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Abbreviations used: 

 

 “SLF”    Synthetic lung fluid. 

 

 “IKM-T”   Iron King Mine tailings. 

 

 “𝐏𝐌𝟏𝟎”   Particulate matter of 10 microns (𝜇𝑚) or less. 

 

 “CTRL ‘L’”    Control “L”: control taken from off-site IKM tailings pile. 

 

“h”; “d”   “hour” and “day”, respectively: used as qualifier in sample 

nomenclature for the kinetics sub-study.  

 

“𝐈𝐂𝟓𝟎”   Concentration of toxicant at which 50% of Aliivibrio Fischeri bacteria     

bioluminescence is inhibited after 15 minutes. 

 

“LS”   low solids: 1:100 (w/wt) solid soil/tailing sample to liquid (SLF or 

water) incubation solution. 

 

“HS”   high solids: 1:10 (w/wt) solid soil/tailing sample to liquid (SLF or 

water) incubation solution. 

 

“Jar”  Jarosite; KFe3+
3(OH)6(SO4)2 

 

“Fh”   Ferrihydrite; (Fe3+)2O3•0.5H2O 

 

 

Research definitions: 

 

IKM-T Sample / Trial Nomenclature:  -> “Source-size-ratio-fluid-time” 

 

Where: 

“Source”   Solid sample source. 

“Size”    Sample particulate size. 

“Ratio”   Ratio (w/wt) of solid sample : incubation fluid  

“Fluid”   Incubation fluid  

“Time”   Incubation time 

 

 

“Bioaccessibility”  “The soluble fraction of the toxicant of interest within SLF.” 
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1. ABSTRACT 

 

This paper provides a risk assessment of pertinent toxic contaminants in the tailings of the 

Iron King Mine using a model of aeolian transport fated in human alveolar lung. Here, we 

studied particulate matter of tailings that are 10 microns (𝜇𝑚) or less in diameter (𝑃𝑀10) because 

these is most hazardous fraction. We used in-vitro bioaccessibility and in-vivo Microtox® data to 

determine the relationships between chronic inhalation of these tailings.  

Our data suggest that arsenic and zinc are the two principle drivers for toxicity of the Iron 

King Mine’s PM10 tailings and that arsenic will solubilize in human alveolar biofluids at the 

expense of other noteworthy elemental contaminants in the tailings. The principle contaminant of 

concern for chronic exposure is arsenic, due to its increased bioaccessibility over time. Our data 

show that synthetic lung fluid (SLF) mitigates the toxic effects of arsenic, despite its increase in 

bioaccessibility over time. Therefore, we suggest a buffering mechanism of phosphate 

competition with arsenate to explain this mitigation of toxicity in SLF. We conclude that public 

health risk of chronic inhalation of IKM  PM10 tailings may be less severe than would otherwise 

be suggested by high concentrations of toxic contamination in the tailings impoundment. 
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2. INTRODUCTION 

 

2.1. Arsenic 

 

Arsenic (As) is a ubiquitous metalloid as 20th most abundant element in the earth’s crust, and 

commonly found in the atmosphere, natural waters, and even living systems. [1] Arsenic is also a 

toxin, known to cause a variety of cancers (varieties including, but not limited to: skin, bladder, 

liver, lung and kidney) in humans. [2] This toxicity, coupled with its widespread distribution at a 

terrestrial abundance of 1.5-3mg kg, makes it of high concern to public health. [3] Indeed, 

Arsenic ranks as the number one chemical on the Agency for Toxic Substances and Disease 

Registry’s (ASTDR) priority list of hazardous chemicals. [4] Along these lines, the U.S. 

Environmental Protection Agency (EPA) limits the permissible concentrations of arsenic to 

10μg l−1. While the primary pathway of arsenic into living systems is through contaminated 

water, arsenic may also be found adsorbed onto particulate matter in the air. Within the crust of 

the Earth, it is often found to precipitate with iron to form ferric arsenates. [5]  

 

2.2. Mining Waste in Arizona & The Iron King Mine 

 

History of hard-rock mining in Arizona predates the state’s founding. Due to the known 

environmental disturbances associated with ore extraction, Arizona consequently has an ongoing 

heritage of environmental contamination surrounding legacy mines within the state. One 

principle source of toxic contamination from these extraction sites derive from the uneconomical 

mineral byproduct that remains after overburden has been removed and useful ore extracted from 

a site: mine tailings. [6] Because these tailings are derived from the mineral vein itself as well 

chemical injections used to extract precious minerals, they are of significantly higher 

concentration of both metal(loids) and contaminants than surrounding soils. Since these 

contaminants are exposed to the surface oxidizing conditions outside of the ore vein, they may 

undergo redox reactions and leach from the site following hydrological input, such as rainfall. 

[7][8][9] Once released from the tailings and into local soils, these contaminants maybe taken up 

by local vegetation and thus pose risks to the ecosystem at large. [10] It is thus logical that the 

bulk of research regarding fate and transport of tailing contaminants has been focused around 

leaching via dissolution in water. However, when tailings are found in arid or semi-arid climates 

like Arizona, aeolian (wind-blown) distribution of contaminants may be a greater factor driving 

their fate and transport. [11][12] Supporting this notion, a lack of surface vegetation on, and 

internal structure in the tailings compound upon this probability. Furthermore, because it is the 

smallest, and thus most reactive, fraction of the tailings that are most likely to be spread the 

furthest in aeolian distribution, this contaminant transport system of tailings in these 

environments should not be neglected due to their implicit hazards for ecological and public 

health. [13] 

 

The Iron King Mine (IKM), located in Yavapai County, Arizona, (about nineteen miles north 

of the state capital of Phoenix) is classified as a superfund site by the EPA due to its tailing’s 

extensive contamination with arsenic and lead. [14] This superfund site is located directly 

adjacent to the community of Dewey-Humboldt, thus compounding reason for attentiveness to 

potential measures of fate and transport. Indeed, a recent study demonstrated that some backyard 
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soils contained levels of arsenic and lead elevated beyond acceptable EPA standards, seemingly 

verifying the implicit hazard of the site. [15] However, some locals protest that the contaminants 

(namely: arsenic and lead) are harmless; “pass[ing] right through the body”. [16] 

 

 

2.3. Bioaccessibility, Bioavailability, Toxicity and Microtox® 

 

Despite arsenic’s known toxicity, the claim that arsenic found in the tailings may be harmless 

to humans may have valid rooting. Though presence of arsenic in tailings is a concern, they may 

not be accessible for living system to interact with, as such contaminants may be locked within 

an internal mineral lattice and thus have no possible surface chemistry, or their chemistry may 

not permit their dissolution in a biological fluid found in a living organism. Conversely, the 

contaminant may be a free species adsorbed onto a mineral surface, and would readily dissolve 

into toxic species within biofluids of an organism. The discrepancy between these two potential 

fates of the contaminant underlies the concept of bioaccessibility. The fraction of the 

contaminant in the environment that dissolve in a biologically-relevant medium (such as 

extracellular fluid) is the bioaccessilble fraction, whereas contaminant that has no potential to 

dissolve in this medium is bioinaccessible. In this vein, the fraction of the bioaccessilble fraction 

is taken in living cells is the bioavailable fraction. Typically, raw concentrations of contaminants 

in environmental samples is far greater than the bioaccessilble fraction, which itself may be 

much greater than the bioavailable fraction. In this paper, “bioaccessibility” is defined as the 

soluble fraction of the toxicant of interest within SLF. Therefore, in order to properly assess 

ecological or public health risk of a toxic contaminant, studies that would indicate the 

bioaccessibility or bioavailability are of great value. [17] 

 

While bioavailability assays provide accurate and pertinent information regarding a toxic 

contaminant’s risk, they may be labor and time-intensive, as well as expensive. These traits may 

render the assays less efficient than inexpensive, rapid-screening assays designed for diverse, 

high volume environmental samples, such as acute toxicity assays. In these toxicity assays, a 

controlled dose of toxicant is delivered to a bioreporter that will, as a result decreased 

metabolism or death, produce a linear, quantifiable signal corresponding to the toxic dose. In line 

with the affordable, high-throughput design for high volume, high diversity environmental 

samples, the data generated via these assays (often measured as  𝐼𝐶50, see abbreviations on page 

3 for definitions) may not necessarily require knowledge of quality or quantity of toxicant within 

the sample, thus lending a great deal of flexibility to their design. The Microtox® assay in 

particular is a widely-recognized acute toxicity test used since 1979, analyzing toxicity of 

environmental samples ranging from alluvial soil sediments to sewage. Microtox® uses the 

naturally bioluminescent bacteria Aliivibrio Fischeri (A. Fischeri) and measures a normalized 

change in the bioluminescence of bacterial samples to determine the lethality of an 

environmental sample. 
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2.4. Research Objective 

 .  

This paper seeks to support a burgeoning body of information regarding the potential 

ecological and public health risk the Iron King Mine’s tailings’ (IKM-T’s) known chemical 

contaminants. Specifically, this paper provides an assessment of the toxicity and bioaccessibility 

following a model of aeolian transport fated in human alveolar lung tissue following inhalation, 

as this is the most pertinent form of human exposure to the tailing toxins. Here, we studied 

particulate matter of tailings that are 10 microns (𝜇𝑚) or less in diameter (𝑃𝑀10) because both 

these is most mobile (via aerosolization), potentially hazardous (due to its relative high surface 

area and reactivity), and most relevant (due to their proliferation on the surface of the tailings) 

fraction of the IKM-T. Particles were incubated in a synthetic alveolar lung fluid biofluids (SLF; 

see appendix, table 1 for composition) under physiological conditions. Of particular interest was 

the effect of incubation time on the toxicity of tailings, in order to provide an assessment of risk 

associated with chronic exposure to aerosolized tailing particles. In this vein we sought to 

observe the change in bioaccessibility relevant toxic contaminants in the tailings over time and 

perform a comparative analysis with data from a Microtox® acute toxicity test. In this vein, we 

sought to narrow down focus of toxic contaminants in the tailing that provided most risk to 

ecological and public health over time, following natural patterns of fate and transport.  

 

 

3. METHODS AND MATERIALS 

 

3.1. Iron King Mine Site Description 

 

The Iron King Mine is a legacy mine located in Yavapai county directly adjacent (across 

Arizona State Highway 46) to the town of Dewey-Humboldt. The surrounding area has an annual 

rainfall of 480mm and is thus considered semi-arid. Vegetation surrounding the tailings is 

limited to Pinyon Juniper and scrub chaparral, yet the tailings themselves are devoid of 

vegetation.  

Operation of the mine began in 1906 and produced zinc, lead, gold and silver until the end of 

its operation in 1969. Upon finding the area contaminated with arsenic and lead, the US EPA 

classified the area around the smelter and tailings as a superfund site. [13] A strong reddish tone 

to the tailings is largely attributed an abundance of iron-rich minerals, namely ferrihydrite. The 

size of particles on the surface of the tailings tends to be skewed in the fine particle range: 65.2% 

was reported to be silt size or less (<50𝜇𝑚). By mass, the average lead and arsenic 

concentrations of these fine surface tailings approaches 0.10 and 0.12%, respectively. [13] 
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Figure 1. The Iron King Mine. Top 

left: Environment and native 

vegetarian surrounding the superfund 

site around the “Control ‘L’” site. 

Top right: Location of the Iron King 

Mine superfund site in Yavapai 

County, Arizona. Note that the 

uppermost portions of Arizona have 

been cropped out of the map. Bottom 

left: A view from the surface of the 

tailings pile impoundment. Bottom 

right: Image of the tailings 

impoundment, control “L” site, and 

the Dewey-Humboldt community. 

Image generated using Google 

Earth™. 

 

  

 

 

 

 

 

 

 

Wind generally blows across the tailing impoundment from a northwestern to southeasterly 

direction. [13] Surface soil samples were taken from the location marked “Control ‘L’” on the 

bottom right-hand image of figure 1 to serve as controls to represent the physiochemical matrix 

of endogenous soils that would have minimal contamination from aeolian spread of the PM10 

tailings from the tailings impoundment. 

 

3.2.  𝑃𝑀10 Nanoparticle and Synthetic Lung Fluid Generation 

 

Due to the bulk amount of sample required for the Microtox® acute toxicity protocol, PM10 

dust samples were generated artificially using a dust generator, seen in figure 2. Tailing and soil 

samples of interest were placed into the rotating chamber (shown below in the middle row), and 

the chamber was connected to a power source in order for rotation to occur (see bottom right-

hand portion of figure 2). The lightest particles capable of aerosolization enter a central chamber 

with pressurized clean air that pushes them toward a fractionation chamber. Here, a physical 

filter prohibits any particle with a diameter greater than 10μm to be enter a settling chamber. 

PM10 samples are then collected from the settling chamber. In addition to artificially-generated 

dust samples from an environmental source, synthetic IKM tailings were also created. These 

were composed of a 2:1 (w/wt) ratio of ferrihydrite to jarosite fines. 
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Figure 2: University of 

Arizona Dust Generator 

Operational Schematic. 

Uppermost row: Overview of 

the dust generator, showing 

rotating chamber for dust 

generation, a fractionation 

chamber for size filtration, 

and a settling chamber where 

the particles are collected. 

Second row: Air-flow 

schematic of the rotating 

chamber, showing the 

mechanism by which lighter 

aerosolized particles are 

captured from rotating soils. 

Last row, left-hand side: Dust 

generator shown in its 

housing chamber at the 

University of Arizona. Last 

row, right-hand side: 

Schematic showing the 

mechanics by which rotating 

of the rotating chamber 

occurs. 

 

  

 

3.3. Nanoparticle Incubation 

3.3.1. Synthetic Alveolar Fluid 

 

In this study, one of the primary objectives was to observe the kinetics of change in toxicity 

and bioaccessibility based on incubation time of the toxicant nanoparticles in a biologically-

relevant environment. Because the primary mode of entry of the toxicant aeolian PM10 tailings 

would be through inhalation and incubation in the extracellular pulmonary fluids, a synthetic 

lung fluid (SLF) was developed to mimic the chemical composition of alveolar extracellular 

fluids. The composition of the SLF may be found below, in table 1 in the appendix.  

 

3.3.2. Kinetic Assay Design and Protocol 

 

In this study, we sought to observe the kinetics of change in toxicity and bioaccessibility 

based on incubation time of the toxicant nanoparticles in a toxicologically-relevant biological 

environment. To accomplish this, PM10 samples (tailings and controls) were incubated in lab-

generated SLF to allow for dissolution of potential toxicants from the solid fines into a biofluid 

medium, thus becoming bioaccessilble for later assays with A. Fischeri. Solid samples were 

added in either a low solid (LS) 1:100 (w/wt), or high solid (HS) 1:10 (w/wt) ratio to SLF in a 
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15mL Falcon® tube. Approximately 10g or 10mL of SLF was used in either condition. All 

samples types were triplicated as a check on replicability.  

 
Figure 3 Kinetic assay protocol overview. Upper left: 

PM10 tailings are weighted on a microbalance. Lower 
left: Centrifuge used to pellet solid tailings after initial 

incubation. Right-hand side: Incubating chamber. 

 

Incubated samples were covered with 

aluminum foil to prevent light exposure (and 

thus any confounding factors from 

photochemistry), and then placed within an 

incubating chamber (see figure 3, left-hand 

side). In order to best mimic the environment 

in which toxicant release from the PM10 

tailings would occur, the incubation was kept 

at 37Co. Additionally, samples were rotated 

about two axes: one parallel to, and the other 

perpendicular to the ground, with rotation 

speeds of 17.5 and about 10 rotations per 

minute (RPM), respectively. Samples were 

incubated for either: one hour (1h), one day (1d), ten days (10d), or twenty-two days (22d). All 

controls and HS samples were incubated for 1h. Following incubation, the supernatant with 

bioaccessilble toxicants was removed through centrifugation for ten minutes at 10016 RPM until 

palletization had occurred. The supernatants were then placed at about 2Co until their use for the 

Microtox® protocol. 

 

3.4.Elemental Analysis 

 

All instrumentation in the elemental analysis was provided by the University of Arizona’s 

(UofA) Arizona Laboratory of Emerging Contaminants (ALEC) using induced-coupled plasma 

mass spectroscopy (ICP-MS). Samples were diluted by a factor of 100 prior to sampling. The 

analytical instrument of ICP-MS works in principle by using a plasma beam of ionized gas to 

vaporize and ionize the inputted sample of interest. An inert carrier gas takes ionized sample 

particles through a quadrupole mass spectrometer, whereby molecules are separated via mass-to-

charge ratio.  

 

3.5.Microtox® Acute Toxicity Test 

3.5.1. Testing Organism 

Aliivibrio Fischeri bioluminescent bacteria was purchased from Azur Environmental. Strains 

were derived from the standardized culture (strain NNRL B-11177). Aliivibrio Fischeri is 

naturally found living throughout a worldwide distribution in the oceans. It is also commonly 

found living in symbiotic relationships with certain marine organisms, such as Euprymna 

scolopes, the Hawaiian bobtailed squid.  
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3.5.2. Acute Toxicity Assay: 

 

All toxicity data was gathered using the Microtox® Model 500 spectrometer. Dissolved 

toxicant samples were diluted serially from 100% original concentration (1pph or LS or 10pph 

for HS) to about 0.004% of the original concentration. Bioluminescence from the bacteria was 

recorded at t = 0, 5 minutes, 15 minutes, and 30 minutes after the bacteria had been introduced to 

the sample solution. All samples were run as duplicates.  

In addition to running kinetic acute toxicity tests with SLF, experiments were also performed 

in which the toxicants were incubated in pure H2O instead of the mock biofluid. No difference in 

protocol may be noted between trials in which PM10 tailings were incubated either with water or 

SLF. An elemental analysis was performed on both sample type.

 

 

4. RESULTS 

4.1. Sub-study 1: Elemental analysis of 𝑃𝑀10 dust samples and controls: 

 
 

 

 

 

 

Figure 5. Elemental 

composition of the Iron 

King Mine PM10 tailings. 

Although other elements 

were assayed, their presence 

in the tailings was an 

insignificant fraction. 

Furthermore, some of these 

elements were not known to 

be toxic, and thus were out 

of the scope of this paper. 

 

 

 In order to draw relations between particular toxic element of interest (e.g.: Fe, Zn, As 

and Pb), an elemental analysis of the Iron King Mine PM10 “dust” particles had been performed 

using ICP-MS. Concentrations of these element is shown in figure 6 on page 13. 

186000.00

4990.00

4400.00
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Figure 6. Water-Soluble Elemental Composition of Fe, Zn, As and Pb in Iron King Mine PM10 particles for the 

kinetic sub-study. Shown as the shaded region on the right-hand side of the figure are controls. The unshaded left-

hand side of the figure shows the elemental analysis of the kinetic sub-study samples.  

 

 
Figure 7. Water-Soluble Elemental Composition of Fe, Zn, As and Pb in Iron King Mine PM10 particles for the water 

incubation sub-study. Shown as the shaded region on the right-hand side of the figure are controls. The unshaded left-

hand side of the figure shows the elemental analysis of the two primary samples of this sub-study. Note the difference 

in values for the y-axis from figure 6. 

 

An estimated bioaccessilble elemental fraction was also calculated. See Methods and 

Materials, section x or figure captions for the formulation to determine these data. 
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Figure 8. Elemental bioaccessibility from the Iron King Mine PM10 tailing particles. Controls are shown in the 

shaded region on the right of the figure, whereas the bioaccessibility of the kinetic assay samples (incubated in 

synthetic lung fluid) are shown in the unshaded region on the left. Bioaccessibility was measured as the normalized 

concentration (determined via ICP-MS) of the element in supernatant incubation solution divided by the 

concentration (in mg/kg) of the element composition within the solid tailings. Further information on the 

abbreviation and sample nomenclature can be found on page 2.  

 
Figure 9. Elemental bioaccessibility from the Iron King Mine PM10 tailing particles. Controls are shown in the 

shaded region on the right of the figure, whereas the bioaccessibility of the kinetic assay samples (incubated in 

synthetic lung fluid) are shown in the unshaded region on the left. Bioaccessibility was measured as the normalized 

concentration (determined via ICP-MS) of the element in supernatant incubation solution divided by the 

concentration (in mg/kg) of the element composition within the solid tailings. Further information on the 

abbreviation and sample nomenclature can be found on page 2. Note the difference in values for the y-axis from 

figure 8. 

 

0.00000

0.00500

0.01000

0.01500

0.02000

0.02500

0.03000

0.03500

IK T PM10 LS

SLF 1h

IK T PM10 LS

SLF 1d

IK T PM10 LS

SLF 10d

IK T PM10 LS

SLF 22d

CRTL L LS:

SLF 1h

Jar LS_SLF 1h Fh LS_SLF 1h

B
io

a
c
c
e
ss

ib
il

it
y
 (

%
)

Sample Identifiction

Elemental Bioaccessibility from IKT PM10 Incubated Dust Samples

Fe Zn As Pb

0.00000

0.01000

0.02000

0.03000

0.04000

0.05000

0.06000

0.07000

B
io

a
c
c
e
ss

ib
il

it
y
 (

%
)

Sample Identifiction

Elemental Bioaccessibility from IKT PM10 Incubated Dust Samples

Fe Zn As Pb



Honors College Bachelors Thesis: Chemistry                                       Dylan Hutchison, 2016 

Hutchison 2016 Honors B.S. Thesis 

Toxicity of Iron King Mine tailings in Aliivibrio Fischeri is mitigated by synthetic alveolar lung 

fluid 
 

15 

15 

 

4.2. Sub-study 2: Toxicity following chronic exposure to tailings via inhalation model: 
 

 Shown below are the results from the Microtox® acute toxicity assays. Figures 10 and 

11 display the data from the kinetic study, while figure 12 displays all controls for the toxicity 

assays. Furthermore, figure 10 contrasts the toxicity of SLF and water with A. Fischeri.. 

 

 

  

  
 

 
Figure 10. Relationship between tailings PM10 dust particle incubation time in SLF and toxicity of A. 

Fischeri as measured by percent (%) activity and concentration of the sample toxicant, reported here as a percentage 

of the original fraction of 1 parts per hundred (1% w/wt). Incubation time ranges from 1 hour (1h; top left), 1 day 

(1d; top right), 10 days (10d; bottom left) and 22 days (22d; bottom right). The depth of the color (dark to light 

blue) within an incubation time corresponds to the incubated sample’s inoculation time with A. Fischeri according 

to the Microtox® protocol, with darker colors representing a longer incubation time (e.g.: 30 minutes = navy blue; 

15 minutes = cerulean; 5 minutes = blue-grey).  
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 The data as shown in figure 10 are shown again in figure 11 (page 14) with each of the 

conditions overlapped and coloured for comparative analysis. 

 
Figure 11. Relationship between tailings PM10 dust particle incubation time in SLF and toxicity 

of A. Fischeri as measured by %activity and concentration of the sample toxicant, reported here 

as a percentage of the original fraction of 1 parts per hundred (1% w/wt). Tailing incubation time 

in SLF is reported in days, with each incubation time scaled to a color (e.g.: 1-hour incubation 

time to red, 1-day incubation time to yellow, etc.). The depth of the color within an incubation 

time corresponds to the incubated sample’s inoculation time with A. Fischeri according to the 

Microtox® protocol.  

 

Sub-study 3: SLF Toxicity Buffering Capacity  

 

 In order both to gauge the validity of the toxicity data shown above as well as to provide 

a reference for comparison, a multitude of pertinent controls were used as toxicants in the 

Microtox® protocol. Additionally, the effects of the toxicity of the incubating biofluid – SLF – 

was compared to a control of D.I. water.  
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Figure 12. Controls and toxicity buffering capacity of SLF. Figures show the relationship 

between tailings PM10 dust particle incubation time in SLF and toxicity of A. Fischeri as 

measured by %activity and concentration of the sample toxicant, reported here as a percentage of 

the original fraction of 1 parts per hundred (1% w/wt). The depth of the color within an 

incubation time corresponds to the incubated sample’s inoculation time with A. Fischeri 

according to the Microtox® protocol. 𝛂: Top row, left-hand side: SLF blank control. Pure SLF 

was added to the A. Fischeri bacterial reagent without any other toxicant. 𝛃: Top row, center: 

IKT-PM10 LS SLF1h. 𝛄: Top row, right-hand side: IKT-PM10 HS H2O1d. Note the scale: the 

concentration values on the x axis have been reduced in scope by two orders of magnitude in 

order to show a meaningful trend. 𝛅: Middle row, left-hand side: Control “L” soil sample PM10 

LS H2O 1h. 𝛆: Middle row, center: Synthetic IKT-PM10 LS H2O. 𝛜: Middle row, right-hand 

side: IKT-PM10 LS H2O 1h. 𝛉: Bottom row, left-hand side: Control jarosite (KFe3+
3(OH)6(SO4)2 

) fines, LS in SLF 1h. 𝛝: Bottom row, center: Control ferrihydrite ((Fe3+)2O3•0.5H2O 

) LS in SLF 1h. 𝛍 Bottom row, right-hand side: Control ferrihydrite with 1:5 As:Fe isomorphic 

substitution fines, LS SLF 1h. Non-control graphs are shown as highlighted in blue boxes in the 

upper right-hand corner of the figure. 

5. DISCUSSION 
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The largest element by composition within the Iron King Mine tailings is iron. In the 

elemental composition data (see figures 6 and 7), iron may be seen as the predominant element 

dissolving in solution - with the notable exception of the twenty-two-day incubation of the 

tailings where arsenic dissolution appears orders of magnitude higher in concentration than iron. 

Examining bioaccessibility data (see figures 8 and 9), these data suggest that the magnitude of 

iron dissolution is simply proportional to its concentration within the solid, dry tailings.  

Controls in figure 12𝛂, 𝛉 and 𝛝 suggest a baseline by which toxicity data should be 

normalized accordingly, with figure 12 𝛂′s pure SLF incubation being an absolute baseline. 

Taking this into account, controls in figure12𝛉 and 𝛝 each show an increase in inhibition of the 

bioluminescent reporter signal, as well as a negative slope indicating increased toxicity with 

time. Figure 12𝛍 shows a control single mineral (ferrihydrite) with a very high degree of arsenic 

isomorphic substitution for iron, with a much greater toxic effect. These data strongly show the 

toxic effect of arsenic on A. Fischeri. 
Arsenic bioaccessibility appears to increase over time in the SLF biofluid, as evidenced both 

by the supernatant elemental composition and bioaccessibility data. Furthermore, this trend 

appears to increase geometrically. More research may be done with longer incubation times both 

in order to verify the exponential growth as well as to accurately quantify it. Interestingly, 

increased bioaccessibility of arsenic over time seems to come at the expense of decreased 

bioaccessibility of iron. Similarly, as the bioaccessibility of arsenic increases over time, the 

bioaccessibility of zinc decreases in suit. Therefore, it can be seen that the dissolution of arsenic 

into the biofluid promotes the precipitation of these other two elements.  

Because the bioaccessibility of arsenic grew geometrically in the SLF over time, a cursory 

comparative analysis of the toxicity data may reveal a trend showing a correlation between 

toxicity of A. Fischeri cultures and bioaccessibility of arsenic. This is especially true at t=0, 

when toxicants are first introduced to the bacterial cultures. Furthermore, this trend is replicated 

by the overall slope of each curve, with the notable exception of the 1-hour incubation sample. 

However, given the relatively high range of error for this sample compared to the other three, it 

is quite possible that it, too, follows this trend. Furthermore, the increased toxicity of the 10-day 

incubation sample may be explained by the increased concentration of dissolved in this sample, 

which also appears toxic to the cells, given the results of incubated ferrihydrite with A. Fischeri 

as seen in figure 12𝝑. 
It can be seen that SLF incubation mitigated both the bioaccessibility and toxicity of 

toxicants. This may be observed best through careful analysis of figure 12. Here, it is shown that 

while SLF alone is mildly toxic to A. Fischeri, this toxicity reduces bioluminescence only by 

about 15% until the inhibiting effect levels off. All other toxicity data show a plateau either at a 

greater inhibition point, or a negative slope indicating increased toxicity over time (not seen in 

the SLF). No more is this trend apparent than in a comparative analysis of toxicity when samples 

were incubated in either SLF or pure water. Note: the toxic effects of water alone should be 

mitigated by the Microtox® protocol in which every sample is diluted in an ionic solution to 

maintain an optimal osmotic gradient for the A. Fischeri cultures. Incubation in water drastically 

increases toxicity of the sample, as shown in figure 12𝛃, 𝛄, and 𝛜. This trend is quite significant, 

as it suggests that one or more of the chemical species within the SLF milieu counteracts both 

the mechanism of dissolution into incubating medium, as well as competing (either competitively 

or non-competitively) for the inhibiting effects of the toxicants within the complex molecular 
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biochemistry of the A. Fischeri cultures. Composition of the SLF can be found in the appendix as 

table 1. It is suspected that this mitigation is due, in part, by the SLF’s phosphate groups 

competitively interfering with phosphate sites on biomolecules in A. Fischeri in which toxic 

arsenates may be binding to and interfering. Complementary to this thesis, control soils from 

around the region, as well as synthetic tailings made to resemble the tailing chemical 

composition (see Methods and Materials, section 3.2, page 9 for composition) showed a 

heightened degree of toxicity when incubated in water versus similar controls incubated in SLF. 

Further studies using much longer incubation periods, control SLF’s without phosphate groups, 

and/or higher arsenic concentrations would do well to show the validity of this phosphate 

buffering model of toxicity mitigation. 

 Lastly, it must be acknowledged that arsenic is not the only contaminant driver to 

toxicity. Examining figure 9, it can be seen that the primary difference between the HS IKM 

tailings and the HS 1:5 (w/wt) As:Fe ferrihydrite is the large presence of bioaccessilble zinc in 

solution. Furthermore, figure 12𝛾 and 𝜇 highlights a drastically-increased toxicity in the IKM 

sample versus the high arsenic control.  

 

6. CONCLUSION 

 

In conclusion, these data suggest that arsenic and zinc are the two principle drivers for 

toxicity of the Iron King Mine’s PM10 tailings. These data suggest that in a human lung fluid, 

arsenic will dissolve at the expense of other principle elementary contaminants in the tailing 

chemical composition. Therefore, the principle contaminant of concern for long-term exposure is 

arsenic. While there is indeed a correlation between bioaccessibility of arsenic and in-vivo 

toxicity as measured via the bioluminescence of A. Fischeri, toxicity increases only mildly in 

response to increased bioaccessibility of arsenic. However, this is shown to be principally true 

when arsenic is dissolved in the SLF biofluid, as opposed to pure water. In pure water, the 

relationship between increased arsenic concentration and toxicity is quite sharp, with a mild 

increase in soluble arsenic leading to a great effect in reduction of bioluminescence. Therefore, 

we suggest a buffering mechanism of the SLF to toxicity via phosphate group competition with 

arsenate toxicity. Lastly, our data suggest that human lungs have the capacity to significantly 

buffer the toxic effects of the IKM’s aeolian-spread PM10 tailings, but that arsenic concentrations 

will increase geometrically with exposure. Therefore, the remediation of arsenic from these 

tailings should be the principle contaminant of concern. 
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8. APPENDIX 

The appendix contains useful, raw and quantitative data not explicitly shown in Results section. 

 

Formula Concentration (mM) 

MgCl2*6H2O 0.2269 

NaCl 109.8 

CaCl2*2H2O 1.747 

Na2SO4 0.5541 

Na2HPO4 1.055 

NaHCO3 32.21 

Sodium Tartrate Dihydrate 0.7867 

Sodium Citrate Dihydrate 0.5233 

Sodium Lactate 0.9295 

Sodium Pyruvate 1.612 

Glycine 1.576 

 
Table 1. Composition of the synthetic lung fluid (SLF) used in this study. Figure composition as found in Thomas, 

et al. (2016), and used by the Chorover group. Composition derived from a mixture formulated by Scholze, H., & 

Conradt, R. (1987). 

 

 Supernatant Concentration 

 Fe (ppm) Zn (ppm) As (ppm) Pb (ppm) 

CRTL L LS: SLF 1h  64.17156 2.03508 3.94773 0.16788 

IK T PM10 LS SLF 1h  98.72783 98.61157 152.07232 0.01610 

IK T PM10 LS SLF 1d  90.92076 67.74363 206.21737 0.05167 

IK T PM10 LS SLF 10d  612.59808 40.15607 223.02203 9.68215 

IK T PM10 LS SLF 22d  54.02334 34.21818 752.51334 0.24384 

Synth IKT LS H2O Fh/Jar 50/50 1h 180.77566 4.82933 0.77007 0.14154 

Synth IKT LS H2O  1h 43.92545 11.25165 0.46689 0.39622 

FH-As-LS:H2O 1h  3371.44450 2.07722 2404.22871 0.01909 

1:5 As Fe LS H2O 1h 2420.07616 1.53941 2675.88239 0.03983 

Jar LS_SLF 1h 107.70112 2.36007 1.46395 0.03112 

Fh LS_SLF 1h 58.37221 0.39388 0.40535 0.06526 

As FH HS H2O 1h  2889.74268 2.30581 2850.39919 0.00674 

IK T PM10 HS:H2O 1h 4869.28433 8450.36098 18.92345 0.20593 

IK T PM 10 LS H2O 1h  4561.77091 8154.16002 15.78534 1.02760 

Table 2. Elemental concentration of pertinent toxicants in incubating solutions, as measured by ICP-MS. Color 

coding ranges from green to red, with red indicating the highest concentration of toxicant (and thus posing most 

serious risk), and green with the lowest. 
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 Percent Bioaccessibility (%) 

 Fe (ppm) Zn (ppm) As (ppm) Pb (ppm) 

CRTL L LS: SLF 1h  0.00003 0.00004 0.00009 0.00000 

IK T PM10 LS SLF 1h  0.00005 0.00195 0.00340 0.00000 

IK T PM10 LS SLF 1d  0.00005 0.00134 0.00461 0.00000 

IK T PM10 LS SLF 10d  0.00032 0.00079 0.00498 0.00013 

IK T PM10 LS SLF 22d  0.00003 0.00069 0.01710 0.00000 

Synth IKT LS H2O Fh/Jar 50/50 1h 0.00001 0.00010 0.00002 0.00000 

Synth IKT LS H2O  1h 0.00011 0.00022 0.00001 0.00001 

FH-As-LS:H2O 1h  0.00168 0.06320 0.02814 0.00000 

1:5 As Fe LS H2O 1h 0.00159 0.00003 0.05509 0.00000 

Jar LS_SLF 1h 0.00080 0.00005 0.03185 0.00000 

Fh LS_SLF 1h 0.00004 0.00002 0.00001 0.00000 

As FH HS H2O 1h  0.00008 0.00001 0.00310 0.00000 

IK T PM10 HS:H2O 1h 0.00020 0.00781 0.00286 0.00000 

IK T PM 10 LS H2O 1h  0.00245 0.02512 0.95960 0.02239 

Table 3. Percent bioaccessibility of pertinent elemental toxicants, derived from elemental concentration data as seen 

in table 2. Color coding ranges from green to red, with red indicating the highest concentration of toxicant (and thus 

posing most serious risk), and green with the lowest. 
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