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ABSTRACT 
Mining poses ecological and human health risks. The state of Arizona has naturally occurring 

metal(loid)s that can be concentrated and transported during mining activities. These activities 

can increase human exposure to the mined and processed metal(loid)s. Exposure to metal(loid)s 

such as arsenic (As), lead (Pb), manganese (Mn), and copper (Cu) are associated with cancer and 

noncancer outcomes. This work outlines a co-created community science process with the rural 

town of Superior, AZ, where the community is subject to potential environmental hazards from 

legacy, active, and proposed extraction activities. Gardenroots, a co-created community science 

environmental health project started in Superior, AZ in 2018. Community scientists and 

university researchers determined metal(loid) concentrations in drinking water, soil, and dust. 

After extensive data sharing efforts, participants began to question past remediation efforts and 

pose new research questions, e.g.: (1) What sites were remediated?; (2) What determined a site’s 

eligibility for remediation?; and (3) How can we protect families that are unknowingly moving 

into homes that may have contaminated soil?. Thus, to answer the community questions, 

Gardenroots efforts evolved and responded by: (a) maintaining community engagement, (b) 

identifying and consolidating past monitoring and remediation efforts in the area, (c) creating an 

interactive soil map that visualized As, Pb, Mn, and Cu concentrations in soil; and (c) 

determining site-specific Pb and As gastric bioavailability. The soil visualizations include soil 

data from pre- (126 property values) and post-smelter (17 property values) demolition. To 

determine the bioaccessible fraction (BAF) of Pb and As, In-Vitro Bioaccessibility Assays EPA 

Method 1340 was conducted using the Gardenroots residential soils. Our assay calculations 

indicate bioaccessible fraction for As (12%-53%) and Pb (3%-79%). To provide additional soil 

sampling and prompt further soil remediation efforts, we worked with local, state, and federal 
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agencies to organize and hosted a Center for Disease Control – Agency for Toxic Substances and 

Disease Registry soilSHOP on June 4, 2022. At this soilSHOP, we provided soil screening and 

health education to the Superior, AZ region. Based on community reporting and media tracking, 

Gardenroots and the soilSHOP prompted further action by Broken Hill Proprietary (BHP) 

Copper, to continue with their Voluntary Remediation Program (VRP) being overseen by the 

Arizona Department of Environmental Quality. The VRP is designed to provide environmental 

monitoring and remediation in town. It is anticipated that the recent actions taken by BHP 

Copper and Resolution Copper are a result of the co-created community science and soilSHOP, 

both of which are designed to reduce information disparities and increase environmental health 

literacy. 

 

Key Words: Bioaccessible arsenic and lead; Co-created citizen science; community science; 

mining contamination; soilSHOP 
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INTRODUCTION  
 

Explanation of Thesis Format  

This thesis attempts to address the complex topics surrounding legacy, active, and 

proposed mining in Superior, AZ, with a specific focus on soil quality, using a co-created 

community science approach. This thesis is designed to address community concerns and 

advance our understanding of soil quality and human health. The literature review investigates 

the role of soil bioaccessibility analyses in human risk assessments. To address community 

concerns regarding exposure, Appendix A focuses on the bioaccessible As and Pb in site-specific 

soil samples collected by Gardenroots participants. To tease out what may impact the 

bioaccessibility of As and Pb, soil characteristics and environmental variables were also 

analyzed and reported (Appendix A). Another community concern was about past soil studies in 

town; thus, Appendix B visualizes and critiques the Northwest Study Area (NSA) Remediation 

Project (2004-2012) via the Arizona Department of Environmental Quality’s Voluntary 

Remediation Program. Visualizations include maps and graphs of the NSA and Gardenroots soil 

concentrations for As, Pb, Mn, and Cu (Appendix B). To further engage community members 

and prompt action, a multi-organization soilSHOP was completed (Appendix C). To address the 

contentious proposed mining project, Resolution Copper Project (RC), on sacred Oak Flat and to 

connect my training through the Indigenous-Food, Energy, Water, Security, and Sovereignty 

(Indige-FEWSS) Traineeship, Appendix D attempts to join the present study with my traineeship 

experiences.  
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Context 

This research is part of the University of Arizona (UA) Gardenroots project 

(https://gardenroots.arizona.edu/), which assesses the residential environmental quality of 

communities neighboring resource extraction activities through a co-created community science 

design (Ramírez-Andreotta et al., 2020; Sandhaus et al., 2019; Manjón et al., 2020). Based on 

local observations and historical knowledge, community champions and members of the 

Concerned Citizens and Retired Miners Coalition of Superior, AZ (Coalition) reached out to the 

UArizona's National Institute of Environmental Health Sciences Superfund Research Program in 

2018 with environmental quality concerns, specifically related to the removal of the Cu smelter 

smokestack and associated demolition dust in the town of Superior, AZ, USA.  Shortly after, a 

partnership was formed to understand the environmental impact that past mining has on their 

area (University of Arizona Superfund Research Program, 2019). After a series of environmental 

health presentations, Gardenroots started in Superior, AZ to analyze residential soil, water, and 

dust samples (Appendix A, Figure 2). All environmental monitoring data were reported back to 

participants via four virtual data-sharing events via Zoom (July 23, 2020, July 25, 2020, August 

25, 2020, and September 22, 2020). In response to their data, community members had 

additional inquiries and two additional follow-up community meetings were hosted to facilitate 

discussions on the next steps and propose new research initiatives (Appendix A, Step 5 in 

Figures 2 and 3). This study aims to address those concerns. 

 

Problem Statement  

Soil is a sink for metal(loid)s and can serve as an exposure pathway via ingestion, 

inhalation, and dermal absorption. One source of excess metal(loid)s is hard rock mining and 
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processing. Underground mine waste is brought to the surface as tailings, where they are more 

susceptible to wind and water erosion and eventual uptake into the food chain. Smelting ore can 

also release fine ash and dust into the atmosphere to settle in residential properties, be wind-

blown, and/or be incorporated into other environmental media. Thus, people living in areas close 

to legacy, active, and proposed mines are exposed to contaminants that may cause adverse health 

effects and/or even cancers. To protect people living adjacent to this industrial waste, 

community-led research initiatives and collaboration occurred in the mining town of Superior, 

Arizona. 
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Review: The incorporation of bioaccessibility analyses 
in human risk assessments 

 

1. Introduction to the review  

This review will identify how to create human health risk assessments (RA) for arsenic 

(As), and it will evaluate methods to improve RAs by using: (1) property-specific 

bioaccessibility values in calculations and (2) continual community-led participation. This 

review will cover human health risk assessments and their limitations, As exposures and public 

health, proposed risk assessment to protect communities, and overall recommendations and 

future risk assessment efforts. This review intends to identify an alternative RA that will be more 

applicable to protecting people from As-contaminated soils. 

 

2. Human health risk assessments 

2.1. Introduction to human health risk assessments

A risk assessment, as defined by the National Research Center, is the “use of the factual 

base to define the health effects of exposure of individuals or populations to hazardous materials 

and situations” (National Research Council [NRC], 1983). The purpose of RAs is to inform 

policy to protect the population (NRC, 1983); RAs have four steps (1) hazard identification, (2) 

dose-response assessment, (3) exposure assessment, and (4) risk characterization (Environmental 

Protection Agency [EPA], 2002). The RA intends to characterize the risk to a human depending 

on the dose and exposure of that hazard to inform decision-makers to protect human health 

(EnHealth, 2004). The first step, hazard identification, associates the chemical to the human 

health-effect by toxicological and health studies done on animals or by in-vitro tests (NRC, 

1983). The second step, dose-response assessment, relates the “magnitude of exposure” and 
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“probability of occurrence of the health effects in question” on a certain person given their 

biology and statistics gained from animal study extrapolation (NRC, 1983). The third step, 

exposure assessment, estimates the magnitude of human exposure pre and post regulatory 

control, and it identifies exposure routes (NRC, 1983). The last step is risk characterization 

which describes the health risks that exist for the public in steps 2 and 3 while including the 

uncertainties (NRC, 1983). Still, many shortcomings are present in estimating a human’s 

response to an environmental hazard due to the highly variable lifestyles of people (NRC, 1983).  

 

2.2. Introduction to the public health threats associated with arsenic exposures 

Elevated levels of metal(loid)s in the environment pose a health risk for human and 

ecosystem health (Rehman et al., 2018). Arsenic is of main concern due to its carcinogenic and 

non-carcinogenic human health effects and its reported natural occurrence (i.e., geogenic) in 

many parts of the world (NRC, 2000). This review will highlight the shortcomings in current 

Risk Assessments related to As exposure from residential soils to accurately protect the health of 

people living in communities subject to industrial and geogenic sources of As in the 

environment.  

The Department of Health and Human Services (DHHS), the International Agency for 

Research on Cancer (IARC), and the Environmental Protection Agency (EPA) classify inorganic 

As a human carcinogen (Agency for Toxic Substances and Disease Registry [ATSDR], 2007). 

Arsenic occurs naturally in the environment and can be mobilized by industrial activities, such 

as, from agricultural runoff, As-containing preservatives used on wood, As chemicals, and 

mining (Rossman, 2007).  
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Arsenic is a metalloid with an atomic number of 33, has an atomic mass of 74.9216 amu, 

and is in Group 15 (V) of the periodic table of elements (Carapella, 1992; Bissen & Frimmel, 

2003). Arsenic has four oxidation states of -3 (arsine), +3 (arsenite), +5 (arsenate), and 0 

(arsenic) (Carapella, 1992; Bissen & Frimmel, 2003). Although toxicity varies, the following 

compounds show usual descending toxicity in order: inorganic trivalent compounds, organic 

trivalent compounds, inorganic pentavalent compounds, organic pentavalent compounds, and 

elemental As (ATSDR, 2021). The identified hazards of As are, and continue to be, studied but 

more research is needed to understand the absorbed dose to better inform the next steps of the 

RA such as the (2) dose-response and (3) exposure assessments (ATSDR, 2007).  

The duration, dosage, and exposure route of inorganic As will dictate the associated 

human health risks (ATSDR, 2007). Arsenic short-term exposure to high levels results in 

gastrointestinal, hepatic, renal, and cardiovascular health issues (ATSDR, 2007). Long-term 

exposure to As is linked to peripheral neuropathy and cancers in many organs (ATSDR, 2007). 

Research continually identifies the hazards of As by the response to the dose and duration of 

exposure, thus, the exposure routes must be identified.  

The main exposure routes to As are ingestion via the consumption of As-accumulating 

food products, drinking water, incidental soil or dust ingestion, and inhalation (ATSDR, 2007). 

Soil is a sink for pollutants and a main exposure pathway to pollutants is by oral ingestion, 

especially in children who suffer from pica (Ma et al., 2019; Rossman, 2007). Pica is a disorder 

and condition where, in this case, children eat nonfood items, like soil (Leung & Hon, 2019). 

Inorganic As is a known human carcinogen and the adverse health effects are dependent 

on the magnitude of exposure as seen in Table 1 (ATSDR, 2007). Drinking water that has 300-

30,000 μg L-1 (ppb) As can cause nausea, vomiting, diarrhea, abdominal pain, and even a 
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decreased production of red and white blood cells causing fatigue, heart rhythm abnormalities, 

blood-vessel damage, and impaired nerve function in the extremities (ATSDR, 2007). Drinking 

water with As concentrations >60,000 μg L-1 (ppb) can cause death (ATSDR, 2007). 

Furthermore, long-term oral exposure to As causes skin changes (ATSDR, 2007). Additionally, 

short-term high dosage (i.e., possibly >100 µ𝑔𝑔/𝑚𝑚3) inhalation of As can cause sore throat and 

irritated lungs, and long-term lower dosage inhalation can lead to skin changes and nervous 

system disorders (ATSDR, 2007). Some studies reveal adverse effects to fetal development due 

to inhalation of As (ATSDR, 2007). To measure the fraction of the total metal(loid) in soils and 

sediments that is accessible for incorporation into the human body, in-vivo and in-vitro methods 

are employed (EPA, 2017 and 2017b).  

 
Table 1. Arsenic’s Short-Term Minimal Risk Levels (MRLs) (Mizuta et al., 1956; Tseng, 1977; 
Tseng et al., 1968 as stated in ATSDR, 2007). 
 

Since in-vivo methods on animals are expensive, time-consuming, and may be against 

someone’s belief, in-vitro methods are being used by researchers and in huma health risk 

assessments for site-specific remediation values for Superfund Sites (EPA, 2017). US EPA 

Method 1340 (SW-846) measures the bioaccessible fraction of Pb and As and can be used for 

sediments and soils to calculate the incidental ingestion of contaminated residential site-specific 

soils (EPA, 2017). Arizona communities are exposed to As due to extraction of naturally 

occurring elements in the rock from legacy and active hard rock mining. Since soil is a sink for 
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pollutants (Gankhurel, 2020) and exposure to residential soils is high, especially for children and 

gardeners, the bioaccessible fraction of the total metal(loid) is important to determine for a risk 

assessment to accurately estimate the exposure (EPA, 2017). The toxicity of As is known to 

cause human health risks to children and adults; thus, risk assessments need an (3) exposure 

assessment and (4) risk characterization that is informed with site-specific soil in-vitro 

bioaccessibility values (Manjón et al., 2020).  

 

3. Limitations of the risk assessment process when assessing arsenic exposures and risk 

3.1. Sensitive populations 

A large gap in existing research of As toxicity is seen in the lack of knowledge of the 

additional impacts to women (i.e., people with uteruses) and children (ATSDR, 2007). Dose-

response and risks vary widely based on the child’s size, age, development, behavior, and more 

(see Table 7 in Thompson et al., 2004).  

 Strategic sampling, lab tests, cultural knowledge, and demographics inform the RA 

process. In response to the limitations expressed in the RA section, Thompson (2004) offers 

remedies like aggregated exposure and cumulative risk estimates introduced with the 1996 Food 

Quality Protection Act and the Safe Drinking Water Act. An aggregated exposure estimate 

considers multiple pathways of exposure to a substance instead of just ingestion; similarly, 

cumulative risk incorporates all toxic substances acting in the same mechanism exposed in all 

pathways as the risk (Thompson, 2004). To give more guidance, the Child-Specific Exposure 

Factors Handbook was made in 2002 by the U.S. Environmental Protection Agency. Without 

proper consultation, interviewing, understanding, time, research, and active listening, an 

inaccurate measurement of exposure and risk can be calculated (Van Horne et al., 2021).  
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3.2. Multiple exposure pathways and dose-response 

Arsenic affects people differently especially in terms of age and biology (ATSDR, 2007). 

Factors of As exposure include dose, duration, exposure route, the type of other chemicals 

exposed to, age, sex, diet, family traits, lifestyle, and state of health (ATSDR, 2007). Females 

and children will have more severe risks than do males and older people (NRC, 1983). A dose-

response assessment is made by either an observation of a population’s exposure or by 

extrapolating epidemiology animal exposure observations to estimate the risk of the current 

population (NRC, 1983). This method often has uncertainties because the estimates are usually 

made from the epidemiologic data that may not incorporate certain ages, biology, or other factors 

(NRC, 1983) like communities that are subjected to health and social injustice. Still, the 

observed in-vivo health effects from the research animals’ response value that is extrapolated by 

a response curve to estimate the human health effects to As (NRC, 1983) is used. Dose-response 

identifies the estimated human health risks that could be observed given the current 

concentration of a contaminant, while an exposure assessment addresses the magnitude of 

exposure and routes of exposure to the contaminant (NRC, 1983).  

Determination of contaminant level, patterns of lifestyle, susceptible population, and 

exposure route dictates the next step of RA (NRC, 1983). The level of the contaminant can either 

be directly measured like in the Gardenroots 2019-2020 project (see next section) or by modeled 

estimates of the contaminant in the environment (NRC, 1983; Ramírez-Andreotta et al., 2020). 

In the environment, inorganic As combines with oxygen, chloride, sulfur, and other elements, 

while organic As combines with carbon and hydrogen (ATSDR, 2007). Inorganic As is of more 

concern to human health than organic As because of its ability to become labile in the 
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environment (ATSDR, 2007). Arsenic is naturally occurring especially with Cu and Pb sulfide 

minerals and ores that are mined and smelted to create arsenic trioxide (As2O3) (ATSDR, 2007). 

It can be transformed by reacting with oxygen or by bacteria acting on it (ATSDR, 2007). In 

locations where water is prevalent, elements such as As in sediment and soil that will travel into 

surface waters, build up in some fish and shellfish tissues, and change species in the fish (Chen 

et al., 2010; Usese et al., 2020; ATSDR, 2007). The leftover As will mobilize in the water, 

interact with living matter, and react with elements present in a natural surface water 

environment (ATSDR, 2007). Furthermore, exposure depends on lifestyle patterns and whether 

they are part of the sensitive or susceptible population (NRC, 1983). For example, children (i.e., 

ages 0-18) have higher risks of exposure than adults due to elevated hand-to-mouth behaviors 

and their presence in As-contaminated areas (ATSDR, 2007). As stated in the introduction, the 

exposure route can impact absorption rate of As (ATSDR, 2007). An exposure assessment 

incorporates person- and site-specific data, the risk characterization step summarizes the 

scientific data, and the combined 4 steps create the final human health impact (NRC, 1983). 

The final risk characterization of As is created to inform regulatory and policy action on 

the contaminated medium (e.g., As-contaminated sediment and soil) (NRC, 1983). Given the 

variability of the final risks, limitations are described (NRC, 1983). The limitation of Ras is that 

it assumes and calculates the risk to one contaminant at a time, but this is not representative of 

one’s experience where they may be exposed to more contaminants that may contribute to 

human health issues (NRC, 1983). A RA of one chemical does not fully describe a person’s 

specific risk because there are many factors and other contaminants, especially in communities 

neighboring resource extraction activities in Arizona (Brown and Caldwell, 2013a; Gardenroots 

2019-2020). In Superior, AZ, Gardenroots observed elevated levels of not only As, but also Mn 
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and Pb in soils (Gardenroots, 2019-2020). Similarly, historical remediation efforts measured 

elevated levels of As, Pb, Mn, and Cu in Superior, AZ (Brown and Caldwell, 2013a).  

Furthermore, Arizona’s As background level of 10 mg kg-1 is almost double the 

conterminous U.S. average of 5.2 mg kg-1 (Shacklette & Boerngen, 1984). To further explain 

Arizona’s history, the state is the leading Cu producer in the U.S., and the southern portion of the 

state has Cu porphyry deposits that developed in the Basin and Range Province (Rasmussen, 

2012). Most of these Cu deposits were excavated during historical mining which the ore-bound 

metal(loid)s mobile in the environment (Rasmussen, 2012). There are many more possible 

contaminants that would add to the human health risks assessments such as Pb, chromium, Cu, 

iron, Mn, molybdenum, and more, but this review addresses As. Thus, it is important that dose-

response estimates are accurate and person-specific because they are determined by a decision 

maker’s choice of data about the observed adverse health effects in animals and humans (little 

guidance) (NRC, 1983). These decision makers are usually not a part of the community. To 

better address the specific person’s full risk to contaminants, it is important to understand that 

people can be exposed to multiple contaminants and the results for one RA of As may not protect 

or inform a person for their other health issues. The creation of Ras is notated by the 1983 

NRC’s guidance and continues to be modified by the scientist or creator.  

 

3.3. Lack of community-led and community-informed risk assessments 

To better address the lived exposure of specific people, researchers conduct mixed 

methods approaches as seen in Figure 1 for ‘wicked problems’ in the environment (Necefer et 

al., 2015; Van Horne et al., 2021; Manjón et al., 2020). Ill-informed Ras can neglect to address 

each person’s actual health risk as revealed in events like the BP oil spill and the Gold King 
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Mine spill; thus, the creation of culturally informed assessments can protect the health of the 

local population’s culture and way of life (Van Horne et al., 2021). Accordingly, to measure a 

person’s actual risk to the health issues associated with contaminants, the affected community 

should be involved in the risk assessment process well before the start and well after the finish 

(Van Horne et al, 2021; Manjón et al., 2020). 

Figure 1. A culturally relevant risk assessment process begins with community understanding 
and a cultural model of risk communication. Information adopted from Jenny et al. (2007), 
Ramírez-Andreotta et al., (2014), and Van Horne et al. (2021). 

 

3.4. Bioaccessibility factors  

To protect human health, calculations of presumed exposures and hazards risks are made. 

The last two steps of a RA are “exposure assessment” step in the RA and “risk characterization” 

which uses bioaccessible values which can be decided by in-vitro assays done on soils (Manjón 

et al., 2020; Oomen et al., 2002; EPA, 2017; EPA, 1992). The percentage of arsenicals absorbed 

into the human body can be estimated by in-vivo and in-vitro methods (see Table 2), but only 

human in-vitro methods are ethical. The U.S. EPA in-vitro assay method 1340 measures how 

much the human gastrointestinal tract takes in from ingestion and digestion of particle-bound As 
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and is therefore available for absorption in the body’s gastrointestinal tract (EPA, 2017). These 

measured bioaccessible fractions are used as the bioavailable value in the exposure assessment, 

and the specific characterization of the hazard to correctly characterize the risk posed to different 

people, given that children have a higher risk of exposure than adults (Manjón et al., 2020). 

Arsenic comes in different fractionations in soils and sediments; these fractions govern the phase 

of As, which controls the environmental fate, bioavailability, and toxicity which informs the 

human and ecological risks (Usese et al., 2020; Johannesson et al, 2019; Bissen & Frimmel, 

2003). Moreover, further research must be done to understand if the behavior of As absorption in 

the gut is different in children than in adults (ATSDR, 2007).  

 
Table 2. Absorption of Arsenicals in the Human Gastrointestinal Tract After Oral Ingestion 
(Zheng et al., 2002; Bettley & O’Shae, 1975; Buchet et al., 1981; Crecelius, 1977; Kumana et al., 
2002; Mappes, 1977; Tam et al., 1979; Pouschat & Zagury, 2006; Rodriguez et al., 1999; Ruby 
et al., 1996 as stated in ATSDR, 2007).  
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The RA intends to characterize the risk to a human depending on the dose and exposure 

of that hazard to inform decision-makers to protect human health (EnHealth, 2004). Still, 

shortcomings are present in estimating a human’s response to an environmental hazard due to the 

highly variable lifestyles of people (NRC, 1983).  

 

4. Newly proposed risk assessment to protect communities from arsenic-contaminated soils 

4.1. Community science example and challenges 

Culturally informed RA 

The National Research Council explains the importance of direct contaminant measurements 

over using models for soil fate and transport default measurements of the contaminant so that the 

RA can be most applicable to the community (NRC, 1983). To further improve RAs, site-

specific measured relative bioavailability (RBA) of As in soils need to be measured to inform the 

exposure assessment (Whitacre, 2017). The behaviors of the person living at the site where the 

soil was sampled is imperative to know because the person’s lifestyle patterns will dictate the 

exposure (EPA, 1994; Necefer et al., 2015; Van Horne et al., 2021). Similarly, knowing the 

demographics of the person will describe the level of sensitivity that As has on the individual, 

and, thus, change the risk (Thompson, 2004). So, precise inputs of site-specific samples, lab 

work, culture, and demographics determine the preciseness of RA model outputs.  

Sampling soils at a person’s home to inform the RA will determine the quality of the RA’s 

output. As stated before, the conterminous US geometric mean of As levels in soils is 5.2 mg kg-

1 (Shacklette & Boerngen, 1984), and the AZ residential soil remediation level (SRLs) is 10 mg 

kg-1 which is not based on a risk assessment but on background (i.e., naturally occurring) levels 

(Ariz. Admin. Code § 18-7 App A, 2022). Furthermore, on the topic of remediation levels and 
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risks, the Ariz. Admin. Code § 18-7-206 states that “A person may elect to remediate to a 

residential or a non-residential site-specific remediation level derived from a site-specific human 

health risk assessment”. An example of site-specific SRL calculations are seen in the 

probabilistic human health risk assessments done for the Northwest Study Area (NSA) in 

Superior, AZ overseen by the Arizona Department of Environmental Quality’s Voluntary 

Remediation Program (VRP) funded by BHP Copper, a joint-owner of the multi-international 

mining RC company (Brown and Caldwell, 2013b, as stated in Brown and Caldwell, 2013a).  

The NSA implements site-specific risk assessment-based remediation efforts but did not 

employ site-specific parameters or analyses. Gardenroots employed the use of community 

informed risk assessments by administering questionnaires to aid in culturally important results 

(Manjón et al., 2020). In Superior, AZ’s Gardenroots project, the community reached out to 

address environmental health concerns regarding smelter outputs and dust (University of Arizona 

Superfund Research Program, 2019). To create the present study, Community members and 

Gardenroots created research initiatives to address the concerns of the community in October of 

2020. The questions were about the information disparity of past remediation and soil studies in 

town; the toxicity of residential soils especially for new families unknowingly moving into 

contamination; and those that may have additional exposures from cultural activities. Thus, the 

newly proposed RA can address the challenges observed in the field and alongside communities. 

 

4.2. Proposed risk assessment to address community-faced challenges  

Site-specific bioaccessibility factors 

Since different As species have differing toxicities, bioaccessible assays of soils help mimic 

the human body’s absorption of the element (Manjón et al., 2020). As specified in Mehta et al. 
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(2019), an in-vitro method was developed by Cox et al. (2013) to measure how much the human 

gastric system absorbs the soil’s contaminant. The definition of ‘oral bioaccessible fraction’ is 

“the contaminant fraction that is released from soil during ingestion and digestion, enters 

solution in the gastrointestinal tract, and is available for absorption. Bioaccessible concentration 

is therefore greater than or equal to the bioavailable concentration and can be used as a 

conservative measure to the bioavailability for human health risk assessments” (Paustenbach, 

2000, as stated in Mehta et al., 2019 P. 2800).  

Other assay methods to measure the oral bioaccessible fraction include DIN method (RUB, 

Germany), the in-vitro digestion model (RIVM, the Netherlands), the physiologically based 

extraction test (PBET), the simulator of the human intestinal microbial ecosystem (SHIME; 

LabMET/Vito, Belgium), and the Simplified Bioaccessibility Extraction Test (SBET) (Mehta et 

al., 2019). Additionally, an important point that this paper mentions is that the type of method by 

which these contaminants are available and mobilized into the environment may impact the 

procedure taken for the RA in mining communities especially abandoned mines because of the 

soil properties of pH, organic matter, clay, Fe oxides, and alumino-silicates (Mehta et al., 2019). 

To drive the point home further, investigation of the mineralogy (see Table 2 in Whitacre, 2017), 

mineral phase geochemical compositions, and distribution of the contaminant is necessary to 

accurately understand the bioaccessibility of the contaminant (Mehta et al., 2019; Whitacre, 

2017). Risk assessments are more precise when bioaccessible fractions are found from the local 

soil samples by in-vitro assays. 

Using the total As concentration of a soil overestimates the exposure because the body only 

absorbs a fraction when the exposure route is incidental soil ingestion; so, the commonly used 

relative bioavailability (RBA) is 60% for soil As (EPA, 2010, as seen in Whitacre, 2017). 
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Furthermore, animal trials can be used to understand how much As is taken up in humans by in-

vivo methods, but current and future efforts are focusing on in-vitro methods that simulate the 

human gastrointestinal tract (Whitacre, 2017). The two most common in-vitro methods in the 

U.S. are the GI fluids that are pH buffered (e.g., 0.4 M glycine gastric solution with pH 1.5) and 

pH unbuffered (e.g., unbuffered gastric solutions with pH 1.8 and then, an unbuffered intestinal 

solution with pH 6.5); these methods are compared to each other in relation to the in-vivo method 

to test for accuracy (Whitacre, 2017). Additionally, Whitacre (2017) indicates that the total As 

concentration of a soil does not determine the measured bioaccessible fraction (Whitacre, 2017).  

Furthermore, the soil’s source can dictate the amount of bioaccessible As in the sample; for 

example, in-vitro measurements were significantly less than in-vivo measurements of gold mine 

tailings (Whitacre, 2017). The paper describes that the reason for this occurrence is due to the 

high redox potential in the engineered GI fluids that does not allow As to become soluble like a 

natural stomach would do; to solve this issue, the Ohio State University in-vitro gastrointestinal 

(OSU-IVG) method was modified to the California Bioaccessibility Method (CAB) by adding 

ascorbic acid to the gastrointestinal fluid (GF) (Whitacre, 2017; Rodriguez & Basta, 1999; 

California Department of Toxic Substances Control Brownfields and Environmental Restoration 

Program, 2015). Laboratory work on site-specific soil samples reveal the amount of possible 

exposure; similarly, RAs are more precise when the calculations are culturally informed by 

residents. 

In addressing another limitation, location specific use of land and subsequent exposure to As 

is valuable to know for RA creation. In Van Horne et al. (2021), researchers attempted to solve 

the issues of the deficient risk assessment formulated by the United States Environmental 

Protection Agency (EPA) in response to the Gold King Mine Spill (GKMS) of 2015 by 
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conducting a mixed methods interviewing approach (Figure 1) to determine the impact on Diné 

(Navajo) people. Three million gallons of acid mine drainage spewed out into Cement Creek 

traveling hundreds of miles and into the San Juan River (through Durango, Colorado) and on the 

Navajo Nation in Arizona, New Mexico, and Utah (Van Horne et al., 2021). The EPA’s risk 

estimate only addressed recreational usage of the water and sediment by a hiker for a 64-day 

period consuming 2 liters of water per day (Van Horne et al., 2021). The risk estimate results 

conveyed no adverse side-effects, but this assessment greatly neglected the actual use of the river 

by the people of the Navajo Nation (Van Horne et al, 2021). The paper exposed 43 unique 

activities of Diné people that heavily incorporated the San Juan River, and these activities had to 

be halted due to the GKMS’s state of emergency (Van Horne et al, 2021). The 43 activities fit 

into categories of livelihood, dietary, recreation, cultural and spiritual, and arts and crafts (Van 

Horne et al., 2021). Knowledge of land use and subsequent exposure duration is represented by 

qualitative data measurements laid out by Necefer et al. (2015) and Van Horne et al. (2021). 

Information about the demographics at each site further clarifies the RA.  

 

5. Conclusion  

5.1. Overall recommendations for the field and future risk assessment efforts 

To measure a person’s risk and the health issues associated with As exposure, human-

health risk assessments are conducted. However, these assessments can neglect site-specific 

chemical parameters as well and individual and population-specific behaviors and activities, 

which in turn, fail to capture a person and communities’ actual risk. This introduction covers the 

steps of making a risk assessment, the implications and applications, the shortcomings, and 

criteria for improvement. The criteria include: (1) data on contaminants, (2) location specific 
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concentrations, (3) thorough understanding of the soil and its human health hazards, (4) 

integration of community-led knowledge of exposure pathways, and (5) the use of 

sociodemographics. By using: (a) property-specific bioaccessibility values in calculations and (b) 

continual community-led participation, this review paper identified alternative RA methods that 

can further protect people from As-contaminated soils.  
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PRESENT STUDY 
Introduction to the present study 

In October 2020, the Gardenroots team facilitated the “Ask questions and proposed new 

research initiatives” step of Gardenroots (Appendix A, Figure 2 and 3). Community members 

had the following questions: “What determined a site’s eligibility for remediation in the past?”; 

“What sites were remediated?”; and “How can we protect families moving here?” (Appendix A, 

Figure 3). Collectively, community members and the Gardenroots team saw the need for the 

research translation of risks associated with metal(loid) contamination. Past soil studies that had 

been conducted in the area by the mining industry (i.e.. BHP Copper of Resolution Copper), and 

future soil remediation efforts being overseen by the Arizona Department of Environmental 

Quality’s Voluntary Remediation Program (VRP) (Appendix C, Figure 6 and 8). The four soil 

contaminants of concern (COCs) are arsenic (As), lead (Pb), manganese (Mn), and copper (Cu) 

(Brown and Caldwell, 2013; University of Arizona Superfund Research Program, 2019). 

 

Research Initiatives 

The goals of the study are: (1) using the Superior, AZ residential soils, conduct 

bioaccessibility assays for As, Pb, Cu, Mn to inform exposure assessments and future 

remediation efforts (i.e., the Voluntary Remediation Project funded by BHP Copper, joint-owner 

of the Resolution Copper Company) (Appendix A); (2) compile existing Superior, AZ soil data 

and create data visualizations to improve our understanding of historic As, Pb, Mn, and Cu 

concentrations (Appendix B); and (3) provide additional soil screenings and health education 

through a soilSHOP and evaluate the community service to inform future efforts (Appendix C).  

 

Materials and Methods 
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The Gardenroots study is based on a co-created community science model. (University of 

Arizona Superfund Research Program, 2019). The Gardenroots soil samples were measured for 

pH, electrical conductivity, and particle size distribution to analyze the influences on As and Pb 

bioaccessible fraction (BAF) of the total metal(loid) concentrations (Appendix A). The past soil 

monitoring and remediation studies were compiled with the current Gardenroots soil results to be 

visualized in graphs (Tableau; Excel), analyzed for statistically significant temporal changes, and 

shown in interactive maps (Appendix B). To provide a community environmental education 

event, a multi-organization soilSHOP was hosted in Superior, AZ on June 4, 2022, and evaluated 

(Appendix C).  

 

Conclusion and Research Implications 

This study aimed to address community concerns regarding pollution information disparities 

and site-specific soil contamination. In this work, it was observed that:  

• Four properties sampled in NSA study showed an increase in COCs concentrations 

• The NSA remediation efforts varied and were inconsistent 

• There are contaminated properties outside of the NSA borders 

• The biogeochemical history of the site-specific soil may explain the high variations of 

COC BAF: As (11.94-52.60%), Pb (3.20-79.11%), Mn (29.01-110.27%), and Cu 

(22.25-90.09%). 

• Increase in soil pH decreases Pb BAF and increases As BAF 

The results of this study can help inform future research regarding the bioavailability of As, Pb, 

Mn, and Cu in mine-impacted soils; continual community engagement with residents exposed to 

industrial pollution; and ADEQ’s VRP to include more properties in the Superior Soil Study 

Area (SSSA) that began soil collection June 2022. In addition to the town of Superior, AZ, the 
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Resolution Copper (RC) mine prospecting and preparation can expose other areas like Oak Flat 

and San Carlos Apache Reservation to harmful contaminants. Sites outside of the NSA borders 

and the town should be considered in future remediation actions by BHP Copper. Soil, water, 

dust, and fauna are all mechanisms of mobilization and continual exposure for today and the 

future, especially in the semi-arid, windy, and drought-stricken climate of Southeast Arizona.  

 

Relevant Acronyms and Words 

ADEQ – Arizona Department of Environmental Quality 

ADHS – Arizona Department of Health Services (also referred to as AZDHS) 

VRP- Voluntary Remediation Program 

NSA- Northwest Study Area 

WSS – Web Soil Survey 

SSSA – Superior Soil Study Area 

EPA- United States Environmental Protection Agency 

IVBA - In Vitro Bioaccessibility Test Method 1340 (SW-846) Assay for Lead in Soil 

BAF – bioaccessible fraction 

RBA – relative bioavailability 

RA – risk assessment 

IESHRL – Dr. Mónica Ramírez-Andreotta’s Integrated Environmental Science and Health Risk 

Laboratory 

RC – Resolution Copper 

BHP – Billiton Hill Proprietary 

NHANES- National Health and Nutritional Survey 



39 
 

Gardenroots – the University of Arizona (UA) Gardenroots project 

(https://gardenroots.arizona.edu/), which assesses the residential environmental quality of 

communities neighboring resource extraction activities through a co-created community science 

design (Ramírez-Andreotta et al., 2020; Sandhaus et al., 2019; Manjón et al., 2020).  

Metal(loid)s – metals and metalloids. Metals (e.g., lead (Pb), manganese (Mn), and copper (Cu)) 

are elements that have metallic bonds and form cations. Metalloids (e.g., arsenic (As)) are 

elements that have properties of both metals and nonmetals.  

 

Definitions from Method 1340 Standard Operating Procedure (EPA, 2017): 

Bioavailability (BA): The fraction of an ingested dose (i.e., in vivo) that crosses the 

gastrointestinal epithelium and becomes available for distribution to internal target tissues and 

organs. 

Absolute bioavailability: Bioavailability expressed as a fraction (or percentage) of a dose. 

Relative bioavailability (RBA): The ratio of the bioavailability of a metal in one exposure 

context (i.e., physical chemical matrix or physical chemical form of the metal) to that in another 

exposure context. For example, for this method, RBA is defined as the ratio of bioavailability of 

lead in soil to lead in water. 

Bioaccessibility: An in vitro measure of the physiological solubility of the metal that may be 

available for absorption into the body. 

Batch: A group of analytical and control/QC samples that are extracted simultaneously 

and is limited to 20 environmental samples in addition to the batch QC samples. 

In-vitro: Outside the living body and in an artificial environment. 

In-vivo: In the living body of an animal.  
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APPENDIX A- Superior Soils: in-vitro bioaccessibility 

assay for incidental soil ingestion in a mining 

community 
 

Abstract 

Metal(loid) exposure is linked to cancer, as well as respiratory cardiovascular, liver, 

kidney, bladder, nervous system, blood, and bone diseases. Not only do metal(loid)s impact 

public health they also affect the health of ecological systems. Superior, Arizona is subject to 

environmental hazards, such as legacy mines (e.g., Magma Copper Mine and Silver King Mine), 

the tailings spill of the 1990s, the historical Magma smelter and demolition in 2018, active 

quarry and perlite mines, and the prospecting of the proposed Resolution Copper Mine. To 

address environmental health concerns, a community science environmental monitoring project 

was initiated in 2018. To further understand residential soil toxicities, an in-vitro bioaccessibility 

analysis (EPA Method 1340 -SW-846) was conducted for arsenic (As), lead (Pb), manganese 

(Mn), and copper (Cu). Results showed that of the 23 community-collected soils, the in-vitro 

bioaccessible fraction (BAF) for As and Pb ranged from 11.94 – 52.60% and 3.20 – 79.11%, 

respectively. Since soil is a sink for pollutants and the main exposure pathway is oral ingestion, 

especially in children, an incidental ingestion analysis of soil in Superior, AZ in conjunction with 

community engagement and dissemination of results of property-specific results is important.  

 

1. Introduction 

Environmental media (i.e., dust, water, soil) are a sink for metal(loid)s and can pose as an 

exposure pathway by incidental ingestion, inhalation, and dermal contact. The region in this 
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study is within the “Copper Corridor” of southeast Arizona which has been a leader in Cu 

production. Arizona’s residential soil remediation level (SRLs) for As is 10 mg kg-1 (ppm) which 

is based on the background concentration (i.e., naturally occurring) and not based on a risk 

assessment level (Ariz. Admin. Code § 18-7 App A, 2022). Since soil is a sink for pollutants 

(Gankhurel, 2020), incidental soil ingestion of contaminated soils for people living in Arizona, 

especially those adjacent to mining activities, could be adversely exposed to As and other 

metal(loid)s present in soils.  

A common processing technique of Cu ore is smelting; the dust and plume output from 

five southeast Arizona Cu smelters are enriched with zinc (Zn), antimony (Sb), indium (In), 

cesium (Cs), Pb, As, cadmium (Cd), and tungsten (W); volatilization in the furnace experience 

temperatures around 1500 Celsius (2732 Fahrenheit) and have elements condense onto particle 

surfaces (Germani, 1981). These particle-bound elements from the smelter can become mobile in 

the environment and increase exposure risk for humans. This is problematic since metal(loid)s 

affect numerous systems in the human body (Agency for Toxic Substances and Disease Registry 

[ATSDR], 2007, 2020, 2012, and 2022). Past soil characterization and remediation efforts in 

Superior, AZ focused on the detection and removal of As, Pb, Mn, and Cu in residential soils 

(Brown and Caldwell, 2013). The four soil contaminants of concern (COCs) are As, Pb, Mn, and 

Cu (Brown and Caldwell, 2013; University of Arizona Superfund Research Program, 2019). 

Arsenic is classified as a human carcinogen by the Department of Health and Human Services 

(DHHS), the International Agency for Research on Cancer (IARC), and the Environmental 

Protection Agency (EPA) (Agency for Toxic Substances and Disease Registry [ATSDR], 2007). 

Arsenic causes gastrointestinal, hepatic, renal, diabetes, and cardiovascular health issues 

(ATSDR, 2007). Lead causes neurological, renal, cardiovascular, hematological, immunological, 
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reproductive, and developmental issues, and there is no safe level of Pb or As in soils, especially 

for children (ATSDR, 2020). Manganese exposure can cause nervous system and reproductive 

harms (ATSDR, 2012). Copper is shown to cause gastrointestinal and hepatic system issues 

(ATSDR, 2022). Manganese and Pb can cause adolescent neurodevelopmental issues (ATSDR, 

2012 & 2020).  

Mining requires the extracting of naturally occurring source rock, processing of the rock 

to separate the commodity of interest (i.e., Cu), exposing waste to above-ground conditions, and 

disposing of the waste rock, dust, liquid, and processing chemicals. A common way to process 

Cu often follows a procedure of roasting the ore, concentrating the Cu by smelting (i.e., melting) 

and separation of slag and matte, converting the matte to purer Cu, and casting the Cu in anodes 

to further purify (Germani, 1981). The material that is not purified to copper is considered waste; 

the waste consists of liquid, ash, dust, and additional materials that are discarded. Thus, when 

smelting, minerals in the ore can deposit on the dust particles that are wind-blown in the air 

(Germani, 1981). The contaminant element concentrations are dependent on the smelter 

concentrate, smelter operation, and the devices used to prevent air pollution (Germani, 1981). 

Smelting activities have been shown to impact soil, air, water, plants, animals, and humans that 

are in closer proximity to the stacks (Van Pelt et al., 2020).The Arizona Department of Health 

Services (ADHS) Environmental Toxicology tested 6 elements in drinking water (N= 286) for 

2016-2019, reporting that 22.7% of drinking water samples were above the As Environmental 

Protection Agency maximum contaminant level (MCL), 1.8% were above Mn MCL, and 1.7% 

were above the U MCL (ADHS, n.d.). Urinary samples (N=288) in Arizona show creatinine-

corrected (i.e., adjusted creatinine content corrects for dehydrated individuals and those with lean 

body mass or adverse liver function) As concentrations between 0.33-388.56 µg g-1 (ADHS, 
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n.d.). The corrected As urine concentrations are 12.15% above the National Health and 

Nutritional Survey (NHANES) 95th percentile (ADHS, n.d.). Creatinine-corrected Mn urinary 

concentrations were 0.07-21.67 µg g-1, which is 15.63% above the NHANES 95th percentile for 

Mn (ADHS, n.d.). Not only is AZ above the NHANES 95th percentile for both As and Mn, but 

AZ is 11.46% above for Cd and 46.53% above the NHANES 95th percentile for U (ADHS, n.d.).  

To address the human health risks associated with metal(loid) exposures, risk 

assessments are conducted to improve environmental public health intervention and prevention 

strategies. The total element concentration of the environmental medium (i.e., soil) along with 

other soil chemical properties should be investigated to accurately assess human and ecological 

health risks (Yutong, 2016). A component of the exposure assessment process that needs 

development is the bioaccessibility of metal(loid)s from incidental ingestion of soil. Total metal 

concentrations are the sum of the metal species; each metal species has different mobilities and 

toxicities in the biosphere (Yutong, 2016). Thus, it is imperative to measure the amount of 

metal(loid) that is soluble and accessible for adsorption into the human body (EPA, 2017; 

Manjón et al., 2020). To measure the real fraction of metal(loid) that will be available for uptake 

into target organs in the human body (EPA, 2017; Manjón et al., 2020), a bioavailability test 

should be conducted for the soils.  

In-vitro bioaccessibility assay (IVBA) was designed to allow extraction of the 

bioaccessible fraction of the total metal(loid) concentration from the soil by mimicking the 

human gastrointestinal system’s behavior when in contact with the incidental ingestion of Pb and 

As contaminated soils (EPA, 2017). Total metal(loid) concentrations may overestimate the risk 

(EPA, 2010), thus, bioaccessible fractions of the total metal(loid) concentrations can be 

calculated from the measured fraction and used to correctly characterize the risk posed to people 
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with site-specific soils (Manjón et al., 2020). The US EPA Method 1340 In-vitro Bioaccessibility 

Assay for Lead and Arsenic (EPA, 2017; Manjón et al., 2020) is vetted for use on site-specific 

residential soils to attain bioaccessible fractions (BAF) of the total metal. The BAFs can then be 

used to estimate human health risks (EPA, 2017 and 2017b; Manjón et al., 2020). However, there 

are limitations associated with bioaccessibility studies. They include: (1) soil source can 

underestimate the As BAF because high redox potential in the gastric fluid does not make As 

soluble as a natural stomach does (Whitacre, 2017); (2) use of BAF in risk assessments without 

culturally-informed assessments from residents that engage soil can underestimate risk (Van 

Horne et al., 2021; Ramírez-Andreotta et al., 2014); and (3) fate and transport of metal(loid)s in 

the soil and their geochemical behaviors can change the bioaccessibility of the metal(loid)s in the 

environment (Gankhurel, 2020; Yutong, 2016; Olajire, 2002).  

 
Figure 1. In-vivo GI ≈ in-vitro EPA Method 1340 (SW-846) Protocol. Method 1340 extracts 
metal(loid)s from the soil in an anoxic chamber (pO2 < 0.01 atm). Prepared by A. Trahan with 
BioRender. 
 

1.1. Community-Created Research Objectives 

The community-based participatory research (CBPR) framework guided the methodology used 

to create this paper’s research initiatives. Studies show positive structural change occurs in 

environmental justice communities when deploying the participatory research principles that (1) 



45 
 

engage community members in leadership roles throughout the entirety of the project; (2) plan 

on long-term (i.e., > 4 years) partnerships within the community; (3) have multiple funding 

sources to compensate community members (Davis & Ramírez-Andreotta, 2021); (4) value 

community expertise and academic knowledge (Wallerstein et al., 2019); and (5) encourage 

critiques from the community (Wallerstein et al., 2019). Sandhaus et al. (2019) found that data-

sharing events, visualizations, and participatory research all increase volunteer satisfaction and 

collaboration.  

The goals of this study are to conduct bioaccessibility assays for As, Pb, Cu, Mn on 

Gardenroots Superior, AZ soils and inspect soil characteristic and source influences. 

Bioaccessibility fractions and the relative bioavailability values are calculated. These values can 

be used in a complete risk assessment for exposures to incidentally ingested soils for a child and 

adult living in the area. 

 

2. Materials and Methods 

2.1. Study Description 

This research is part of the University of Arizona (UA) Gardenroots project 

(https://gardenroots.arizona.edu/), which assesses the residential environmental quality of 

communities neighboring resource extraction activities through a co-created community science 

design (Ramírez-Andreotta et al., 2020; Sandhaus et al., 2019; Manjón et al., 2020). Based on 

local observations and historical knowledge, community champions and members of the 

Concerned Citizens and Retired Miners Coalition of Superior, AZ (Coalition) reached out to the 

UArizona’s National Institute of Environmental Health Sciences Superfund Research Program in 

2018 with environmental quality concerns, specifically related to the removal of Cu smelter 

smoke stack and associated demolition dust in the town of Superior, AZ, USA. Shortly after, a 
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partnership was formed to understand the environmental impact that past mining has on their 

area (University of Arizona Superfund Research Program, 2019). After a series of environmental 

health presentations, Gardenroots started in Superior, AZ, to analyze residential soil, water, and 

dust samples (Figure 2). All environmental monitoring data was reported back to participants via 

four virtual data-sharing events via Zoom™ (July 23, 2020; July 25, 2020; August 25, 2020; and 

September 22, 2020). The soil, water, and dust results were also translated back to community 

members in a results booklet, and the de-identified data was published on the website: 

Gardenroots.arizona.edu/Community-Status (Gardenroots, 2022). After the Gardenroots 

methodology was completed, new research objectives and initiatives were created (Figure 3) to 

address the information disparity associated with past soil studies and aid understanding of 

human health risks associated with the site-specific soils. 

 
Figure 2 Gardenroots: Superior, AZ co-created community science gardening project 
methodology. Steps 1-4 were conducted between 2018-2020.  
 
 

In response to their data, community members had additional inquiries and two additional 

follow-up community meetings were hosted to facilitate discussions on the next steps and 

https://gardenroots.arizona.edu/community-status
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propose new research initiatives (step 5 in Figure 2 and 3). In October 2020, the Gardenroots 

team facilitated the “Ask questions and propose new research initiatives” step of Gardenroots. 

Community members had the following questions: “What determined a site’s eligibility for 

remediation?”; “What sites were remediated?”; and “How can we protect families moving here?” 

(Figure 3). Collectively, community members and the Gardenroots team saw the need for the 

research translation of risks associated with metal(loid) contamination, past soil studies that had 

been conducted in the area by the mining industry (i.e., BHP, Resolution Copper) (see Appendix 

B for more information), and future soil remediation efforts being overseen by the Arizona 

Department of Environmental Quality’s Voluntary Remediation Program (VRP) (see Appendix 

C, Figure 6 and 8 for more information).  

 

 
Figure 3 Gardenroots: Superior, AZ Project Summary. This study addresses step 5 from the 
community questions which formed the research project initiatives. 

 

 

Throughout this process, the Gardenroots team maintained open and transparent 

communication with the community champion, Henry Muñoz, Sr., Chairperson of the Coalition. 

Topics included the town’s political sentiments towards RC and the VRP environmental 

remediation actions by BHP, the work being done by Gardenroots, and the Coalition’s 

partnership with the fight for Oak Flat.  
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2.2. Study Area 

The town of Superior, Arizona, USA is located 60 miles west of Phoenix, AZ and has a 

spatial area of 1.961 mi² (1255.04 acres). The total population is 3,071 and 64.9% identify as 

Hispanic or Latino (U.S. Census Bureau, 2019). Superior is subject to environmental hazards 

such as legacy mines (e.g., Magma Copper Mine and Silver King Mine), the tailings spill of the 

1990s, the historical Magma smelter and demolition in 2018 (Figure 4 and 5), active quarry and 

perlite mines, and the prospecting of the proposed Resolution Copper (RC) Mine (Figure 4). The 

major mines located in a 10-mile radius of the study site are the proposed Resolution Copper 

mine and mines in Miami and Ray, AZ which primarily produce Cu and molybdenum (Niemuth, 

2015; MRDS, 1996). Focusing on Superior, the primary commodities from mining are Cu, Au, 

Ag, Mo, secondary Pb, Zn, Mn, and other tertiary metals from Magma (Copper) Mine (i.e., also 

named Magma Superior Mine and Superior (Copper) Mine) (record ID 10137553).  
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Figure 4. Mining Map of Superior, AZ. Sources: (a) Briggs (2015); (b) Harding Elementary 
School field where Superior High School played football and baseball (WestLand, 2019); (c) 
Magma smelter demolition on November 10, 2018 (Mark Henle, Republic as cited in Randazzo, 
2018). 
 

The average annual (min.- max.) temperature for Superior, AZ is 58.7-79.2℉; average 

total precipitation is 18.32 inches (Western Regional Climate Center, 2009). Wind speed 

averages 6.8 mph from mid-September to June and 5.8 mph from July to mid-September 

(Weather Spark, n.d.). The wind direction from early-March to early-September comes from the 

west; early-September to early-March comes from the east (Weather Spark, n.d.). The 

Hydrologic Unit Codes (HUC) of the town is in the Lower Colorado region and Middle Gila 
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subregion, basin, and watershed in the Silver King Wash-Queen Creek (15050100402) 

Watershed (EPA, n.d.). Queen Creek runs through the town of Superior, AZ, from the NE to the 

SW, with two tributaries. Four of the four waterways inspected in the watershed community are 

impaired from metal contaminants by the EPA standards and thresholds (EPA, n.d.).  

The Gardenroots project recruited participants with flyers and through the Coalition. 

Project participants volunteered to collect soil, water, and dust samples from their homes during 

2019-2020 (see Zeider et al., for further details). A total of 17 properties and 23 garden and yard 

soil samples in Superior, AZ, were collected by participants and are used in this study. The 

Gardenroots properties are spread out through the town (see Figure 5). The NSA soil collections 

were conducted in 2004, 2007-09, and 2011-12 by a contracted environmental consulting firm, 

Brown & Caldwell. The study area (~45 acres) included 126 properties, and 77 properties were 

remediated. The properties were in the northwest portion of town that runs along the Magma 

Mine tailings (see Figure 5), and the participants were chosen by knocking on the doors within 

the NSA borders and asking for their participation in the NSA. This study uses the geometric 

mean of the most recent NSA property-specific soil concentration for the total As, Pb. Mn, and 

Cu values when provided. 
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Figure 5. Map of Superior, AZ’s Gardenroots study area, Northwest Study Area, and the location 

of the demolished smelter. 

 

  The environmental hazards in Superior, AZ are the smelter operations (1924-1971); 

Tailings No. 3 and 4 in the West Plant Site spill (1993); BHP Copper’s smelter demolition 

(2018; Figure 4); and the impacts of the proposed Resolution Copper Project (Resolution Copper 

Mining [RCM], 2016). The environmental monitoring projects include the west plant site 

Expanded Site Inspection Report finding elevated As, Pb, Cu and Mn (not reported in this study) 

(EPA, 2002); BHP Copper’s matriculation into ADEQ’s VRP (2003; see Appendix B, Figure 1); 

BHP’s VRP remediation project via ADEQ (2004-2012; see Appendix B for more information); 

ADHS city water consultation (2014); BHP’s smelter demolition (2018; Figure 4 and 5); and 

Gardenroots dust, soil, and water monitoring (2019-present; Figure 2 and 3). 

The proposed Resolution Copper (RC) Mine project is ~1.5 miles from Superior, AZ on 

US-60 highway. The production of a copper mine here has been under speculation since the 

1970s when geologists found traces of a Cu deposit not yet viable to mine due to its deep 
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location underground and the magnitude of rock waste (Briggs, 2015). In 1995 the Resolution 

Copper Deposit was determined ‘discovered’ and RC began as a limited liability company 

operated by Resolution Copper Mining and owned by the Resolution Copper Company (RCM, 

2011). The Resolution Copper Company is a Rio Tinto PLC subsidiary (55%) and Billiton Hill 

Proprietary (BHP) Copper Inc. subsidiary (45%) (RCM, 2011). This mine plans to utilize the 

novel block caving mining method to extract the low-grade Cu-porphyry ore body (RCM, 2016). 

This mining methods would convert the topography (i.e., Devil’s/Ga’an Canyon, Apache Leap), 

sacred sites (e.g., Oak Flat/ Chí’chil Biłdagoteel) (Pike, 2022), vegetation, soil, flowing water 

(below and above the surface), and multiple ecosystems into a 1,000 feet deep crater (RCM, 

2016).  

RC will be active for 40 years and will create an estimated minimum crater dimension: 

2.25-mile north-south major axis, by 1.8-mile east-west minor axis, by 1,000-foot depth (RCM, 

2016). The crater model is made by RC’s potential subsidence predictions from empirical and 

numerical simulations in the General Plan of Operations (P. 92-93) (RCM, 2016). The impacts of 

this mine would require heavy loads on water (250 billion gallons according to Wells, 2021) and 

energy in the mega-drought Southwest; and disposal of 1315-million cubic yards of tailings 

waste (Tonto National Forest, US Department of Agriculture Forest Service [TNF, FS], 2021). 

The mine would desecrate sacred sites and places of ceremony and way-of-life for many Tribes 

(e.g., San Carlos Apache Tribe (Ndé), Tonto Apache Tribe, White Mountain Apache Tribe, 

Yavapai-Apache Nation, Yavapai Prescott Indian Tribe, Gila River Indian Community, Salt 

River Pima-Maricopa Indian Community, Hopi Tribe, and the Pueblo of Zuni) (House of 

Representatives, 2020; Pike, 2022). 
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2.3. Field Methodology 

On July 27, 2019, the Gardenroots project hosted training sessions to instruct community 

members to collect soil, water, and dust samples (see Zeider et al., 2021 for dust methods and 

results; only soil methodology is reported here). Participants were instructed to collect a 

composite sample following the protocol laid out in section B of the July 2019 instruction 

manual on the Gardenroots website (Gardenroots, 2022). The protocol included: (1) select six 

spots in a grid of garden soil, (2) loosen the top 6-inches of each of the six spots with the 

provided hand trowel, (3) take a full scoop of soil from each of the six spots and compile the 

scoops into the 2-gallon bucket labeled “Garden”, (4) mix the six soil scoops and pour the 

“sample bulk” into the brown paper bag’s line, (5) place the paper bag in the plastic bag and 

label the sample, (6) place the bagged sample in the refrigerator, and (7) repeat steps 1-5 in 

unamended yard soil. A total of 18 participants submitted 24 soil samples. Each participant 

dropped off their samples between 10:00 AM – 12:00 PM on August 24, 2019, to University of 

Arizona personnel near the Belmont Building in Superior, AZ. The soil samples were processed 

in the Integrated Environmental Science and Health Risk Laboratory (IESHRL), analyzed by 

inductively coupled plasma mass spectrometer (ICP-MS) at the Arizona Laboratory for 

Emerging Contaminants (ALEC), interpreted, visualized, and then sent back out by the IESHRL 

to community members. Of the 24 soil samples, 23 were within the town of Superior and were 

inspected in this present study. 

 

2.4. Laboratory Protocols 

The Gardenroots soils were measured for pH, electrical conductivity, particle size 

distribution (i.e., texture analysis), total As, Pb, Mn, and Cu concentrations, and the 

bioavailability of As, Pb, Mn, and Cu (details below). All reagents were trace-metal grade; 
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plasticware and equipment used to prepare standards and reagents were thoroughly cleaned, acid 

washed in ~2% HNO3 bath, and 6x rinsed with nano-pure water, and air-dried prior to use. Non-

metallic supplies were used during soil processing and analyses. Soil processing included: air 

drying (under a hood for > 24 hrs.), soil sieving (≤ 2 mm), oven drying at 105o C to a constant 

mass, and splits were ball-milled (Ramírez-Andreotta et al., 2013). Homogenized, oven-dried, ≤ 

2 mm sieve subsample soils were ball-milled under a fume hood for 10 minutes (SPEX, Sample 

Preparation, New Jersey). Between each sample run, the milling canister was cleaned by milling 

silica sand for 4 minutes, wiped with ethanol and kim wipes, dried, milled with ~ 1 g of the next 

soil sample for 4 minutes, wiped with ethanol and kim wipes, dried, and then proceeded with the 

ball-milling protocol. Dried, sieved soils were analyzed for pH, EC, and texture. Dried, sieved, 

ball-milled soils were used for analysis of total and IVBA metal(loid) concentrations (further 

details below).  

 

2.5. Soil pH/Electrical Conductivity 

The pH and electrical conductivity of soils were measured using a pH/EC meter (Fisher 

Scientific XL20). Ten grams of dried soil were weighed in duplicate and added to labeled plastic 

containers with 20mL of nanopure water in a mass ratio of 1:2 slurry. The slurry was agitated on 

a reciprocating shaker (Eberbach, Michigan) for 30 minutes to create a homogeneous suspension 

of soil particles in solution. After agitation, stir bars were added to the containers on the Hot 

Plate Stirrer stage and agitated for 30 seconds. The daily-calibrated (i.e., pH 4, 7, 10; EC 1413 

micro-Siemens per cm) (Fisher meter XL20) was used to measure the agitated slurries for pH 

with an Accumet electrode. Then, when the stirred sample settled, the EC was measured (μS cm-

1) and recorded. The pH and EC results are reported for the Gardenroots soil characteristics in 

Table 2. 
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2.6. Particle Size Distribution in Soils  

To determine particle size distribution in the soils, the hydrometer method American 

Society for Testing and Materials (ASTM) 152H (Fisherbrand™) was used. Soils (≤ 2 mm 

sieved, 40.0 ± 0.09 g) were inundated with 100 mL of 0.16 M sodium hexametaphosphate 

solution dispersing agent (> 4 hrs.), blended (5 mins), combined into a glass cylinder with 1000 

mL DI water. After temperature stabilization, the solution was plunged (1 min) and measured for 

temperature and buoyancy by hydrometer with Bouyoucos scale (g L-1) at 0.50, 1.00, 90.00 mins, 

24 hrs. Between each reading, the hydrometer recorded the blank (i.e., 1000 mL glass cylinder of 

DI water), was washed, and dried. The clay, silt, and sand percentage results are reported for the 

Gardenroots soil characteristics in Table 2. SMA-1 reference soil sample was analyzed to assure 

5-10% relative standard deviation within the 95% confidence interval between duplicates.  

The confidence intervals of the replicated samples are calculated in excel with the final 

value represented as 𝜇𝜇 ± CI. The mathematical formula to calculate the mean (Eq. 2a) where 𝜇𝜇 is 

the mean of the replicates; 𝑎𝑎𝑖𝑖 is the value from replicate 1; 𝑎𝑎𝑖𝑖𝑖𝑖 is the value from replicate 2; and n 

is the number of replicates. 

 

𝜇𝜇 =  (𝑎𝑎𝑖𝑖+𝑎𝑎𝑖𝑖𝑖𝑖)
𝑛𝑛

    (Eq. 2a) 

 

The mathematical formula to calculate for the standard deviation (Eq. 2b) where 𝜎𝜎 is the standard 

deviation between the replicates. 

 

𝜎𝜎 = �(𝑎𝑎𝑖𝑖+𝑎𝑎𝑖𝑖𝑖𝑖)
2

𝑛𝑛     (Eq. 2b) 
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The mathematical formula to calculate for the confidence interval (Eq. 2c) where CI is the 

confidence interval and z is the confidence value of 0.05 for 95% (pH, EC, and texture) and 0.1 

for 90% (IVBA) confidence interval. 

 

CI = 𝜇𝜇 ± z 𝜎𝜎
√𝑛𝑛

    (Eq. 2c) 

 

2.7. Total Metal Analysis 

 Gardenroots soil samples were inspected for total metal(loid) analysis using US EPA 

Method 3051: Microwave Assisted Acid Digestion of Sediments, Sludges, Soils, and Oils (SW-

846) during the 2019-2020 project and reported back to residents (Element, 2007). The analysis 

for total inorganic metal analysis was performed by ALEC at the University of Arizona, Tucson, 

AZ via an ICP-MS (Agilent 7700, Santa Clara, CA). Gardenroots total metal(loid) concentration 

results are reported in Table 3 for As, Pb, Mn, and Cu. Detection limits are in Table 1. 

 

2.8. In-Vitro Bioaccessibility Assay (IVBA) 

Soils were previously sieved to ≤ 2 mm, oven-dried, and ball milled for 10 minutes to 

~80𝜇𝜇m and then used for the in-vitro bioaccessibility assay for lead (IVBA) US EPA Test 

Method 1340 (SW-846). Method 1340 measures the soluble fraction of the total metal(loid) 

extracted by the GF because the contaminant must be bioaccessible for it to be bioavailable and 

cross membranes in the human body (EPA, 2007). Thus, the synthetic GF (i.e., extraction fluid) 

pH must be representative of real-life human gastrointestinal system fluid (i.e., pH 1.00 – 4.00), 

but the recommended pH is 1.50 as the lower pH extracts the most metals from soils during the 

IVBA protocol (EPA, 2007). As stated in U.S. EPA (2007), a pH between 1.00 and 2.50 is used 
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for the in-vitro experiments (Ruby et al., 1996; Gasser et al., 1996; Buckley, 1997; Medlin, 1997; 

Rodriguez et al., 1999; Mercier et al., 2000).  

The procedure of measuring the pH of the soil samples with the gastric fluid before 

running them through IVBA followed the Test Method 1340 procedure but in an oxic 

environment. The synthetic gastrointestinal fluid is 0.4 M glycine made with nano-pure water 

(N2-purged for at least 1-hour and adjusted to pH 1.50 ± 0.14 with 16 M HCl). The Method 1340 

was modified to assess if a soil would change the 1.50 ± 0.14 pH of the gastrointestinal fluid 

(GF) by 0.5 pH units (i.e., ranging between 1.00-2.00 ± 0.05 pH). First (1) add 0.01 g (to the 

nearest 0.0001 g) of ball milled soil in a labeled 1.5 mL centrifuge tube in duplicates; (2) to start 

the extraction process, record the time in which the 1 g (mL) of gastric fluid (Glycine with pH 

adjusted to 1.5 ± 0.05 with HCl) is added in a soil:fluid ratio of 1:100 ± 0.0008; (3) Quickly, 

store tubes into a foil-wrapped box taped to the end-to-end rotator (rotator genie 120V) at 30 ± 2 

rpm for 1 hour. Then, (4) centrifuge the samples for 1 minute at 5,000 speed. With a calibrated 

pH meter, (5) take the pH reading of the soil solutions and record and make sure that the pH 

reading is measured before 90 minutes has passed from the start of the extraction process (i.e., 

the time when the gastric fluid was added to the soil). 

 

 
Figure 6. Steps to Measure pH of the Soils with GF. (1) add GF to soil in a 1:100 ratio; (2) 
agitate; (3) centrifuge; and (4) measure pH. Prepared by A. Trahan with BioRender. 
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After verifying that all soil samples did not alter the pH of the synthetic gastric fluid by ± 

0.50 pH units (Figure 6), the In-Vitro Bioaccessibility Assay commenced (EPA, 2017). The 

protocol (Figure 7) follows a detailed stepwise procedure that is time-sensitive in the glove bag 

which allows the soil samples to stay at a steady temperature inside an anoxic environment (pO2 

< 0.01 atm) that mimics the gastrointestinal system. The extraction process starts when (1) 1 mL 

of the 37 ± 2°C buffered GF is added to 0.0100 ± 0.0019 g in a 1:100 ratio in opaque black 1.8 

mL acid-washed polypropylene microcentrifuge tubes with caps. The (2) samples were agitated 

on an end-over-end rotator (~30 rpm) for 1 hour in the 37 ± 2°C incubator (Bioexpress Genemate 

Mini Incubator Shaker, UT). After 1 hour, (3) the samples were centrifuged at 2,700 RCF for 1 

minute. The (4) supernatant is decanted into an acid-washed syringe and filtered through an 

Acrodisc® 0.2-𝜇𝜇m metal trace-free hydrophilic polypropylene syringe filter (Pall Corp., Port 

Washington, NY) to stop the extraction process within 90 minutes from the start of extraction. 

The (5) filtered supernatant is deposited in an acid-washed 50-mL tube, and 0.5 mL of the 1 mL 

filtered supernatant is measured on the scale and diluted to 10mL with 0.01 M HNO3.  

After all the masses are recorded and the procedure is completed, (6) the samples are 

refrigerated at 4 ± 2°C until analyzed by ICP-MS at ALEC. For quality assurance and quality 

control purposes, 30% of the soil samples were run in triplicates, duplicates of National Institute 

of Standards and Technology (NIST) Montana I Soil Highly Elevated Trace Element 

Concentration (2710a) soils were run with each batch, a method blank (1 mL of GF was run 

through the protocol), and full blanks of the reagents (i.e., GF, 0.01 M HNO3, nanopure water), 

and blanks of the reagents purged through the acid-washed syringe filters were also sent to be 

analyzed by ICP-MS to assure the quality of protocol results. 
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Figure 7. Modified EPA Method 1340 in-vitro bioaccessibility assay for Pb and As (Manjón et 
al., 2020). Steps 3-5 and acidification are done inside the glove bag (pO2 < 0.01 atm). Prepared 
by A. Trahan with BioRender.  
 
 

The Gardenroots soil samples prepared for IVBA were analyzed for metal(loid)s by 

ALEC. The As, Pb, Mn, and Cu BAF (i.e., IVBA% = BAF * 100%) results are reported for the 

Gardenroots In-vitro Bioaccessibility Values in Table 4 and 5. Detection Limits are shown in 

Table 1.  
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Table 1. Metal(loid) Detection Limits for ICP-MS 

Element TM IDL* (ug/L) TM MDL ** (ug/g) IVBA IDL* (ug/L) IVBA MDL ** (ug/g) 

Arsenic 0.0440 0.8800 0.0094 0.1872 

Lead 0.0060 0.1200 0.0004 0.0074 

Manganese 0.0091 0.1820 0.0094 0.1881 

Copper 0.0168 0.3360 0.0047 0.0945 

* Instrument detection limits (IDL) are collected each day for each calibration by ALEC. 

** Method detection limits (MDL) are calculated from IDL with all digestion and dilution factors (DF) applied. 
(IDL ug/L)*(20 Method DF)*(0.01 digest final liquid mass L / 0.01 mass of soil sample g) 

TM = total metal(loid) 

 

IVBA triplicate results are averaged and represented with a 90% confidence interval (Eq. 

2c). Bioaccessibility assay was conducted for in-vitro (i.e. gastric in-vitro) to get the 

bioaccessible fraction (BAF) calculation (Eq. 2d) which is the fraction of particle-bound 

metal(loid) concentration extracted in the synthetic gastric fluid (Manjón et al., 2020; EPA, 

2017) where: Cs = total metal(loid) concentration of soil sample; Cext = metal(loid) 

concentrations measured in the IVBA extracts; Vext = volume of the extraction (i.e., GF) solution; 

Ms = Mass of the soil sample used in the gastric IVBA extraction fluid; df = dilution factor. BAF 

results are in Table 4. The results are also represented as percentages (IVBA %) by multiplying 

BAF by 100% (i.e., BAF * 100% = IVBA %). 

 

 BAF = 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 × 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒
𝐶𝐶𝑠𝑠 × 𝑀𝑀𝑠𝑠

× 𝑑𝑑𝑑𝑑   (Eq. 2d) 
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To allow the in-vitro assay to mimic the in-vivo assays, the EPA (2017b, 2019) suggests 

using a regression model (Eq. 2e; R2=0.87), to achieve predictive relative bioavailability (RBA). 

The RBA is (1) the metal(loid) fraction of the total dose that passes the epithelium of the 

gastrointestinal tract and is transported to target organs compared to (2) the water-soluble portion 

of the soil’s metal (EPA, 2012). The RBA was calculated as shown in Eq. 2e for As and Eq. 2f 

for Pb (EPA, 2017b, 2019); RBA results are in Table 5. 

 

  As RBA% = 0.79 * IVBA% + 3%   (Eq. 2e) 

 

Pb RBA% = 0.878 * IVBA% - 2.8%   (Eq. 2f) 

 

2.9. Data Science 

The Gardenroots soil pH data was grouped into three equally distributed ranges (6.87-

7.41; 7.41-7.95; 7.95-8.49). Among these pH ranges, we inspected the As and Pb IVBA % for 

significant differences. The IVBA data are skewed and continuous; thus, we used the Kruskal-

Wallis test to determine if the median As and Pb IVBA % is the same or different among the pH 

ranges. The IVBA % data was organized by pH range and was calculated for the H value by the 

equation (Eq. 2g) where n is the total number of samples; and R is the sum of the values in the 

group; 𝑛𝑛𝑔𝑔 is the sample size of the group: 

 

𝐻𝐻 =  12
𝑛𝑛(𝑛𝑛+1) ∗  𝛴𝛴 𝑅𝑅2

𝑛𝑛𝑔𝑔
− 3(𝑛𝑛 + 1)  (Eq. 2g) 

 

The H value was compared to the p-value (5.991) to either reject or accept the null hypothesis. 

The null hypothesis is that the median IVBA is the same for all three pH ranges.  
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 Additionally, to see the relative influence of organic matter content on IVBA results, we 

compare IVBA results across sample type. We compared the IVBA mean and median results for 

As and Pb IVBA results by garden and yard sample type. Note: this comparison assumes that the 

garden samples have more relative organic matter content than the yard soils do. 

 

3. Results 

3.1. Gardenroots Soil Analyses 

The Gardenroots soil (n= 24 total; 23 from Superior, AZ, one from Queen Creek, AZ) 

pH, EC, and soil particle size distribution is reported in Table 2 with 95% confidence intervals 

(Eq. 2c). The 23 soil textures: sixteen samples were Sandy Loams, five were Sandy 

Loam/Loamy Sand, one was Loamy Sand, and one was Sandy Loam/Loam soil texture.  

 

Table 2. Gardenroots Soil Characteristics 
 pH EC (uS/cm) Sand % Silt % Clay % 

Range (min – max) 6.88 – 8.48 
178.95 – 
1471.00 52.13 – 80.64 13.91 – 42.74 3.15 – 13.44 

Median 7.87 385.15 71.51 21.48 6.32 
95% Confidence 

Interval 7.83 ± 0.13 433.60 ± 97.12 70.37 ± 2.10 22.64 ± 2.10 6.99 ± 0.91 
 

Table 3. Gardenroots Total Metal(loid) Concentrations 
 Arsenic (mg kg-1) Lead (mg kg-1) Manganese (mg kg-1) Copper (mg kg-1) 

Range (min-max) 5.74 – 176.41 24.44 – 625.01 336.94 – 4,112.53 49.86 – 2,450.55 
Median 23.34 105.89 766.25 401.47 

90% Confidence Interval 32.03 ± 11.91 132.98 ± 41.25 997.74 ± 312.04 684.80 ± 230.77 
 

 
The total metal(loid) concentrations for As, Pb, Mn, and Cu are reported in Table 3. 

Additionally, the iron (Fe) results for range (min-max), median, and 90% confidence interval is 

6,222.62-17,753.69 mg kg-1; 12,585.76 mg kg-1; and 12,723.80 ± 933.42 mg kg-1, respectively. 
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Gardenroots In-vitro Bioaccessibility Assay results were compared to the total metal(loid) 

concentrations (Table 2) to find the BAF (i.e., IVBA %) (Table 4 and Figure 8) of the total 

metal(loid) that is accessible from incidental ingestion. The IVBA method is approved for As 

and Pb, so results are further investigated for IVBA concentrations, relative bioavailability, and 

location specific interactions. The As and Pb fraction were calculated against the total metal 

concentration to find the metal IVBA concentrations for As and Pb (Table 5, IVBA (mg kg-1)). 

The IVBA% is converted with the EPA (2017b, 2019) regression model to predict the relative 

bioavailability (RBA) as a percentage in Table 5. The As and Pb total metal concentrations 

(Table 3) and the As and Pb IVBA concentrations (Table 5) are represented in Figure 9 and 10.  

 

 
 

 
Figure 8. IVBA % of As, Pb, Mn, and Cu. 
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Figure 9. Total As concentration clustered with the IVBA As fraction concentration. Error bars 
are on 35% of the samples that were run in triplicates for IVBA representing the 90% confidence 
interval of the triplicate mean. 
 

 
Figure 10. Total Pb concentration clustered with the IVBA Pb fraction concentration. Error bars 
are on 35% of the samples that were run in triplicates for IVBA representing the 90% confidence 
interval of the triplicate mean. 
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Table 4. Gardenroots In-vitro Bioaccessibility Values 
 Arsenic BAF Lead BAF Manganese BAF Copper BAF 

Range (min – max) 0.12-0.53 0.03-0.79 0.29-1.10 0.22-0.90 

Median 0.37 0.38 0.47 0.51 

90% Confidence Interval 0.37 ± 0.03 0.40 ± 0.06 0.51 ± 0.06 0.55 ± 0.06 

 
 
Table 5. Gardenroots In-vitro Bioaccessibility Calculated Additional Values 

 IVBA Concentrations (mg kg-1)  RBA (%) 

 Arsenic Lead  Arsenic Lead 

Range (min – max) 0.84 – 92.79 8.06 – 134.12  12.44 – 44.55% 0.01 – 66.66% 

Median 8.60 36.84  32.10% 30.78% 

90% Confidence 
Interval 13.28 ± 6.43 45.34 ± 10.67  31.91% ± 2.74% 32.63% ± 5.10% 

 

 

3.2. Soil Chemistry Influence on IVBA  

The influence of pH, soil texture (Karna et al., 2017), and organic matter (OM) is present 

in the literature (Griggs et al., 2021). The pH influence of IVBA% shows increasing As BAF 

with increasing pH (Figure 11). The As IVBA % plot R2 = 0.31, which is generally acceptable 

for environmental data to be significant (Figure 11). We can suggest that As IVBA % increases 

with increasing pH ranging between pH 6.880 and pH 8.475.  

 



66 
 

 
Figure 11. In-vitro Bioaccessible Arsenic Percentage by Increasing pH. 
 
 

To qualitatively capture any differences in BAF by organic matter, soil samples were 

divided out by garden and yard, with the assumption that garden soils would have a greater 

organic matter content. Figure 12 shows that Pb has a larger IVBA% in each soil type (i.e., 

garden mean Pb IVBA%= 41.03% > garden mean As IVBA%= 36.75%; yard mean Pb IVBA%= 

40.05% > yard mean As IVBA%= 36.52%), and the garden sample types have a higher IVBA% 

for each metal (i.e., garden mean Pb IVBA%= 41.03% > yard mean Pb IVBA%= 40.05%; 

garden mean As IVBA%= 36.75%  > yard mean As IVBA%= 36.52%).  
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Figure 12. In-Vitro Bioaccessibility Percentages of arsenic and lead in both garden and yard soil 
samples. 
 

The Kruskal-Wallis Test was performed using Microsoft Excel, version 2207 to 

determine if median As and Pb IVBA percentages were the same for each of the three pH ranges 

(6.87-7.41; 7.41-7.95; 7.95-8.49). The test revealed that the median IVBA percentage was 

different for As (H = 6.9006) and was the same for Pb (H= 1.1506) among the three pH ranges. 

The corresponding p-value was 5.991; thus, there was a statistically significant difference in 

median As IVBA percentage among two or more of the pH ranges. On the contrary, there was 

not a statistically significant difference in median Pb IVBA for each pH range. Thus, we have 

sufficient evidence to conclude that the original soil pH range leads to statistically significant 

differences in As IVBA percentages.  
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3.3. Soil Sample Location 

The highest total As and Pb samples were further investigated regarding their location to 

industry activities, waterways, and the association with other soil variables and concentrations. 

The Gardenroots dataset included two properties that had access to Queen Creek but only one 

was on Queen Creek, as seen on Figure 4 and 5, this property has the Gardenroots’ soil sample 

with the highest total As (176.41 mg kg-1), As IVBA % (52.60%), As (92.79 mg kg-1) and Pb 

(134.12 mg kg-1) BAF concentrations, and EC (1471 uS/cm). This soil sample also had one of 

the highest values for total Pb (264.88 mg kg-1) and Cu (2425.69 mg kg-1).  

The highest total Pb value was on the property that is on the northeast border of the town 

(see Figure 4 and 5), which shows the Pb IVBA fraction (20.01 mg kg-1) accounting for 3.20% of 

625.01 mg kg-1 total Pb is below the 400 mg kg-1 total Pb residential soil remediation level for 

Arizona, US (Ariz. Admin. Code § 18-7 App A, 2022). The northeast town border sample also 

has a total Mn concentration (3378.80 mg kg-1) above the non-cancer rSRL of 3,300 mg kg-1 

(Ariz. Admin. Code § 18-7 App A, 2022). The Mn IVBA is 41.28%. 

 

4. Discussion  

The As and Pb IVBA% ranged from 11.94 – 52.60% and 3.20 – 79.11%, respectively. 

The range of IVBA% shows variation within site-specific soils. The variation in bioaccessibility 

percentages is important to consider because soil characteristics may influence the differences 

(Mehta et al., 2019; Whitacre, 2017). The contaminant fate and transport in the pedosphere is 

influenced by: (a) speciation of metal(loid)s in soil minerals; or (b) transportation to water or 

atmosphere (Gankhurel, 2020). For (a) speciation, metal(loid)s can be weakly adsorbed, strongly 

adsorbed, and/or incorporated within the minerals (Gankhurel, 2020). The speciation depends 

strongly on the environmental conditions such as pH, ionic strength, presence of carbonates 
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and/or Fe-Mn hydroxides, redox conditions (Yutong, 2016), organic matter, reactive Fe, and 

particle size (Cai et al., 2016), element concentration, and presence of certain minerals and their 

mechanisms/interactions (Gankhurel, 2020) in the environment can influence mobility and 

bioaccessibility of metal(loid)s. Thomas et al. (2018) also shows that inhaled mine-waste dust 

that has been weathered is less bioaccessibility for As and Pb as determined by the geochemical 

associations of ferrous iron (Fe2+) solids, sulfate (SO42-) in solution, and associated ferric oxides 

in the gastric fluid.  

Figure 11 suggests that acidity and Figure 12 suggest soil organic matter content might 

have an influence on the IVBA% for Pb and As. Higher pH is proportional to higher As BAF 

values, suggesting that the As BAF increases with increasing pH when the pH is between 6.88 

and 8.48 pH units (Figure 11). In the environment, As is known to be mobilized in solute 

transport if soil contacts moving water with high pH (Gankhurel, 2020). Likewise, even though 

the Pb IVBA% line R2 shows high variation from the line, the trend remains consistent with the 

literature stating that Pb is mobilized in the environment if soil contacts moving water with low 

pH (Gankhurel, 2020). In this dataset, we see soil pH has an influence on IVBA percentages, 

however pH should not be the sole indicator to understand soil bioaccessibility patterns (Griggs 

et al., 2021). Overall, the particle size influence cannot be deduced from this dataset’s soil 

texture analysis because the soils were homogenized by the ball-mill before measuring IVBA. 

Arizona garden soils should have more organic matter than the yard soils since yards in arid 

regions can be mostly deficient of organic matter. When analyzing the relative organic matter of 

the twenty-three soils, the garden (n=7) and yard (n=16) soil samples show a higher Pb IVBA in 

each soil type. In this soil dataset the BAF means show that Pb BAF > As BAF.  
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The Gardenroots sample with the highest total As, EC, As and Pb BAF concentrations, 

and one of the highest values for total Cu was located along Queen Creek, as seen in Figure 4 

and 5. This could suggest that Queen Creek waters have high total suspended dissolved solids 

and ionic potential, which is proportional with our observed EC measurement (Butler & Ford, 

2018). This may indicate that the creek behavior and conditions impacted the soil and sediments 

on the riverbanks and/or during flash flooding. As stated in Germani (1981), to track the 

influence of mining waste in environmental media, a higher presence of the mineral of interest or 

primary commodity (i.e., Cu) can suggests that mine waste is a big contributor to the 

contamination. In this case, the high Cu value suggests mining waste contamination (Germani, 

1981).  

The highest total Pb and one of the highest total Mn concentrations in the GR dataset was 

on the property that is on the northeast border of the town (see Figure 4 and 5). The Pb IVBA % 

is the smallest, and the total Mn concentration is above the non-cancer rSRL of 3,300 mg kg-1 

(Ariz. Admin. Code § 18-7 App A, 2022). The location of this sample suggests mine waste 

influences. Even though the property bioavailable Pb values are below the total Pb rSRL, there is 

no safe level of soil Pb for children (EPA, 2020) and measures should be taken to limit exposure 

to incidental soil ingestion. Though Method 1340 is not established for Mn, this study sets the 

stage for further investigation of how Mn IVBA can impact exposure studies. 

Overall limitations of Method 1340 include the need for the GF to be housed in an 

opaque acid-washed PPE bottle and monitored for pH change (e.g., separate a subsample as to 

not contaminate with probe or pH strip) and temperature (e.g., separate a subsample as to not 

contaminate with thermometer or use a contactless thermometer gun on the full reagent). More 

research is needed to increase the accuracy of the method across sites. For example, while 
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employing Method 1340, Whitacre (2017) found that As IVBA was lower in gold mine tailings 

due to the engineered GF’s high redox potential. The high redox potential of the GF 

underestimates the As IVBA, and ascorbic acid decreases the redox potential of the GF. Adding 

ascorbic acid to the GF would make As more soluble in the GF and increase the As IVBA which 

would yield results closer to in-vivo results. This finding with the Ohio State University in-vitro 

gastrointestinal method was modified to the California Bioaccessibility Method to improve 

accuracy when working with mining-impacted soils (California Department of Toxic Substances 

Control Brownfields and Environmental Restoration Program, 2015). 

 

5. Conclusion 

5.1. Findings 

 This study aims to answer the community concerns of site-specific soil toxicities. Major 

findings are: Pb BAF was greater than As; As BAF increases when the soil pH is above 7; and 

the biogeochemical history of the soil may explain the high variations of BAF. The results of this 

study help inform future research regarding legacy pollution in residential soils and the 

bioavailability of As, Pb, Cu and Mn in mine-impacted soils. Continual community engagement 

for residents exposed to industry pollution is needed to address information disparities and 

increase transparency around the exposure assessment process. In addition to the town of 

Superior, AZ, the RC mine prospecting and preparation can expose other areas like Oak Flat and 

San Carlos Apache Reservation to harmful contaminants and should be considered in the future 

remediation actions by BHP Copper. This community and others that reside in the semi-arid, 

windy, and drought-stricken climate of Southeast Arizona are vulnerable to metal(loid) exposure 

via incidental soil ingestion and inhalation (not covered here) and should be considered as 

equally important parts of understanding risks that exists from industrial waste. 
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5.2. Future Research 

Changes in pH, geochemistry of water (Yutong, 2016), organic matter, reactive Fe, and 

particle size (Cai et al., 2016; Gankhurel, 2020) can influence mobility and bioaccessibility of 

metal(loid)s. To further understand metal(loid) behaviors, elemental speciation and mineralogy 

soil analysis would further explain how certain element association and speciation influence the 

mobility and subsequent availability into the food chain (Gankhurel, 2020). Future efforts should 

use the California Bioaccessibility Method, which accounts for the gastric fluid high redox 

potential and influence on As IVBA (California Department of Toxic Substances Control 

Brownfields and Environmental Restoration Program, 2015). Additionally, future community-

based sample collection could ask individuals to specify soil sample collection location 

geospatially and/or site description with prompts about past flooding events, wind frequency, 

general water flow through the property, plot use, and presence of green and gray infrastructure. 

This data could help inform what physical-chemical properties are influencing BAF and potential 

toxicity (Yutong, 2016). Further research about the hydrogeology would be beneficial since the 

groundwater flows from the northwest (Magma mine) to the southeast into Superior, AZ (WSP 

USA, 2017) which would increase residents’ exposure to metal(loid)s.   

 

 

  



73 
 

References  

Agency for Toxic Substances and Disease Registry [ATSDR]. (2007). Toxicology profile for 

Arsenic. Atlanta, GA: U.S. Department of Health and Human Services, Public Health 

Service.  

Agency for Toxic Substances and Disease Registry [ATSDR]. (2012). Toxicology profile for 

Manganese. Atlanta, GA: U.S. Department of Health and Human Services, Public Health 

Service.  

Agency for Toxic Substances and Disease Registry [ATSDR]. (2020). Toxicology profile for 

Lead. Atlanta, GA: U.S. Department of Health and Human Services, Public Health 

Service.  

Agency for Toxic Substances and Disease Registry [ATSDR]. (2022). Toxicology profile for 

Copper – Draft for Public Comment. Atlanta, GA: U.S. Department of Health and 

Human Services, Public Health Service.  

Arizona Department of Health Services [ATSDR]. (n.d.). Biomonitoring Summary Results. 

Arizona Department of Health Services Epidemiology & Disease Control - 

Environmental Toxicology. Retrieved July 12, 2022, from 

https://www.azdhs.gov/preparedness/epidemiology-disease-control/environmental-

toxicology/index.php#biomonitoring-summary-results 

Briggs, D.F. (2015). Superior, Arizona - An Old Mining Camp with Many Lives. Arizona 

Geological Survey Contributed Report, CR-15-D, 13 p. 

http://repository.azgs.az.gov/uri_gin/azgs/dlio/1661  

Brown and Caldwell. (2013). Northwest Study Area Project Completion Report: Prepared for 

BHP Copper Inc., Superior, Arizona June 14, 2013 (Project No. 140206.610). Arizona 

Department of Environmental Quality Records Center. http://azdeq.gov/node/251. 

Butler, B.A., & Ford, R.G. (2018). Evaluating relationships between total dissolved solids (TDS) 

and total suspended solids (TSS) in a mining-influenced watershed. Mine Water Environ. 



74 
 

Mar 31;37(1):18-30. https://doi.10.1007/s10230-017-0484-y. PMID: 29962822; PMCID: 

PMC6020674. 

California Department of Toxic Substances Control Brownfields and Environmental Restoration 

Program. (2015). EPA Brownfields Training, Research and Technical Assistance Grant 

“Arsenic Characterization/ bioavailability on Mine-scarred lands.” Final Technical 

Report. 

Davis, L.F., & Ramírez-Andreotta, M.D. (2021). Participatory research for environmental 

justice: A critical interpretive synthesis. Environmental Health Perspectives, 129(2), 

026001. https://doi.org/10.1289/ehp6274  

Element, Chemical Abstract Service [CAS]. (2007). Method 3051A microwave assisted acid 

digestion of sediments, sludges, soils, and oils. Z. Für Anal. Chem, 111, 362-366. 

U.S. Environmental Protection Agency [EPA]. (2002). Expanded Site Inspection Report, Magma 

Copper Company, Superior, Arizona. 

U.S. Environmental Protection Agency [EPA]. (2007). "Estimation of Relative Bioavailability of 

Lead in Soil and Soil-Like Materials Using In Vivo and In Vitro Methods," OSWER 

9285.7-7. 

U.S. Environmental Protection Agency [EPA]. (2012, December). Compilation and review of 

data on relative bioavailability of arsenic in soil - OSWER 9200.1-113. Retrieved July 

12, 2022, from https://semspub.epa.gov/work/HQ/175339.pdf  

U.S. Environmental Protection Agency [EPA]. (2017) Standard Operating Procedure for an In 

Vitro Bioaccessibility Assay for Lead and Arsenic in Soil. U.S. Environmental Protection 

Agency, Office of Superfund Remediation and Technology Innovation: Washington, DC. 

OLEM 9200.2-164. July. Available online at: 

https://semspub.epa.gov/src/document/HQ/100000153. 

U.S. Environmental Protection Agency [EPA]. (2017b). Validation Assessment of the In Vitro 

Bioaccessibility Assay for Predicting Relative Bioavailability of Arsenic in Soil and Soil-

like Materials at Superfund Sites. U.S. Environmental Protection Agency, Office of 



75 
 

Superfund Remediation and Technology Innovation: Washington, DC. OLEM 9355.4-29. 

April. Available online at: http://semspub.epa.gov/src/document/HQ/196751. 

U.S. Environmental Protection Agency [EPA]. (2019). Fact Sheet: Arsenic Relative 

Bioavailability (RBA) and In Vitro Bioaccessibility (IVBA). U.S. Environmental 

Protection Agency, Office of Superfund Remediation and Technology Innovation, 

Technical Review Workgroup Bioavailability Committee (TRW BAC): Washington DC. 

December.  

 U.S. Environmental Protection Agency [EPA]. (2022). “How's My Waterway?” EPA, 

Environmental Protection Agency, 

https://mywaterway.epa.gov/community/85173/overview. Updated July 7, 2022. 

Accessed August 9, 2022. 

Pike, N. (2022). Naelyn Pike, Youth Organizer, Apache Stronghold Written Testimony for the 

House Natural Resources Subcommittee for Indigenous Peoples of the United States 

Oversight Hearing on “The Irreparable Environmental and Cultural Impacts of the 

Proposed Resolution Copper Mining Operation.”. Retrieved 12 July 2022, from 

https://naturalresources.house.gov/imo/media/doc/03.12%20Witness%20Testimony%20-

%20Ms.%20Pike.pdf 

Gankhurel, B., Fukushi, K., Akehi, A., Takahashi, Y.; Zhao, X., Kawasaki, K. (2020). 

Comparison of Chemical Speciation of Lead, Arsenic, and Cadmium in Contaminated 

Soils from a Historical Mining Site: Implications for Different Mobilities of Heavy 

Metals. American Chemical Society Earth and Space Chemistry, 4(7): 1064-1077. 

https://doi:10.1021/acsearthspacechem.0c00087 

Gardenroots. (2022). Community Status. https://gardenroots.arizona.edu/community-status   

Germani, M S et al. (1981). Fractionation of elements during copper smelting. Environmental 

science & technology, 15(3): 299-305. https://doi:10.1021/es00085a005 

Griggs, J. L., Thomas, D. J., Bradham, R. F., Bradham, K. D. (2021). Improving the predictive 

value of bioaccessibility assays and their use to provide mechanistic insights into 



76 
 

bioavailability for toxic metals/metalloids – A research prospectus, Journal of Toxicology 

and Environmental Health, Part B, 24(7): 307-324. 

https://doi.org/10.1080/10937404.2021.1934764 

House of Representatives, Congress. (2020, March 11). House Hearing, 116th Congress - THE 

IRREPARABLE ENVIRONMENTAL AND CULTURAL IMPACTS OF THE PROPOSED 

RESOLUTION COPPER MINING OPERATION. [Government]. U.S. Government 

Publishing Office. https://www.govinfo.gov/app/details/CHRG-116hhrg40520/CHRG-

116hhrg40520 

Karna, R.R., Noerpel, M., Betts, A.R. and Scheckel, K.G. (2017), Lead and Arsenic 

Bioaccessibility and Speciation as a Function of Soil Particle Size. J. Environ. Qual., 46: 

1225-1235. https://doi.org/10.2134/jeq2016.10.0387 

Mehta, N., Cocerva, T., Cipullo, S., Padoan, E., Dino, G. A., Ajmone-Marsan, F., Cox, S., 

Coulon, F., & De Luca, D. A. (2019). Linking oral bioaccessibility and solid phase 

distribution of potentially toxic elements in extractive waste and soil from an abandoned 

mine site: Case study in Campello Monti, NW Italy. Science of The Total Environment, 

651, 2799–2810. https://doi.org/10.1016/j.scitotenv.2018.10.115 

Mineral Resources Data System [MRDS]. Mason, G.T. & Arndt, R.E. (1996). Mineral Resources 

Data System (MRDS): USGS Data Series 20, https://doi.org/10.3133/ds20. 

Niemuth, N. (2015). Arizona Major Mines [Map]. 

https://repository.azgs.az.gov/uri_gin/azgs/dlio/1670 

Ramirez-Andreotta, M. D., Brusseau, M. L., Artiola, J. F., Maier, R. M., & Gandolfi, A. J. 

(2014). Environmental Research Translation: enhancing interactions with communities at 

contaminated sites. The Science of the total environment, 497-498, 651–664. 

https://doi.org/10.1016/j.scitotenv.2014.08.021  

Randazzo, R. (2018, November 10). Cheers, tears as historic smelter from Magma mine 

demolished in superior. Arizona Central. Retrieved August 14, 2022, from 

https://www.azcentral.com/story/news/local/pinal/2018/11/10/cheers-tears-historic-

https://doi.org/10.1016/j.scitotenv.2018.10.115


77 
 

copper-smelter-superior-demolished/1808363002Olajire, A A et al. “Levels and 

speciation of heavy metals in soils of industrial Southern Nigeria.” Environmental 

monitoring and assessment vol. 85,2 (2003): 135-55. doi:10.1023/a:1023613418727 

Resolution Copper Mining [RCM]. (2011, September). Resolution Copper Project Profile. State 

of Arizona Office of Administrative Hearings Electronic Document Filing. Retrieved 

June 14, 2022, from https://portal.azoah.com/oedf/documents/17-001-WQAB/AMRC-17-

Resolution%20Copper%20Mining,%20Project%20Profile.pdf  

Resolution Copper Mining [RCM]. Resolution Copper Project General Plan of Operations (May 

9, 2016). https://www.resolutionmineeis.us/sites/default/files/project-files/resolution-

copper-gpo-vol-1-20160509.pdf 

Ruby, M.V., Davis, A, Schoof, R, Eberle, S. & Sellstone C.M. (1996). Estimation of lead and 

arsenic bioavailability using a physiologically based extraction test. Environ Sci Technol, 

30(2), 422-430. 

Sandhaus, S., Kaufmann, D., & Ramírez-Andreotta, M.D. (2019) Public participation, trust and 

data sharing: gardens as hubs for citizen science and environmental health literacy 

efforts, International Journal of Science Education, Part B, 9:1, 54-71, DOI: 

10.1080/21548455.2018.1542752 

Thomas, A., Root, R., Lantz, R., Sáez, A., Chorover, J. (2018). Oxidative weathering decreases 

bioaccessibility of toxic metal(loid)s in PM10 emissions from sulfide mine tailings. 

GeoHealth, 2(4):118–138, https://doi.org/10.1002/2017GH000118 

Tonto National Forest, US Department of Agriculture Forest Service. (2021, January 21). Final 

Environmental Impact Statement. Resolution Copper Project and Land Exchange 

Environmental Impact Statement. Retrieved April 14, 2021, from 

https://www.resolutionmineeis.us/documents/final-eis 

U.S. Census Bureau. (2019). ACS Demographics and Housing Estimates, 2015-2019 American 

Community Survey 5-year estimates. Retrieved from 

https://portal.azoah.com/oedf/documents/17-001-WQAB/AMRC-17-Resolution%20Copper%20Mining,%20Project%20Profile.pdf
https://portal.azoah.com/oedf/documents/17-001-WQAB/AMRC-17-Resolution%20Copper%20Mining,%20Project%20Profile.pdf
https://doi.org/10.1002/2017GH000118


78 
 

https://data.census.gov/cedsci/table?q=superior,%20arizona&tid=ACSDP5Y2019.DP05

&hidePreview=false  

University of Arizona Superfund Research Program. (2019). Gardenroots in Superior, Arizona: 

A Community Partnership Formed by Shared Environmental Health Concern. Retrieved 

June 7, 2022, from https://superfund.arizona.edu/highlights/gardenroots-superior-arizona-

community-partnership-formed-shared-environmental-heath 

Van Horne, Y.O., Chief, K., Charley, P.H., Begay, M.G., Lothrop, N., Bell, M.L., Canales, R.A., 

Teufel-Shone, N.I., & Beamer, P.I. (2021). Impacts to Diné activities with the San Juan 

River after the Gold King Mine Spill. J Expo Sci Environ Epidemiol, 

https://doi.org/10.1038/s41370-021-00290-z  

Van Pelt, R. Scott; Shekhter, Eugenia G.; Barnes, Melanie A.W.; Duke, Sara E.; Gill, Thomas 

E.; Pannell, Keith H. “Spatial and temporal patterns of heavy metal deposition resulting 

from a smelter in El Paso, Texas.” Journal of Geochemical Exploration, vol. 210 (2020): 

article 106414. https://doi.10.1016/j.gexplo.2019.106414. 

Wallerstein, N., Muhammad, M., Sanchez-Youngman, S., Rodriguez Espinosa, P., Avila, M., 

Baker, E. A., Barnett, S., Belone, L., Golub, M., Lucero, J., Mahdi, I., Noyes, E., 

Nguyen, T., Roubideaux, Y., Sigo, R., & Duran, B. (2019). Power Dynamics in 

community-based participatory research: A multiple–case study analysis of partnering 

contexts, histories, and practices. Health Education & Behavior, 46(1_suppl). 

https://doi.org/10.1177/1090198119852998  

Wells, J. (2021, September). The Proposed Resolution Copper Mine and Arizona's Water Future. 

DocumentCloud. Retrieved July 24, 2022, from 

https://www.documentcloud.org/documents/21079388-

2021_09_10_jwells_2021_hydro_report_draft 

WSP USA. (2017). Resolution Copper Groundwater Flow Model Report (Project No.31400680). 

WSP USA. https://portal.azoah.com/oedf/documents/17-001-WQAB/SCAT-23-

RCM.groundwater.model.report.2017.BATES.pdf 

https://doi.org/10.1038/s41370-021-00290-z
https://www.documentcloud.org/documents/21079388-2021_09_10_jwells_2021_hydro_report_draft
https://www.documentcloud.org/documents/21079388-2021_09_10_jwells_2021_hydro_report_draft
https://portal.azoah.com/oedf/documents/17-001-WQAB/SCAT-23-RCM.groundwater.model.report.2017.BATES.pdf
https://portal.azoah.com/oedf/documents/17-001-WQAB/SCAT-23-RCM.groundwater.model.report.2017.BATES.pdf


79 
 

Weather Spark. (n.d.). Climate and Average Weather Year Round. Superior Climate, Weather 

By Month, Average Temperature (Arizona, United States) - Weather Spark, Retrieved 

August 9, 2022, from https://weatherspark.com/y/2618/Average-Weather-in-Superior-

Arizona-United-States-Year-

Round#:~:text=Wind&amp;text=The%20average%20hourly%20wind%20speed,than%2

06.8%20miles%20per%20hour.  

Western Regional Climate Center [WRCC]. (Archived 2009). Superior, Arizona. SUPERIOR, 

ARIZONA - Climate Summary, Retrieved August 9, 2022, from https://wrcc.dri.edu/cgi-

bin/cliMAIN.pl?azsupe.. 

WestLand Resources; David Sanders Photography. (2019, March 14). Remembering the smelter: 

The Magma Copper Company smelter at Superior, Arizona (full version). YouTube. 

Retrieved August 12, 2022, from https://www.youtube.com/watch?v=lCkcG1j-z0I 

Whitacre, S.; Basta, N.; Stevens, B.; Hanley, V.; Anderson, R.; Scheckel, K. (2017). 

Modification of an existing in vitro method to predict relative bioavailable arsenic in 

soils, Chemosphere, 180, 545-552, https://doi.org/10.1016/j.chemosphere.2017.03.134. 

Yutong, Zong et al. (2016). Chemical fraction, leachability, and bioaccessibility of heavy metals 

in contaminated soils, Northeast China. Environmental science and pollution research 

international, 23(23): 24107-24114. https://doi:10.1007/s11356-016-7598-9 

  

 

 

 

  

https://weatherspark.com/y/2618/Average-Weather-in-Superior-Arizona-United-States-Year-Round#:%7E:text=Wind&amp;text=The%20average%20hourly%20wind%20speed,than%206.8%20miles%20per%20hour
https://weatherspark.com/y/2618/Average-Weather-in-Superior-Arizona-United-States-Year-Round#:%7E:text=Wind&amp;text=The%20average%20hourly%20wind%20speed,than%206.8%20miles%20per%20hour
https://weatherspark.com/y/2618/Average-Weather-in-Superior-Arizona-United-States-Year-Round#:%7E:text=Wind&amp;text=The%20average%20hourly%20wind%20speed,than%206.8%20miles%20per%20hour
https://weatherspark.com/y/2618/Average-Weather-in-Superior-Arizona-United-States-Year-Round#:%7E:text=Wind&amp;text=The%20average%20hourly%20wind%20speed,than%206.8%20miles%20per%20hour


80 
 

APPENDIX B: Mapping the Contaminants 
 

1. Introduction 

The Gardenroots participants from Superior, AZ expressed that they were interested in 

historical soil studies conducted in the area and wanted to compare the current soil metal(loid) 

concentrations (Gardenroots). In response, the data was gathered from the Northwest Study Area 

(NSA) remediation project published in 2013. The NSA area is in the northwestern portion of the 

town (encompassing ~ 45 acres of the 1,255.04-acre town) and it borders the southern portion of 

the old Magma Mine Tailings (Brown and Caldwell, 2013) (see Appendix A, Figure 5). The 

northern boundary of the NSA is 877.82 meters in elevation and the southern boundary is 815.34 

meters in elevation (Brown and Caldwell, 2013). The project includes 129 properties and 126 of 

the properties have at least one metal (i.e., As, Pb, Mn, Cu) of the pre- or post-remediation value 

that are above the residential soil remediation levels (rSRL). The four soil contaminants of 

concern (COCs) are arsenic (As), lead (Pb), manganese (Mn), and copper (Cu) (Brown and 

Caldwell, 2013; University of Arizona Superfund Research Program, 2019). The 4 contaminants 

can cause non-cancer (nc) adverse health effects; As and Pb can also cause cancer (ca) (Ariz. 

Admin. Code § 18-7 App A, 2022). Figure 1 shows BHP’s voluntary remediation program 

(VRP) involvement starting in January 2003.  
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Figure 1. The Northwest Study Area (NSA) timeline of events. Beginning with the matriculation 
into the Voluntary Remediation Program (VRP) which is led by the Arizona Department of 
Environmental Quality (ADEQ). 
 

NSA soil data is from Brown and Caldwell consulting firm who was contracted by BHP 

Copper to conduct a study that remediated 77 of the 129 properties in the study area of the town 

(Brown and Caldwell, 2013). The remediated areas were affected by the 1993 tailings spill and 

Magma copper smelter operations (1924-71) (Brown and Caldwell, 2013). The NSA properties 

met compliance after conducting a probabilistic human health risk calculations with Oracle 

Crystal Ball (Fusion Edition, Release 11.1.2.2.000 [32-bit]) software (Brown and Caldwell, 

2013).  

 
 
2. Methods 

2.1. Northwest Study Area  

The community wanted to see all the soil data since the early 2000s. First, initial data 

acquisition was conducted, requesting the “Northwest Study Area'' completion report document 

from the Arizona Department of Environmental Quality. Second, data acquisition was 

conducted, obtaining access to the internal documents of Gardenroots from the IESHRL. These 

two datasets were compiled to compare soil values through time by analyses and spatial 

visualizations. The values were compared against the residential soil remediation levels for 
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Arizona (rSRL)s, but the rSRLs are not all based on a risk-based screening levels which is 

created from calculating the (1) exposure assumptions and the (2) pollutant-specific toxicity 

values together (U.S. Environmental Protection Agency [EPA], 2022). 

The NSA completion report was an online 774-page PDF document outlining the project 

conducted between 2003-2013 (Figure 1) (Brown and Caldwell, 2013). The participants were 

chosen by knocking on the doors within the NSA borders (Figure 2) and asking for their 

participation in the NSA. The NSA soil collections were conducted in 2004, 2007-09, and 2011-

12 by a contracted environmental consulting firm, Brown and Caldwell. The site was designated 

action, non-action, and no access during sampling and health risk calculations. After 

remediation, between 2011 and 2012 RAs were made to calculate the average composite sample 

area values for the 77 post-remediation properties. The RA soil inputs varied by year according 

to the "Project Work Plan", and the RA outputs complied with the 2E-05 CELCR (Cumulative 

Excess Lifetime Cancer Risk) and 1 HQ (Hazard Quotient) (Brown and Caldwell, 2013). The 

CELCR screening level meant that 1 in every 50,000 residents exposed to the contaminant have 

a probable risk of developing cancer. The screening level was also based on a hazard index of 

less than 1 (HI<1), meaning that with the given potential exposure to a substance, there are no 

likely expected adverse health effects. The replaced (i.e., clean) soil value of 8.40 mg kg-1 was 

used in a weighted mean calculation of each site to come up with site-specific individual soil 

contaminant values (Brown and Caldwell, 2013).   

When recording the data from the NSA report, difficulties arose when trying to formulate 

a comprehensive value for each property. The NSA had four different sampling blitzes. In 2004, 

the Environmental Site Assessment started with Phase 1 and 2 discrete soil sampling at 114 of 

the 129 properties to evaluate presence of As, Pb, Cu, or Mn. In 2007-2008, Phase IV composite 
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sampled ~3 portions of the yard at 119 of 129 properties. The 2007-2008 sample results were 

compared to the Residential Soil Remediation Levels for Pb (400 mg kg-1), Cu (3,100 mg kg-1), 

and Mn (3,300 mg kg-1) to assure compliance to the screening levels that reflect the non-cancer 

health effects of these three soil contaminants (Ariz. Admin. Code § 18-7 App A, 2022), and the 

As limits were based on the RA results (Brown and Caldwell, 2013). Seventy-seven properties 

were chosen to be “action” properties warranting remediation (Brown and Caldwell, 2013). This 

study used the geometric mean of the most recent NSA property-specific soil value for the total 

As, Pb, Mn, and Cu when provided. Values were excluded from the geometric mean when they 

were reported as estimated or an average of 2 or more analyses. If one property’s value(s) were 

all excluded (e.g., property 119), then the excluded value(s) was used as the property’s single 

value. 

 

2.2. Gardenroots Study Area 

The Gardenroots project recruited participants with flyers and through the Coalition. 

Project participants volunteered to collect soil, water, and dust samples from their homes during 

2019-2020 (see Zeider et al., for further details). Only the soil data will be used in this study. A 

total of 17 properties and 23 garden and yard soil samples in Superior, AZ, were collected by 

participants and are used in this study. The Gardenroots properties are spread out through the 

town (Figure 2). Refer to Appendix A for more details about Gardenroots soil analyses.  
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Figure 2. Map of Superior, AZ (adopted from Appendix A, Figure 5). Note that all NSA 
properties are within the NSA borders and all GR Superior, AZ, properties are within the 
residential area. 
 

2.3. Soil Taxonomy  

The United States Department of Agriculture Natural Resources Conservation Service 

(NRCS) has an interactive mapping web tool that allows the public to find information about 

local soils called the Web Soil Survey (WSS) (Soil Survey Staff, 1999). The information is used 

to inform soil variable influences on contamination.  

 

2.4. Geospatial and Graphical Visualization 

The soil dataset compilation joined the NSA and Gardenroots datasets for further use and 

analysis. The data was cleaned to remove irrelevant observations (i.e., values before remediation; 

values that are estimated; values that are averages of 2 or more analyses), and fix the structural 

errors (i.e., NA, N/A, not analyzed, property with no access, none to NA). For the NSA 

visualizations, a single value was calculated for each property. Visualizations for site-specific 
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soil As, Pb, Mn, and Cu from the NSA and Gardenroots datasets are generated by Tableau and 

Excel Software, version 2207.  

The Gardenroots data was visualized in choropleth maps by census tab block using the 

Tableau Software. Tab blocks (TIGER/Line® Shapefiles most recent (2020) Arizona blocks) are 

statistical census areas throughout the States and are often bordering natural or man-made 

features like streets, rivers, and property lines; they are the smallest census spatial units (US 

Census Bureau, 2020).  

The NSA data was mapped on the parcel level. A parcel is a spatial area defined by the 

owned property borders, and the Pinal County AZ’s assessor cartography department gives 

properties and assessor parcel number for tax reasons (Pinal County, n.d.) The spatial file for the 

NSA was created in GeoJSON.io mirroring the Arizona parcel viewer map and the NSA 

Completion report property viewer (see “Figure 1-2” in Brown and Caldwell, 2013).  

Tableau Software joins spatial and text files to create a map. In Tableau, the unique 

concentration data for each property was joined to the geolocation point. The property 

geolocation point was calculated with the MAKEPOINT([Latitude], [Longitude]) function. Once 

the data sources had the correct relationship, the geometry (spatial area) and geoID (unique ID of 

the geometry spatial file) were added to the maps. Drafts of formatting and editing were advised 

by Dr. Ramírez-Andreotta and Henry Muñoz, and captions were added to each map. In addition 

to Tableau, the Leaflet() function in RStudio was used to create an interactive map of soil 

concentrations by parcel for the NSA. Overall, it was decided to not share the NSA parcel data or 

Gardenroots Census tab data publicly because of the sensitive nature of the information. 

Nonetheless, Tableau and Excel generated graphs of the soil data. The Tableau graphs (Figure 5) 

were featured in the soilSHOP event poster (Appendix C, Figure 3) presentations. 
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3. Results 

3.1. Northwest Study Area 

The NSA properties were evaluated for As (n= 126), Pb (n=125), Mn (n= 43), and Cu 

(n=124) (see Table 1 for results). The Northwest Study Area collected soils in 2004, 2007-2008, 

and 2011-2012, and the Gardenroots project collected soils in 2019-2020. The Gardenroots total 

metal concentrations for As, Pb, Mn, and Cu are reported in Appendix A, Table 3. When 

combining both soil datasets, the average total metal concentration for As (n= 150), Pb (n= 149), 

Mn (n= 67), and Cu (n= 148) is reported in Table 2, and results of both datasets are reported in 

Figure 2.  

 

Table 1. Total Metal Concentration Aggregate Statistics for the Northwest Study Area (N=129) 

 Arsenic (mg kg-1) Lead (mg kg-1) Manganese (mg kg-1) Copper (mg kg-1) 

Range (min - max) 6.99 - 90.07 9.90 - 317.49 420.00 - 2300.00 48.19 - 2635.22 

Median 16.55 94.00 790.00 514.97 

Total number of samples 126 125 43 124 

Confidence Interval (90%) 21.21 ± 2.04 102.00 ± 8.08 869.38 ± 90.21 710.76 ± 88.29 
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Figure 3. Total Metal(loid) Concentrations for the Northwest Study Area and Gardenroots 
datasets. (a) Box plot of total As, Pb, Mn, and Cu. (b) Box plot of total As. 
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Table 2. Total Metal Concentration Aggregate Statistics for Gardenroots and the Northwest Study Area 

 Arsenic (mg kg-1) Lead (mg kg-1) Manganese (mg kg-1) Copper (mg kg-1) 

Range (min - max) 5.74 - 176.41 9.90 - 625.01 336.94 - 4112.53 48.19 - 2635.22 
Median 17.89 97.21 790.00 509.10 

Total number of samples 150 149 67 148 
Confidence Interval (90%) 23.03 ± 2.54 107.24 ± 9.37 923.94 ± 121.98 707.68 ± 81.90 
 

 

Of the 129 NSA properties, four properties were resampled in the Gardenroots project. 

Table 3 shows a qualitative overview of the available As, Pb, Mn, and Cu soil data for the four 

properties. All properties have NSA data for As, Pb, and Cu, but one property does not have 

NSA Mn soil data. The four properties have Gardenroots soil data for all four contaminants. Two 

properties have garden Gardenroots soil sample data, and three properties have yard soil sample 

data. 

  

Table 3. NSA (2004-2012) compared to the GR (2019-2020) Soil Data 

Metal(loid) Concentration 
increase?  

P-Value GR values above the rSRL 
(mg kg

-1
)? 

GR values above the EPA SL 
(mg kg

-1
)? 

Arsenic 4 of 5 0.1501 5 of 5 (> 10 mg kg-1) 5 of 5 (> 0.68 mg kg-1) 

Lead 4 of 5 0.5212 0 of 5 (> 400 mg kg-1)  0 of 5 (> 400 mg kg-1) 

Manganese 3 of 4 0.3102 0 of 4 (> 3,300 mg kg-1) 0 of 4 (> 1,800 mg kg-1) 

Copper 2 of 5 0.8630 0 of 5 (> 3,100 mg kg-1) 0 of 5 (> 3,100 mg kg-1) 

 

 



89 
 

All nine As concentrations (Table 3) are above the 10 mg kg-1 background levels for 

Arizona, US (Ariz. Admin. Code § 18-7 App A, 2022). There are temporal changes for each 

metal and property: four of the five As and Pb values increase with time; three of the four Mn 

values increase with time; and two of the five Cu values increase with time. A statistical 

significance test (paired t-test) for the temporal change for each metal: As P-value= 0.1501; Pb 

P-value= 0.5212; Mn P-value= 0.3102; Cu P-value= 0.8630. The P-values are not statistically 

significant (significant P-value < 0.05) for temporal change. According to the Ariz. Admin. Code 

§ 18-7 App A (2022), soil As concentrations exceed the residential soil remediation levels of 10 

mg kg-1. 

 

3.2. Northwest Study Area Critique 

The NSA only inspected a small part of the town and region. The Gardenroots soil data 

found elevated levels of As, Pb, and Mn in the town and outside of the Northwest Study Area. 

Many residents recruited within the study area did not receive environmental health science 

communication that answered their questions. The soil sample protocol was not consistent or 

streamlined. Not all COCs soil concentrations were reported in the Brown and Caldwell (2013) 

report. The property owners/renters were not able to inform Brown and Caldwell’s sampling 

locations and risk assessments to determine a culturally informed site-assessment and 

remediation for each NSA property.  

The replacement soil used in the remediation was originally sampled at a rate of 1 sample 

per 1,000 cubic yards but increased to 1 sample per 500 cubic yards (Brown and Caldwell, 

2013). A total of 34 composite samples were collected to characterize the soil quality used to 

backfill the excavated areas within the 77 action properties (Brown and Caldwell, 2013). These 

34 composite samples averaged 8.40 mg kg-1 As (Brown and Caldwell, 2013). Cover rock and 
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tarps covered the replacement soil (Personal communication, 2020; Brown and Caldwell, 2013). 

The final soil concentrations values for the remediated properties were based off an incomplete 

“Area-Weighted Average Calculations for CSAs - Arsenic and Lead” (Brown and Caldwell, 

2013, P. 721). Lastly, there was no known communication and environmental health literacy of 

the project.  

An example of a site-specific concern reported was that the NSA Property no. 44 was 

found to be located on top of a “burn pit” (Brown and Caldwell, 2013) because ash and metal 

debris was found and the As and Mn levels still exceeded the rSRL even after excavating for 3.5 

feet b.g.s. (Brown and Caldwell, 2013).  Furthermore, when the report calculated the final values 

for property 44, they did not have clear As value and spatial areas to justify the calculation of 

35.00 mg kg-1 As.  

 

3.3. Soil Taxonomy and Location 

The web soil survey (WSS) defined Superior, Arizona, soils as Urban, Haplic Torriarents, 

and Riverwash soils (see Figure 4) (Soil Survey Staff, n.d.). Much of the NSA are Urban soils, 

Urban land soils (code 410 in Figure 4) are not well defined in the document because these soils 

have been greatly impacted by anthropogenic activities like agriculture, contamination by heavy 

metals, landfills, and geophysical disturbances (Soil Survey Staff, 1999). In Superior, AZ the 

Magma Mine and the current construction of the proposed Resolution Copper Project altered the 

subsurface and added mine waste to the surface; thus, this urban land is changed by rock 

aggregate and precious metal mining (Soil Survey Staff, 1999; Briggs, 2015).  

In 1993 and before, West Plant Site’s Tailings No. 3 and 4 (i.e., mine waste from the 

Magma Copper Company, which is now owned by Resolution Copper Mining, LLC) flowed 
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down-gradient into the town and on properties due to flash flooding which often occurs in the 

desert Southwest (Brown and Caldwell, 2013). In the WSS aerial view of the town (Figure 4), a 

stream or canal coming from “mined land” (code 500) cuts through the portion of the Northwest 

Study Area as described by community members and the completion report (personal 

communication, 2022; Soil Survey Staff, n.d.; Brown and Caldwell, 2013). The NSA soil 

concentrations do not show a general spatial trend because 77 of the 129 properties were 

remediated (Brown and Caldwell, 2013), but the presence of the canal/stream that is downstream 

from the “mined land” (Soil Staff Survey, n.d.) could continue to transport mine contaminants by 

water into residential properties. Another water way is the Queen Creek which runs through the 

town. The Gardenroots property located along Queen Creek with elevated soil concentrations 

and characteristics may suggest influenced by mine waste runoff (see Appendix A, Section 3.3. 

Soil Sample Location, for more details). 
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Figure 4. Web Soil Survey of Superior, AZ with the Northwest Study Area highlighted with a 
yellow dashed polygon. Note: majority soil taxonomy of the NSA is urban land and haplic 
torriarents soils (code 410); a stream or canal can be seen running through the NSA downstream 
from the “mined land” (code 500).   
 
 
3.4. Soil Concentration Maps  

NSA - Tableau   
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Figure 5. Northwest Study Area soil As, Pb, Mn, and Cu concentrations by remediation status 
measured in milligram per kilogram (mg kg-1) for each property. Created in Tableau. 
 

 

NSA - RStudio 
 The following R/RStudio code is converting NSA concentration data for each 

geolocation point to each parcel spatial area. The Leaflet() R package is used to create an 

interactive map that allows panning and zooming of the concentration data map layer. The 
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RMarkdown file describes the steps to create a Leaflet() map in R/RStudio with site-specific soil 

concentration data.  
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4. Discussion  
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4.1. Soil Study Compilation 

The four properties that were resampled within the NSA by Gardenroots for As, Pb, Mn, 

and Cu (N=19). The Gardenroots dataset had As, Pb, Mn, Cu soil concentrations for all four 

properties, and one property had an additional soil sample that recorded the As, Pb, Mn, Cu soil 

concentrations (There are 20 Gardenroots total metal(loid) soil concentrations, but since one 

NSA property did not have Mn soil concentrations the total amount of soil concentration values 

are n = 19 for comparison). The NSA sampling (2004-2012) was conducted before the smelter 

demolition (2018), and the Gardenroots sampling (2019-2020) occurred after smelter demolition. 

In both datasets, all total As concentrations (n= 9) above the AZ rSRL of 10 mg kg-1 As (Ariz. 

Admin. Code § 18-7 App A, 2022). Temporal changes for each metal and property show that 4 

of the 5 As and Pb values increase with time; 3 of the 4 Mn values increase with time; and 2 of 

the 5 Cu values increase with time. The statistical significance test (paired t-test) for As (P-

value= 0.1501) showed the most significant compared to the other metals. Even though the usual 

accepted significant P-value < 0.05, we see that all As concentrations (i.e., pre-demolition and 

post-demolition) are above the rSRL of 10 mg kg-1. Furthermore, thirteen of the nineteen total 

metal(loid) values temporally increase. The Gardenroots Superior, AZ foliar dust samples shows 

above average Pb and Zn enrichment factors (Zeider et al., 2021) suggesting smelter and mining 

contamination (see map in Appendix A, Figure 4 for Images). Thus, we can further suggest that 

the smelter demolition exposed smelter dust to residential topsoil. 

In the NSA remediated property weighted mean calculation, CSA 1 unexcavated surface 

area is not specified (As= 50 mg kg-1), CSA 2 excavated surface area is not specified (As= 8.4 

mg kg-1), and CSA 3 concentrations are not specified (Brown and Caldwell, 2013). Regardless of 

the information loss for CSA surface areas and CSA soil concentration, the final calculation of 
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the property is: (72.5% Excavated * 8.4 mg kg-1 As) + (27.5% Unexcavated * 35 mg kg-1 As) = 

16 mg kg-1 As. Thus, the final calculation does not include enough information to be complete 

because the surface areas (represented as percentages of the total property area in the calculation) 

were not reported. Furthermore, the remediated properties excavated portions of yard which left 

hotspots for residents to become exposed to. Concern may arise when the unexcavated areas are 

used as gardening plots, children’s play areas, sand/or other activities where exposure to the 

contaminated soil is higher. 

 

5. Conclusion  

 This study aims to answer the community concerns of pollutant information disparities 

and site-specific soil toxicities. Major findings are that contaminated properties outside of the 

NSA borders are included in the Gardenroots dataset; four resampled properties show a temporal 

increase in 13 of the 19 soil concentrations suggesting smelter demolition and eroded mine waste 

input on topsoil; spotty remediation of NSA properties may unknowingly expose individuals; 

and additional remediation activities should be conducted in Superior, AZ and surrounding areas.  

 The results of this study help inform future research regarding the continual community 

engagement for residents exposed to industry pollution; and continued prompting of ADEQ’s 

VRP by BHP Copper to include more properties in the Superior Soil Study Area (SSSA) that 

began soil collection June 2022 (Appendix C, Figure 6 and 8). In addition to the town of 

Superior, AZ, the RC mine prospecting, preparation, and mining (as stated in Resolution Copper 

Mining [RCM], 2016) can expose and destroy other areas like Oak Flat and San Carlos Apache 

Reservation to harmful contaminants. These locations should be considered in the future 

remediation actions by BHP Copper. Soil, water, dust, and fauna are all mechanisms of 

mobilization and continual exposure for today and the future especially in a semi-arid, windy, 
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and drought-stricken climate of Southeast Arizona. To have an accurate depiction of the soil 

concentrations in the region and entire town of Superior, AZ, more studies must be done. 
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APPENDIX C: Implementation of a soilSHOP in 

Superior, AZ 
 

1. Introduction 

An environmental education event was conducted in Superior, AZ, to engage community 

members and provide a soil screening community service. The soil screening, health, outreach, 

and partnership (soilSHOP) event follows a toolkit from the United States Centers for Disease 

Control and Prevention (CDC) Agency for Toxic Substances and Disease Registry (ATSDR) 

(Agency for Toxic Substances and Disease Registry [ATSDR], 2022). The soilSHOP community 

event was co-organized by Dr. Mónica Ramírez-Andreotta and Alexandra Trahan via a series of 

virtual planning meetings over the course of two months prior to the Saturday, June 4th, 2022, 

event with collaborators. The event went from 10:00AM – 1:00PM. Community members 

brought soil samples from their homes following the sampling method outlined in the 

promotional materials (Figure 1 and 2).  

 

 

 

  

A 
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Figure 1. (A) soilSHOP flier in English and (B) soilSHOP flier in Spanish. 
 

 
Figure 2. The soilSHOP English flier that appeared in the Superior Sun Newspaper on June 1, 
2022. 

 

  

 

  

B 
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Soil samples were logged and screened with a portable X-Ray Fluorescence (pXRF) 

device (Delta, Olympus) for both arsenic (As) and lead (Pb), as these were found to be the two 

metal contaminants of concern in past Superior, AZ soil studies. The As value was modified 

according to the Pb value slope given by the Olympus IMS guidance article (Olympus, 2017). 

While waiting for soil screening results, the participants were able to engage in a presentation of 

the Gardenroots project by Dr. Ramírez-Andreotta and poster presentations of past regional soil 

studies (Figure 3) and mining history (Figure 4) presented by author Alexandra Trahan. After 

soil results were completed, participants engaged in one-on-one health education with the 

Arizona Department of Health for Pb and Dr. Ramírez-Andreotta for As. Lastly, lunch was 

provided. 

The Superior, AZ, soilSHOP provided a community service of soil screening and 

environmental health information to let the community members know health effects of As and 

Pb and what the importance is of these values in soil. The United States ATSDR created a 

blueprint so that organizations could implement and spread environmental health awareness in 

communities.  

 

2. Methods 

The soilSHOP preparation and implementation followed the ATSDR soilSHOP Toolkit 

(https://www.atsdr.cdc.gov/soilshop/). The Toolkit offered a webpage explaining the overview, 

planning and preparation, registration, soil screening, and health education guidance. In addition 

to the University of Arizona (UArizona) Department of Environmental Sciences’ Integrated 

Environmental Science and Health Risk Laboratory, National Institute of Environmental Health 

Sciences (NIEHS) Superfund Research Program, and Concerned Citizens and Retired Miners 

https://www.atsdr.cdc.gov/soilshop/
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Coalition of Superior, Arizona, email invitations to participate were sent to the following 

organizations: 

• Centers for Disease Control and Prevention’s Agency for Toxic Substances and Disease 

Registry  

• Arizona Department of Health Services 

• Pinal County Public Health Services District 

• Arizona Department of Environmental Quality 

• Central Arizona Governments 

After initial invites, the team consisted of members from the Centers for Disease Control 

and Prevention’s Agency for Toxic Substances and Disease Registry, Arizona Department of 

Health Services, Pinal County Public Health Services, UArizona Integrated Environmental 

Science and Health Risk Laboratory, and Concerned Citizens and Retired Miners Coalition of 

Superior, Arizona. We organized five planning meetings to: edit the soilSHOP flier, create an 

advertisement plan, address staff roles and functions, train, and speak about day-of agenda. 

Planning meeting notes and invitations were communicated over email. The ATSDR model 

soilSHOP is designed for Pb screening and health education. However, for this particular 

soilSHOP, we screened for As to address the high concentrations observed in past soil studies 

(Brown and Caldwell, 2013; University of Arizona Superfund Research Program, 2019). When 

using the pXRF device, there is interference between Pb and As (see Olympus, 2017 for details). 

In this case, when analyzing As when Pb is present, particularly in high concentrations, poses a 

challenge. The Olympus Innov-X software algorithm automatically corrects the As result when 

Pb is present, however, it does affect the detection limit of As (Olympus, 2017). In general, the 

higher the Pb concentration, the higher the detection limit of As goes. To address this, the As 
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limit of detection was determined by taking the reported soil Pb concentration’s corresponding 

As value from the regression line (see “Effect of Lead Concentration on Arsenic Detection 

Limit” Figure from Olympus, 2017).  

During the event at the check-in table, community members were deidentified and given 

a soil ID number that corresponded to their submitted samples. The soilSHOP evaluations are 

iterative and summative. During the June 4th, 2022, soilSHOP event, health educators completed 

the iterative ‘SoilSHOP (Internal) Evaluation Form’ to gather participant feedback. The 

evaluation is provided by ATSDR’s soilSHOP toolkit and was converted to a Qualtrics survey 

via the University of Arizona Qualtrics software account. The form was completed by staff at the 

Health Educator booth after each engagement session with soilSHOP participants. The purpose 

is to keep track of the amount of health educator interactions during the event to allow future 

soilSHOP planners to evaluate and implement event alterations (see Iterative Evaluation - 

Participant). Other day-of events included sign-up and registration, soil screening, health 

education, soil studies posters (Figures 3 and 4), past Gardenroots presentation, locally provided 

catering, and children activities.  
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Figure 3. Past Soil Studies in Superior, AZ. Created and presented by Alexandra Trahan; Edits 
by Dr. Mónica Ramírez-Andreotta 
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Figure 4. Mining Timeline of the Superior, AZ Region 1875 to Now. Created and presented by 
Alexandra Trahan; Edits by Dr. Mónica Ramírez-Andreotta 
 

 
Ten days after the soilSHOP, a Zoom focus group of the soilSHOP planning committee 

and volunteers occurred and was recorded for summative evaluation. A synopsis of the debrief 

and word cloud is included (Figure 5). The next summative evaluation was provided by ATSDR 

event summary (see section 3.4. and Attachment - soilSHOP Summary). 

 
3. Results 

3.1. Soil Samples 



109 
 

Thirty soil samples were logged in the health educator evaluation form. All attendees that 

received health education brought soil sample(s). 

 

3.2. Community Response to Poster  

Conversations covered issues about the State’s role in human health and how the federal 

branches tend to care more about human health. Participants expressed concerns over the 

existing health impacts of the environmental exposures in the community before remediation and 

what can be done for those who have already been exposed. Additionally, people mentioned the 

lack of recent communication regarding RC’s tailings dump plan outlined in the RC General 

Plan of Operations and revised in the Final Environmental Impact Statement (RCM, 2016; Tonto 

National Forest, US Department of Agriculture Forest Service, 2021). 

 

3.3. Iterative Evaluation - Participant 

During the event health educators completed the ATSDR (Internal) Evaluation Form 

through Qualtrics. Sixteen of the seventeen participants completed the evaluation form. Thirty 

soil samples received health education. Ten of the attendees heard about the event by word of 

mouth, five heard about it from the internet, and three people heard about the event from the 

newspaper advertisement. Of the sixteen health sessions, fifteen sessions had one person and one 

session had two people to consult. Each session lasted between 0 to 5 minutes. Topics of 

discussion included the following and were discussed a combination of times: gardening 

(reported 16 times), soil quality (reported 14 times), general health (reported 6 times), and 

children’s health (reported 3 times). The four topics were discussed a total of thirty-nine times 

over the sixteen health education sessions. Fourteen of the sixteen people indicated that they 

would use the advice they learned today. Everyone indicated that they learned something new 
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about Pb exposure and nine people indicated that they learned something new about As 

exposure. Five referrals were made by health educators: three for soil quality and two for blood 

Pb testing. One person expressed they would seek out their referral (evaluation did not specify 

what referral).  

 
3.4. Summative Evaluation - Meeting/Debrief 

The debriefing meeting covered day-of and future critiques based on the soilSHOP in 

Superior, AZ. Topics included: As health education consultation, potential to collaborate in 

future soilSHOPs, and community data ethics. The Arizona Department of Health Services 

expressed sentiments for the positive community engagement. The Pinal County Department of 

Health Services stated that the community members were appreciative and notated that they 

learned a lot. The day-of materials and equipment checklist worked well. A testament of attendee 

interest in Dr. Ramírez-Andreotta’s work was that people came back to listen to her present 

about past Gardenroots efforts. After the health education sessions, people who were originally 

hesitant to join the mailing list, decided to sign up for the email/phone list. The Coalition of 

Concerned Citizens and Retired Miners notated that Facebook comments said it was a good 

program.  

Improvements for future soilSHOPs include communicating the soil ID and expected 

wait time to the participants; communicating between staff members about the soil screening 

result card and log-in form; and bringing another pXRF if there were more samples to screen; 

and inviting more collaborators (e.g., parks and recreation, air quality professional). For 

example, staff noticed that the soil screening results card needed to be attached by paperclips and 

not staples.  
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Dr. Ramírez-Andreotta led the As conversation. The As lower detection limit was 

dependent on the Pb value and the corresponding As value (Olympus, 2017). Ben Gerhardstein, 

Environmental Health Scientist, ATSDR Region 9, said he’d like to share this document with 

others at ATSDR to consider taking a similar approach at future soilSHOPs. Coalition 

Chairperson asks about the comparison between ICP-MS and XRF, and Dr. Ramírez-Andreotta 

described the findings from a study in progress comparing the pXRF to the ICP-MS. 

It is suspected that Gardenroots as a whole and the soilSHOP event prompted action from 

BHP regarding the Voluntary Remediation Program (VRP) being overseen by the Arizona 

Department of Environmental Quality (ADEQ). For example, next steps were added to the 

ADEQ VRP webpage after the original Gardenroots events occurred in 2019 (ADEQ, 2022). To 

promote the event, the soilSHOP flier (Figure 1) and details were sent to the Superior Sun 

Newspaper and Superior Town Manager. On May 12, 2022, the UArizona Team emailed and 

asked the Town Manager to promote the soilSHOP with our flyers on the Town of Superior 

website and associated social media. On May 17, 2022, the Town Manager said they would pass 

the flyers on to the Superior Sustainability Facebook page. The UArizona Team emailed the 

Town Manager again on May 26th and was given the point of contact for the Superior 

Sustainability Facebook page. The soilSHOP was posted on 

https://www.facebook.com/SuperiorSustainabilityElevated on May 31, 2022.  

On May 17, 2022, the Team submitted a story and a calendar submission to the Superior 

Sun Newspaper. On May 18, 2022, BHP’s, Alexandria Dionne, published a VRP notice saying 

that the soil sampling for the Superior Soil Study Area (SSSA) will start in June 2022 and collect 

for three months (Figure 6). When the Superior Sun Newspaper, published an article about the 

soilSHOP on May 25th, the graphic was not included and it only included text, with the title, 
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“Free soil screening for homeowners” (Figure 7). On May 27, 2022, we reached out again to the 

Superior Sun newspaper and paid for a full spread. On June 1st, the article “BHP Copper to 

conduct soil sampling in Superior” appears on page 11 (see Figure 8) and our soilSHOP 

promotional image was on the back of the last page of the paper, page 16 (see Figure 2). Post 

soilSHOP, the Superior, AZ Mayor prepared an article regarding the soilSHOP that appeared in 

the Superior Sun Newspaper (see Figure 9). The soilSHOP team was not contacted for input. 

We spoke about the ethics of sharing the soil screening data. Coalition member stated 

that people on Facebook asked about the soil screening data. In response, Coalition member 

posted the link to the past Gardenroots data. Based on the Facebook question regarding the 

aggregated results, we contemplated sharing the soilSHOP data. Since the event was framed as a 

community service and health education and we did not ask participants if we could share the 

results, we cleared our data. Overall, the debrief conversation clarified what worked and what 

needs improvement. To further synthesize the meeting, Figure 5 was created from the transcript.  
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Figure 5. Summative Evaluation: Debrief transcript word cloud. The word cloud is generated 
from the debrief transcript and illustrates the consensus from the soilSHOP staff debrief. The 
staff was thankful for the event and for everyone that attended in Superior, Arizona to meet 
about Pb and As soil screening and health consultation. Opinions about next steps, evaluations, 
collaboration, consultation, leadership, and support were discussed. Source: Wordcloud.com 
 

3.5. Summative Evaluation - Form 

The Agency for Toxic Substances and Disease Registry provided a summary form for 

soilSHOP leads to fill out and submit via email to Jennifer Farramola, oyq1@cdc.gov, within a 

month of the event (see Attachments – soilSHOP Summary). The form covers collaborators, 

ATSDR contacts, flier link, collaboration details, additional aspects added to the soilSHOP, 

results, mode of high screening value responses, achievements, what worked, and what needs to 

be altered.  

 

 

 

mailto:oyq1@cdc.gov
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Figure 6 BHP VRP Notice - May 18, 2022. 
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On May 25, 2022, the Superior Sun featured an advertisement of the soilSHOP on the 

bottom of page 12 (Figure 8). The post transcribed the content of the flier (Figure 1) that was 

originally sent to the Superior Sun newspaper on May 17, 2022. 

 
Figure 7. Free soil screening for Superior homeowners - Superior Sun Local Newspaper (bottom 
of page 12; No Flier Included - Text Only) - May 25, 2022  
 

As the event was nearing, we decided to contact the Superior Sun again and pay for a full 

advertisement. On June 1, 2022, the Superior Sun published BHP’s soil sampling notice for 

residents on top of page 11 of the paper (Figure 9). The soilSHOP announcement was printed on 

the back of the last page of the Superior Sun newspaper (Figure 2). 

 

 



116 
 

  

 
Figure 8. BHP VRP Notice - Superior Sun Local Newspaper (top of page 11) - June 1, 2022 
 

Following the soilSHOP (i.e., event occurred Saturday, June 4, 2022), the Superior Sun 

published an article about the event. The mayor authored the article stating that the soil “testing” 

event on June 4, 2022, was not affiliated with the BHP Copper VRP soil sampling plan.  
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Figure 9. Superior Sun Newspaper article titled: “Superior residents test soil at Gardenroots” that 
was published post the soilSHOP event. Article author: Mila Besich, Mayor of Superior, AZ.  
 

4. Discussion and Recommendations 

 At the end of the event, 34 soil samples were recorded in the soil screening log, and 16 

entries were entered into the health educator participant feedback survey. We estimate an 

engagement of around 19-24 people.  

Planning a soilSHOP required time for organization and clear communication for all 

parties involved. It is important to create good morale and transparency within the planning 

meetings. The first meeting provided a space for introductions, an explanation on soilSHOPs, 

 

 



118 
 

and our rough plans. When hosting a planning meeting, it is helpful to stay on schedule and 

allow discussion and questions for the last 10 minutes. It is advised to send reminder emails a 

day before the planning meeting with the agenda. Then, sending meeting notes a day after is also 

beneficial. Finalizing the advertising flier and schedule at least two months in advance of the 

event is highly recommended. The Toolkit documents that were most helpful were the staff roles 

and functions document and the checklist. On the day of the event, allow the staff 10-25 minutes 

dedicated time to review their roles and any forms they will be using. The soil screening booth 

should run through how they will record and calculate the results. It would also be helpful for a 

mock run-thru of the entire soilSHOP to allow a flow to be achieved before community members 

arrive. Then, the physical layout of the tables and activities should follow a thoughtful 

placement.  

For this event, it seemed like people preferred to sit down or casually group in clusters. 

Thus, the poster was not an inviting focal point of the space as it was also located on an elevated 

surface above all other booths. Participants may be more apt to sit around a table and look at the 

poster information in (1) booklet storytelling form, (2) as poster print outs, or (3) in an art form.  

During the debrief meeting, staff suggested more communication regarding event flow 

for staff and participants. The Coalition and Pinal County expressed that if collaborators from the 

parks and recreation were involved, more soil samples from parks, fields, play-areas, and non-

residential regions could be screened. Additionally, future soilSHOPs could have collaborators 

that could address community questions regarding particulate matter, indoor and outdoor dust, 

and prevention strategies to reduce respiratory distress. Possible collaborators could include 

local, state and/or federal air quality divisions. To address data ethics, potential data sharing 

plans could be included in the soilSHOP messaging.  
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5. Conclusion 

The soilSHOP brought together governmental and community organizations to conduct a 

community engagement event in Superior, AZ. The multi-organization planning allowed for 

broad dissemination of event promotion and validity. Implications of this soilSHOP include 

community building; contaminant information; real-time screening results with subsequent 

health education and exposure prevention practices and resources; possible prompting of action 

from the ADEQ’s VRP; and program evaluation for future soilSHOP planners. 
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Attachments 

Draft of the Residential Handouts: 

Note the handout has not gone through internal or external peer review and is in draft format. 
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SoilSHOP Summary  
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APPENDIX D: Lens of redirection: Reflecting on the 

Indige-FEWSS traineeship and resource extraction 
 

1. Introduction  

The Indigenous-Food, Energy, Water, Security, and Sovereignty (Indige-FEWSS) 

traineeship brings together academic, community organizations, and professionals to begin to 

address the wicked issues that face Native Nations. The Indige-FEWSS (DGE 1735173) 

traineeship funded my first year of graduate school. Cultural and critical theories regarding the 

histories and present realities of researchers and Indigenous populations were taught and 

reflected upon. Two courses from the Indige-FEWSS PhD minor taught me about food systems 

and Indigenous Peoples unique land stewardship. The history course from the minor was about 

Resource Management in Indigenous Communities, and it covered the reoccurring story of the 

tight link between land extraction and Indigenous life-ways extraction (Ballard & Banks, 2003). 

Workshops and talk series led by Indigenous scholars, professionals, and experts were offered. 

Topics included science communication, cultural humility, and Indigenous methodology (i.e., 

Native Know-how, Co-INFEWSS, tribal consultation, Decolonizing Methodologies (Smith, 

1999) readings and reflections led by Dr. Valerie Shirley (Diné), University of Arizona). Talk 

series and engagement opportunities also existed. Lecturers in the Native Voices in STEM talk 

series included Dr. Tommy Rock (Diné), Postdoctoral Research Fellow, Princeton University; 

Joseph Brewer (Cherokee & Oglala Lakota), University of Kansas; and Dr. TallBear, (Sisseton-

Wahpeton Oyate in South Dakota), University of Alberta, Canada. 

 

2. Results 
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Journal club, peer-review products include (1) Dr. R-A interview, Co-author: William 

Borken, Peer reviewed by Charleen Tramoni and Ciara Lugo; (2) Emma Robbins with Navajo 

Water Project, Co-authors: Sarah Abney and Charleen Tramoni, Peer Reviewed by Jaymus Lee; 

and (3) Water Chlorination extension bulletin, Co-author: Frances Willberg, Peer reviewed by 

Ruth Panill, Sarah Abney, and Drs. Chief and Karanikola. NSF RCR and Citi training. Teaching 

experience through Diné College’s NSF Tribal College and University Program (TCUP) summer 

program. TCUP included preparing and presenting food modules (Monday, May 31 - Saturday, 

June 5th). The summer program allowed TCUP attendees to present their own greenhouse plans 

after our food, energy, and water modules were taught. An internship was funded through the 

traineeship with partners at SixthWorld Solutions.  

 

2.1. SixthWorld Solutions Internship Reflection  

Originally Posted on August 20, 2021, at Environment.arizona.edu 

 

Alexandra “Alex” Trahan is currently an Indige-FEWSS trainee and is a second year Master’s 

student in the Department of Environmental Science at the University of Arizona. Alex is 

currently interning with Sixth World Solutions – this is her story.  

 

My name is Alex Trahan and I want to share with you all about my internship with Sixth World 

Solutions this summer. Sixth World Solutions is a human rights organization that uplifts 

Indigenous communities through a place-based/solutions-oriented lens. Their areas of focus 

include food, energy, water, sustainable housing, as well as alliance and capacity building of the 

community leadership. The founders of Sixth World Solutions, Janene Yazzie (Diné) and Kern 

Collymore (Afro-Caribbean) are activists who have been working on the Navajo reservation for 

https://sixth-world.com/
https://sixth-world.com/
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over a decade now. During this time, they continue to work for food, water, energy, and land 

sovereignty and security for the Diné community. Their work involves collaborating with the 

local communities on the Navajo Nation and with Indigenous peoples abroad.  

  
Figure 1 
 

My internship with Sixth World Solutions has shown me a lot of action-based change instead of 

theorized change. Community members come together to work for Indigenous rights, whether 

that be through training other Native Americans to live off-grid by facilitating workshops and/or 

by creating jobs. Some examples of this involvement include building an Earthship, 

implementing regional farming techniques in the community garden, and implementing off-grid 

water filtration systems. I appreciate the ways in which Janene and Kern tackle obstacles from a 

holistic and thoroughly-balanced lens. Their vision is something I greatly admire as this is very 

hard to find.   

  

One aspect of my internship that I enjoyed most was that I was able to live on the reservation. In 

living here, I must change my habits. I must be careful about the quality of my running water, 

know when and where I will haul my water from, conserve my hauled water for all household 

uses, take care of my car that travels long distances on reservation roads, give time to run 

errands, and find an internet connection. I’ve learned about the Church Rock Uranium mill spill 

(i.e., biggest radioactive spill in the U.S. located ~30 miles downstream from the household), the 
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numerous abandoned uranium mines from the Cold War’s arms race, and the Gold King Mine 

Spill (i.e., August 2015 release near Silverton, CO, that flowed through Durango, CO, and onto 

Navajo Nation farms and land). I partially experienced and witnessed these truths firsthand for 

two months. My stay was transient and so I cannot speak for anyone who lives this reality daily. 

But I have noticed that there is a noticeable difference in my understanding when I lived in a 

place, learning, making relations, and beginning to try and understand how another life would be 

with those lived experiences. 

  

One of the projects that I was able to join was the food sovereignty initiative. During this project, 

I, along with other interns from Fort Lewis College, visited farms, gardens, and homesteads 

throughout the reservation. While visiting these places, we were taught about different farming 

techniques and ways to truly listen, learn, and engage with the community members. We took 

some of these new methods back to our own community garden in Tsé Si Ani (Lupton), Arizona. 

Other interns and I would curate these farming techniques into our garden spaces. An example of 

this was when we implemented a modified version of Bobby’s composting bins which was an 

edited version of the Johnson/Su bioreactor composting done by James and Joyce Skeet at Spirit 

Farms. The Skeets taught us about the different ratios we needed to use in the thermal 

composting method by Owl McCabe, from the Work in Beauty’s Eco-Regenerative Learning 

Center, who went into further scientific detail while looking under a microscope. Additionally, 

another farmer in Leupp, AZ, named Tyrone Thompson taught us about lasagna beds, shade 

houses, and how to pack a raised bed to retain moisture in the soil. 

https://covenantpathways.org/spirit-farm/
https://covenantpathways.org/spirit-farm/
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Figure 2 
  

At Caroline’s (community member) home, we learned how to use a broad fork on hard compact 

ground to create soil conducive to growing plants. Then at the Greasewood Chapter house, we 

learned about the traditional method of putting an odd number of seeds into each hole in the soil 

and how this is important to the plant’s growth and maturation. While adding an odd number of 

corn kernels in each hole, we would plant the seeds, stand up, stretch our arms high into the air, 

and say “grow tall” so that corn stalk would know where it should grow. Then, for melon seeds, 

we planted the odd number of seeds crouched down in a crawling stance so that the melons will 

vine out and mimic our own movements as we set the intention of their future. At the farms by 

Shiprock, NM, Chili Yazzie told us his story, spoke about his interpretation of the roles of the 

four colors of people, and how to plant seedlings with tender loving care. Then at Beverly’s 

farm, we were taught how to space out, dig, prep, irrigate, and install support for tomato plants as 

other interns sheared a goat. On the next farm, we collaborated with Bobby who taught us about 

how bugs do not like peppermint and how black ants love sunflowers. He also taught us the 

importance of the compost bins location within the garden area and how it is necessary to change 

their locations so the ground continues to stay fertile and maintains essential nutrients important 

for soil health. Lastly, the Skeets taught us that creating space for community members to 

congregate in the garden is particularly important by utilizing permaculture planting, decorative 
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separators, shade cloths, chairs, benches, and cup holders. This welcoming environment allowed 

us to share stories and life lessons with each other during my summer internship. 

  

With the knowledge gained from community members, we can relay the land practice techniques 

into our own community garden in Lupton, Arizona. This growing season, we have been able to 

plant tomatoes, melons, strawberries, flowers, peppers, and mint in the garden. We also hung-up 

bird houses, a bee hotel, and wind chimes. We set up irrigation lines (i.e., tubes, drip tape), a 

large tank for irrigation, fencing, hoop house organization and shelving, garden shades and 

seating, additional raised beds, created a to-do list of tasks and activities needed to sustain the 

garden, and we also created a seed bank that the community can access. By contributing to this 

project, we hope this will allow the Lupton community to make the garden their own with the 

knowledge they already have.  

 

 
Figure 3 
 

While working on the water projects with Sixth World Solutions, I linked up with Tolani Lake 

Enterprise and Tommy Rock to help communicate the results of a water sampling blitz taken at 

different water hauling locations on the Navajo reservation. I have been assisting with the 
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creation of a water quality report that will show the results, in visuals, to inform each community 

about their water quality and safety. This water quality report will also be given to the chapter 

houses with the lab testing results attached so community members know what is present in their 

water sources that they haul water from.  

  

Overall, this internship with Sixth World Solutions is what I hoped for the summer after a full 

year working in solitude during my first year in the southwest as a graduate student at the 

University of Arizona. The Indige-FEWSS traineeship continues to teach me about Indigenous 

rights, history, and facilitating partnerships in the Navajo community. I am very thankful to have 

been in the Lupton community with the new knowledge I gained this past year as an Indige-

FEWSS trainee, and I am forever grateful for the lessons I have learned and continue to learn 

while in the program. I look forward to nurturing the friendships I made here this summer and 

continue collaborating with Sixth World Solutions in the future. 

https://environment.arizona.edu/highlights/grid-summer-immersion-experience-navajo-nation-

trainee-alex-trahan  

 
 

3. Discussion and Conclusion 

 The Indige-FEWSS traineeship offered me a new perspective to see how I fit in as a 

scientist in communities. Introduction to Indigenous scholars and professionals allowed me to 

witness the seamless incorporation of culture, justice, action, positionality, teaching, and 

learning. Contemplating the workshops and publications, exposed new resources so I could 

https://environment.arizona.edu/highlights/grid-summer-immersion-experience-navajo-nation-trainee-alex-trahan
https://environment.arizona.edu/highlights/grid-summer-immersion-experience-navajo-nation-trainee-alex-trahan
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continue forming my perspective, way-of-living, and future career practice. I’ve learned about 

the interrelatedness between human, environment, and the many systems.  

 In the experiences, resources, partners, and educational offerings that Indige-FEWSS has 

offered me, I am learning that continual education and decolonizing shapes my future. This is a 

step in fostering autonomous relationships with individuals and communities especially those 

facing injustices. To be a better scientist, continual communication, capacity, and trust building 

could help bring lasting change for equity. 
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