 

0.1 91 147 46 68.25 
0.054 91.5 228 50.9 72.6 
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Table 2:  Fitted exponential coefficients, A and B, and the number of particles that did not 

deposit, determined by 5000 individual particle trajectories for spherical particles with diameters 

2.5-μm, 10-μm and 25-μm   

 

 A B # in 

last bin 

Dp = 2.5 92 -0.001977 695 

Dp = 10 111.4 -0.00229 459 

Dp = 25 241.4 -0.004277 58 
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Figure captions 

 

Figure 1: Visual Satellite Image of the Iron king Mine tailings and surrounding area.  The 

tailings are identified by their yellowish discoloration and the locations of the two eddy flux 

towers and the MOUDI are marked by black and red outlined circles respectively  

Figure 2: Three days of DUSTTRAK data (PM27) measured on the Iron King mine tailings 

showing sporadic dust spikes separated by periods of small dust concentrations. Gaps in the data 

result from the fact that the DUSTTRAKs were turned off 9:00 PM to 12:00 AM and 1:00 to 

5:00 AM local time. Legend shows sampling altitude. 

Figure 3a and 3b: Scatter plot (a) of 3-m hourly accumulated dust concentrations vs. hourly 

averaged 10-m wind speed for hourly observations between 9 AM and 5 PM local time during 

the period April 2012 to August 2013.  Figure 3b shows the average hourly cumulative dust 

concentrations when portioned into 1 m/s wind speed bins. 

Figure 4a and 4b:  Scatter plot (a) of the hourly cumulative dust concentrations vs. hourly 

average relative humidity.  Data measured in the period April 2012 to August 2013.  Figure 4b 

shows the average hourly cumulative dust concentrations when portioned into 5% relative 

humidity bins. 

Figure 5:  Parity plot of hourly cumulative dust concentrations measured at 1-m and 3-m above 

ground in the Iron King mine tailings. Data measured in the period April 2012 to August 2013.  

The red line is a linear fit of the data forced through the origin (R
2
 = 0.77; slope = 0.9664).   

Figure 6:  Parity plot of hourly cumulative dust concentrations measured at 3-m and 10-m above 

ground in the Iron King mine tailings. Data measured in the period April 2012 to August 2013.  

The red line is a linear fit of the data forced through the origin (R
2
 = 0.61; slope = 0.4434).   

Figure 7: The average, standard deviation of wind direction when binned by the average wind 

speed using 1 m/s intervals. Results based on data measured in the period April 2012 to August 

2013 at the Iron King mine tailings. 

Figure 8:  Trajectory of a 10-m diameter particle released at 3 m elevation in a logarithmically-

profiled wind field with gravitational settling, Stokes air resistance and turbulent eddy diffusion 

are acting on the particle. The logarithmic wind profile was initialized with a 5 m/s value at 10-m 

wind speed and a surface roughness of 0.141 mm. 

Figure 9:  Histogram of particle deposition locations for 5000 simulated 2.5-μm (a) and 25-μm 

(b) particles released in a convective wind field with a 5 m/s at 10-m height wind speed.   

Figure 10:  Steps in the application of the dust deposition model: An example of an isotropic 

background dust deposition map for medium size particles is shown in (a). The map of weighted 

upslope values obtained from the terrain topography is presented in (b). The angular weighting 

matrix that is created using wind direction and standard deviation of wind direction is shown in 

(c), while (d) shows the final calculated expected deposition pattern for a point source and the 

fine size fraction (2.5 m).  These images were generated by initializing the model with an 

average hourly wind speed of 5 m/s towards 324° (west of north) and a relative humidity of 25%, 

corresponding to prevailing observations in the Iron King mine tailings during the period April 
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2012 to June 2012.  The grid points are spaced 10.3-m and the domain has a total horizontal 

extent of 34.47639° to 34.52380° latitude and -112.27639° to -112.22491° longitude. Location of 

the mine tailings is indicated. 

Figure 11:  Calculated dust deposition maps for the three size fractions: coarse (a), medium (b), 

fine (c) and the total dust deposition (d) corresponding to the case described in Figure 10.  The 

grid points are spaced by 10.3-m and the domain has a total horizontal extent of 34.49610° to 

34.52380° latitude and -112.27639° to -112.24869° longitude. 

Figure 12:  Map of the natural logarithm of arsenic concentrations (ppm) measured in top soil 

samples and interpolated using optimal interpolation method. The grid points are spaced by 10.3-

m and the domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -

112.27639° to -112.22491° longitude.  

Figure 13:  Map of the natural logarithm of lead concentrations (ppm) measured in top soil 

samples and interpolated using optimal interpolation method. The grid points are spaced by 10.3-

m and the domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -

112.27639° to -112.22491° longitude. 

Figure 14:  Average radial transects of arsenic natural logarithm concentrations (ppm by mass) 

versus distance from the mine tailings. Blue data points represent topsoil concentrations 

interpolated from the topsoil data.  Solid lines represent deposition model radial decay rate 

predictions for 2.5-μm (red) and 25-μm (black) particles. 

Figure 15:  Average radial transects of lead natural logarithm concentrations (ppm by mass) 

versus distance from the mine tailings. Blue data points represent topsoil concentrations 

interpolated from the topsoil data.  Solid lines represent deposition model radial decay rate 

predictions for 2.5-μm (red) and 25-μm (black) particles. 
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Figure 1 

Visual Satellite Image of the Iron king Mine tailings and surrounding area.  The tailings are 

identified by their yellowish discoloration and the locations of the two eddy flux towers and the 

MOUDI are marked by black and red outlined circles, respectively  
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Figure 2 

Three days of DUSTTRAK data (PM27) measured on the Iron King mine tailings showing 

sporadic dust spikes separated by periods of small dust concentrations. Gaps in the data result 

from the fact that the DUSTTRAKs were turned off 9:00 PM to 12:00 AM and 1:00 to 5:00 AM 

local time. Legend shows sampling altitude. 
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Figure 3  

Scatter plot (a) of 3-m hourly accumulated dust concentrations vs. hourly averaged 10-m wind 

speed for hourly observations between 9 AM and 5 PM local time during the period April 2012 

to August 2013.  Figure 3b shows the average hourly cumulative dust concentrations when 

portioned into 1 m/s wind speed bins. 
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Figure 4  

Scatter plot (a) of the hourly cumulative dust concentrations vs. hourly average relative 

humidity.  Data measured in the period April 2012 to August 2013.  Figure 4b shows the average 

hourly cumulative dust concentrations when portioned into 5% relative humidity bins. 

 



121 
 

 

Figure 5 

Parity plot of hourly cumulative dust concentrations measured at 1-m and 3-m above ground in 

the Iron King mine tailings. Data measured in the period April 2012 to August 2013.  The red 

line is a linear fit of the data forced through the origin (R
2
 = 0.77; slope = 0.9664).   
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Figure 6 

Parity plot of hourly cumulative dust concentrations measured at 3-m and 10-m above ground in 

the Iron King mine tailings. Data measured in the period April 2012 to August 2013.  The red 

line is a linear fit of the data forced through the origin (R
2
 = 0.61; slope = 0.4434).   
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Figure 7 

The average, standard deviation of wind direction when binned by the average wind speed using 

1 m/s intervals. Results based on data measured in the period April 2012 to August 2013 at the 

Iron King mine tailings. 
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Figure 8 

Trajectory of a 10-m diameter particle released at 3 m elevation in a logarithmically-profiled 

wind field with gravitational settling, Stokes air resistance and turbulent eddy diffusion are 

acting on the particle. The logarithmic wind profile was initialized with a 5 m/s value at 10-m 

wind speed and a surface roughness of 0.141 mm. 
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Figure 9 

Histogram of particle deposition locations for 5000 simulated 2.5-μm (a) and 25-μm (b) particles 

released in a convective wind field with a 5 m/s at 10-m height wind speed.   
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Figure 10 

Steps in the application of the dust deposition model: An example of an isotropic background 

dust deposition map for medium size particles is shown in (a). The map of weighted upslope 

values obtained from the terrain topography is presented in (b). The angular weighting matrix 

that is created using wind direction and standard deviation of wind direction is shown in (c), 

while (d) shows the final calculated expected deposition pattern for a point source and the fine 

size fraction (2.5 m).  These images were generated by initializing the model with an average 

hourly wind speed of 5 m/s towards 324° (west of north) and a relative humidity of 25%, 

corresponding to prevailing observations in the Iron King mine tailings during the period April 

2012 to June 2012.  The grid points are spaced 10.3-m and the domain has a total horizontal 

extent of 34.47639° to 34.52380° latitude and -112.27639° to -112.22491° longitude. Location of 

the mine tailings is indicated. 
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Figure 11 

Calculated dust deposition maps for the three size fractions: coarse (a), medium (b), fine (c) and 

the total dust deposition (d) corresponding to the case described in Figure 10.  The grid points are 

spaced by 10.3-m and the domain has a total horizontal extent of 34.49610° to 34.52380° latitude 

and -112.27639° to -112.24869° longitude. 
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Figure 12 

Map of the natural logarithm of arsenic concentrations (ppm) measured in top soil samples and 

interpolated using optimal interpolation method. The grid points are spaced by 10.3-m and the 

domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -112.27639° to          

-112.22491° longitude.  
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Figure 13 

Map of the natural logarithm of lead concentrations (ppm) measured in top soil samples and 

interpolated using optimal interpolation method. The grid points are spaced by 10.3-m and the 

domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -112.27639° to          

-112.22491° longitude. 
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Figure 14 

Average radial transects of arsenic natural logarithm concentrations (ppm by mass) versus 

distance from the mine tailings. Blue data points represent the topsoil concentrations interpolated 

from the topsoil data.  Solid lines represent deposition model radial decay rate predictions for 

2.5-μm (red) and 25-μm (black) particles. 

 

 

 

 

 

 

 

 

 

 

 



131 
 

 

Figure 15 

Average radial transects of lead natural logarithm concentrations (ppm by mass) versus distance 

from the mine tailings. Blue data points represent topsoil concentrations interpolated from the 

topsoil data.  Solid lines represent deposition model radial decay rate predictions for 2.5-μm 

(red) and 25-μm (black) particles. 
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Abstract 

 

Wind erosion, transport and deposition of particulate matter from windblown dust sources such 

as mine tailing impoundments can have significant effects on the surrounding environment.  

Mine tailings are fine grain silty material that is a waste product from the mineral ore refinement 

process.  The tailings are usually stored in very large piles with sloped sides and flat tops.  This 

material usually lacks the nutrients and microbial activity required to sustain vegetation so most 

tailing piles lay barren.  The lack of vegetation and the way they protrude vertically above the 

neighboring terrain makes them extremely susceptible to wind erosion.  Modeling the erosion, 

transport and deposition of particulate matter from mine tailing piles is very difficult for many 

reasons including heterogeneity of the soil surface, vegetative canopy coverage, dynamic 

meteorological conditions and topographic influences.  Stovern et al. (2015) created a deposition 

forecasting model that is specifically designed to model the transport of arsenic and lead 

contaminated particulate matter from the Iron King Mine tailing impoundment, an EPA 

Superfund site.  Using inverted-disc deposition samplers it is our goal to verify the accuracy of 

the deposition model.   The deposition forecasting model will be initialized using data from an 

operational Weather Research and Forecasting (WRF) model.  The forecast deposition patterns 

are compared to the inverted-disc samples through gravimetric, chemical composition and lead 

isotopic analysis. 

 

 

Keywords: Dust transport, Deposition, Forecasting, Inverted frisbee 
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1. Introduction  

Wind erosion, transport and deposition of particulate matter can have significant effects on the 

surrounding environment especially in the semi-arid regions located in the southwestern US.  

The semi-arid regions are especially susceptible to wind erosion because of the dry climate and 

lack of vegetation with increased likelihood of wind erosion.  Wind erosion occurs on a variety 

of spatial scales from the very large dust storms that can travel thousands of kilometers 

(Wilkening et al., 2000) to the small local sources whose impact is much more regionally 

confined.  Some of the human health concerns associated with elevated concentrations of 

particulate matter include fungi and bacteria transport (Sprigg et al., 2014), respiratory stress and 

cardiovascular disease (Brook et al., 2010).  Local sources of windblown dust such as dry lake 

beds, plowed fields and stock piles can regularly produce windblown particulate matter and have 

significant effects on their local surroundings.  In Arizona, where mining plays a significant role 

in the economy, mine tailing impoundments can be a significant anthropogenic source of 

windblown particulate matter. There have been several studies that investigate wind erosion of 

stoke piles and tailings impoundments through the use of computational modeling (Badr and 

Harion 2005, Turpin C. and J. L. Harion 2010, Diego et al. 2009, Stovern et al. 2014).  

Being able to predict the transport and deposition of windblown dust from mine tailing 

impoundments is vital in determining the exposure risks on neighboring communities.  

Forecasting windblown dust transport and deposition can be difficult for many reasons including 

the heterogeneity of the soil surface, vegetative canopy coverage, dynamic meteorological 

conditions and topographic influences.  Stovern et al. 2015 created a windblown deposition 

forecasting model (DFM) for a specific tailings impoundment.  The model is based on empirical 

relations derived from eddy flux tower observations and physical models.  The DFM was 
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developed for the Iron King Mine and Humboldt smelter tailings impoundment, an US 

Environmental Protection Agency (EPA) Superfund site that has elevated concentrations of toxic 

species such as lead and arsenic on the property and surrounding areas.          

We will assess the accuracy of the DFM through the use of in situ deposition samplers.  Two, 

month long field sampling campaigns were conducted, from April 21
st
 till May 22

nd
 and June 

11
th

 till July 9
th

 2014, during which aerosols were collected by inverted-disc samplers and 

analyzed for weight, chemical composition and lead isotopes.  The inverted-disc samples are 

compared to the deposition amounts predicted from DFM.  The deposition forecasting model is 

initialized using an operational Weather Research and Forecasting (WRF) model.  We 

hypothesize that forecast spatial deposition patterns generated by the DFM will agree with 

arsenic and lead tracers captured by the inverted-disc samplers.    

2. Methodology 

2.1 Site description 

 The Iron King Mine tailings and Humboldt smelter located in central Arizona are a 

legacy of lead, gold, silver, zinc and copper production from 1906-1969.  The area was classified 

as a Superfund site by the US EPA in 2008 (EPA, 2010) after it was discovered that both areas 

are heavily contaminated with both lead and arsenic.   

The area is classified as semiarid with an annual rainfall of about 0.48 meters a year (NCDC, 

2004).  The vegetation is classified as Pinyon Juniper woodlands with limited desert grasses and 

other bushes (EA Engineering Science and Technology, 2010).  Most of the land adjacent to the 

northern, western and southern edges of the tailings and mine operations property is publicly 

owned state trust and grazing land.  There is residential property located east of the mine 

property where Arizona state highway 69 separates the mine property from the town of Dewey-
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Humboldt.  The close proximity of residential structures to the Iron King Mine and Humboldt 

smelter may put them at risk of heavy metals exposure.    

The main tailings impoundment has a total aerial extent of 96,000 square meters and is devoid of 

vegetation except where a phytoremediation project is attempting to reestablish native 

vegetation. The revegetation project has been in progress since May 2010 and is confined to an 

area of 7,200 square meters on top of the tailings (Maier and Chorover, 2011).  The surface of 

the impoundment is made up of silty, clay and sandy soils and has a reddish discoloration (Solis 

et al, 2012). The tailings are typically covered in a crust with salty efflorescence that usually 

forms following rain events.  This crust can be easily broken up and results in very fine powdery 

material that is easily eroded by the wind.  The average arsenic and lead concentrations measured 

in several bulk samples of the mine tailing material is about 0.12% and 0.10% by mass and the 

efflorescence salts have average arsenic and lead concentrations of 0.22% and 0.24%. 

A suite of meteorological and aeolian dust monitoring instruments was installed on the tailing 

impoundment in 2009.  The setup consists of two eddy flux towers, equipped with a variety of 

meteorological and six DUSTTRAK dust monitors for PM27, anemometers, wind vanes, 

thermometers, hygrometers, soil moisture probe and soil radiometer (Stovern, 2015).  In 

addition, a Micro-Orifice Uniform-Deposit Impactor (MOUDI) was deployed to measure size 

fractionated distribution of aeolian dust from January 24 to July 9, 2014.     

2.2 Deposition Forecasting Model description 

The DFM predicts the deposition of PM27 windblown dust from the Iron King tailings 

impoundment.  The DFM is a hybrid model that utilizes both empirically derived relations and 

physics based particle simulations.   
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The nearly two years of meteorological and dust monitoring data collected from the eddy flux 

towers was used to derive empirical relationships between meteorological conditions and 

windblown dust generation.  These empirical relations include the effects of wind speed and 

relative humidity on airborne dust, particle size fractionation and the vertical profile of dust 

measured on the tailings and wind speed effects on wind direction variability (Stovern, 2015).  

The empirical relations are used in conjunction with high resolution WRF operational weather 

forecasts to predict PM27 generated by the tailings.   

The DFM also includes the effect topography has on aerosol deposition.  Stovern et al. (2014) 

simulated windblown transport of fugitive aerosols from the Iron King Mine tailings.  They 

found that windblown dust preferentially deposits in regions of topographic upslope relative to 

the mean flow.  Due to the complex topography of the site these effects are included in the 

model. 

The DFM results for each forecast period are produced for three particle size ranges and are 

generated on a spatial grid that is approximately ~25 km
2
 with 10.3 meter spatial resolution.  

These simulations include the effects that a convectively turbulent boundary layer has on particle 

trajectories.    This includes all of the Iron King tailings and most of the adjacent town of Dewey-

Humboldt.  The model is initialized using the 48-hour forecasts from an operational version of 

the WRF model produced by the department of Atmospheric Sciences at the University of 

Arizona.  

2.3 WRF model forecasts  

The WRF model is used to initialize the DFM.  It is configured with two nested grids that cover 

the entire state of Arizona, and portions of California, Colorado, Nevada, New Mexico, Utah and 

Mexico.  The inner and outer domains have horizontal resolutions of 1.8-km and 5.4-km 
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respectively.  Model forecasts are produced daily at 12Z and 6Z, using both GFS and NAM 

initializations.  Each forecast run is 48 hours long at one hour intervals. The DFM was initialized 

using the WRF forecast conditions predicted 28-39 hours in advance.  

We used the daily 12Z GFS WRF runs during the periods April 21
st
 till May 22

nd
 and June 11

th
 

till July 9
th

 2014 to tabulate the U- and V- components of the 10-m winds, 2-m specific humidity, 

the 2-m temperature and the surface pressure for each hour between 9 AM and 9 PM.  We then 

calculated the wind speed and wind direction and relative humidity for each hourly interval by 

averaging the five nearest-neighbor WRF grid points at the tailings location which was used to 

initialize the deposition forecasting model.  

2.4 Comparison of direct observations and WRF model forecasts 

 WRF model forecasts and observed meteorological conditions on the tailings were compared to 

test for systematic biases over a period of 163 days (June 2012 to August 2013).  This period 

coincides with the same observing period used to determine the empirical relations used in the 

creation of the deposition forecasting model (Stovern et al., 2015).   

As described later, determining the slope of the trend line for the forecast and observed wind 

speed and relative humidity we corrected for systematic bias.  Wind direction is a circular 

variable so in order to calculate bias we first calculated the residual for each model and 

observation pair which fall within the range of -180 to +180 degrees.  A positive residual 

indicates counter-clockwise rotation between the WRF model and observed wind direction and 

vice versa.  A perfectly nonbiased data set would produce an average residual of zero.     

2.5 Deposition sampler description 

 Inverted-disc samplers have been used in several deposition experiments including, 

aeolian deposition near an eroding source field (Hagen et al., 2007) and dry deposition of 
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polychlorinated organics (Koester, 1992).  The collection efficiencies of inverted-disc samplers 

have been studied extensively (Hall, 1986; Hall, 1988; Vallack, 1995; Sow et al., 2006 and 

Goossens and Rajot, 2008) and are dependent on wind speed and particle diameter.  However 

there appears to be general consensus that the collection efficiency falls within the range of 5-

40% (Sow et al., 2006).  For this study collection efficiency is unimportant because we compare 

relative deposition amounts.  Hall (1986) showed that an inverted-disc sampler has a 

significantly higher blowout wind speed than both the flat disc and the British Standard deposit 

gauge.  This reduces re-suspension and loss of particulate matter.      

The plastic discs (Frisbees) were purchased from discountmugs.com.  They have a diameter of 

233 mm and a depth of 25 mm.  The discs were glued to the lids of high density polyethylene 

500 ml sample bottles (Thermo Scientific) using Loctite plastic bonder.  A 8.47 mm hole was 

drilled through the disc into the bottle.  The samplers were mounted to iron stakes and placed at 

1 meter height above the ground.     

A set of 20 inverted-disc samplers were placed around the Iron King property and surrounding 

area.  The disc samplers were placed along three transects to measure deposition in the 

northward, eastward and southward directions starting from the main tailings and extending up to 

1 km away.  A majority of our samplers were located north of the main tailing pile, along the 

dominant wind direction.  There is also significant of topographic variation north of the tailings 

which is used for testing the effect topographic upslope has on dust deposition.  The pins on the 

visible satellite image denote the locations of the inverted-disc samplers and the tailings pile is 

identified by the discoloration (Figure 1).  Arizona highway 69 and the town of Dewey-

Humboldt can be seen along the eastern edge of the mine property. 

2.6 Sample analysis 
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 In the field, deionized water was used to flush all the dust captured on the inverted-disc 

into the attached 500-mL bottle.  The bottles were unsrewed from the attached inverted-discs and 

capped for transportation to the laboratory where each sample was partially dried in the 500-ml 

bottle in an oven (60 °C) and then transferred quantitatively into a pre-weighed 50-mL glass vial.  

The dried samples were weighed using a Mettler AE100 balance (±0.1 mg).  The sample masses 

were normalized to the area of the disc giving the mass deposition per unit area for each sample 

location. 

  The samples were then prepared for metal and lead isotopes analysis by extraction with 15 mL 

of aqua regia (1.03 M HNO3/2.23 M HCl, trace-metal grade) with sonication at 80 °C for 60 

minutes.  1.2 mL of solution were extracted and diluted to 4 mL with deionized water before the 

analysis.  Due to the relatively low concentrations of lead in some of the samples the lead isotope 

analysis samples were concentrated on a hot plate (Felix et. al, 2014).  An ICP-MS (Agilent 

7700X with an Octopole Reaction System) was used to analyze for metal concentrations and lead 

isotopic composition.  MiliQ water, 0.669 HCl (Fisher, trace-metal grade) and 0.309 M HNO3 

(EMD, Omnitrace) were used to create the certified calibration standards from Accustandard.  In 

addition to each sample, the National Institute of Standards and Technology (NIST) standard 

reference material (SRM 1643e trace elements in water) was also analyzed.  We used the same 

operating condition for the analysis of both elemental concentrations and the lead isotopic ratios.  

NIST SRM 981 (Lead isotopic standard) was used for validation and calibration and the 

analytical precision of lead isotopic ratios was under 0.5 %. (Felix et al., 2014). 

3 Results 

3.1 WRF model verification 
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Biases in the WRF forecast wind speed, wind direction and relative humidity are determined by 

direct comparison to in situ observations.  All three parameters showed strong positive 

correlations, which is notable considering we are comparing point observations to weather 

forecasts generated at least 24 hours in advance.   The forecast of relative humidity showed good 

agreement with the observations (Figure 2) with a slope of 0.9736 and a R
2
 value of 0.59. This 

shows that the WRF model slightly under predicts the observed relative humidity.  This small 

bias is influenced by just a few forecasts with significantly lower relative humidities than those 

observed.  This was caused by precipitation events that the WRF model failed to forecast.  To 

adjust for this slight bias, the model-predicted relative humidity is multiplied by a correction 

factor of 1/0.9736.   

The forecast and observed hourly averaged wind speeds are also positively correlated but with 

much more scatter (Figure 3).  The slope of a linear fit to the data forced through the origin is 

0.838 with a R
2
 value of 0.230, which means the WRF forecast winds are systematically lower 

than those observed.  The low R
2
 value is indicative of the difficulties when comparing model 

forecasts using 1.8-km grid spacing to point observations where boundary layer mechanics and 

surface roughness play an important role.  The model-predicted wind speed is corrected by 

multiplying by 1/0.838.      

The histogram of the hourly wind direction residuals, is shown in Figure 4.  The histogram was 

generated using 10 degree bins from -180 degrees to 180 degrees.  The histogram is shifted to the 

right of zero which means the model-predicted wind direction is systematically biased counter 

clockwise from the observed.  The median of the residuals is +14.71°.  So by adding 14.7 

degrees of clockwise rotation to the forecast wind direction we account for the apparent bias 

between model forecast and observed conditions. 
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3.2 Deposition model prediction 

The DFM simulations were initialized using the corrected WRF model forecasts.  Figure 5 is a 

box plot of the deposition predicted by the DFM for the fine (PM3.1), medium (PM18-PM3.1), 

coarse (PM27-PM18) and total suspended fine particulate (PM27) for the period April 21
st
 till May 

22
nd

 2014.  A majority of the deposition occurs in the northward direction forced by the 

dominant wind direction.  However, there is significant forecast deposition in the southeastward 

and southwestward directions.  This was the result of several synoptic scale troughs that shifted 

the daytime wind direction to a more southwesterly and southeasterly flow for several days 

during the month.  One of these troughs was accompanied by precipitation on April 27, 2014.  

The WRF model predicted the strong wind speeds associated with the trough but failed to 

accurately forecast the precipitation that was observed at the site.  The increased soil moisture 

caused by the precipitation greatly reduces windblown erodibility.  Hence the deposition in the 

southwesterly direction was significantly over estimated.   

The maximum forecast deposition of fine, medium, coarse and PM27 for the May sampling 

period are 36, 34, 104 and 185 mg/m
2
 respectively.  The maximum coarse particle deposition 

was mainly constrained to the immediate tailing region due to their large size and fast settling 

times which do not allow them to be transported long distances.  However, the fine particles have 

a much smaller terminal velocity which scales with Dp
3
, and are transported much further down 

wind.  The fine particles have a max deposition location that is located about three hundred 

meters from the tailings in the northward direction.  There are slight variations in the deposition 

patterns caused by the impact of topographic slope of the surrounding region. 
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The resulting DFM simulations for the sample period June 11
th

 till July 9
th

 2014 can be seen in 

figure 6.  Figure 6 is a box plot of the deposition predicted by the DFM for the fine, medium, 

coarse and PM27 suspended particulate.  Compared to the May sampling period the forecast 

weather conditions at the site were consistent with predominantly southerly winds that caused 

almost all the deposition to be in the northward direction.  The maximum forecast deposition of 

fine, medium, coarse and PM27 particles for the June sampling period are 38, 37, 89 and 157 

mg/m
2
 respectively and located directly north of the tailing impoundment.          

3.3 Inverted-disc analysis 

3.3.1 Mass analysis 

The mass deposited on the inverted-disc samplers were measured for the sampling periods, April 

21
st
 till May 22

nd
, 2014; and June 11

th
 till July 9

th
, 2014.  Table 1 shows the total mass collected 

by each disc sampler for both periods.  Mass deposition for the sampling periods ranged from 

178-1039 mg/m
2
 and averaged 482 mg/m

2
.  The highest mass deposited was measured at 

location N for the May sampling period and location B for the June sampling period.  Sample N 

is located adjacent to the highway while sample B is located on the tailings impoundment.  

Because roadways are well documented as production source of atmospheric aerosols it follows 

that we would expect larger amounts of deposition to be captured with the N sampler.  There is a 

large amount of heterogeneity in the absolute deposition amounts and there is no distinguishable 

spatial pattern in absolute deposition mass captured by the samplers.   

Assuming a 20% collection efficiency of the inverted-disc samplers, the directly observed 

deposition for the two sampling periods is within an order of magnitude of the peak forecast 

deposition flux.  The peak forecast deposition is approximately one quarter of the mass directly 
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measured using the samplers, which is actually quite close agreement. When comparing the peak 

DFM deposition amount to the observed deposition in the inverted-disc samplers is important to 

consider the fact that wind erosion occurs from a variety of sources within the region and each 

deposition sampler is collecting aerosols from all of them not just aerosols resulting from the 

tailings.  The deposition forecasting model only simulates the transport of windblown particulate 

matter from the tailing impoundment and for particles with an aerodynamic diameter ≤ 37-μm.  

A few larger particles generated at the sampler site could highly skew the mass collected.  For 

example, a single spherical particle with 500-μm diameter and a density of 2500 kg/m
3
 has a 

mass of 0.16-mg which could add 1.7% to the lowest observed mass collected.  The 

compounding factors of possible multiple aerosol sources and the modeling of PM27, not TSP, 

makes our DFM estimate of deposition very reasonable when compared to the total deposition 

amounts measured by the inverted-disc samplers.  Through the use of elemental analysis we can 

partition the captured dust and determine what influence the tailings have on each sampler. 

3.3.2 Lead and arsenic analysis  

 In this part of the study we examine arsenic and lead collected by the inverted-disc 

samplers.  The tailings have significantly elevated arsenic and lead when compared to the natural 

surroundings (EA Engineering Science and Technology, 2010).  By analyzing the dust collected 

by the inverted-discs we can determine the fractional contribution of dust originating from the 

tailings using these “tracers”.  The arsenic and lead concentrations (ppm) measured by the 

inverted-disc samplers for both sampling periods can be seen in Table 2.  The May arsenic data 

is absent due to erroneous ICP-MS results.      
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The best way to assess the heterogeneous results is to compare transects of relative 

concentrations of observed As and Pb (ppm) with forecast PM27.  The relative Pb and As 

concentration transects are calculated by normalizing each sampler to the average concentrations 

measured by inverted-disc samplers A and B located on the tailings pile.  Transects of the DFM 

PM27 are normalized by the forecast deposition at the location of sampler B (34.50087° latitude 

and -112.25305° longitude).  All radial distances of the sample locations are calculated from 

sample point B.  Figure 7 and 8 shows the DFM results of total deposition for the May and June 

sample periods.  The black stars represent the locations of inverted-disc samplers.  Three 

transects are evaluated in the southwestward, eastward and northward directions.  

For the June sampling period the southward transect is calculated using the tailings average 

samples A and B, sample E (366-m downwind) and F (538-m downwind).  For the eastward 

transect we use the tailing average, sample C (377-m downwind), sample D (657-m downwind) 

and sample N (786-m downwind).  For the northward transect was generated using the tailing 

average samples, the average of samples H and AA (205-m downwind), the average of samples 

I, J and BB (300-m downwind) and the average of sample points K, L and CC (379-m 

downwind).  For the May sampling period the northward transect was generated using the tailing 

average samples, sample H (205-m downwind), the average of samples I and J (300-m 

downwind), the average of samples K and L (379-m downwind), and the sample point M (1027-

m downwind). 

The southward eastward and northward cross sections for the May and June sample periods can 

be seen in Figure 9.  The southward cross sections of the model-predicted fractional reduction in 

deposition match very closely with the observed fractional reduction of ppm of As and Pb 

measured in the inverted-disc samplers.  For the May sampling period, the forecast 
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overestimated the relative amount of deposition located at the sample locations E and F.  This 

was caused by strong northeasterly winds associated with a synoptic scale weather system.  This 

weather system produced precipitation in the region which the WRF model failed to predict.  The 

erroneous WRF weather forecast yielded an overestimation of windblown dust transport in the 

southwestward direction.  For June the DFM model accurately forecasts the relative reduction in 

As and Pb at the E and F sample locations. 

The eastward transect shows that the model grossly underestimated the amount of deposition for 

the C and D locations for both the May and June sampling period.  However, it was quite 

accurate with the prediction at location N located approximately 786 meters away from the 

tailings.  The reason for the underestimate of the relative As and Pb concentrations at locations C 

and D is because the area located directly east of the tailing impoundment is also heavily 

contaminated with As and Pb.  The deposition forecasting model only predicts the transport of 

fugitive dust from the main mine tailing pile and does not take into consideration other sources 

of As and Pb, such as the operations and lower tailing area.  Figure 10 shows DFM results for the 

May and June sample periods when the source area is extended to contain the lower eastern 

operations area as well as the new eastern transect for the extended area simulations.  With the 

addition of the lower tailing/operations area there is significantly better agreement between the 

DFM model and the inverted-disc samplers.  In addition the sample location N had a fractional 

As and Pb concentrations that matched very well with the predictions made by the DFM for both 

sampling periods.       

The northward transect shows a similar downwind pattern of reduction in the fractional As and 

Pb concentration.  The DFM overestimates the fractional reductions of Pb for the May sampling 

period and both As and Pb for the June sampling period. However, the DFM was significantly 
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better estimating the relative reduction of As and Pb for the May sampling period when 

compared to June.  For the May sampling period the DFM accurately predicted the fractional 

reduction in Pb concentrations for sampler M located approximately 1-km north of the tailings. 

The highest concentrations of both As and Pb were measured by the inverted-disc samplers 

located on the tailings (A and B).  In comparison, the DFM model predicts that the highest 

amount of tailing dust deposition should occur approximately 150 meters north of sample point 

B.  However the inverted-disc samplers show significant reduction in relative As and Pb between 

the tailings (A and B) and the points located about 205-m north (H and AA).  This mismatch 

may be influenced by the capture of large particles by the inverted-discs.  Dilution of disc 

samples by few large local clean particles can explain the large relative decrease between the 

tailing located samples and the samples located 205-m north.  

The DFM includes topographic slopes when calculating deposition rates to the surface.  Through 

computational fluid dynamics modeling Stovern et al. (2014) showed that the slope of the ground 

significantly impacts deposition in this topographically complex region.  The inverted-disc 

samplers were strategically placed in locations that were sloped for the northward transect.  The 

samples located at 205-m, 300-m and 379-m were in a down-sloping, up-sloping and down-

sloping regions, respectively.  Thus we would expect that the samples collected at 300-m should 

have systematically more deposition than the samplers at 379-m.  However we appear to see the 

opposite occurring in the May sampling period and relatively equal amounts of deposition in the 

June sampling period.  One reason why we are not seeing the effects of topographic slope on 

deposition patterns may be due to changes in surface roughness between the sampler locations at 

300-m and 379-m.  The samplers located on the up-sloping terrain at 300-m are surrounded by 

very sparse vegetation usually less than a meter in height with large barren patches of soil.  On 
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the other hand the samplers located in the down sloping region located at 379-m are surrounded 

by significantly more vegetation including shrubs, bushes and trees that are typically 2-3 meters 

in height.  The model however uses a constant surface roughness of 0.1-m.  Large surface 

roughness and obstructing objects capture airborne dust in two ways, it removes momentum 

from the mean flow slowing transport of airborne particulates allowing them to gravitationally 

settle as well as directly capturing airborne dust through direct contact and impaction of the 

airborne dust.  This severe change in surface roughness may explain the counter intuitive results 

from the samplers.  Another possible reason might be the high natural variability in deposition 

may overwhelm the topographic effect.  

3.3.3 Lead isotope analysis 

 The lead isotopes can be used to identify the sources of the lead collected in the inverted-

disc samplers.  Figures 11 and 12 shows the lead isotopic ratios for the dust collected for the 

May and June sampling periods, respectively.  The Iron King tailings are characterized by lead 

isotopic ratios of 0.976 and 2.25.  The background sample collected 5 km from the tailings has 

ratios of 0.863 and 2.09.  Dust samples A and B located on the tailings themselves have same 

isotopic composition as the bulk tailings sample, implying the airborne lead captured in the 

samplers originated exclusively from the tailings, as expected. 

Samples with lower isotopic ratios represent a regional background fingerprint and indicate that 

the airborne lead is not exclusively sourced from the tailings.  For the May sampling period, the 

samples that have the lowest isotope ratio includes samples F and N.  Sample F is the most 

southern sample located approximately 300-m from the southern edge of the tailings while N the 

eastern most sample is located approximately 500-m from the eastern-most edge of the tailings.  
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The small contribution of tailings lead measured in these samplers matches the monthly wind 

patterns that predominantly transported dust northward, away from the samplers.  Samples M 

and E also have a significantly lower isotopic ratios than the tailing samples.  It is interesting to 

note that sample E which is located only about 200 meters from the southern edge of the tailings 

has the same fractional contribution of tailings lead as the sampler located 1 km north, as 

expected from the prevailing winds.  Also, the source of lead captured by the inverted-disc 

sampler N, located along AZ highway 69 which separates the Iron King tailings and the town of 

Dewey-Humboldt, had a smaller tailings contribution than the sampler located 1 km north of the 

tailings.   

For the June sampling period the lead isotopic signatures were significantly closer to the tailings 

bulk sample when compared to the May sampling period.  The samples with the lowest isotopic 

ratios included samples F, N and E.  Sample F had the lowest lead contribution from the tailings, 

this matches the results from the May sampling period.  However more of the lead measured in 

sample F was sourced from the tailings compared to May.  For the eastern most sampler, N and 

southern sampler E, the isotopic ratios were closer to the tailings signature as well, while still 

maintaining the lowest isotopic ratios of all the June samplers.   

It is interesting to note that the June samplers had significantly higher lead concentrations and 

isotopic ratios when compared to May.  This was caused by a precipitation event that occurred 

on April 27. This precipitation event significantly increased the tailings moisture content 

minimizing wind erosion and reducing windblown lead deposition for the May sample period.  

In the June sample period the tailings had not received precipitation in over a month which 

significantly increasing the erosion potential, which resulted in more tailings sourced lead 

deposition causing the increase in lead concentrations and also shifting isotopic fingerprints 
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closer to the tailings isotopic signature. This shows that local weather patterns including 

predominant wind directions and precipitation have a significant effect on the deposition of 

windblown dust from the Iron King tailings impoundment. 

4 Conclusions 

The DFM is designed to utilize weather forecasts to predict the deposition of fugitive PM27 dust 

originating from the Iron King tailings impoundment.  By comparing the DFM predicted PM27 

deposition to arsenic and lead tracers collected by the inverted-disc samplers, it has been shown 

that the DFM performed very well with respect to capturing the spatial variations of the 

deposition patterns in the surrounding region up to 1 km distance from the tailings. The effects of 

topography on deposition still need adjustment due to the complex variations of surface 

roughness within the region.  However, combining the deposition patterns generated by the DFM 

and the known concentrations of arsenic and lead in tailing dust we can provide quantitative 

estimates of arsenic and lead deposition rates near the tailings impoundment.  These quantitative 

estimates of deposition should improve the characterization of potential health impacts caused by 

windblown transport from the tailings.   Overall this model proved itself as a viable tool to 

forecast windblown deposition within close proximity of the Iron King Mine tailings 

impoundment and the surrounding region including the town of Dewey-Humboldt.         
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Table 1:  Total mass of deposition captured using inverted-disc samplers  

 

Location 4/21 till 5/22 

Deposition 

(mg/m
2
) 

6/11 till 7/09 

Deposition 

(mg/m
2
) 

A 483.1 476.1 

B 750.5 1039.0 

C 213.4 731.7 

D 806.8 832.6 

E 290.8 337.7 

F 440.9 295.5 

G 382.3 239.2 

H 562.9 227.5 

I 311.9 354.1 

J 501.9 253.3 

K 931.1 485.5 

L 506.6 433.9 

M 497.2 N/A 

N 1006.1 178.2 

AA N/A 335.4 

BB N/A 243.9 

CC N/A 307.2 
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Table 2:  Total As and Pb (ppm) measured in the dust collected by the inverted-disc samplers 

Location May (4/21 to 

5/22)  

Pb (ppm) 

June (6/11 to 

7/09)  

Pb (ppm) 

June (6/11 to 

7/09)  

As (ppm) 

A 332.00 902.56 1826.01 

B 980.54 1743.46 3856.23 

C 317.47 1036.88 1406.30 

D 454.13 774.63 1388.58 

E 130.34 317.04 132.15 

F 39.34 71.24 46.37 

G 505.51 1613.84 1311.74 

H 481.83 837.61 587.53 

I 216.56 434.59 586.08 

J 217.93 383.27 504.37 

K 234.20 341.99 464.51 

L 291.82 438.81 648.94 

M 41.89 N/A N/A 

N 41.18 137.72 155.95 

AA N/A 383.53 449.05 

BB N/A 453.17 594.62 

CC N/A 301.92 435.08 
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Figure Captions 

Figure 1: Google Earth visible satellite image of the Iron King Mine tailing impoundment and 

the town of Dewey-Humboldt. The location of the inverted-disc samplers are denoted by yellow 

pins.  

Figure 2: Comparison of hourly averaged observed relative humidity and WRF model forecast 

relative humidity for the period of May 29, 2012 to August 4, 2013. 

Figure 3: Comparison of hourly averaged 10-m observed wind speed versus WRF model forecast 

wind speed for the period of May 29, 2012 to August 4, 2013. 

Figure 4: Histogram of residuals generated using the observed wind direction and WRF modeled 

wind direction for the period of May 29, 2012 to August 4, 2013. 

Figure 5: Maps of deposition for three size fractions and PM27 predicted by the DFM for the 

forecast period April 21 to May 22, 2014. The fine size fraction is located in the upper left, 

medium size fraction in upper right, coarse size fraction in lower left and total in lower right.  

The tailings impoundment is outline in black and the color scale is in mg/m
2
.  The grid points are 

spaced by 10.3-m and the domain has a total horizontal extent of 34.47639° to 34.52380° latitude 

and -112.27639° to -112.22491° longitude. 

Figure 6: Maps of deposition for three size fractions and PM27 predicted by the DFM for the 

forecast period June 11 to July 9, 2014. The fine size fraction is located in the upper left, medium 

size fraction in upper right, coarse size fraction in lower left and total in lower right.  The tailings 

impoundment is outline in black and the color scale is in mg/m
2
.  The grid points are spaced by 

10.3-m and the domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -

112.27639° to -112.22491° longitude. 

Figure 7: Map of PM27 deposition predicted by the DFM for the forecast period April 21 to May 

22, 2014.  The color scale represents the natural log of deposition.  The tailings impoundment is 

outlined in black and the locations of the inverted-disc samplers are marked by white stars.  The 

grid points are spaced by 10.3-m and the domain has a total horizontal extent of 34.49142° to 

34.51452° latitude and -112.26247° to -112.23939° longitude. 

Figure 8: Map of cumulative deposition generated by the DFM for the forecast period June 11 to 

July 9, 2014.  The color scale represents the natural log of deposition.  The tailings impoundment 

is outlined in black and the location and sample label of the inverted-disc samplers are marked 

by white stars.  The grid points are spaced by 10.3-m and the domain has a total horizontal extent 

of 34.49142° to 34.51452° latitude and -112.26247° to -112.23939° longitude. 

Figure 9: Comparison of relative decreases in arsenic (blue dashed lines) and lead (blue solid 

lines) concentrations measured by the samplers versus the relative decreases of deposition 

forecast by the DFM (red dashed lines) for the southward (Top) eastward (middle) and 
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northward (bottom) cross sections and the April 21 to May 22, 2014 (left) and June 11 to July 9, 

2014 (right) sample periods. 

Figure 10: The top two figures are the DFM results for the April 21 to May 22, 2014 (left) and 

June 11 to July 9, 2014 (right) sample periods when the source area is extended to contain the 

lower eastern operations area.  Black stars represent the locations of the inverted-disc samplers.  

The bottom two figures are the new eastern cross section of relative decreases in arsenic (blue 

dashed lines) and lead (blue solid lines) concentrations measured by the samplers versus the 

relative decreases of deposition forecast by the DFM (red dashed lines). 

Figure 11: A plot of lead isotopic ratios 
208

Pb/
206

Pb and 
207

Pb/
206

Pb for each inverted-disc 

sampler and a bulk sample of tailing material for the April 21 to May 22, 2014 sampling period.  

The letters represent the inverted-disc sample locations from Figure 1.  Tailings represent 

“fingerprint” ratios of the source.  Background sample was collected 5 km from the source and 

represent the natural Pb isotopic “fingerprint” of the region.  Also included is the theoretical 

mixing line (black) that represents the age of the ore with lower ratios representing younger ore 

and higher ratios representing older ore. 

Figure 12: A plot of lead isotopic ratios 
208

Pb/
206

Pb and 
207

Pb/
206

Pb for each inverted-disc 

sampler and a bulk sample of tailing material for the June 11 to July 9, 2014 sampling period.  

The letters represent the inverted-disc sample locations from Figure 1.  Tailings represent 

“fingerprint” ratios of the source.  Background sample was collected 5 km from the source and 

represent the natural Pb isotopic “fingerprint” of the region.  Also included is the theoretical 

mixing line (black) that represents the age of the ore with lower ratios representing younger ore 

and higher ratios representing older ore. 
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Figure 1 

Google Earth visible satellite image of the Iron King Mine tailing impoundment and the town of 

Dewey-Humboldt. The location of the inverted-disc samplers are denoted by yellow pins.  
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Figure 2 

Comparison of hourly averaged observed relative humidity and WRF model forecast relative 

humidity for the period of May 29, 2012 to August 4, 2013. 
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Figure 3 

Comparison of hourly averaged 10-m observed wind speed versus WRF model forecast wind 

speed for the period of May 29, 2012 to August 4, 2013. 
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Figure 4  

Histogram of residuals generated using the observed wind direction and WRF modeled wind 

direction for the period of May 29, 2012 to August 4, 2013. 
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Figure 5 

Maps of deposition for three size fractions and PM27 predicted by the DFM for the forecast 

period April 21 to May 22, 2014. The fine size fraction is located in the upper left, medium size 

fraction in upper right, coarse size fraction in lower left and total in lower right.  The tailings 

impoundment is outline in black and the color scale is in mg/m
2
.  The grid points are spaced by 

10.3-m and the domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -

112.27639° to -112.22491° longitude. 
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Figure 6 

Maps of deposition for three size fractions and PM27 predicted by the DFM for the forecast 

period June 11 to July 9, 2014. The fine size fraction is located in the upper left, medium size 

fraction in upper right, coarse size fraction in lower left and total in lower right.  The tailings 

impoundment is outline in black and the color scale is in mg/m
2
.  The grid points are spaced by 

10.3-m and the domain has a total horizontal extent of 34.47639° to 34.52380° latitude and -

112.27639° to -112.22491° longitude. 
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Figure 7 

Map of PM27 deposition predicted by the DFM for the forecast period April 21 to May 22, 2014.  

The color scale represents the natural log of deposition.  The tailings impoundment is outlined in 

black and the locations of the inverted-disc samplers are marked by white stars.  The grid points 

are spaced by 10.3-m and the domain has a total horizontal extent of 34.49142° to 34.51452° 

latitude and -112.26247° to -112.23939° longitude. 
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Figure 8 

Map of cumulative deposition generated by the DFM for the forecast period June 11 to July 9, 

2014.  The color scale represents the natural log of deposition.  The tailings impoundment is 

outlined in black and the location and sample label of the inverted-disc samplers are marked by 

white stars.  The grid points are spaced by 10.3-m and the domain has a total horizontal extent of 

34.49142° to 34.51452° latitude and -112.26247° to -112.23939° longitude. 
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Figure 9 

Comparison of relative decreases in arsenic (blue dashed lines) and lead (blue solid lines) 

concentrations measured by the samplers versus the relative decreases of deposition forecast by 

the DFM (red dashed lines) for the southward (Top) eastward (middle) and northward (bottom) 

cross sections and the April 21 to May 22, 2014 (left) and June 11 to July 9, 2014 (right) sample 

periods. 
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Figure 10 

The top two figures are the DFM results for the April 21 to May 22, 2014 (left) and June 11 to 

July 9, 2014 (right) sample periods when the source area is extended to contain the lower eastern 

operations area.  Black stars represent the locations of the inverted-disc samplers.  The bottom 

two figures are the new eastern cross section of relative decreases in arsenic (blue dashed lines) 

and lead (blue solid lines) concentrations measured by the samplers versus the relative decreases 

of deposition forecast by the DFM (red dashed lines). 
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Figure 11 

A plot of lead isotopic ratios 
208

Pb/
206

Pb and 
207

Pb/
206

Pb for each inverted-disc sampler and a 

bulk sample of tailing material for the April 21 to May 22, 2014 sampling period.  The letters 

represent the inverted-disc sample locations from Figure 1.  Tailings represent “fingerprint” 

ratios of the source.  Background sample was collected 5 km from the source and represent the 

natural Pb isotopic “fingerprint” of the region.  Also included is the theoretical mixing line 

(black) that represents the age of the ore with lower ratios representing younger ore and higher 

ratios representing older ore. 
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Figure 12 

A plot of lead isotopic ratios 
208

Pb/
206

Pb and 
207

Pb/
206

Pb for each inverted-disc sampler and a 

bulk sample of tailing material for the June 11 to July 9, 2014 sampling period.  The letters 

represent the inverted-disc sample locations from Figure 1.  Tailings represent “fingerprint” 

ratios of the source.  .  Background sample was collected 5 km from the source and represent the 

natural Pb isotopic “fingerprint” of the region.  Also included is the theoretical mixing line 

(black) that represents the age of the ore with lower ratios representing younger ore and higher 

ratios representing older ore. 
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APPENDIX D 

MATLAB AND CFD CODES 

Deposition forecasting model code 

Name: Deposition_model_fn.m 

Script: 
function [Xhat,cornersmap] = Deposition_model_fn(WS,WD,RH)  

 
load upslope_trimmed.mat  

  
sigma_phi = (pi/180)*66.28*exp(-0.2137*WS);  % directional stdev calculator 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Epirical relation for source strength (Dflux) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
A = 0.05677;        % epirical constants                
B = 1.246; 

  
if RH<25 
    Dflux = A*(WS^B)*10*95000  
elseif RH>=25 && RH<75 
    Dflux = ((50-(RH-25))/50)*A*(WS^B)*10*95000 
elseif RH>75 
    Dflux = 0 
end     

     
m_PM2 = (pi/6)*(2.5E-6)^3*2.5E9;   % mass of 2.5 um particle (2500kg/m^3)     
m_PM10 = (pi/6)*(10E-6)^3*2.5E9;   % mass of 10 um particle  (2500kg/m^3)  
m_PM25 = (pi/6)*(25E-6)^3*2.5E9;   % mass of 30 um particle  (2500kg/m^3)  
MOUDI = [25E-6,0.301;10E-6,0.30;2.5E-6,0.399;];   %column 2 mass fraction 

  
escpd_part = [58,459,695]; 

  
particles_25 = Dflux*(1-escpd_part(1)/5000)*MOUDI(1,2)/m_PM25; 
particles_10 = Dflux*(1-escpd_part(2)/5000)*MOUDI(2,2)/m_PM10; 
particles_2 = Dflux*(1-escpd_part(3)/5000)*MOUDI(3,2)/m_PM2; 
Dflux_part(1) = Dflux*(1-escpd_part(1)/5000)*MOUDI(1,2); 
Dflux_part(2) = Dflux*(1-escpd_part(2)/5000)*MOUDI(2,2); 
Dflux_part(3) = Dflux*(1-escpd_part(3)/5000)*MOUDI(3,2); 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Apriori expoenetial constants generated from particle trajectories  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
KK_PM2 = -0.001977; 
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BB_PM2 = 92/(5000); 
KK_PM10 = -0.00229; 
BB_PM10 = 111.4/(5000); 
KK_PM25 = -0.004277; 
BB_PM25 = 241.4/(5000); 

  
KK = [KK_PM25,KK_PM10,KK_PM2]; 
BB = [(BB_PM25)*particles_25*m_PM25, (BB_PM10)*particles_10*m_PM10,... 
    (BB_PM2)*particles_2*m_PM2]; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Tailing coordinants and determining extent  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
corners = [-38.3,27.56;-30,28.3;-14.3,23.2;-6.6,18.7;-8.1,14.5;-15.1,12;... 
    -18.9,3.3;-26.1,7.5;-26.1,14;-33.7,21.6;-38.3,27.56]; 
cornersFL = corners.*16.750; 
cornersmap(:,1) = (cornersFL(:,1)+3350*(328-50)/328)./10.213414; 
cornersmap(:,2)=(6250*(612-100)/612-(cornersFL(:,2)+2900*(612-100)/612))... 
    ./10.213414; 

  
degree_off = WD; 
offset = degree_off*pi()/180; 

  
for i = 1:17 %51 
    for j = 1:21 %61 
        sample_ptsX(i,j) = (j*3)+209;  
        sample_ptsY(i,j) = (i*3)+229; 
    end 
end 

  
IN = inpolygon(sample_ptsX,sample_ptsY,cornersmap(1:10,1),... 
    cornersmap(1:10,2)); 

  
k=0; 
for i=1:17 %51 
    for j=1:21 %61  
        if IN(i,j)>0 
        k=k+1;     
        cntr_index(k,2)=sample_ptsX(i,j); 
        cntr_index(k,1)=sample_ptsY(i,j); 
        end 
    end     
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generating DFM model grids sizes for Apriori and weighting matrices   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
Xhat = zeros(length(upslope(:,1)),length(upslope(1,:)),3); 
dist = zeros(length(upslope(:,1)),length(upslope(1,:)),105); 
Apriori = zeros(length(upslope(:,1)),length(upslope(1,:)),105); 
W_a = zeros(length(upslope(:,1)),length(upslope(1,:)),105); 
weights_angle = zeros(length(upslope(:,1)),length(upslope(1,:))); 
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for h=1:3 

  
for i = 1:length(cntr_index(:,1))     

  
%%%%%%%%%%%%%%%%%%%%%%%%% 
% 0 to +180 degrees 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if degree_off >=0     
for j = 1:length(upslope(:,1)) 
    for k = 1:length(upslope(1,:)) 
        dist(j,k,i) = (((k-cntr_index(i,2))^2+(j-cntr_index(i,1))^2)... 
            ^0.5)*10.25; 
        Apriori(j,k,i,h) = BB(h)*exp(dist(j,k,i)*KK(h)); 
        W_a(j,k,i) = (atan2((k-cntr_index(i,2)),(cntr_index(i,1)-j))); 

         
        if W_a(j,k,i) > (-pi+offset) 
            weights_angle(j,k) = 1*exp(((abs(atan2((k-cntr_index(i,2)),... 
                (cntr_index(i,1)-j))-offset))^2)./(-2*(sigma_phi)^2)); 
        else 
            weights_angle(j,k) = 1*exp(((abs(atan2((k-cntr_index(i,2)),... 
                (cntr_index(i,1)-j))+2*pi-offset))^2)./(-2*(sigma_phi)^2));     
        end     
    end 
end 
Xhat(:,:,h) = Xhat(:,:,h)+(1/length(cntr_index(:,1))).*(Apriori(:,:,i,h)... 
    +(Apriori(:,:,i,h).*(0.5.*upslope+1))).*weights_angle; 

  
%%%%%%%%%%%%%%%%%%%%%%%%% 
% 0 to -180 degrees 
%%%%%%%%%%%%%%%%%%%%%%%%%%% 
else 
for j = 1:length(upslope(:,1)) 
    for k = 1:length(upslope(1,:)) 
        dist(j,k,i) = ((k-cntr_index(i,2))^2 + (j-cntr_index(i,1))^2)... 
            ^0.5*10.25; 
        Apriori(j,k,i,h) = BB(h)*exp((dist(j,k,i))*KK(h)); 
        W_a(j,k,i) = (atan2((k-cntr_index(i,2)),(cntr_index(i,1)-j))); 

         
        if W_a(j,k,i) > (pi+offset) 
            weights_angle(j,k) = 1*exp(((abs(atan2((k-cntr_index(i,2)),... 
                (cntr_index(i,1)-j))-2*pi-offset))^2)./(-2*(sigma_phi)^2)); 
        else 
            weights_angle(j,k) = 1*exp(((abs(atan2((k-cntr_index(i,2)),... 
                (cntr_index(i,1)-j))-offset))^2)./(-2*(sigma_phi)^2)); 
        end     
    end 
end 
Xhat(:,:,h) = Xhat(:,:,h)+(1/length(cntr_index(:,1))).*(Apriori(:,:,i,h)... 
    +(Apriori(:,:,i,h).*(0.5.*upslope+1))).*weights_angle; 
end 
end 
Xhat(:,:,h)=Xhat(:,:,h).*(Dflux_part(h)/sum(sum(Xhat(:,:,h))))/(10.25^2); 
end 
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figure         
imagesc(Xhat(:,:,1)) 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 
c=colorbar; 
ylabel(c,'deposition in mg') 
title('PM30') 

  
figure         
imagesc(Xhat(:,:,2)) 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 
c=colorbar; 
ylabel(c,'deposition in mg') 
title('PM10') 

  
figure         
imagesc(Xhat(:,:,3)) 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 
c=colorbar; 
ylabel(c,'deposition in mg') 
title('PM2') 

  
Xhat(:,:,4) = Xhat(:,:,1)+Xhat(:,:,2)+Xhat(:,:,3); 

  
figure         
imagesc(Xhat(:,:,4)) 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 
c=colorbar; 
ylabel(c,'deposition in mg/m^2') 
title('TOTAL') 
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Idealized particle trajectory code 

Name: Particle_traj_model.m 

Script: 
%%%%%%%%% 
%%%%%%%%%    Gravitational settling and Stokes Air Resistance 
%%%%%%%%%    Brownian Diffusion + eddy diffusion (random walk) 
%%%%%%%%%    5000 loop repetion  
%%%%%%%%% 
 

clear all 
close all 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Seting up Log wind profile 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
Z_0 = 0.000141;                     % surface roughness 
K = 0.4;                            % von Karmon Constant 
U_10 = 5;                           % 10 meter wind speed 
Z_10 = 10;                          % 10 meter reference height 
U_0 = U_10*K/log((Z_10+Z_0)/Z_0);   % Calculating friction velocity 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Setting up Molecular diffusivity 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
Beta = 1; 
sigmaWS = 1;   % Standard deviaiton of wind speed 

  
for h = 1:3 
Dp = [2.5E-6,10E-6,25E-6];                    % Particle Diameter [m] 
dt = 10E-3;                      % Integration time step 

  
Cc = 1;                         % Slip correction factor 
T = 298;                        % Air temperature 
visc = 1.81E-5;                 % Air Viscosity at 293 K [pa*s] 
Boltz = 1.3806488E-23;          % boltzman constant 
g = 9.81;                       % Gravity m/s^2  
rho = 2600;                     % Density of particle [kg/m^3] 
D = Boltz*T*Cc/(3*pi*visc*Dp(h)); 
rms = (2*D*dt)^0.5; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Inital particle properties 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
injct_velY = U_0;                % Initial Velocity in vertical [m/s] 
injct_velX = U_0;                % Initial Velocity in horizontal [m/s] 
dY(1) = injct_velY; 
dX(1) = injct_velX; 
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Tau = (rho*(Dp(h)^2))/(18*visc); 
Vts_z = -1*g*Tau; 
mass = rho*(pi()/6)*Dp(h)^3; 
alpha = (g*mass)/(3*pi()*visc*Dp(h)); 

  

  
for j = 1:5000 

  
    Zrms = []; 
    W = []; 
    Z = []; 
    U = []; 
    X = []; 
    Zsum = [3];                      % Inital partile height 
    Xsum = [0]; 
    temp = 1; 
    i=0; 

  
    while temp > 0 
        i = i + 1; 

  
        r1 = (rand(1,1)-0.5)*2*pi; 
        R = normrnd(1,0.5,1,1).*rms;   

     
    if i == 1 
        Kz(i) = K*U_0*Zsum(i)*(1+(Beta^2*Vts_z^2/sigmaWS^2))^(-0.5); 
        Zrms(i) = (2*Kz(i)*dt)^0.5; 
        rz = (rand(1,1)-0.5)*2*pi; 
        Rz = normrnd(1,0.5,1,1).*(Zrms(i)); 

         
        W(i) = -alpha+(alpha+injct_velY)*exp((-3*pi()*visc*Dp(h)/mass)*dt); 
        Z(i) = -alpha*dt+((-3*pi*visc*Dp(h)/mass)^-1)*(alpha+injct_velY)... 
            *exp((-3*pi()*visc*Dp(h)/mass)*dt)-((-3*pi*visc*Dp(h)/mass)... 
            ^-1)*(alpha + injct_velY) + cos(r1)*R + cos(rz)*Rz;     
        Zsum(i) = Zsum(i)+Z(i); 

         
        U_env = (U_0/K)*log((Z_0+Z(i))/Z_0); 
        U(i) = U_env+(-U_env+injct_velX)*exp((-3*pi()*visc*Dp(h)/mass)*dt); 
        X(i) = U_env*dt+((-3*pi*visc*Dp(h)/mass)^-1)*(-U_env+injct_velX)... 
            *exp((-3*pi*visc*Dp(h)/mass)*dt)-((-3*pi*visc*Dp(h)/mass)... 
            ^-1)*(-U_env + injct_velX) + sin(r1)*R + sin(rz)*Rz; 
        Xsum(i) = X(i); 
    else 
        Kz(i) = K*U_0*Zsum(i-1)*(1+(Beta^2*Vts_z^2/sigmaWS^2))^(-0.5); 
        Zrms(i) = (2*Kz(i)*dt)^0.5; 
        rz = (rand(1,1)-0.5)*2*pi; 
        Rz = normrnd(1,0.5,1,1).*(Zrms(i)); 

         
        W(i) = -alpha + (alpha + W(i-1))*exp((-3*pi*visc*Dp(h)/mass)*dt); 
        Z(i) = -alpha*dt+((-3*pi*visc*Dp(h)/mass)^-1)*(alpha+W(i-1))... 
            *exp((-3*pi*visc*Dp(h)/mass)*dt)-((-3*pi*visc*Dp(h)/mass)^-1)... 
            *(alpha + W(i-1)) + cos(r1)*R + cos(rz)*Rz; 
        Zsum(i) = Z(i) + Zsum(i-1); 

         
        if Zsum(i)<0 
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            Zsum(i) = 0; 
            U(i) = 0; 
            X(i) = X(i-1); 
        else 
            U_env = (U_0/K)*log((Z_0+Zsum(i))/Z_0); 
            U(i) = U_env+(-U_env + U(i-1))*exp((-3*pi*visc*Dp(h)/mass)*dt); 
            X(i) = U_env*dt+((-3*pi*visc*Dp(h)/mass)^-1)*(-U_env+U(i-1))... 
                *exp((-3*pi*visc*Dp(h)/mass)*dt)-((-3*pi*visc*Dp(h)/mass)... 
                ^-1)*(-U_env + U(i-1)) + sin(r1)*R + sin(rz)*Rz;         
        end 
        Xsum(i) = X(i) + Xsum(i-1); 
    end 
    if Zsum(i) <= 0 
        temp = 0; 
    end   
    if Xsum(i) >= 2000 
        temp = 0; 
    end     
    end 

  
Dep(j,h) = Xsum(i); 
j 
end 

  
figure;plot(Xsum,Zsum,'-*');title('Particle Trajectory') 

  
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generating histogram and fitting with expoential 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Xrange = (0:5:2000); 

  
figure 
hist(Dep(1:length(Dep(:,1)),1),200) 

  
[A,B] = hist(Dep(1:length(Dep(:,1)),1),200); 
A(length(A)) 
A(length(A))= []; 
B(length(B))= []; 
indx=1; 
i=1; 
while indx == 1 
    if A(i)==0 
        A(i) = []; 
        B(i) = []; 
    else 
    i=i+1;    
    end 
    if length(A) == i 
    indx = 0;     
    end  
end 
ft=fittype('exp1'); 
cf=fit(real(B(:)),A(:),ft) 
figure 
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plot(real(B),A,'*') 
hold on 
plot(Xrange,cf(Xrange),'g-') 
hold off 

  
[A,B] = hist(Dep(1:length(Dep(:,2)),2),200); 
A(length(A)) 
A(length(A))= []; 
B(length(B))= []; 
indx=1; 
i=1; 
while indx == 1 
    if A(i)==0 
        A(i) = []; 
        B(i) = []; 
    else 
    i=i+1; 
    end 
    if length(A) == i 
    indx = 0;     
    end     
end 
ft=fittype('exp1'); 
cf=fit(real(B(:)),A(:),ft) 
figure 
plot(real(B),A,'*') 
hold on 
plot(Xrange,cf(Xrange),'g-') 
hold off 

  
[A,B] = hist(Dep(1:length(Dep(:,1)),3),200); 
A(length(A)) 
A(length(A))= []; 
B(length(B))= []; 
indx=1; 
i=1; 
while indx == 1 
    if A(i)==0 
        A(i) = []; 
        B(i) = []; 
    else 
    i=i+1;    
    end   
    if length(A) == i 
    indx = 0;     
    end  
end 
ft=fittype('exp1'); 
cf=fit(real(B(:)),A(:),ft) 
figure 
plot(real(B),A,'*') 
hold on 
plot(Xrange,cf(Xrange),'g-') 
hold off 
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Optimal Interpolation code  

Name: Soil_Sample_OI.m 

Script:  

function [xb_post_arsenic_mat,xb_post_lead_mat] = soil_sample_OI(filename) 

  
% filename = 'SUPER_samples.txt'; 
% file must have layout:  
% column 1-ARSENIC(ppm) 
% column 2-LEAD(ppm) 
% column 3-Latitude(degrees in decimal form) 
% column 4-Longitude(degrees in decimal form) 

  
% POINTS MUST FALL WITHIN 34.47639° to 34.52380° latitude   
% POINTS MUST FALL WITHIN -112.27639 to -112.22491  

  
A = importdata(filename); 
Arsenic = A(:,1); 
Lead = A(:,2); 
smpl_location(:,1) = A(:,3); 
smpl_location(:,2) = -1*A(:,4); 

  

  
FL_latlong = [34.5237963,112.2763889]; 
smpl_FLUENT = zeros(length(A(:,3)),2); 
smpl_dist = zeros(length(A(:,3)),1); 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Tailing coordinates translated from FLUENT grid 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
corners = [-38.3,27.56;-30,28.3;-14.3,23.2;-6.6,18.7;-8.1,14.5;-15.1,12;... 
    -18.9,3.3;-26.1,7.5;-26.1,14;-33.7,21.6;-38.3,27.56]; 
cornersFL = corners.*16.750; 
cornersmap(:,1) = (cornersFL(:,1)+3350)./10.213414-50; 
cornersmap(:,2) = (6250-(cornersFL(:,2)+2900))./10.213414-50; 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Determining the extent of tailings region 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
for i = 1:17 %51 
    for j = 1:21 %61 
        sample_ptsX(i,j) = (j*3)+259;  
        sample_ptsY(i,j) = (i*3)+279; 
    end 
end 

  
IN=inpolygon(sample_ptsX,sample_ptsY,cornersmap(1:10,1),cornersmap(1:10,2)); 

  
k=0; 
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for i=1:17 %51 
    for j=1:21 %61  
        if IN(i,j)>0 
        k=k+1;     
        cntr_index(k,2)=sample_ptsX(i,j); 
        cntr_index(k,1)=sample_ptsY(i,j); 
        end 
    end     
end 

  
smpl_dist = 1000000*ones(length(smpl_location(:,1)),1); 
for i = 1:length(smpl_location(:,1))             
    smpl_FLUENT(i,1) = (FL_latlong(1)-smpl_location(i,1))*111000/10.2777778; 
    smpl_FLUENT(i,2) = (FL_latlong(2)-smpl_location(i,2))*111000/10.2777778; 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Generating backgound apriori 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
xb_flat_mat = zeros(512,556);       
xb_flat = zeros(512*556,1); 

  
for h=1:length(xb_flat_mat(1,:)) 
    for i=1:length(xb_flat_mat(:,1)) 
        xb_flat(h+(i-1)*length(xb_flat_mat(1,:)),1) = xb_flat_mat(i,h);  
    end 
end 

  

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% OPTIMAL INTERPOLATION 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
A2=10;   % A2*10.2 = XX-m correlation length 

  
% creating matrix H and W 
H = zeros(length(smpl_location(:,1)),… 

    length(xb_flat_mat(1,:))*length(xb_flat_mat(:,1))); 
W = zeros(length(xb_flat_mat(1,:))*length(xb_flat_mat(:,1)),… 

    length(smpl_location(:,1))); 
x_site2Grid = zeros(length(xb_flat_mat(1,:))*length(xb_flat_mat(:,1)),… 

    length(smpl_location(:,1))); 

  
% populating matrix H and W 
for h=1:length(xb_flat_mat(1,:)) 
    for i=1:length(xb_flat_mat(:,1)) 
        for j=1:length(smpl_location(:,1)) 
            x_site2Grid(h+(i-1)*length(xb_flat_mat(1,:)),j) = … 

    ((smpl_FLUENT(j,1)-i)^2+(smpl_FLUENT(j,2)-h)^2)^0.5; 
            W(h+(i-1)*length(xb_flat_mat(1,:)),j) = … 

    1*exp(-1*(((smpl_FLUENT(j,1)-i)^2+(smpl_FLUENT(j,2)-… 

    h)^2)^0.5)/A2); 
        end 
    end 
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h     
end 

  

  
for i=1:length(smpl_location(:,1)) 
    [Z,indx]=min(x_site2Grid(:,i)); 
    H(i,indx)=1; 
    siteIndex(i)=indx; 
end; 

  
for i = 1:length(W(:,1)) 
    if sum(W(i,:)) > 1 
        W(i,:) = W(i,:)./sum(W(i,:)); 
    end     
end 

  
xb_post_arsenic = xb_flat + W*(A(:,1)-H*xb_flat); 
xb_post_lead = xb_flat + W*(A(:,2)-H*xb_flat);    

  
for h=1:length(xb_flat_mat(1,:)) 
    for i=1:length(xb_flat_mat(:,1)) 
        xb_post_arsenic_mat(i,h) = xb_post_arsenic(h+(i-1)… 

      *length(xb_flat_mat(1,:)),1); 
        xb_post_lead_mat(i,h) = xb_post_lead(h+(i-1)… 

*length(xb_flat_mat(1,:)),1);  
    end 
end 

  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Plotting Images of Arsenic and Lead 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
figure 
imagesc(xb_post_arsenic_mat) 
title('Arsenic') 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 

  

  
figure 
imagesc(log(xb_post_arsenic_mat)) 
title('log(Arsenic)') 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 
caxis([1 8]) 

  
figure 
imagesc(xb_post_lead_mat) 
title('LEAD') 
colorbar 
hold on 
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plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 

  

  
figure 
imagesc(log(xb_post_lead_mat)) 
title('log(LEAD)') 
colorbar 
hold on 
plot(cornersmap(:,1),cornersmap(:,2),'-k') 
hold off 
caxis([1 8]) 
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FLUENT UDF code  

Name: Inlet_Outlet_source_UDF.c 

Script:  

// UDF code for 3D logarithmic Velocity Profile – U(10m) = 7 m/s, roughness height = 0.1 (m)// 

 

#include "udf.h" 

 

DEFINE_PROFILE(inlet_y_velocity, thread, position) 

 

{ 

real x[ND_ND]; 

real z; // Vertical Distance 

face_t f; 

 

begin_f_loop(f, thread) 

{ 

F_CENTROID(x,f,thread); 

z = x[2]; 

F_PROFILE(f, thread, position) = (0.637/0.42)*log((z+0.1)/0.1); 

} 

 

end_f_loop(f, thread) 

} 

 

 

// Source mass flow inlet for 30 second emission (10 < t < 40sec)  and a fixed mass flux  // 

 

#include "udf.h" 

 

DEFINE_PROFILE(inlet_mf,th,i) 

{ 

 face_t f; 

 begin_f_loop(f,th) 

 { 

  

 if(CURRENT_TIME <= 10.0) 

  F_PROFILE(f,th,i) = 0.000000000; 

 else if(CURRENT_TIME <=40.0 && CURRENT_TIME >10.0) 

  F_PROFILE(f,th,i) = 0.0000017687; 

 else 

  F_PROFILE(f,th,i) = 0.000000000; 

 } 

 

end_f_loop(f,th); 
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} 

 

 

// Source species mass fractions (10 < t < 40 sec)  // 

 

#include "udf.h" 

 

DEFINE_PROFILE(inlet_mfract,th,i) 

{ 

 face_t f; 

 begin_f_loop(f,th) 

 { 

  

 if(CURRENT_TIME <= 10.0) 

  F_PROFILE(f,th,i) = 0.000000000; 

 else if(CURRENT_TIME <=40.0 && CURRENT_TIME >10.0) 

  F_PROFILE(f,th,i) = 1; 

 else 

  F_PROFILE(f,th,i) = 0.000000000; 

 } 

 

end_f_loop(f,th); 

} 

 

 

// Inlet Wind Direction X-comp // 

 

#include "udf.h" 

 

DEFINE_PROFILE(inlet_WD_x,thrd,j) 

{ 

 face_t f; 

 begin_f_loop(f,thrd) 

 { 

  

 if(CURRENT_TIME >= 0) 

  F_PROFILE(f,thrd,j) = 1; 

 else 

  F_PROFILE(f,thrd,j) = 2; 

 } 

 end_f_loop(f,th); 

} 

 

 

// Inlet Wind Direction Y-comp // 
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#include "udf.h" 

 

DEFINE_PROFILE(inlet_WD_y,thd,k) 

{ 

 face_t f; 

 begin_f_loop(f,thd) 

 { 

  

 if(CURRENT_TIME >= 0) 

  F_PROFILE(f,thd,k) = 1; 

 else 

  F_PROFILE(f,thd,k) = 1; 

 } 

 

 end_f_loop(f,thd); 

} 

 

 

// Outlet Wind Direction X-comp // 

 

#include "udf.h" 

 

DEFINE_PROFILE(Outlet_WD_x,thr,l) 

{ 

 face_t f; 

 begin_f_loop(f,thr) 

 { 

  

 if(CURRENT_TIME >= 0) 

  F_PROFILE(f,thr,l) = -1; 

 else 

  F_PROFILE(f,thr,l) = -2; 

 } 

 

 end_f_loop(f,thr); 

} 

 

 

// Outlet Wind Direction Y-comp // 

 

#include "udf.h" 

 

DEFINE_PROFILE(Outlet_WD_y,thdo,m) 

{ 

 face_t f; 

 begin_f_loop(f,thdo) 
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 { 

  

 if(CURRENT_TIME >= 0) 

  F_PROFILE(f,thdo,m) = -1; 

 else 

  F_PROFILE(f,thdo,m) = -1; 

 } 

 end_f_loop(f,thdo); 

} 

 

 

// Inlet 3D Epsilon Profile – U(10m) = 7 m/s // 

 

DEFINE_PROFILE(dissip_profile, thread, position) 

 

{ 

real x[ND_ND]; 

real z; // Vertical Distance 

face_t f; 

 

begin_f_loop(f, thread) 

{ 

F_CENTROID(x,f,thread); 

z = x[2]; 

F_PROFILE(f, thread, position) = ((0.2205*0.2205*0.2205)/0.42)/(z+0.1); 

} 

 

end_f_loop(f, thread) 

} 
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