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Abstract 
 

 Copper is critical to the sustainability of the modern lifestyle; however, mining creates 

massive land disturbance and generates large quantities of unstable waste materials that need to 

be managed for the long-term environmental and public health of neighboring communities 

(Lima et al., 2016). One waste challenge associated with modern mining is managing mine 

tailings. Mine tailing reclamation is site specific but often has a long-term goal towards 

ecological restoration and is impacted by stakeholder and rights holder associations (i.e. private, 

government or tribal) (Keller et al, 2011). Mine waste reclamation aims to stabilize waste to 

support self-sustaining plant communities.  

 A critical limitation to vegetation success in mining waste is that these “soils” are deficient of 

the microbial communities and nutrients necessary to support plant establishment. The costs 

associated with these restoration activities can also be substantial, and vary with mine size, 

regulatory regimes, technology, presence of legacy reclamation costs, or cultural resources 

within the area (Mudd, 2009). Long-term ecological management of mine waste is an essential 

and problematic component of efficient mine site reclamation throughout the Southwest. Soil 

health properties essential to successful phytostabilization of reclaimed mine sites are poorly 

understood. 

 This study found that total nitrogen and DNA biomass show promise as potential indicators of 

soil fertility that correlate with revegetation improvement. Our studies suggest that capping 

material source significantly influences the rate of plant establishment.  Quantitative metrics 

must be further investigated to improve methods for screening potential capping material sources 

for mine tailings reclamation. Longer term studies are needed, particularly for mine recovery in 

the Southwest, where plants grow slower. Future work should consider how below ground 
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fertility metrics reflect ecosystem stability and plant structure, and how the quality and 

application method of soil capping may impact future plant community structure.   
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Author Reflexivity Statement 
 

Critical Indigenous Research Methodologies (Brayboy et al., 2012) are rooted in 

Indigenous knowledge systems, relationships, respect, reciprocity and accountability, and argue 

that all researchers are to some degree connected to, or part of, what they research. As such, I 

believe it is important to contextualize my relationship to the land, my relationship to my 

community and my relationship to my research. My work is motivated by my ancestors, by my 

family, by both my Yoeme and Wixáika community. My father’s ancestors were farmers in the 

Rio Yaqui Valley, which eventually led my Grandfather up to Bakersfield, CA where he worked 

in agricultural fields and building sections of Southern Pacific train line. His love for the land 

inspired all his grandchildren who spent time in his garden. I continue on his legacy in my own 

way, returning to the Sonoran Desert to study soil and land restoration, with an invested interest 

in environmental justice. 

In my language, Haiki, we do not have a word for scientist. As a Yoeme woman in the process 

of reclaiming her language and understanding of the land, bwia, that I work and study on, I found 

it important to contextualize my ecological knowledge through the lens of my ancestors. As I 

worked with my dissertation committee to understand the ecological transformations on my field 

site, I also found support in working with tribal linguists and cultural practitioners to understand 

who my community views as knowledge holders, and how that can inform my science practices 

moving forward. In the process, I learned my ancestors understanding of what I do as a much 

better description than the English language could ever provide. I practice bwia yee ta’elia: land 

healing knowledge. This dissertation seeks to understand how we can heal arid lands to self-

sustaining condition after they have been damaged by mining. In the process, it also required me 

to explore why lands in the Sonoran Desert are mined, what my role in these extractive systems 



 15

are, and better understand current legal framework. I incorporate these acquired knowledges with 

my belief that the land is a living being whose specifics of geography and community matter. 

These inform my accountability to the land and my scholarship. 
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Chapter 1: Current study 
 

 The description and details of materials, methods, results and conclusions of this research are 

presented in Chapter 3 and Appendix A of this dissertation. The following encompasses the 

explanation of this transdisciplinary dissertation format, the problems and motivations for this 

research, conclusions, and research implications. 

1.1 Description of dissertation format 

 

 This dissertation combines the fields of environmental sciences, environmental policy and 

American Indian Studies. It consists of 6 chapters and an Appendix A. This dissertation begins 

with a literature review on existing terminology associated with restoration of mining impacted 

lands in arid environments. This chapter seeks to unify both science and policy, as an 

introduction and/or review on mining restoration language, technique goals, legal obligations, 

and associated time scales. This ensures inclusiveness for transdisciplinary readers.  

 The research studies begin in Chapter 3. Chapter 3 focuses on the evaluation of early 

indicators of reclamation progress (< 5 years), while Appendix A focuses on the soil fertility 

indicators of reclamation improvement (> 5 years). Both of these studies suggest that the quality 

of soil capping material may be an important predictor to reclamation success. Chapters 4 and 5 

are preliminary studies to assess significance and quality of capping material, by evaluating 

borrow source quality and stored cover material. 

 Chapter 6 outlines tribal consultation obligations in context of tribal nation’s aboriginal title to 

land, the 1872 General Mining Law, and the National Environmental Policy Act, using 

Rosemont Mine as a case study. It both informs the legal implications of mining in Arizona to 

Indigenous communities, and highlights the policy connection to modern mining and reclamation 

technology. 
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1.2 Description of the problem and motivations 

 

 Arizona has significant natural resources, including copper and mineral assets. Additionally, 

Arizona is rich in natural, economic, political and cultural attributes that set it apart from other 

states. These include the diversity of dynamic landscapes; climate and Arizona’s Indigenous 

Peoples. Each of these unique characteristics has played specific roles in Arizona’s past and 

continues to provide opportunities for Arizona’s current and future economic development 

(Charney et al., 2010). In Arizona, copper mining is an estimated $8-billion-dollar industry 

(USGS, 2018) and currently occupies 0.12% of the state land area (Poulton & Mather, 2019). 

Copper is critical to the sustainability of the modern lifestyle; however, mining creates massive 

land disturbance and generates large quantities of unstable waste materials that need to be 

managed for the long-term environmental and public health (Lima et al., 2016).  

 Mining as a form of economic development is sometimes viewed as a controversial topic in 

Indigenous communities, and some Tribal Nations are resistant to the extraction industry. 

Arizona’s Native Nations pursue development to enhance political clout, to gain resources for 

land purchases, to fund programs that revitalize language or improve community health, and to 

sustain their own governments, being mindful of past harms while creating future opportunities 

(Charney et al., 2010). Long-term and sustainable ecological management of mine tailings is 

fundamental for the future of the mining industry in Arizona, but can be expensive. In addition, 

reclamation strategies must be adjusted to accommodate the end-use goals of the land area which 

are impacted by the associated stakeholders or rights holders (i.e. private, government or tribal). 

        Mining companies in arid and semiarid regions around the world face unique environmental 

challenges due to lower soil moisture and biotic potential, making self-sustaining plant 

revegetation on mining impacted lands more challenging. This study is a first step in developing 
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biotic and abiotic metrics that could be widely applicable for measuring reclamation success in 

arid ecosystems. This dissertation aims to improve revegetation strategies by working with 

mining companies and the Center for Environmentally Sustainable Mining to identify metrics 

that: 1) document soil development factors that associate with successful plant establishment; 2) 

assess the significance of soil cap quality to revegetation success 3) determine if there are below 

ground fertility metrics that reflect if the ecosystem has reached a stable status and 4) outline 

gaps in communication with Tribal Nations. 

1.3 Conclusions and research implications 

 

 Results of this research suggest that resiliency, both ecological and legal are important factors 

to long term sustainability.  

 Ecologically, this work demonstrated plant establishment had a significant effect on below 

ground fertility development and that the best predictors of below ground soil fertility are total 

nitrogen and soil DNA biomass. While notable parameters, such as pH, TEC, and phosphorus, 

are found to be important indicators of soil quality in other soil reclamation projects, they did not 

prove to be critical indicators of belowground fertility progress in this work. Importantly, we 

contend that capping material source significantly influences the rate of plant establishment.  

Quantitative metrics must be identified to improve methods for screening potential capping 

material sources for mine tailings reclamation. Longer term studies are needed, particularly for 

mine recovery in the Southwest, where plants grow slower. Future work should consider how 

below ground fertility metrics reflect ecosystem stability and plant community structure, and 

how the quality and application method of soil capping may impact future plant community 

resiliency. 

 Legally, this dissertation makes the argument for the need to include traditional ecological 
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knowledge of Indigenous Peoples into reclamation and resiliency practices. Knowledge 

regarding impacts to critical infrastructure, placement of tailings waste facilities, re-vegetation 

seed and plant selection, time of year for planting, and community values towards land 

stewardship are important concepts to embrace that can make resiliency technology more 

effective and local communities more invested. This investment begins with incorporating 

Indigenous values and interests at the inception of research and mining collaborations. 

 The outcome of these cases can vary and there is a need for the elucidation of the policies 

governing these lands, to define tribal consultation practices, and to clarify what land restoration 

post mining activities might look like. In this dissertation, I discuss the dynamic interplay 

between the roles of federal agencies, the role of the 1872 General Mining Law, the role of 

sacred landscapes, “true consultation,” and how these factors impact Native Nations sovereignty 

in relation to mineral extraction. 
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Chapter 2: Introduction 
 

This introduction will: (i) present the overall challenges posed by mine wastes; and (ii) 

define the existing terminology used in mine waste management and mitigation in relation 

to legal responsibilities associated with management. Additionally, (iii) a discussion of the 

need to modify existing terminology to include consideration of below-ground metrics of 

soil health and resiliency parameters that are integral components of healthy ecosystems 

will be presented; and (iv) provide an Indigenous Peoples perspective on mine waste 

management. This dissertation will focus on mining in the arid and semi-arid areas. Mining in 

arid and semiarid regions around the world face unique environmental challenges due to lower 

soil moisture and sensitive ecologies yet tend to be where the majority of mining occurs globally 

(Figure 1). 

 
Figure 2. 1: Map of arid and semi-arid lands globally. Blue dots indicate global mining hubs. SOURCE: USGS, 1997. 

 

2.1 Overall challenges posed by mine wastes 

To maintain our current standard of living, the average American requires over 38,449 

pounds of minerals each year (USGS, 2020). The production of base metals, such as copper and 

zinc, has been rising (Mudd, 2009) and is expected to reflect several times the current demand by 
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2050 (Halada et al., 2008). Globally, copper gross production is 4,190 million metric tons 

(MMT), while net production is 9.3 MMT, leaving 99.5% of the mined copper material rejected 

as waste (Douglas & Lawson, 2000; Bridges, 2004). Storage of this immense amount of mining 

waste impacts large land areas that must then be treated for future use in a beneficial manner. 

Currently, there are no markets for mineral wastes, and waste management continues to be a 

defining challenge for the mining industry (Santini & Banning, 2016). Due to the large amount 

of waste generated to produce the minerals required by our standard of living, it is imperative 

that we develop technologies to return these impacted lands to productive uses. 

Each mine has a limited lifespan due to the finite nature of the resources being extracted. 

Once the mineral of interest has been exhausted, or has reached the point at which extraction is 

no longer profitable (for any number of reasons, such as increasing mine depth, changing 

regulations, or market pressures), the process of re-establishing the land must occur (Bridges, 

2004). Mining creates three types of solid wastes: 1) overburden, which is soil and rock removed 

to gain access to a mineral deposit; 2) waste rock, which is separated from ore during mining; 

and 3) tailings, the fine waste particles produced during mineral processing (Dold, 2008). This 

dissertation will focus on managing mine tailings. 

Mine tailings continue to be a major waste problem for the global mining industry, due to 

their wide range of pH, metal content, and particle size distributions (Chadwick et al, 1987). Two 

tailings types exist, each with unique challenges. Legacy mine tailings generally have larger 

particle size, higher heavy metal contamination, and acidic pH (Mendez & Maier, 2007), while 

modern mining tailings generally have low metal content, but are associated with higher amounts 

of fine particles, measured as particle matter (PM). Some particles found at mining sites, such as 

dust, are large (PM 10) and can be inhaled, impacting the back of the throat, while other fine 
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inhalable particles (PM 2.5) can be inhaled deeper into the lungs (EPA, 2017). Both particle sizes 

pose public health risks, with prolonged exposure causing respiratory and cardiovascular issues 

(EPA, 2017). Both PM 2.5 and PM 10 must be stabilized, and are the main targets of mine waste 

management efforts (Santini & Banning, 2016). In both legacy and modern mine tailings, the 

cost associated with treating mining waste can be substantial, and fluctuates with mine size, 

processing technique, regulatory regime, technology, presence of legacy tailings and cultural 

resources within the area (Ali, 2003; Mudd, 2009). One estimate suggests costs can range from 

$160,000 to $24 million per mine (US), though costs can vary1 (US EPA, 1997). 

Repairing vast land areas disturbed by mining operations relies on general technologies 

which must be adapted to the specific demands of the site and mining industry. Not all mine 

wastes are capable of growing plants due to acidic soil conditions or heavy metal contamination, 

and this is an area of active research (Mendez & Maier, 2007; Burger, 2008). Developing 

techniques to change mining waste into plant-sustaining soils, or having access to quality soils as 

a coverage material on mine waste post extraction is an important criterion for creating more 

sustainable mining practices (Seybold et al., 1998). Production of base metals like copper and 

zinc occurs predominantly in arid and semiarid environments, which introduce unique challenges 

(Mudd, 2009).  These challenges are site specific but often have long-term goals towards 

ecological recovery and are impacted by stakeholder and rights holder associations (i.e. tribal, 

private, or government) (Keller et al., 2011).  

Despite these challenges, managing mining waste is becoming increasingly more important 

for the mining and minerals industry (Bridges, 2004).  Starting in 2000, The Mining, Minerals 

and Sustainable Development Project was initiated as part of the Global Mining Initiative to 

                                                      
1 Private communication indicate this is a conservative value. 
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engage in developing sustainable strategies for post mining land use. This development project is 

in a collaboration with over 40 companies and organizations aimed at identifying the main 

challenges in mining sustainability and possible future strategies for post mining land use. 

Additionally, regional centers are being established to address sustainable mining issues that 

pertain to specific regions, such as the Center for Environmentally Sustainable Mining (at the 

University of Arizona, Tucson, AZ), the Australian Centre for Sustainable Mining Practices (at 

the University of New South Wales), and the Center for Mining Sustainability (a partnership 

between the Colorado School of Mines, CO and The Universidad Nacional de San Agustín, 

Peru). Whereas sustainable mining issues include many challenges related to making mining 

more ecologically, economically and socially responsible, this dissertation focuses on ecological 

sustainability factors associated with mining waste management technologies in degraded land 

systems. “Degraded land systems” is often used as an umbrella term that encompasses a wide 

variety of land conditions, such as desertification, salinization, erosion, compaction or 

encroachment of invasive species (Gibbs & Salmon, 2014). In this dissertation, degraded land 

refers to lands impacted by the mining process. 

One of the unique challenges facing the recovery of degraded lands impacted by mining is 

that the mine waste itself is not a soil. Mine wastes, such as mine tailings, are finely ground up 

particles whose physico-chemical properties inhibit vital soil forming processes and plant growth 

(Mendez & Maier, 2007; Gomez-Sagasti et al., 2012). Mine tailings have a high susceptibility to 

surface sediment mobility, erosion, have low water holding capacity and lack soil forming fine 

materials and nutrients (Cooke & Johnson, 2002; Brusseau et al., 2019). Some tailings have 

issues of high metal concentrations, which can impede ecosystem recovery and contaminate 

local landscapes.  Additionally, mine tailings can be inhospitable environments to plant and soil 
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organisms, due to pH extremes and low soil organic matter (Brady & Weil, 2008; Cooke & 

Johnson, 2002). Mine tailings can confound the challenge of land recovery in arid and semi-arid 

ecosystems, which are also harsh conditions, due to their high wind events, low precipitation, 

low nutrient availability, lack of soil structure, high salts in the soils, and often an oxidizing 

microbial community (Mendez & Maier, 2007; Santini & Banning, 2016; Gil-Loaiza et al., 

2018). Microbes that are necessary for essential carbon and nutrient cycling activity on mine 

tailings in arid ecosystems, such as heterotrophic bacteria, are present in low quantities due to the 

reduced moisture (Mendez & Maier, 2007; Epelde et al., 2009; Gomez-Sagasti et al., 2012). I 

contend that critical steps in optimizing land restoration terminology and management practices 

for mine site reclamation are to 1) define the properties of a plant-sustaining soil; 2) understand 

how mine tailings are deficient in these properties; and 3) determine the most efficient practices 

to transition mine tailings to a plant sustaining matrix. 

2.2 Soil properties that sustain vegetation 
 

Soil as a resource is not renewable and can often lead to conflicts between concurrent land 

use types (SSSA, 2013). Soils supply plants with important nutrients, held in place by particles 

of clay and organic matter. As soils are a finite resource, that take thousands of years to form, 

land use must be sustainable, and managed in a way that prevents and controls soil degradation 

and erosion. Soil health and soil quality are two key concepts that help soil scientists understand 

how to repair degraded mine lands. These two terms are often used interchangeably, but have 

distinct meaning and will be discussed throughout this dissertation.  

Soil health refers to soil’s ability to self-regulate and obtain ecosystem stability with the 

ultimate goal of reaching ecosystem resiliency (Chapin et al., 2011). Soil health can describe 

both the biological integrity of the soil community, and the balance between organisms within a 
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soil and their environment (Seybold et al., 1998).  Soil health also takes into consideration soil 

functional and structural integrity in terms of a soil’s capacity to perform vital functions, such as 

sustaining biological activity, diversity, and productivity; regulating and partitioning water and 

solute flow; filtering, buffering, degrading, immobilizing, and detoxifying organic and inorganic 

materials; storing and cycling nutrients and other elements within the Earth's biosphere (Epelde 

et al., 2009). Soil health properties essential to mine site recovery are poorly understood, 

especially soil microbial communities that facilitate nutrient cycling and provide a direct 

indication of soil ecosystem potential (Mendez & Maier, 2007). 

Soil quality describes the properties that make soil fit to perform particular functions in 

support of the broad ecological roles of soils (Chapin et al., 2011). Soil quality is a component of 

a larger ecosystem that supports plant growth, and regulates water flow (Brady & Weil, 2008). 

Heneghamm et al. (2010) defines soil quality as “the capacity of a soil to function, within natural 

or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance 

water and air quality, and support human health and habitation.” Soil quality is specific to each 

kind of soil (Garbisu et al., 2010) and is generally associated with a soil’s fitness for a specific 

use whereas soil health is commonly used in a broader sense to indicate the capacity of soil to 

function as a vital living system that sustains biological productivity, promotes environmental 

quality, and maintains plant and animal health (Garbisu et al., 2010). Soil physical and chemical 

characteristics, as well as non-microbial soil organisms, can be used as indicators of soil quality 

(Heneghamm et al., 2010).   
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2.3 Defining existing terminology used in mine waste mitigation (the “R’s”) in relation to 

legal responsibilities associated with management 

An improved understanding of the potential impacts of industrial activities, societal attitudes 

toward mining, regulatory regimes, and dynamic market conditions now typically require 

companies to state clearly how their operating area and wastes will be managed and treated 

before mining can begin. It is imperative that the mineral extraction process ensures the return to 

productivity of mining impacted lands following mine closure, but in policy, science and legal 

literature, there are differing definitions of what that return to productivity might mean. A few of 

the terms and technologies used by the mining industry to repair land include restoration, 

remediation, revegetation, and rehabilitation (R terms); terms which focus on the final land use, 

as opposed to the restoration and recovery process.  

2.3.1 Significance of substrate to land recovery 

Land recovery techniques work to improve soil properties by raising pH, increasing organic 

matter content, adding essential nutrients for plant growth, increasing water holding capacity, 

and modifying or reducing metal bioavailability (Chapin et al., 2011). Productivity of soil can be 

increased by adding various natural amendments, which act to stimulate the microbial activity in 

the soils, providing essential nutrients such as nitrogen, phosphorous and organic carbon (Keller 

& Milczarek, 2011). Soil structure is buried with mining activities, changing the soil’s carrying 

capacity (Azapagic, 2004). In order to increase soil properties to sustain vegetation, efforts to 

increase water and nutrient infiltration must be made. 

Much of the current literature on land recovery practices have been on soils, not on degraded 

land material such as mine tailings. As efforts to stabilize and promote plant growth on tailings 

continues, there is a need to develop metrics that evaluate the progress of land recovery efforts 

on mine tailings. Microbial metrics can be a tool to characterize microbial communities 
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associated with disturbed systems and may serve as an effective indicator for the extent to which 

degraded lands recover from mining disturbances (Peacock et al, 2001; Poncelet et al, 2014). 

There is currently limited research focused on the microbiome of degraded land systems in arid 

environments, and the soil development of tailings on mining lands.  

Various technical terms are used to describe processes of degraded land recovery and the re-

establishment of a sustainable soil ecosystem.  These include land restoration, reclamation, 

remediation and rehabilitation (Chadwick et al, 1987). However, these terms, the “R’s” are often 

used interchangeably, and there is some uncertainty regarding how these terms differ from one 

another in relation to the recovery of a mined ecosystem.  Additionally, what happens when land 

is not repaired, but rather used in an alternative productive manner? These additional “R’s” will 

be discussed. Table 2.1 defines each of these terms, their application to mine land recovery and 

their aims for environmental quality, legal requirements and the time scale required to obtain the 

objectives.  Accurate and integrated use of these terms is critical to facilitate communication 

between ecosystem managers, regulators, stakeholders and the mining industry for the 

development of more effective management practices. When optimizing management practices, 

these professionals must be cognizant of environmental and biological factors that influence 

soils, as well as social and political forces that influence decision making, which can cause 

unintended effects on ecosystems and their neighboring communities (Aronson et al., 1993). The 

changing and complex global environment requires the integration of diverse environmental 

management disciplines and techniques. The following sections will be descriptions of the “R’s” 

in relation to ecological and legal terminology. Table 2.1 is a summation of the R terms.  
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Table 2. 2: Summary of the “R.s” in relation to mining terminology. 
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2.3.2 Reclamation 

Reclamation is often a blanket term used by mining engineers when rehabilitating a disturbed 

site (Chadwick et al, 1987). Reclamation is the process of restoring the disturbed land to a 

usable state with characteristics similar to those present prior to the disturbance (Aronson et al, 

2003; Burger, 2008; NOAA, 2016). Reclamation is a legal term, and one of the main terms often 

used to address sustainable development based on the life cycle of a mine. Many countries have 

developed and adopted laws, national programs, and specific policies to ensure environmental 

protection (Chadwick et al, 1987). Industry, local, state, federal governmental agencies and tribal 

entities have a responsibility to clean up contaminated lands, with thoughtful consideration of 

time, order and future land uses (DOE, 1994).  Reclamation is a national priority in the United 

States, under the framework of protecting public health, worker safety, ecological health, and 

compliance with regulatory requirements. A few examples of domestic policies include the 

Surface Mining Control and Reclamation Act of 1977 (25 §1201), the US Bureau of Land 

Management Minerals regulations (43 C.F.R.§§ 3000.0-5-3936.40), and Federal Land Policy and 

Management Act of 1976 (43 U.S.C.§§1701-1787).   

Mining reclamation is an important part of sustainable mining development in many 

countries, and planning for reclamation should be part of the production process and begin well 

before the closure of a mining site, in consideration of ecological sustainable development 

protocols (Chadwick et al, 1987; Dold, 2008; Heneghamm et al, 2008; Mudd, 2009; NOAA, 

2016; Burger et al, 2019). Reclamation is also a comprehensive interdisciplinary subject which 

includes landscape redevelopment, ecosystem resiliency, and the restoration of ecological 

productive and esthetic values (Chadwick et al, 1987; GAO, 2011). Successful reclamation 

requires knowledge of both biotic and abiotic factors, as well as an understanding of long term 

ecological processes, such as geologic weathering. Reclamation must be done in conjunction 
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with local communities (including Indigenous people), local authorities, national governments, 

contractors, and non-governmental organization (Ali, 2003). This also includes understanding 

how the community in which a mine operates perceives the long term land use and values 

regarding reclaimed lands. This can be of particular concern to some Indigenous communities 

who have unique cultural and religious views regarding disturbed lands (Tsosie, 2015). 

A range of reclamation techniques are available for mined soils. These techniques are 

dependent on the site, the types of metals or resources being extracted, and the style of mining 

(ex: open pit mining vs. underground mining shafts).  Strategies of reclamation can include 

simple techniques, such as grading land for idealized topography, choosing specific native plant 

species to optimize plant vegetation, using layers of gravel to contain mining waste and dust, 

establishing paddocks and planned grazing techniques to heal the land, and adding in keystone 

species to promote ecological succession (Wong, 2003; Li, 2006; Gould, 2011; Lima et al, 

2016). Good planning and environmental management can minimize the impacts of mining on 

the environment and can help in preserving ecological diversity and cultural resources (Burger, 

2008; Mudd, 2009).  

2.3.3 Remediation 

Remediation is a scientific and legal term for treating dangerous materials to eliminate 

or reduce harm to the environment or humans, often referred to as contamination control 

(Aronson et al, 1993, Lima et al, 2016). According to the United States Environmental Protection 

Agency, remediation is the “process of stopping or reducing pollution that is threating the health 

of people or wildlife” (US EPA, 2001). Remediation targets a specific contaminant, in the soil or 

water that impacts public health—and involves the process of removing, reducing, or 

neutralizing substances, waste, or hazardous material from a site to prevent or minimize any 

adverse effects on the environment, now and in the future (Lima et al, 2016). Examples of 



 31

remediation include cleaning up or dredging sediments from the bottoms of an impacted river 

after a pollution event, or the cleanup process of an EPA Superfund site (Gomez-Sagasti et al., 

2012), and is most associated with legacy mining sites.  

Remediation action is subject to regulatory requirements, and can be based on human health 

assessments, as well as ecological risk assessments, which have legal standards of allowable 

limits, or dose response curves (US EPA, 2001). These assessments are often regulated by the 

Environmental Protection Act, the National Institute of Environmental Health Sciences, state and 

county departments of environmental quality. The success of soil remediation processes is most 

often evaluated by investigating whether the remediation method has the capacity to fulfill the 

essential soil functions and services of the site, such as biogeochemical cycling or primary 

production, and if these functions have been restored or not (Burger, 2008). While there are 

many types of remediation, this paper will briefly discuss three broad types: bioremediation, 

phytoremedation and the use of soil amendments. These remediation methods focus either on 

above ground (increasing vegetation to remove contaminates) or below ground (using microbes 

to remove contaminates, increasing soil quality) properties, but do not explicitly focus on above 

and below ground interactions essential to long term sustainability.  

Bioremediation, or the use of microorganisms to detoxify or remove pollutants, is a well-

known low-cost option for in situ remediation of polluted soils (Dold, 2008). Commercial 

bioremediation systems are now available for many of the more environmentally hazardous 

organic contaminants. Bioremediation is not yet a long-term, large-scale solution to the problem 

of soil heavy metal pollution but does show promise (Wong, 2003; Gomez-Sagasti et al., 2012).  

Phytoremediation is the use of green plants to remove pollutants from the environment or to 

render them harmless (Wong, 2003). Phytoremedation is often encouraged for the remediation 
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and revegetation of soils contaminated with high levels of metals, such as mining sites. 

Phytoremediation of heavy metals occurs either by direct plant uptake of contaminates 

(phytoextraction), or by stabilization in the rhizosphere and surface sediments 

(phytostabilization) (Mendez & Maier, 2008). Plants are taking up the metal contaminates and 

trapping them in their cell tissues, which can make these metals less biologically available, or are 

made less biologically available through a microbial interaction.  

The use of amendments has also been a popular remediation technique, often in conjunction 

with phytoremediation techniques (Mendez & Maier, 2008; Hottenstein et al., 2019). Such 

amendments can include saw dust, wood residues, sewage sludge, or animal manures, and act to 

stimulate the microbial activity in the soils, which provides essential nutrients such as nitrogen, 

phosphorous and organic carbon (Garbisu et al., 2010).  However, the use of amendments for the 

remediation of mine soils has a number of limitations, such as the need for regular inspections, a 

lack of proven durability, and its failure to enhance the sometimes unsightly nature of abandoned 

mine sites (Hafeez et al., 2014). Additionally, access to soil amendments for degraded lands is 

challenging, especially in arid environments.  

2.3.4 Restoration 

  Restoration is the idea of assisting the recovery of an ecosystem that has been 

degraded, both in terms of microbial, plant and animal community structure and ecosystem 

function (Muschower, 1994; Lima et al., 2016; Martin, 2017). Restoration requires a 

sophisticated understanding of the soil and all its physical, chemical, and biological properties to 

achieve the desired goal, and is part of a continuum of activities towards improving the potential 

for ecological recovery at larger scales (McDonald et al., 2016). Restoration may be achievable 

in a mine site if disturbances are managed and minimized (e.g. separate stripping and storage of 
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topsoil and overburden, rapid return of topsoil through progressive rehabilitation during the life 

of the mine) (Banning & Santini, 2016).  

While restoration can be the enhancement, creation, or recreation of a habitat, it is also 

legally a specific term for returning a disturbed site to a condition that is approaching natural 

conditions (Ali, 2003; Richardson, 2016). Legal obligations for restoration can be found in 

multilateral environmental agreements, regional conventions, and regional instruments such as 

European Union directives. The 1992 Convention on Biological Diversity is an important 

convention outlining State party obligations for ecological restoration (Cliquet et al., 2019). 

Other conventions that address ecological restoration or species restoration include the 1972 

UNESCO Convention Concerning the Protection of the World Cultural and Natural Heritage, the 

1979 Bonn Convention on the Conservation of Migratory Species of Wild Animals, and several 

of its additional agreements (Cliquet et al., 2019). In recent decades, numerous countries have 

introduced relevant regulations and associated policies, including Australia, Brazil, New 

Zealand, India, South Africa and the United Kingdom, but most aim for environmental 

restoration (limited scope to a specific site), rather than ecological restoration (a systemic 

improvement of an entire ecosystem) (Richardson, 2016). Domestically, the US Federal Aid in 

Wildlife Restoration Act (1937) earmarks revenue from a tax on firearms and ammunition for 

wildlife enhancement projects, although the funds flow primarily to projects benefitting game 

animals prized by hunters (Doremus, 1999). There are also mining industry-specific regulations 

that require rehabilitation of distinct sites with discernible temporal and spatial parameters 

(Tardoff et al., 2000). The final legal setting for restoration is in the broad statutory functions of 

public agencies that manage or supervise use of lands and waters. These laws may usefully offer 

broad plenary powers to engage in restorative interventions. Restoration is more challenging 
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because restoring large areas may require the cooperation of many groups: landowners, local 

communities, farmers, companies, etc. (Richardson, 2016).  

Ecological restoration is a broad set of activities (enhancing, repairing, or reconstructing) in 

degraded ecosystems appropriate to the specific types (or severity) of disturbances. Stahl et al., 

argues that the definitions of restoration are impractical because ecosystem components cannot 

be returned to exact pre-disturbance conditions, especially in the context of highly structured, 

complex and heterogeneous soil (2006). It is important to note that for many extraction 

industries, restoration of land to the original state is not the main objective.  Their aim is to 

stabilize waste products and dust particles and ensure a viable plant community is developing to 

protect the health of the neighboring communities (very similar to the goals of revegetation, and 

why they may be used interchangeably) (Brusseau et al., 2019).  Even when working with 

natural soil materials at mine sites, restoration is technically expensive, difficult, and prone to 

failure (Santini & Banning, 2016). 

The three terms reclamation, remediation and restoration are closely related, but have 

important distinctions that influence management practices. The main distinction between 

restoration and reclamation is that reclamation specifically refers to returning something to a 

usable state, whereas restoration denotes the returning of something to its original state (Aronson 

et al, 1993). Restoration aims to use ecological theories to improve industry practice and apply 

information from practice to improve theory (Dold, 2008). Remediation on the other hand, is a 

type of ecological restoration, returning the water or soil to a state similar to how they once were 

(Dold, 2008). Remediation controls the pollution, while restoration efforts, like the construction 

of wetlands and the planting of trees and vegetation, complete the process of providing healthy, 

self-sustaining habitat for fish and wildlife, and ensuring safe environments for people to live 
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and work in. Remediation and restoration are most effective when they are done together in a 

coordinated effort (Sheoran et al., 2010). The goal of each restoration project is defined by 

assessments of success which are guided by general theory from relevant disciplines, and the 

goals of community members, relevant stakeholders and rights-holders (such as US Forest 

Service, Bureau of Land Management, local tribes, etc.) (Heneghamm et al., 2008). 

Some scholars argue that the best strategy for restoration is to “forgo interventionist 

‘management’ and allow natural process to reassert themselves” (Mathews, 1999). The problem 

with leaving restoration of large scale extraction sites to natural processes is the time scale of 

recovery, measured in decades or centuries for the natural development of microbial and 

chemical species (Dobson et al., 1997). In some mining conditions, particually those of pyritic 

mine waste, soil microbes have the capacity of surviving in acidic conditions. If soil conditions 

are not quickly neutralized with some type of soil amendment, the microbial communities will 

create a self-feeding loop of more and more acidic condition optimal for sulfur or iron reducing 

microbes that can be very challenging to remediate (Seybold, 1998; Hottenstein et al., 2019).  In 

the arid Southwest, natural restoration has larger time scales than more temperate environments. 

This can be problematic for the health of neighboring communities, especially in the case of 

mining projects that may have environmental contaminates in the soil that can become easily 

dispersed though local air and water transport, and for slope stability (Gibbs & Salmon, 2015). 

For these reasons, it is important to restore sites as quickly as possible. Once identified, the 

restoration of soil properties can usually be brought about so that proper ecosystem function can 

be achieved, in some cases within 10-15 years, though arid environments tend to be a bit longer 

(Burger, 2008). 
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A restoration project should aim to restore highly degraded sites to a level of complexity with 

all former functions of a specified reference condition (Chadwick, 1987). Degraded soils 

generally have little or no aggregated structure and are strongly compacted as a consequence of 

performing the restoration activities at high soil moisture and/or with heavy machinery (Cooke & 

Johnson, 2002).  Therefore, the subsequent management plays a major role for the occurrences 

or repair of compaction damages to restored soils (Dold, 2008). Complete restoration of mining 

sites is an unlikely outcome and typically not the goal of most mining restoration projects 

(Dobson et al., 1997). However, restoration ecology is beginning to provide opportunities to 

reverse negative environmental trends and to create new habitats for biodiversity (Chadwick et 

al., 1987). Primary succession provides good evidence of the power of natural processes in re-

creating ecosystems without aid. When coupled with interventions aimed at treating serious 

long-term problems that may occur, such as impacted soil quality, rapid improvements can be 

brought about (Chadwick et al., 1987; Burger, 2008). 

2.3.5 Revegetation 

Revegetation is the establishment of plants on a site that may or not involve local or native 

plant species. Effective revegetation involves careful planning that considers soil conditions, 

other plant species, and past uses of the property (McDonald et al., 2016). Vegetation has an 

important role in protecting the soil surface from erosion and allowing accumulation of fine 

particles (Tordoff et al., 2000; Sheoran et al., 2010). Additionally, vegetation is vital in limiting 

water infiltration (evapotranspiration barrier), reducing contaminate migration, restoring habitat 

to animals, and enhancing visual aesthetics to neighboring communities (Brusseau et al., 2019). 

Many reclamation and restoration projects involve revegetation of the land surface, and 
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revegetation is considered one of the final actions taken at a site (US EPA, 2006; Brusseau et al., 

2019). 

Revegetation is both a short term and a long-term process and involves above ground and 

below ground system interactions. Once vegetation is established, plants increase soil organic 

matter, lower soil bulk density, moderate soil pH, bring mineral nutrients to the surface and 

accumulate them in available forms. Their root systems allow them to act as scavengers of 

nutrients not readily available. The plants accumulate these nutrients and redeposit them on the 

soil surface in organic matter from which nutrients are much more readily available by microbial 

breakdown (Li, 2006; Mendez & Maier, 2008; Sheoran et al., 2010). Revegetation plans should 

address land uses that affect plant establishment (Muschower, 1994).  

The revegetation of degraded ecosystems must be carried out with plants selected for their 

ability to survive and regenerate or reproduce under severe conditions provided both by the 

nature of the waste material, the exposed situation on the waste surface and on their ability to 

stabilize the soil structure (Sheroran et al., 2010). Normal practice for revegetation is to choose 

drought-resistant, fast growing plant species which can grow in nutrient deficient soils, and 

provide coverage to stabilize waste from getting into the local dust transport (Santini & Banning, 

2016; Brusseau et al., 2019). Selected plants should be easy to establish, grow quickly, and have 

dense canopies and root systems. Additionally, plants should be selected that are native to the 

region, represent a diverse subset of species, and will be self-supporting long term (i.e. not 

require being irrigated—this is of particular importance for arid and semi-arid environments).   

Successful vegetation can be a permanent and visually attractive reclamation solution, and in 

most cases, relatively inexpensive (Dobson et al., 1997; Burger, 2008; Gould, 2011). Typically, a 

vegetative cover is a useful reclamation strategy, as it can provide surface and slope stability to 
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prevent particles from traveling through local dust transport systems, reduce water pollution 

through interception, and serve as an erosion control method (Tardoff et al., 2000). Plants must 

be tolerant of metal contaminants for heavy metal impacted sites (Mendez and Maier, 2008; 

Sheoran et al., 2010). Some plants may go through a period of attaining successional 

development, and cycle through several plant species enroute to establishing a self-supporting 

plant ecosystem. Schulz & Wiegleb (2000) found that grasslands seeded to prevent erosion on 

post mining landscapes are also a frequent starting point for successional plant communities and 

are valuable steps in long term ecosystem restoration. Alday et al., 2011 similarly found that if 

soil amendments are added (in their case, to arid coal mines), plant succession can shift quickly 

(within 15 years) from grass dominated lands to shrub dominated lands. 

 

2.3.6 Rehabilitation 

Rehabilitation refers to the establishment of a stable and self-sustaining ecosystem and 

reinstating some form of ecosystem functionality to a disturbed land, without seeking to 

recover a substantial proportion of the native biota (McDonald et al., 2016; Kaźmierczak et al., 

2016). Rehabilitation measures costs and benefits of maintaining environmental quality, 

optimizes local land management capacity, and is a legislative requirement in many parts of the 

world. While mining companies commit to a program of rehabilitation from the onset of 

operations (Hitch et al., 2009), rehabilitation is much more commonly used by the ecology field. 

It can include practices such as agriculture, forestry, urbanization or for developing infrastructure 

with an endpoint such as green spaces (parks) or built environment (housing/industry) (Lima et 

al., 2016). 

Rehabilitation strategies are passive and aim to provide habitat focused entirely on 

establishing vegetation. Rehabilitation programs incorporate the handling and storage of topsoil, 
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waste rock and tailings in such a way that will assist in the final rehabilitation of the sites. Mine 

planners must therefore consider the movement of materials, as well as the most appropriate 

storage of materials to minimize disturbance and amount of work required for site rehabilitation.  

Site history and rehabilitation treatments have lasting effects on vegetation composition and 

structure in post-mining rehabilitation and differences in vegetation composition and structure 

between reference ecosystems and rehabilitation may even increase over time. Some species 

serve irreplaceable roles in an ecosystem and their disturbance due to mining may disrupt 

important ecological processes (Gould, 2011).  

 

2.3.7 Resiliency 

Resiliency describes the ability of a site to return to a former successional trajectory after 

being degraded (Aronson et al., 1993; McDonald et al., 2016) which can allow the site to fulfill 

functional health after a severe disturbance has disrupted normal processes (Brady & Weil, 2008; 

Burger, 2008; Chapin et al., 2011). This also includes the land capacity to self-organize while 

maintaining similar function, structure and feedback loops in response to future stressors 

(McDonald et al., 2016). If the site, or in this case, the soil, is returned closely back to its natural 

state, or if a sustainable conservation system of the soil management is utilized, the soil will 

begin to recover and regain some of its lost properties (Brady & Weil, 2008). Soil resilience does 

not mean that after regeneration soil is identical with the one before the impact. Rather, soil 

resilience may be the best indicator of recovered ecosystem health (Seybold et al., 2008).  

Soil resiliency depends on two components: 1) the rate of recovery and 2) the degree of 

recovery. The rate of recovery is the amount of time it takes soil to recover to its original 

potential or to some stabilized lower potential after a disturbance (Garbisu et al., 2010). The 

degree of recovery is the stabilized ecosystem potential related to the site pre-disturbance, which 
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defines the degree of recovery (Seybold et al., 2008). A soil with high resiliency can rebound 

quickly and its functional impairment in the ecosystem can be quite temporary. Soil resilience 

includes the buffering capacity of the soil to withstand a physical, chemical, and biological 

impact (Brady & Weil, 2008). When the disturbance of a site is not so great as to overwhelm the 

resilience of a system (does not shift it beyond the self-organized processes and structures of the 

system), the need for management intervention may be minimal (Chapin et al., 2011). 

Soil resilience can perform in either two different ways: in the way of a negative feedback or 

in the way of a positive feedback (Chapin et al., 2011). Negative feedback means that there has 

been relatively little impact on the soil (such as mechanical impact by tillage) which may be 

either absorbed by the soil’s buffering capacity or reversed by soil-forming processes (such as 

biological activity or subsequent tillage steps) before the impact is repeated for the next time. 

Positive feedback means that there is a great impact on the soil ecosystem (such as soil removal 

or loss of critical microbial populations) which is beyond its buffering capacity of the ecosystem 

resilience and from which the ecosystem must recover through soil forming pedogenic processes 

after decades or more time passes (Brady & Weil, 2008). Having a negative feedback loop is 

ideal for the soil ecosystem, because it is easier for the ecosystem to recover. Soil regeneration 

can drastically be accelerated by artificial soil restoration and subsequent management which 

also shall initiate natural soil-forming processes, such as the use of important amendments or 

injections of microbial communities to stimulate biological activity (Chapin et al., 2011). 

 

2.3.8 Redevelopment/Reuse/ Revitalization 

When a mining site is assigned to a new role or use that does not bear any intrinsic 

relationship with the pre-disturbance ecosystem, there are a few different terms that have 
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been developed to describe these uses, which include redevelopment, reuse and revitalization.  

These repurposing of mining land focuses on the above ground changes and assumes a 

permeant managerial role for people. These roles normally require ongoing subsidies in the 

form of energy, water, and fertilizers. It can also mean that an ecosystem has new roles or 

alternative functions outside of the natural ecosystem. For example, a common redevelopment 

use of reclaimed mining sites has been solar farms for renewable energy. This is an ideal use for 

decommissioned mining sites because the energy infrastructure is already in place, the land use 

ensures long term care and maintenance of a closed site without incurring exorbitant costs, and is 

a productive, alternative use of the site that generates revenue, transforming these sites from 

liabilities to assets (Natali et al., 2017). Other redevelopment uses of reclaimed mining lands 

include agriculture uses and construction sites. 

The redevelopment of impaired properties is often constrained by the presence of 

contamination. Many abandoned properties, including EPA Brownfield sites, are properties 

whose expansion, redevelopment, or reuse is complicated by the presence or potential presence 

of a hazardous substance. The EPA estimates that there are approximately 450,000 Brownfields 

in the United States (US EPA, 2001). Specific legislation was passed in the United States in 2002 

to address these sites. Additional types of sites exist that may not be classified as a Brownfield 

site but whose redevelopment is constrained by pollution or related issues. Examples of 

Brownfield and other such sites include abandoned industrial or commercial properties 

(manufacturing plants, service stations, dry cleaners), unused agricultural fields, closed landfills, 

closed golf courses, and closed military bases (Brusseau et al., 2019). Sites may be redeveloped 

to many different uses, depending upon site conditions, surrounding land uses, and community 

wishes. Examples of common redevelopment uses include open green spaces (parks), 
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community centers, and commercial uses (hotels, business parks). Successful redevelopment 

efforts require cooperation among all stakeholders and rights holders in the process (Brusseau et 

al., 2019).  

Another strategy for the reuse of mining lands can include returning the land to wildlife 

habitats, grazing lands or wetlands. As this varied use suggests, each end use goal of a mining 

property requires varying strategies for reclamation techniques, cost, and expertise. This is why it 

is imperative to have a goal for end use purposes before mining activities begin, so that mining 

companies can begin preparing for end use before any land is disturbed. This can also be 

beneficial for the mining industry long term, potentially saving thousands of dollars and giving 

community rights holders and/or stakeholders an idea of what will be happening to their 

community long term.  

As pressures to lower carbon emissions increase, an emerging technology for mine waste 

reuse is the permanent storage of anthropogenic carbon emissions, which could offer significant 

economic opportunities as well as a practical solution to lowering carbon emissions. The waste 

from mining operations often has certain chemical properties, which have the potential for use in 

other industries. Waste rock material’s chemistry, specifically its reactivity, is viewed as an 

effective potential carbon sequestration sink. Under a scenario where rock waste can be used in 

an alternate industry, it gains value and influences technical aspects of operations (Hitch et al., 

2009). Furthermore, the reuse of waste material for alternate purposes alleviates the need to 

return a mining system to previous state or invest in revegetation, making it a more economical 

practice to the mining industry. As climate change policies evolve, operations will be defined by 

the associated amount of greenhouse gas emissions. The development of mineral carbon 

sequestration could make a suitable mine greenhouse gas neutral or possibly a net- sequesters. 
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This has great implications for the role of mines with mineral carbonation capabilities in future 

carbon policies and regulations (Hitch et al., 2009). Currently, the US Office of Surface Mining 

has entered into a memorandum of understanding (MOU) with the Department of Energy to 

establish a framework for cooperation between OSM and DOE’s Office of Fossil Energy to 

promote a market-based approach to reclaiming abandoned mine lands through geological 

carbon sequestration and reforestation (US EPA, 2012). OSM’s Mid-Continent Regional 

Coordinating Center has also developed a Reforestation Initiative to examine methods to 

promote post-mining land use involving reforestation on active and abandoned surface coal 

mines (US EPA, 2012). 

Lastly, a common revitalization technique for former mining lands is development for 

outdoor recreation. This includes both active recreation (baseball, football, soccer and skateboard 

parks) as well as passive recreation (hunting, camping, hiking and running areas). Revitalized 

sites to support passive recreation often provide an added benefit of ecosystem services, since 

ecosystem functioning is not impaired by passive recreational activities. These unique services 

include climate regulation, water filtration, and erosion control, and are of substantial economic 

value, as these services provided by healthy ecosystems are essential to life on Earth (US EPA, 

2001). There have been several successful examples of former mines turned into popular passive 

outdoor recreation sites throughout the West, such as the Copper City Trails of Montana, or the 

repurposed Comstock Mine in Park City, Utah, which converted a former iron mine into a 

popular mountain biking destination. Outdoor recreation, and its associated industries provide 

more stable economic opportunities that are not dependent on the flux in price of specific 

minerals. 
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2.4 Indigenous perspectives on reclamation 

In addition to the post mining land use land recovery approaches defined thus far, mining 

land in Indigenous communities must also take into consideration components that are not yet 

quantifiable by standard science protocols. For Indigenous peoples, an ethics of reclamation is as 

much about redressing inequities of power, capacity, and agency, as it is “cleaning up the 

environment” in the traditional context of the “R’s” previously listed (Tsosie, 2015). This belief 

contrasts with the settler-colonial tradition of viewing land as an object one can own (Berkes et 

al., 2000; Kimmerer, 2002; Whyte, 2013). The role of these beliefs personally but also broadly in 

Indigenous communities is important in shaping perspectives on the feasibility of land 

reclamation. Part of my motivation for writing this dissertation is to better understand the impact 

of mining on Indigenous communities, and to learn and understand factors that govern how 

reclamation is implemented. This section on Indigenous perspective of mining reclamation will 

argue that if economic development in Indigenous communities is to include mining practices, 

there needs to be a long-lasting economic benefit for Indigenous peoples, in addition to the 

incorporation of traditional knowledge into reclamation strategies that implement Indigenous 

peoples’ definition of what reclamation means.  

One important component of developing reclamation practices is Indigenous community’s 

distinct definition of what reclamation is. Indigenous communities are important rights holders 

with distinct authority and ethical considerations that must be understood when designing 

strategies for degraded land recovery on or bordering Indigenous lands. Around the world, large-

scale mining has often left a legacy of environmental damage and social displacement for 

Indigenous communities and lands (Ali, 2003; Horowitz et al., 2018). Globally, Indigenous 

peoples are particularly vulnerable to mining impacts due to intergenerational relationships to the 

land, water, and ecosystem resources.  
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A fundamental problem with land recovery process in Indigenous communities is that 

Indigenous peoples are often left out of the conversation and consultation of land use until end 

processes (expanded upon in Chapter 6). Productive input from Indigenous communities is 

hampered because they were not involved in initial land development decisions. The 

International Institute for Environment and Development (2002) found that the mining industry 

has “failed to convince some of its constituents and stakeholders that it has the “social license to 

operate” in many parts of the world. Horowitz et al., 2018, found that mining creates ecological 

“sacrifice zone” that disproportionally affect Indigenous land and water users by limiting access 

to territory, changing surface environments and habitats, and polluting waters or lands. 

Additionally, in an extensive study of the history of mining in Australia and its relationship to 

Indigenous communities, Benedict Scambary found that negotiated agreements between 

Indigenous communities and mining companies “favor mainstream economic development”, at 

the expense of Indigenous communities. Relationships remained “fraught” while “mining 

agreements themselves are not creating sustainable economic futures for Indigenous people” 

(Scambary, 2013). Similarly, Rixen & Blangy (2015) found that mining in their Nunavut 

community failed to produce lasting social and economic development, while creating long term 

impacts on subsistence food lifestyles, and environmental damage. Lack of social license is 

impacting legal processes of mining projects progressing forward. If Indigenous Peoples’ are 

collaboratively involved with mining projects from the onset, and are consulted at every step of 

the process, there is a higher likelihood of community buy-in on proposed projects and affect 

decision making outcomes. 

However, even the process of mine reclamation may create controversies within Indigenous 

communities around restoration goals, the residual health risks, and other transformations of the 
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post-mining landscape (Bird, 2016; Rixen and Blangy, 2016; Tsosie, 2015). Haley et al., (2011) 

suggested that participation in traditional food harvesting activities in communities neighboring 

mining sites decreases due to the mining activities, and increased health-cultural risks. The 

particularities of local land use practices and levels of disruption from industrial development 

vary considerably across regions and sites, effects that to some extent are captured in 

environmental assessments and local activism. In general, however, the Horowitz et al., (2018) 

review suggests that, for nearby Indigenous communities, the environmental impacts of mining 

at all stages may be experienced as a form of dispossession and environmental injustice. In some 

cases, Indigenous people may embrace or at least tolerate the presence of extractive industries 

for the economic benefits they bring, but that these ecological impacts—whether immediate and 

acute or long-term and insidious—remain potent sources of concern and conflict between the 

industry, state, and local communities (Horowitz et al., 2018). 

Jahan Punam (2019) highlights how accommodating Indigenous traditional knowledge (ITK) 

in ecological restoration plans is vital for upholding international obligations under the 

Convention on Biological Diversity and the Paris Agreement, in addition to enhancing the socio-

ecological resilience of an ecosystem. Reyes-Garcia et al (2019) further supports this notion that 

Indigenous peoples and local communities are well positioned to contribute to restoring and 

safeguarding ecosystems because they have intimate knowledge of their lands, resources, and 

dynamics affecting them. Whyte (2013) points out that ITK has often been overlooked or 

‘disapproved’ of by scientists and policy makers due to their disregard for non-Western 

knowledge systems, and that moving forward, reclamation/restoration projects must collaborate 

and co-create solutions with Indigenous rights holders and understand Indigenous 

epistemologies. Jahan Punam, further supports this notion within the mining industry, arguing 
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that miners, regulators and all stakeholders must collaborate with ITK and other ecologically 

specific knowledge to enhance resilience at multiple levels (2010).  Additionally, Whyte warns 

that controversy can emerge over ITK knowledge holders and collaborators when they hold 

different definitions based on different assumptions of restoration, and that such collaborations 

must begin at the initiation of a project, not the end (Whyte, 2013). 

In reviewing the available literature on the Indigenous perspectives of reclamation, it is 

strikingly clear that while there is an abundance of literature in regards to how Indigenous 

peoples have been negatively impacted by mining, there is little on Indigenous perspectives of 

reclamation feasibility, ITK reclamation strategies, cultural viewpoints and long term uses of 

these lands after mining operations have come to a closure. Chapter 6 will address tribal 

consultation practices and the need to incorporate Indigenous science epistemologies in 

environmental impact assessments. As a field moving forward, it is imperative that not only are 

Indigenous scholars involved in the discussions of mining reclamation and community 

engagement, but that tribal community members identify the future goal of the lands before any 

exploration or extraction begins, to ensure that reclamation science moves away from its legacy 

of treating Tribal Nations as resource colonies (Tsosie, 2015), but rather, to the Nation-to-Nation 

negotiations they are entitled to through promises in treaties, the U.S. Constitution, and the 

United Nations Declaration for the Rights of Indigenous Peoples. 

2.5 How effective are the “R’s” in practice?  

Thus far, each of the R’s presented have been defined by their distinct management goals and 

legal responsibilities. However, in order to improve land recovery practices, careful integration 

of these approaches guided by a clear understanding of the ultimate land-use goal is vital, with 

consideration of soil health. Each of the R’s presented in Table 2.1 has application to the 
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recovery of lands disturbed by mining activities.  Confusion surrounding these definitions and 

application in post mining ecological repair has resulted in uncertainty for industry, land holders, 

the scientific community, Indigenous peoples and regulators (Cooke & Johnson, 2002; Cross et 

al., 2018).  This confusion has led to a call for standardization (Kaźmierczak et al., 2017; Cross 

et al., 2018). Clarifying these definitions has been an active area of discussion among researchers 

for over 25 years in scientific literature (Li, 2006; Lima et al., 2016; Kaźmierczak et al., 2017; 

Cross et al., 2018), but the specific application of these strategies to disturbed mine lands has 

received much less attention. Currently, the R’s in use either focus on above or below ground 

quality, not on the interaction, which is critical for more effective mine reclamation to better 

address long term soil health, and how these systems interact. These terms need further 

development.  

For example, the broad term reclamation focuses on a mining site’s geology, climate, toxicity 

levels and local conditions, targeting either above or below ground characteristics, but not on 

how they interact. In practice, reclamation either focuses on cleaning up contaminates or 

revegetating a site.  Reclamation that addresses a holistic approached based on the life cycle of 

the mine and the subsequent soil ecosystem is an important step for mining companies to 

evaluate before mine closure, and even before digging at a site. Reclamation must go beyond the 

idea of planting a new landscape by considering the land as an integrated system that functions 

both above and below the ground for a healthy, self-sustaining ecosystem (Heneghamm et al., 

2008; Epelde et al., 2009; Garbisu et al., 2010). Indigenous traditional ecological knowledge 

integrated into this definition would help, both in understanding comprehensive stewardship 

practices, but also in selecting seed mixes for long term successional recovery.  
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Similarly, remediation of mining sites also has challenges addressing the interactions of 

plants, soils and microbes. Remediation is focused on the removal of metals from the 

contaminated site or to render them harmless (i.e., immobile or non-bioavailable) (Burger, 2008), 

with a general goal to restore self-sustaining soil health and functioning of the ecosystem 

(Burger, 2008). However, the criteria for the latter part for the long term objectives is often 

missing, and strategies mainly target containing heavy metal contaminants, in either plants or in 

stabilizing the contaminates in soil particles. Revegetation, often the step after remediation, is 

defined by above ground success, but often the below ground performance of revegetation, 

which is critical for long term success, is ignored. While revegetation success of mining sites in 

desert ecosystems has been demonstrated, impacts to soil health and productivity may last 

centuries to millennia, and the ecosystem recovery may not meet desired future conditions.  

Rehabilitation, revitalization, redevelopment and reuse strategies also focus on the above 

ground parameters, usually in respect to mining operations land use footprint, and establishing 

vegetation or establishing alternative uses outside of the natural ecosystem. Rehabilitated 

vegetation at mining sites does not necessarily provide a habitat equivalent to that lost in the 

ecosystem pre-mining activities, and is often less diverse but is cost efficient, local, and a quick 

way to grow plants to establish cover and stabilize mining waste (Gould, 2011). Interestingly, 

some rehabilitation programs do incorporate the storage of topsoil, waste rock and tailings, but 

strategies do not focus on the interaction of these two rehabilitation techniques. Redevelopment 

and reuse projects often focus on alternative uses that do not incorporate revegetation practices, 

but give the land the opportunity to function in new roles above ground. None of these strategies 

have the legal responsibility to ensuring a long-term self-sustaining ecosystem, which may be 

why the evaluation of below ground indices are less important to these management practices. 
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Restoration is perhaps the term that most closely defines the above and below ground system 

interactions at a mining site, in part because restoration aims to overcome constraints on 

ecosystem recovery through natural processes that produce resilient ecosystems that are resistant 

to invasion, capture and use resources efficiently, and encourage biological complexity needed to 

function (Dold, 2008). Ecological restoration of mined land also represents the best approach to 

promote both sustainability and the maintenance of species biodiversity (Sheoran et al., 2010). 

While ecological restoration does define a range of activities aimed at recovering the above and 

below ground ecosystem, this is a slow process, and implies returning a site to or approaching 

the natural conditions, which is not the endpoint goal of most post-mining recovery projects. 

The current terminology in mining reclamation literature is lacking the concept of soil 

resiliency. Resiliency can more meaningfully address above and below ground systems 

performance and influence soil health to better advance reclamation technology for long term 

success. Remediation and restoration are important components to reclamation that can lead to 

potential long term resiliency of the soil ecosystem. However, resiliency is a more appropriate 

term to use as it does not mean that after reclamation soil is identical with the pre-mining land 

conditions. The meaning of soil resiliency is that soil returns to a state which allows it to fulfill 

the soil functions in a way that satisfies the requirements of natural and human organisms to the 

same or nearly the same extent (Seybold et al., 2008; Espelse et al., 2009). Soil resiliency on post 

mining land is helpful for long-range land use planning and management. By incorporating 

resiliency terminology into restoration literature and developing metrics for soil resiliency, we 

can begin to have metrics useful to the mining industry which can ultimately influence policy 

and legal resiliency standards. Currently, the mining industry does not have the technologies or 

tools to comprehensively evaluate soil resiliency.  
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2.6 Conclusions 

Mine waste is a major issue for the modern mining industry. Industry, regulators, 

stakeholders and rights holders want comprehensive strategies that address the legal and 

environmental component of mining waste, that are broad in their coverage of above and below 

ground ecosystems, and shorten the period of time needed to create favorable soil characteristics 

required for self-sustaining ecosystems (Cooke & Johnson, 2002). Table 2.1 demonstrates the 

major methods currently used, their unique time constraints, legal obligations and different 

degrees of establishing self-sustaining ecosystems.  In order to transform the damaging processes 

of mining waste to a more sustainable ecosystem, several different land management strategies 

within the “R” are often implemented to improve both soil health and soil quality.  Occasionally 

(and quite effectively) these methods are applied concurrently (Burger, 2008).  

While there are several R’s used in mine waste management, I argue that the incorporation of 

resiliency strategies would improve mine reclamation outcomes.  Resiliency includes both soil 

health, soil quality, and the critical above and below ground interactions needed to holistically 

repair degraded soil ecosystems. Moving forward, specific and measurable indicators need to be 

identified and then selected to help evaluate whether a project’s ecological targets, goals, and 

objectives are being met to assist in resiliency efforts. The research presented in this dissertation 

and in Appendix A demonstrates indicators that we have identified in active mining sites to aid 

industry in assessing resiliency of developing ecosystems during the reclamation process.  This 

research is a result of work with the University of Arizona’s Center for Environmentally 

Sustainable Mining. Projects that include specific soil resiliency metrics ensure success can be 

evaluated over time, have greater transparency, and that interventions can be taken if goals are 

not met. A failure to promote soil resiliency after mining can have negative long-term 

consequences for the plants, animals and people that neighbor a site. It is imperative that we 
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learn from our mine waste legacies and leave future generations with a landscape that can be 

lived on sustainably. 

In addition, the development of long-term soil sustainability solutions needs to include the 

knowledge of Indigenous peoples who can enhance resiliency technology with local Traditional 

Ecological Knowledge and community participation. Knowledge regarding impacts to critical 

infrastructure, placement of tailings waste facilities, revegetation seed and plant selection, time 

of year for planting, and community values towards land stewardship, are important concepts to 

embrace that can make resiliency technology more effective and local communities more 

invested. Indigenous communities must be involved from the onset of any project, and their 

contributions equally valued as geotechnical contributions. Additionally, international and 

domestic policy require the thorough input of Indigenous knowledge holders to clearly define the 

desired outcome of a site, as they are left with the perpetual care of these landscapes. 

In conclusion, it is this researcher’s opinion that all future mining projects take into 

consideration: 

1) What attributes are important to a community and ecosystem to maintain (abiotic, biotic and 

functionally) in a proposed area; 

2) Clearly define the desired outcome, including land use post mining (with input of all 

stakeholders and rights holders), 

 3) Determine the magnitude of effect (ex: desired plant cover objectives, or soil health indices),  

4) Time frame of reclamation projects, post mining land use and long-term monitoring.  

 



 53

Chapter 3: 

Early reclamation indicators of progress 
 

3.1 Background 

In November and December 2009, two large dust storms with winds greater than 20 mph 

blew clouds of dust and mine tailings into the town of Sahuarita, Pima County, AZ. The mine 

tailings came from the ASARCO Mission Mine, located in Southern Arizona, which self-

reported themselves to the Pima County Department of Environmental Quality (PDEQ) for 

excessive dust emissions on its property (Franchine, 2009). PDEQ issued a notice of violation for 

failure to take reasonable precautions on a construction project, and ASARCO was required to 

submit a mitigation plan. The construction project in question was raising the height of a tailings 

pond facility 8 by 10 feet. 

Neighbors living south of the tailings storage facility 8 (TSF8) in the Rancho Resort Club 

House documented tailings blowing into their yards in November 2009. In January of 2010 

ASARCO staff cleaned up the tailings that had been blown into Rancho Resort Club House, and 

tailing samples were sent to the Arizona Lab of Emerging Contaminates for heavy metal(loids) 

assessments (Table 3.1). Though these 2010 tailing samples from local community members 

were low in heavy metals, the fine particulates can still pose a health risk (US EPA, 2010; Davis, 

2013).  Particulate matter (2.5 and 10 microns) is a health concern when inhaled, as particles are 

able to pass through the body’s filtration system, enter the lungs, and are documented to have 

adverse health effects in infants, children, and older adults, especially those with asthma or lung 

diseases (PDEQ, 2013). 

 As a result of these dust wind events, an inclusive risk management and mitigation plan was 

developed including research collaboration with the University of Arizona’s Center for 
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Environmentally Sustainable Mining (CESM).  In order to stabilize tailing waste, identifying 

metrics of soil health for plant establishment has been highlighted as a vital first step.  The 

objective for studying TSF8 is to evaluate below-ground indicators of soil fertility during 

early stages of reclamation efforts (<5 years) and identify associations between plant 

growth and soil development. Appendix A focuses on biotic and abiotic indicators of soil 

fertility in later stages of reclamation (>5 years).  

 

Table 3.1: Metal(loid)s analysis of ASARCO tailings and control samples. 

 
 

3.2 Site description 

 

 TSF8 is located west of the town of Sahuarita, and on the southern end of the ASARCO 

Mission mine property, with GPS coordinates: 31º57’.746” N, 111 º 0’14.67” W. TSF8 was 

capped in 2009 with 6” of material from a borrow pit located west of TSF8 and seeded during 

the summer of 2014. Based on records and conversations with the Mission Mine environmental 

manager, Tom Klempel, it is assumed that capping material and seeding were the same for the 

whole surface. Nine native plant species (Table 3.2) were drill seeded over the 400-acre area, 
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whose dimensions are 4600 ft. x 4600 ft. and 30 ft. in height on the west side, and 160 ft. on the 

east side2. Year 1 TSF8 data was collected approximately 4 months after seeding occurred. At 

the time of sampling in fall 2014, Tom Klempel observed that plant establishment was 

inconsistent and requested that transects be established to represent good and poor areas of plant 

growth, in order to better understand why these inconsistencies existed.  

Table 3.2: TSF8 Native seeds mix, with common name, scientific name, pounds per acre, and species classification. Seeds were 

drill seeded into the land. 

 
 

 

 

 

 
Figure 3. 1 : Sampling on an area of poor plant growth, Year 1. This quadrat had 0 % plant coverage. 

 

                                                      
2 Per personal communication with Mark Eddy, 2019. 
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Four transects were established to represent two areas with good plant establishment 

(Transects 1 and 3) and two transect areas with poor plant establishment (Transects 2 and 4). 

Samples were collected every 300 ft. at three locations along each transect (n=3 per transect) 

(refer to Appendix A for sampling methods). Two additional transects (5 and 6) were added in 

2017 to monitor poor plant growth on the southern side of TSF8. All sample locations are 

identified in Figure 3.2. Samples were collected along transects 1 through 4 for six consecutive 

years (2014-2019), and along transects 5 and 6 for three years (2017-2019). A single transect (n= 

3) in an undisturbed area of the mine was monitored for 3 years (2016-2018) as a positive control 

of natural ecosystem. For all ASARCO data, samples labeled 1 represent year 1 of the study 

(2014) and samples labeled 2 through 6 represent 2015, 2016, 2017, 2018 and 2019, 

respectively. 

 

 
Figure 3. 2: Overview map of the tailings 8 mine waste facility (TSF8) and associated transects. TSF8 is a 400 acre area. 
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3.3 Methods 

 

Refer to method analysis as outlined in Appendix A: Biotic and Abiotic Potential of 

Degraded Soil Development on Reclaimed Mine Tailings in Southern Arizona. All methods 

are the same, with the exception of the tailings metal(loid) assessment, which was analyzed by 

the Arizona Laboratory for Emerging Contaminates, using the Elan DRC-II inductively coupled 

plasma mass spectrometry (ICP MS).  Metal(oids) analyzed include: arsenic, cadmium, copper, 

lead and zinc, using EPA 6000/7000 series method. Figure 3.3 is a visual summary of the 

parameters evaluated in this chapter. 

Percent plant cover assessment was measured between 2014-2019, while final plant 

community structure was measured in 2019. DNA Biomass was measured 2014-2018, while 

heterotrophic plate counts were measured 2014-2016. pH, electrical conductivity, total nitrogen, 

and percent fines (< 2mm soil fraction) were measured 2014-2018, and tailings metal(loid) 

content were measured in 2010, 2014 and 2019. Undisturbed site was measured 2016-2018. 

 
Figure 3 3: Visual summary of parameters evaluated in this chapter. 
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3.4 Results 

 
3.4.1 Above- and below-ground analysis of undisturbed site. 
 
Table 3.3: Data from the undisturbed site. ND = No data for the year. N = 1 PER SAMPLE. 

 
 

 Table 3.3 represents the measurements of natural desert areas which will be used as a basis of 

comparison with the results of the seeded areas. Though the goal of the revegetation is not to 

achieve the levels of the natural desert ecosystem, it is valuable to compare with early 

successional recovery. 
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3.4.2 Percent Plant Cover 
 

 
Figure 3.4: Percent plant cover for TSF8, 2014-2019. Black line indicates median, red line indicates mean value. Means identified 

with different letters are significantly different by year in treatment area (ANOVA, P<0.05; Tukey HSD). 

 Figure 3.4 represents the general trends of plant coverage. No statistically significant change 

in plant cover was observed. Table 3.3 indicates undisturbed desert area trends, which averaged 

34% plant cover over 3 years. Thus, by the 6th year of analysis, transect 1, 2, 3 and 6 surpassed 

the undisturbed desert transect, while transects 4 and 5 did not. Figure 3.5 is a visual 

representation of percent plant cover shift, to demonstrate the variability within a single sample 

location (vegetation is quantified with a single quadrat at each site) that can occur annually.  
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Figure 3.5: Visual representation of plant cover shifts over time at a single sample location as measured in a single quadrat (T82-

3). 

 

3.4.3 Final Plant community structure 

 
Table 3.4: Year 6 plant community structure, 2019. 

% Forbs % Grasses % Shrubs

T81 3 ± 4.29 7.3 ± 3.80 9.7 ± 14.56
T82 2.1 ± 1.44 6.3 ± 1.49 7.8 ± 13.22
T83 3.3 ± 2.35 5.4 ± 3.37 7.2 ± 16.12
T84 0.3 ± 0.67 6.3 ± 5.44 0.4 ± 1.26
T85 1.1 ± 0.88 11.3 ± 13.98 0.8 ± 1.47
T86 1.6 ± 2.01 4 ± 3.09 0 ± 0  

 

In 2019, a plant community stucture assessment was conducted to assess total percent plant 

cover, and better understand plant community dynamics. Table 3.4 demonstrates how 2019 is 

representative of 6 years of plant establishment since time of seeding. Results indicate transects 

1, 2, and 3 had a greater relative abundance of shrubs than transects 4, 5, and 6, which were 

dominated by grasses. The plant seed mixture for TSF8 is included in Table 3.2. 
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3.4.4 DNA Biomass 

 
Figure 3. 5: DNA biomass of TSF8, 2014-2017. Black line indicates median, red line indicates mean value. Means identified with 

different letters are significantly different by year in treatment area (ANOVA, P<0.05; Tukey HSD). 

Soil biomass was quantified as soil extractable DNA using an extraction kit that extracts 

the full microbial community (i.e. bacteria, archaea, fungi, nematodes, etc.) and some plant 

genomic DNA as explained in Appendix A. Generally, increasing trends in soil biomass were 

observed from 2014-2017 for all areas of TSF8, though the increases were only statistically 

significant for T82 (ANOVA, p < 0.05). T85 and T86 were only analyzed one year as a control. 

In year four, the average values for transects 1 and 3 surpassed the average biomass value of the 

undisturbed soils, exceeding 2900 ng/g dry soil. 
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3.4.5 Heterotrophic plate count (HPC)  
 

HPC were measured between 2014-2016. Values range from 5.54-6.23 log CFU/g dry soil, with 

no clear trends across years and sites. HPC values were lowest for TSF 8 transects 2 and 4 where 

minimal plant establishment was observed, with the northern transect 2 increasing in 2016, while 

the southern transect 4 remained low. Undisturbed desert areas averaged 6.32 CFU/g dry soil. 

Table 3.5: Heterotrophic Plate Counts  TSF8. After 2016, heterotopic plate counts were discontinued. 

 

3.4.6 Total nitrogen  

 
Figure 3.6: Total Nitrogen for TSF8, 2014-2018. Black line indicates median, red line indicates mean value. Means identified with 

different letters are significantly different by year in treatment area (ANOVA, P<0.05; Tukey HSD). 



 63

Total nitrogen values changed significantly over the 5 years of analysis in T81 and T82, and 

overall, a general increasing trend was observed for transects 1, 2 and 3. Transects 4, 5 and 6 had 

coefficients of variation ranging from 15-42%, which may account for inconsistent TN trends. 

Undisturbed desert areas had a mean value of 0.45 mg/g soil. All transects had mean TN values 

below that of the undisturbed desert soils; however, some sites in Transect 1 had TN values 

approaching natural desert levels. 

3.4.7 Electrical conductivity 

 
Figure 3.7: TSF8 Electrical Conductivity trends between 2014-2018. Black line indicates median, red line indicates mean value. 

Means identified with different letters are significantly different by year in treatment (ANOVA, p<0.05; Tukey HSD). 

 Electrical conductivities varied, but in general, TSF8 transects 1-3 have EC values < 2 dS/m 

across the 5 years of analysis. The three southern transects of 4, 5, and 6 show different trends, 

with EC ranging from 0.17-3.65 dS/m, averaging 2.07 dS/m across the 3 transects between 2016-
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2018.  Only T82 changes significantly over the 5 years of analysis. Undisturbed desert soils have 

an average EC of 0.17 dS/m (Table 3.3) 

3.4.8 pH 

 
Figure 3.8: pH variability from 2014-2018. Black line indicates median, red line indicates mean value. Means identified with 

different letters are significantly different by year in treatment area (ANOVA, P<0.05; Tukey HSD). 

TSF8 pH values are highly variable. Undisturbed desert soils ranged from 7.27 to 7.82 (Table 

3.3), while the average pH for T8 tailings ranged from 6.91 (T84) to 9.08 (T82). In general, pH 

values were higher in the first year of analysis, and have a general decreasing trend with time. 

Only T82 changed significantly over the 5 years of analysis. Transects 4,5 and 6 generally had a 

pH less than 8, while transects 1, 2 and 3 were generally above pH 8. 
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3.4.9 Particle size distribution  

 
Table 3.6: Percent Fine particles for TSF8, 2014-2018. 

2014 2015 2016 2017 2018
T81 57.73 ±  1.89 67.24 ±  3.93 68.06 ± 6.36 68.25 ± 2.75 69.84 ±  2.75
T82 52.2 ±  1.92 59.39 ±  4.58 63.89 ±  2.41 53.24 ± 14.72 63.89 ±  2.40
T83 55 ±  12.99 60.51 ±  9.50 66.87 ±  4.47 67.14 ±  6.23 58.40 ±  3.64
T84 62.42 ±  2.10 65 ±  4.33 61.95 ±  5.74 64.44 ±  3.85 64.55 ±  8.15
T85 69.36 ±  7.45 64.99 ±  10.90 
T86 72.59 ±  4.49 68.99 ±  12.55

Particle Size 
Analysis           
(% Fine)

 

 

Table 3.6 presents the percent fines of the particle size distribution for the TSF 8 transects. 

Undisturbed percent fine values are presented in Table 3.3. All soils contained greater than 50% 

fines. Thus, there is no excess of course materials to impede plant growth. This corresponds to 

the patterns observed in undisturbed desert sites, which were over 60% fine particles. 

 
3.4.10 Metal(loid)s analysis of tailings 

 

Table 3.1 is the metal(loid) analysis from 2010, 2014 and 2019.  Metal(loid)s were low except 

copper and zinc, which were below Arizona residential soil remediation levels, and below 

Arizona EPA Region 9 levels. Most heavy metal(loid)s are low ranges, with the exception of 

arsenic on transect 5 in 2019, which is elevated above the EPA and Arizona soil levels.  

 

3.5 Discussion 

 

3.5.1 Plant cover and community structure 

 

The study monitored the TSF 8 facility from early reclamation (<5 years) which was almost 

completely bare, to a stable plant community on some areas of the tailings. While undisturbed 

desert areas averaged around 34% plant cover, over time, we see general trends of plant coverage 

improving in all TSF8 transects, though greatest in transects 1 and 3. Transects 1 and 3 were 
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selected for good plant establishment. Transects 2 and 4 were selected because of the initial low 

plant coverage in the first year of sampling. Transects 5 and 6 were added in 2017 to gain 

additional insight into some of the poorer plant established areas.  

Over the six years of data available, a trend over the entire tailings facility emerges: transects 

in the northern portion of tailings facility tend to have higher plant coverage than that of the 

natural desert ecosystem, whereas transects in the southern portion of the tailings facility are at 

or lower than the natural desert ecosystem. Transect 6 is distinct because it traverses both 

northern and southern sections of the TSF. T8 6-3 is in close proximity to T83 transect (an area 

of “good” growth), driving up the total % coverage for the entire transect.  

The plant community structure analysis also shows variations in plant community 

development between the northern and southern portions of TSF8.  Areas in the northern section 

with higher percent plant coverage (transects 1,2, and 3) have a final plant community structure 

dominated by grasses and shrubs, whereas the southern area plant communities (transects 4-6) 

were predominately comprised of grasses will little to no shrub cover .  A similar pattern was 

observed on more established  (>5 years) tailings storage facility 1,2 (TSF 1,2), as described in 

Appendix A. Plant community structure was analyzed on TSF 1,2 after 10 years of growth.  The 

below ground and above ground indicators suggested that the southwestern quadrant of TSF 1,2 

was the most stable ecosystem, reflected by an above ground plant community structure 

domanited by shrubs, and a below ground soil fertility elevated in TN, OM and DNA biomass. 

Thus, the TSF above ground plant community analysis indicates that the northern portion of 

TSF8 is at a more advanced stage of reclamation than the southern portion.  
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3.5.2 Biotic indicators 

In the four years of data available for DNA biomass, a general pattern of biotic biomass 

increasing over time emerges. Upward trends in biomass were observed for transects 1 through 

4; however, the increases were not significant. The lack of a significance in the biomass increase 

is suspected to be to due transect variability and the small sample size. The large biomass 

variability observed in transects 1 and 3 for 2017 (year 4), parallels the high variability in plant 

cover for these two transects.  

Heterotrophic plate counts were the second biotic indicator assessed over three years. HPC 

was included as a possible indicator due to significant correlations observed between HPC’s and 

plant biomass during early reclamation of pyritic mine tailings under acidic conditions (Solís-

Dominguez et al., 2012; Gil-Loaiza et al., 2016). At this field site, which consists of alkaline 

soils, values ranged from 5.54-6.23 log CFU/g dry soil, with no clear trends across years and 

sites. HPCs were not found to associate with percent plant cover as had been previously observed 

during pyrtic mine tailings reclamation of legacy sites, though values were lowest for TSF 8 

transect 4 where minimal plant establishment was also observed.  After three years of analysis, 

HPC was determined to not be a good metric of biotic potential and these measurements were no 

longer recorded, as DNA biomass proved to be a more suitable indicator of microbial soil 

fertility. 

3.5.3 Chemical indicators 

Electrical conductivity indicates the salinity of soil at a site (Brady & Weil, 2008). When 

analyzed with a 2:1 water to soil ratio, EC values above 2.0 dS/m indicate a salinity level that 

could possibly impede plant growth. In 2017, TSF8 samples for transects 4-6 had mean EC 

values greater that 2.0 dS/m, indicating saline soils. These same transects also represent areas of 
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poor plant establishment. Due to observations of these preliminary trends, additional samples 

were collected in 2017 in areas of poor plant establishment to better understand soil fertility and 

if these salinity issues are related to the capping soil or the shallow depth to mine tailings which 

were often encountered while sampling. In some areas of transects 4 and 5, the intended 6” soil 

cap was recorded with an actual depth between 2.5-4”, and in other areas, particularly those of 

transect 4, tailings were exposed at the surface (Figure 3.10 (A, B)). Interestingly, tailings at 

different parts of the tailings facility also had different colors (grey vs. yellow), which may be 

attributed to dissimilar tailings chemistry3. In other areas, those tailings discolorations seemed to 

rise to the surface of the soil cap (Figure 3.10 (D)). Based on heavy metal(loid) analysis (Table 

3.1) of TSF8 tailings, heavy metal(loids) do not appear to be a hindrance to plant growth, though 

the shallow tailings and saline soil may be. The shallow soil cap could be related to the poor 

vegetation establishment, as previous studies have indicated when a vegetation cap is not 

established on a flat, dry soil cap, tailings storage facilities can be effected by wind and water 

erosion (Breshears et al., 2003). Additional samples should be taken along the southern section 

of TSF8 to determine the significance and extent of these elevated EC values, and/or mine 

management may want to consider re-capping the shallow areas to prevent future soil salinity 

issues.  

The soil pH has an enormous influence on soil biogeochemical processes, and can control the 

biology of the soil as well as biological processes, such as organic matter mineralization, 

nitrification, and trace metal mobility. Elevated pH (up to 9) has been found to inhibit 

denitrification, affect nutrient availability for plants, and decrease trace metal solubility (Neina, 

2019). TSF8 sites demonstrated a soil pH that was highly variable, and in some instances, highly 

                                                      
3 This statement is based on personal communication with Mark Eddy at the 2019 CESM Annual Meeting. 
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alkaline. Only transect 2 pH statistically decreased over time. pH for transects 1 through 3 

ranged from 8.0 to 9.0. The average pH for transects 4 through 6 were more variable, ranging 

between 6.0 and 9.0. As previously mentioned, the tailings associated with transects 4-6 are 

yellow as opposed to the grey color observed on the north side of TSF8 (transects 1-3), which 

suggests differing tailings chemistry, and/or the possibility that the yellow tailings of transects 4-

6 may contain pyrites with acidification potential. In some areas (transects 1, 2,3, 4 & 6), pH 

appears to be decreasing with time, which could be associated with plant establishment or 

tailings acid generating potential. Additional tailings chemical analyses, and larger transects are 

needed to explain pH trends. pH decreasing with time is a trend that was also observed in the 

TSF1,2, as described in Appendix A. Additional samples are recommended to determine whether 

soil pH variability reflects a difference in capping material source or in tailings chemistry.  

The total nitrogen for the undisturbed desert areas had a mean value of 0.45 mg/g soil. The 

nitrogen values for all transects are quite variable and below that of the undisturbed desert soils, 

with the exception of transect 1 and 3, which approached undisturbed desert soil TN levels in the 

4th year of analysis. These elevated TN levels may be explained by vegetation variability.  Both 

transects have TN outliers from samples that were taken at the base of a whitethorn acacia tree 

(Acacia constricta), causing TN in those quadrats to be high outliers for the transects at 0.41 ng/g 

(transect 1), and 0.27 ng/g (transect 3). Whitethorn acacia trees are leguminous and known to 

increase nitrogen levels in desert soils (Virginia and Jarrell, 1983) and improve overall soil 

fertility through symbiosis with Rhizobium and mycorrhizal fungi (Cañedo-Ortiz et al., 2000). 

Further analysis needs to be monitored to associate higher soil nitrogen levels with higher plant 

coverage, especially as plant composition structure shifts towards a greater relative abundance of 

shrubs (a pattern observed in transects 1, 2 and 3).  
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Several studies have described the negative role that heavy metals can have on plants, 

specifically in producing toxicity symptoms, such as low biomass accumulation, inhibition of 

growth and photosynthesis, altered water balance and nutrient assimilation, and senescence, 

which ultimately causes plant death (Janicka-Russak et al., 2008; Garzón et al., 2011; Singh et 

al., 2016).  Some heavy metals, such as Cd, Pb, Al, Hg, are very toxic even at very low 

concentrations (Singh et al., 2016). Our tailings metal analysis (Table 3.1) concluded that most 

metals were below EPA Regional Soil Screening Levels, and Arizona Residential Soil 

Remediation Levels, with the exception of arsenic in 2019 on the T85 transect. This suggests that 

metals were not a limiting factor or plant establishment on the south side of TSF8, though future 

work should be done to assess acid generating potential of these tailings.  

 
Figure 3.11: Visible tailings in transects 2 and 4. (A) Tailings in transects 2 have a grey color (along with transects 1 and 3). (B) 

Tailings in transect 4 (and 5) have a yellow color. (C) Grey tailings ant hill on transect 2. (D) Overview of tailings visible at surface 

from transect 4. 
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3.5.4 Physical indicators 

In the process of creating a soil cap for tailings mitigation, the vegetation and topsoil of an 

offsite borrow source area are disturbed. As a result, the topsoil horizons are shuffled and 

physical, chemical and biological conditions can be greatly altered (Maher, 1966). In this 

process, it is critical soils obtained have sufficient fines to support plant growth. Particle size 

analysis indicated that all sites contained greater than 50% fines, providing sufficient substrate 

for plant species to grow. There is no excess of course materials to impede plant growth. 

 

3.6 Conclusion & future recommendations 

 

This research represents a 6-year preliminary study to evaluate below ground indicators 

of soil fertility and their associations with plant growth during the early stages of mine tailings 

reclamation. We began this project to identify possible associations between plant growth and 

soil development for both good and poor transects. We found interesting trends associated with 

electrical conductivity, pH, total nitrogen, plant coverage, and plant community structure. 

However, the comparison of “good and poor transects” that this project initially evaluated over 6 

years shifted to observing patterns of variance in soil fertility factors between northern and 

southern transects. Transects 4, 5 and the southern section of transect 6, did not improve in a 

comparable pattern to the other transects, growing slower, and being dominated by grasses. 

Interestingly, these transects are primarily the southern sections of the TSF 8 facility, and those 

closest to the Rancho Resort community that catalyzed this preliminary work. These may be 

related to soil capping material quality and capping depth and are trends worth additional 

evaluation. Further analysis of tailings chemistry and the salinity of tailings material should be 

evaluated, as these may have been contributing factors. 
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Some of the limitations of this work were the small number of sites per transect (n =3), which 

spanned 300 feet total. This made differentiating between statistical significant difference and 

trends challenging. Despite these challenges, observable changes of transects 1,2, 3, and 6 were 

recorded.  Knowing the source of capping material would provide better insight into possible 

below ground soil fertility dynamics. Another consideration is in the nature of how our sampling 

transects were conducted. Though we identified sites by the same GPS coordinate, each year we 

did not land on the same location, so sites can vary annually. This is important for consideration 

when assessing specific associations between plant trends and soil fertility and their variance 

across years, which may have shifted slightly. 

This work identified several trends to investigate in future work. One trend worth exploring 

in future soil fertility work is the role of white thorn acacia. Preliminary data indicates in areas 

with elevated total nitrogen, whitethorn acacia are present in the quadrant. Interestingly, some of 

the lower outliers in EC were also quadrants where white thorn acacia was present (such as 

3TSF83-1,4T83-2, 5TSF81-1, 6TSF81-1), though again, this is challenging to trace across years 

due to the nature of our sampling method. White thorn acacia is a salt tolerant place species 

(Gucker, 2004). Though this is not the focus of this chapter, this is an interesting pattern to 

continue to observe, especially in the context that this plant was not in the TSF8 seed mix, but 

may be a volunteer plant from the surrounding desert or TSF1-2. It is essential for the ASARCO 

Mine to further understand the above and below ground soil fertility dynamics in this southern 

section of TSF8 and fulfill their community mitigation plans which catalyzed this research 

inquiry.  
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Chapter 4: 

Borrow source quality analysis   
 
4.1 Introduction 

 

Soil is essential to plant growth and can aid plant diversity by giving rise to living plants 

from seeds and propagules (Hall et al., 2010; Showalter et al., 2010; Skousen et al., 2006; Wade 

& Thompson, 1993). Further, soils may contain mycorrhizal fungi, important to plant growth and 

mine soil development (Miller & Jastrow, 1992), along with organic nutrients and soil biota for 

nutrient cycling. Native soils have organic matter pools which supply essential nutrients, 

including N and P and also increase soil water-holding and cation exchange capacity (Howard et 

al., 1988). Soils are often used as a reclamation strategy to cover mine tailing waste with a “soil 

cap” that helps improve long term vegetation recovery of the disturbed land (Sheroran et al., 

2010). Soil capping material is often sourced from an offsite borrow pit and applied on top of the 

mine tailings to cap the finely ground waste material. However, the metrics used by the mining 

industry to determine quality of soil used for capping material vary, and are often not inclusive 

of microbial metrics. 

Previous research indicates that the quality of soil for mine waste coverage soil caps can 

impact the success of plant establishment (Wong, 2003; Mendez & Maier, 2008; Lima et al., 

2015; Luna et al., 2016). Following plant establishment, plant succession and community 

assembly are part of the activity of plant community development during the reclamation process 

(Dhar et al, 2020). Results from work described in Appendix A, and summarized in Table 4.1 

suggest that the quality of initial capping material may influence successional vegetation 

development after 5 years of reclamation recovery on two different tailings facilities. Recovery 

differed on these sites and the goal of this chapter is to investigate the inherent variability in 
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capping material sourced from a borrow pit currently being used by an active mine.  It is 

hypothesized that the capping materials used were sourced from different areas resulting in 

different revegetation success. An assessment of cover material from two borrow pits with 

different facing profiles was conducted to better understand how soil fertility metrics may 

change with depth and location. The term “soil,” as used here, refers to all unconsolidated soil 

material to a depth of broken bedrock that can be removed with a bulldozer, including the O, A, 

E, B, C, and R soil horizons. 

Table 4. 1: Total percent plant cover in two tailings facilities after 5 years of reclamation recovery. Differences were evaluated by 

t-test for T8 and ANOVA (p<0.05) for TSF1-2. Sites followed by difference letters have a significant difference.  

 
 

4.2 Previous work at ASARCO 

 

The ASARCO Mission mine complex is an open-pit mine composed of porphyry copper 

skarn deposits from a Quaternary surficial deposit, mineralized by Laramide quartz monzonite 

porphyry (Baxter, 2016).  This semi-arid site receives less than 300 mm of precipitation annually 

and has had past issues with clouds of dust and mine tailings into the neighboring town of 

Sahuarita, Pima County, AZ (Franchine, 2009). ASARCO Mission Mine complex has been 

working with the Center for Environmentally Sustainable Mining to improve revegetation 

strategies by better understanding soil resiliency, and the significance of soil capping material 

quality to revegetation success.  



 75

In order to better understand current criteria for soil capping material selection that can 

influence revegetation success, records from the ASARCO Mission Mine, and obtained from 

GeoSystem Analysis, Inc. were reviewed. The records indicated capping material for tailings 

facility 1,2 (as described in Appendix A) was selected after testing seven potential borrow areas.  

Testing criteria for capping material included: acid base accounting, pH, net neutralization 

potential, acid generating potential, water holding capacity, particle size distribution, potential 

erosion-resistance, levels of potentially phytotoxic geochemical constituents, and haul distance 

from the tailings impoundments (GSA, 2010). Though we do not know if this is the same criteria 

used to determine other borrow pit areas, it is likely the same criteria used to determine capping 

source quality. This criteria was considered in addition to other metrics when evaluating borrow 

pit areas, in addition to material depth. Material depth of borrow pit areas was only the 

uppermost lift, approximately 30 feet deep, of Argillite alluvium and Akrose material, that would 

be used for capping materials (GSA, 2010). None of these criteria included biotic metrics.  

4.3 Sampling strategy for present study 
 

Borrow pit profiles were taken from two locations of a natural desert area used by the 

ASARCO Mission Mine to excavate soil cover material (Figure 4.1). Depths were analyzed from 

the soil surface to the base (depth of 18 to 21 feet). Five depths were sampled at the Borrow Pit 

North site (Figure 4.2) and four depths at the Borrow Pit South location (Figure 4.3) as indicated 

in the profile figures below. Plant cover at each location was quantified within a 1x1 meter 

quadrat. A photo was taken of the area within the quadrat for plant cover quantification by image 

analysis.  For each depth, one soil sample was collected by boring into the exposed and 

weathered profile faces, to collect composite sediment and a microbial sample from each 

location. Sediment samples was homogenized on site, sieved (2 mm), and separated into fines (< 
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2mm), pebbles (2 – 75 mm), and cobbles (75 – 254 mm).  Each size fraction was quantified by 

volume for particle size analysis.  The fine fraction was retained for chemical and soil texture 

analysis.   A composite sample was collected from each depth for microbial analysis using tools 

sterilized with disinfectant. Samples for microbial analysis were stored in sterile tubes on ice and 

transported to the lab, and stored at -80℃ for molecular analysis and 4°C for the heterotrophic 

plate counts until analyzed.   Soils may not represent actual soil properties at depth, especially at 

the deepest point where soil may have accumulated due to erosion from the surface cut. 

All soil samples were analyzed for percent plant cover, DNA biomass, bacterial abundance, 

viable bacterial counts (heterotopic plate counts), pH, electrical conductivity, particle size 

distribution and total nitrogen, using the methods described in Appendix A. 

4.4 Site description 

 

 

 

Figure 4.1: Overview of Borrow Pit areas. Borrow Pit North GPS coordinates are: 31.9628N, 111.03001W; Borrow Pit South GPS 

coordinates are 31.96927N, 111.02994W IN WGS84. 
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4.5.1 Soil profiles 

 

 

  

  

  

  

  

  

  

  

BPN 4: 10-12 ft. 
Caliche material at 10-11 ft. 

BPN 3: 7-8 ft. 
Red striation section, above 
caliche. 

BPN 2: 2-4 ft. 

BPN 1: Surface Layer 

BPN 5: 18.5 + ft. 
May not represent parent 
material 

Figure 4.2: Borrow Pit North had a total depth of 18.5 ft., and a South facing aspect. Five samples were taken at different 

depths, including a surface layer, a sample at the edge of the root zone (2-4 ft.,) and a sample at a red striation section. 
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4.5 Results 

 

4.5.1 Plant cover 

 

 Percent cover was similar in the two borrow-pit locations ranging from 57% in Borrow Pit 

North to 63% in Borrow Pit South. This represents coverage at the surface of each sample 

location and is inclusive of grasses, forbs, and shrubs. Plant percent cover data is based on a 

single quadrat measurement at the time of sampling. 

Table 4.2: Borrow Pits percent plant cover.  

Site % Plant Cover 

Borrow Pit North 57 
Borrow Pit South 63 

BPS 4: 20-20.5 ft. 
Many soil clods 

BPS 3: 11-12.5 ft. 
Cobble layer 

BPS 2: 3-5 ft. 
Edge of root zone 

BPS 1: Topsoil, samples similar to 
all surface samples in this project 

Figure 4.3: Borrow Pit South. Borrow Pit South had a total depth of 20.5 ft., and an East facing aspect. Four samples were taken at 

different depth of noted difference, including topsoil layer, a sample at the edge of the root zone (3-5 ft.), and a cobble layer.  
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4.5.2 DNA biomass 

. 

 

 

 

 

 

 

 

 In Borrow Pit North, DNA biomass decreased slightly with depth, with values ranging from 

960 to 1600 ng DNA/g dry soil (Figure 4.4). In contrast, DNA biomass of Borrow Pit South 

showed a large decrease in DNA biomass as a function of depth with a high at the surface of 

6379 ng DNA/g dry soil to a low of 842 ng DNA/g dry soil. Overall, values for DNA biomass 

were similar in both Borrow Pit locations below 5 meters but had quite different surface 

concentrations. 
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Figure 4.4: DNA biomass  as a function of depth.  
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4.5.3 Total bacterial abundance 

 

 

The relative abundance of bacteria 16S rRNA genes were quantified from the soil 

community extracts by qPCR, using universal bacterial primers 338F and 518R as described 

previously by Ortiz et al (2013). Borrow Pit North had an average surface bacterial abundance 

value of 6.7 log copy #/g soil, while Borrow Pit South had 7.1 log copy #/g dry soil (Figure 4.5).  

Below the surface, Borrow Pit North had a lot of variance, with first a decline in copy # and then 

increasing back up to 6.5 log copy #/g dry soil at the lowest depth. This may be due to some of 

the surface material falling onto the soil profile face, and may not truly represent the relative 

abundance of that depth. In contrast, Borrow Pit South demonstrated a slight decrease in 

bacterial abundance with depth. 
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Figure 4.5: Total bacterial abundance as a function of depth.  
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4.5.4 Heterotrophic plate counts (HPC) 

 

 

 

Heterotrophic plate counts serve as a measure of viable bacterial abundance at the time of 

sampling. Figure 4.6 demonstrates how viable bacteria varied with depth. The Northern Borrow 

Pit at the surface was 6.28 x 106 log colony forming units (cfu)/g dry soil, with the Southern 

Borrow Pit very similar at 6.26 x106 log cfu/g dry soil. With depth, viable bacteria showed a 

similar trend in the North and South Borrow Pit areas: At 3-5 feet, 5.8 x 106 and 5.9 x106 log 

cfu/g dry soil (respectively). At depths of 10-12 feet, the Northern Borrow Pit elevated, 

increasing to 6.34 x106 log cfu/g dry soil, while the Southern borrow pit remained at 5.8 x 106 log 

cfu/g dry soil. At the deepest depths for both borrow areas, the Northern Borrow Pit was 5.91 

x106 log cfu/g dry soil at a depth of 18.5 ft., while the Southern was 6.34 x106 log cfu/g dry soil 

at a depth of 20 feet.  
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Figure 4. 6: HPC as a function of depth.  
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4.5.5 pH 

 

 

 

 

 

 

 

 

 

 

In both Borrow Pits, the pH varied between 8.2 and 8.8 (Figure 4.7). In North Borrow Pit, pH 

increased with depth from a surface value of 8.33 to 8.75 at 18.5 ft. In the South Borrow Pit, the 

pH was similar (approximately 8.6) at the surface, 5 and 20 ft. depths. The pH at the 12 ft. depth, 

which was a cobble layer, was lower with a value of 8.2. 
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Figure 4. 7: pH as a function of depth.  

. 



 83

4.5.6 Electrical conductivity (EC) 

 

In both North and South Borrow Pits, electrical conductivity varied with depth, but neither 

Borrow Pit exhibited elevated salinity ( >2 dS/m). (Figure 4.8). 

4.5.7 Total nitrogen 
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Figure 4. 8: EC as a function of depth.  

Figure 4. 9: Total nitrogen as a function of depth.  



 84

Total nitrogen exhibited a similar pattern in both Borrow Pits; that of a sharp decline from 

the surface sample to the next depth (Figure 4.9). Total nitrogen at the surface soil of the North 

Borrow Pit was 0.354 mg N/g dry soil and sharply decreased to 0.186 mg N/g dry soil at 2-4 feet 

below. From this root zone down to 18.5 ft., total nitrogen continued to moderately decrease and 

ranged in values from 0.089 mg N/g dry soil to 0.111 mg N/g dry soil. Similar to the North 

Borrow Pit, total nitrogen of the South Borrow Pit decreased with depth. The surface total 

nitrogen was 0.338 mg N/g dry soil, decreasing with depth to 0.092 mg N/g dry soil. 

 

4.5.8 Percent fine soil particles 

 

 

 

 

 

 

 

 

 
 

 

Particle size analysis of the North Borrow Pit indicated that the percent fines exceeded 70% 

throughout the profile (Figure 4.10). Particle size analysis of the South Borrow Pit revealed a 

20% decrease in percent fines from the surface of the Pit profile. At the surface, there was over 

70% fines, while there were 50% fines at the 12 ft. depth, described as the “cobble layer” in 

Figure 4.3. 
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Figure 4. 10: Percent fine soil as a function of depth.  
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4.6 Discussion 

 

This exploratory study demonstrated that though both borrow pit sites had very similar plant 

coverage, the soils excavated for capping materials are not uniform from the surface to 20 ft. of 

depth. Soils in this study were collected from exposed and weathered borrow pit profile faces, 

and thus, samples may have been compromised. Since these soil profiles were exposed to 

environmental conditions, the assessed soil properties may vary from the actual soil properties at 

depth, especially at the deepest point in profile where soil may have accumulated due to erosion 

from the surface cut. Nonetheless, interesting trends were observed and should be confirmed 

with improved sampling methodologies. 

Abiotic indicators were used by ASARCO to determine potential quality borrow areas for 

capping materials. While we did not explore the same abiotic metrics GeoSystem Analysis, Inc. 

(GSA), measured, our evaluation of these abiotic indicators did include pH, EC, % fines, in 

addition to total nitrogen. Capping material from Borrow Pits did not exceed >2 dS/m in salinity, 

and fine particles remained between 50-70% fines.  pH varied with depth, potentially being 

influenced by the cobble layer, or exposed and weathered borrow surfaces. Primary data suggests 

total nitrogen may be valuable to explore in future capping material studies. Total nitrogen 

demonstrated a large decline between surface and deeper depths. In both Borrow Pits, total 

nitrogen decreases with depth, and lower depths ranged in values from 0.089 mg N/g dry soil to 

0.111 mg N/g dry soil. Total Nitrogen is not a metric used by GSA, but data from both Chapter 3 

and Appendix A find it may be a promising indicator of below ground soil fertility. These total 

nitrogen values are in both Borrow Pits are a similar range as that of TSF8’s poorer coverage 

areas discussed in Chapter 3, which ranged from 0.08-0.25 mg N/g dry soil. The metrics 

previously used by GSA to assess quality of capping material did not include any biotic metrics. 
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These preliminary results suggest DNA biomass, bacterial abundance, and HPC demonstrate 

interesting shifts as a function of depth, and are trends to further explore in future studies.  

In summary, this exploratory study suggests that further assessment is needed to better define 

the differences in soil parameters as a function of depth when considering borrow area quality 

for use as capping materials. However, an improved sampling method is needed. It is 

recommended that new borrow pits be cut prior to sampling or a comprehensive drilling effort be 

used to collect samples that are not compromised by exposure and weathering.  
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Chapter 5:  

Stored cover material analysis: Lessons learned regarding drilling cores  

 

 
5.1 Introduction and background 

 

One of the most critical challenges faced in post-disturbance restoration of arid lands, 

particularly post-mining, is the limited availability of topsoil, i.e. the upper 5–10 cm of the soil 

profile prior to extraction operations (Golos and Dixon, 2014; Muñoz-Rojas et al., 2016). 

Topsoil is essential to successful mining reclamation to both stabilize tailing waste and for the 

growth of vegetation.  Topsoil is vastly superior to any underlying soil horizon or geological 

strata (McCormack, 1979)4. Stripping, stockpiling and re-spreading of topsoil are common 

practices in mining operations. During these processes topsoil may be buried, eroded and/or 

degraded, leading to a topsoil shortage for future restoration uses (Luna et al., 2016; Merino-

Martín et al., 2017). Stockpiling soil material has been found to degrade soil quality over time by 

decreasing organic matter content, disrupting nutrient cycles and increasing bulk density 

(Kundue & Ghose, 1997). Thus, topsoil should be considered a “living resource” and reapplied 

immediately when possible to maintain living soil micro-organisms, roots, and seeds (USDA, 

2017). Topsoil will become biologically compromised if it is not preserved properly (Kundue & 

Ghose, 1997).  

Biological, chemical, and physical changes occur in stockpiled topsoil, mainly as a result of 

elevated soil moisture content and decomposing vegetation (Harris et al. 1989). Anaerobic 

                                                      

4Federal regulations state that “selected overburden materials may be substituted for, or used as a supplement to 
topsoil if the operator demonstrates to the regulatory authority that the resulting soil medium is equal to, or more 
suitable for sustaining vegetation than the existing topsoil, and the resulting soil medium is the best available in the 
permit area to support revegetation” (30 CFR 816.22).  
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conditions within the stockpile may also result in the decomposition of seeds (Golos & Dixon, 

1994). Most studies that evaluate stored soil materials for reapplication have been evaluated on 

coal mining sites, while storage of stockpiled soils in arid ecosystems, where an estimated 30% 

of copper, zinc, and lead mines occur have not been thoroughly evaluated (Mudd, 2009).  

Of the available literature, one common phenomenon that occurs in stored cover materials in 

temperate ecosystems is described as the “shelf life” concept, first discussed by Harris et al., 

1989, and depicted in Figure 5.1. This is the theory that upper layers of soil (those closest to the 

air interface) are a zone of high biomass and aerobic activity that remain biologically viable, with 

some small amounts of anaerobic bacteria and fungal spores. This zone has been demonstrated to 

be the region most likely to return to undisturbed values of the surrounding ecosystem, and the 

size of this zone depends on soil moisture status. Then there is a middle transition zone, where 

fluctuations between aerobic and anaerobic states occur. This zone may accumulate nitrate, and 

shows a decline in biomass. The size of this transition zone also depends on soil moisture status. 

Lastly, the lower layers, which have been stored the longest, are the anaerobic zone. Harris et al. 

(1989), found this anaerobic zone to be an area where bacterial groups are heavily affected, 

being dominated by anaerobes and spores, has the lowest microbial biomass, few fungal spores, 

and little microbial activity when reapplied. The size of this zone depends on a combination of 

soil texture and soil moisture status. However, most studies that have documented these findings 

when evaluating soils in temperate conditions, not arid ecosystems, and there is uncertainty if the 

shelf life concept also occur in arid and semi-arid stockpiled soils, especially over long time 

periods.  
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Figure 5. 1: Schematic diagram of “shelf life” concept, showing a cross section through a soil store, and indicating the three 

zones. Adapted from Harris et al., 1989. 

 

Some studies of temperate soil stockpiles have suggested that they have a biologically active 

threshold of 6-12 years (Kundu & Ghose, 1997). All literature suggests that if the storage period 

of the topsoil exceeds the shelf life period, biological measures for preservation or amendments 

of topsoil must be added. Golos & Dixon (2014) noted that stockpiling of topsoil in arid 

environments for more than 2 years can result in more than 50% loss in soil seed bank viability, 

and dry storage of topsoil for longer than 2 years may make it difficult to achieve restoration 

targets for vegetation indices of plant cover, species richness, and diversity comparable to 

undisturbed reference sites. The Golos & Dixon study did not include microbial metrics in their 

analysis.  

Presently, there is no information available on how long soils can be stockpiled in arid 

environments and retain a majority of their biological activity. Studies have demonstrated that 

restoration in arid and semi-arid areas is very slow due to limiting climate conditions in these 

regions, such as low rain fall, intense solar radiation, and severe water stress, which may 

contribute to increased soil erosion and degradation (Miralles et al., 2009; Solé-Benet et al., 

2009). In contrast to temperate ecosystems that receive 1,000-2,000 mm of annual rainfall, arid 
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and semi ecosystems are defined by an annual rainfall between 100-300 mm (arid) and 300-800 

mm (semiarid) (FAO, 1989; Peel et al., 2007). There has not been a study to date that evaluates 

how the shelf life concept applies to arid soils that have been stockpiled.  

Results from Chapter 3 and Appendix A led to the conclusion that the quality of capping 

material may have an impact on plant establishment success. Chapter 4 demonstrated that soil 

quality of capping material may vary with depth. In this chapter, I performed a preliminary 

assessment of natural alluvium that was to be compared with stockpiled alluvium from the 

1960’s. I sought to understand: How does quality of stocked piled material change with 

depth, and what are the metrics that indicate these changes? The initial goal of this project 

was to understand the health and fertility of stockpiled alluvium material in an arid ecosystem. 

The intention was to sample the stockpile as a function of depth and analyze the samples for 

microbial, chemical and physical characteristics, and compare the results to the natural alluvium. 

I hypothesized that in comparison to the natural alluvium, samples collected from the stockpiled 

alluvium soil would become increasingly depleted of nutrients (due to leaching and erosion) as a 

function of depth. As a result, the stockpiled soils would be less productive than natural 

alluvium. Due to challenges with the sampling protocol, the goal of this project was modified to 

focus on sampling methodology and to make recommendations on future sampling 

considerations required to develop an understanding of the health and fertility of stockpiled 

alluvium materials in arid ecosystems.  
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5.2 Materials and methods 

 

5.2.1 Intended study site 

 

The intended stockpiled alluvium site was a soil storage facility that was created at a mine 

site in Southern Arizona in the 1960’s5, located at 32º00’00.88N, 111º 04’43.98W. The 

stockpiled alluvium material was scraped from the surface of the mining pit as it was developed, 

and added on to with time. The oldest materials in the stockpile (the first materials scraped) are 

located at the base of the stockpile. The mining site is now focusing on site reclamation and has 

renewed interest in the viability of the stockpiled soil in this storage facility and whether it can 

be used successfully in revegetation practices. The natural alluvium material measured in this 

preliminary study were adjacent to the stockpiled alluvium, and was intended to represent the 

undisturbed (or “natural”) site or the area, while two additional cores would occur on the 

stockpiled alluvium site stored for over 40 years. 

 

5.2.2 Sampling plan 

 

The sampling plan took advantage of an ongoing coring activity by the mining company at 

the site. I worked with the drilling company to collect samples from a soil core that was being 

drilled with the intention to compare samples to a stockpiled alluvium site nearby. Sites 

experience the same climatic conditions in terms of temperature, wind, and rain. Both cores 

would be bored to a depth of 300 ft. The sampling plan intended to perform similar soil analyses 

as those outlined in Chapter 4 with assessments of biological (DNA biomass, HPC), chemical 

(pH, electrical conductivity, and total nitrogen) and physical (particle size distribution) 

parameters, in addition to soil color determination.  

                                                      
5 Per personal communication with Mark Eddy, Senior Environmental Engineer, ASARCO. 
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A water rotary drill with a diamond drilling bit was used, switching metal tubing every 20 ft. 

(Figure 5.2).  Soil samples were taken every 10 ft.; taking samples at the top and bottom of each 

metal tube, down to 300 ft. Each corresponding measurement (N10, N20) is indicative of the 

depth which the sample was collected.  Samples came out of rotary core mouth already wet from 

a wetting agent and water. To account for the contamination that the water and wetting agent 

may have exposed on the soils, I took additional samples of the water and the wetting agent. I 

also took a topsoil sample (N0) adjacent to drilling to ensure that there was no contamination 

from drilling practice. 

 

Figure 5. 2: Photo of water rotary drill in the field.  

Samples were placed into a 2 mm mesh strainer above a PVC bucket. The wet soil color 

using the Munsell color system (Figure 5.3) was recorded. A second Munsell color assessment 

was performed in the laboratory after the sample had been dried.  
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Figure 5. 3: Wet soil Munsell color assessment 

  
Upon collecting samples, they were homogenized in the strainer (Figure 5.4) using a 

sterilized microbial spatula to mix the samples, and being careful to not touch the edges of 

bottom of the strainer. After homogenization, part of the sample was placed into a 50mm Fisher 

Tube using the spatula, and put on ice for transport back to the lab for microbial analysis.  

 

Figure 5. 4: Homogenizing the sample with a sterilized spatula before place into microbial sample tube. 

After the microbiological sample was collected, the remainder in the bucket was 

homogenized, and a sample was taken for chemical analysis. Approximately ~500 g of sample 

was placed into a Whirlpack bag, which was immediately placed on ice. The strainer was 

cleaned with non-potable water between samples.  
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5.2.3 Sample preparation 

 

Upon returning to the laboratory, microbial subset samples were taken from the 50 mL Fisher 

tubes and placed into 15 mL sample tubes and frozen at -80°C (for molecular analysis). The 

remaining microbial sample were place into the 4°C room (for heterotrophic plate counts). 

Microbial samples were processed in a Laminar flow hood. Moisture content and chemistry 

subsamples were taken out and measured into 50 mm and 70 mm aluminum trays, and the 

remainder of the Whirlpack soil samples were placed into Mylar bags, purged by N2 gas for 30 

seconds, then vacuum sealed, and placed into the 4°C room for storage.  

 

5.2.4 Soil color analysis 

 

Soil color analysis was determined using the Munsell color system protocol as described by 

Schoeneberger et al., (2012), for wet and dry soil at each 10 ft. increment. Soil redness rating 

(RR) was determined as: �� =  
�����	
�∗�����

���	

, where Hue, Chroma, and Value are derived 

from Munsell soil color (Torrent et al., 1983). I performed additional analysis using this data for 

depth vs. hue and depth vs. value. 

 

5.2.5 Chemical analysis 

Samples were analyzed for pH and EC by a 2:1 mass ratio of dry sample in 18.2 MΩ 

deionized (Milli-Q, Barnstead) water slurry after 30 minutes of shaking. Solids were centrifuged 

and the decanted supernatant was measured for pH and EC using calibrated probes (Solἰs-

Dominquez et al, 2012). Dry soils were milled to 80 µm using a ball mirror prior to analysis for 

total nitrogen (TN). TN was measured by flash combustion and chromatographic separation 

using the CosTech Elemental Combustion System 4010 CHNSO Analyzer (Valencia, CA).  
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5.3 Results  

 

5.3.1 Chemical analysis 

 

 

Figure 5. 5: pH vs. depth of natural alluvium 

Figure 5.5 demonstrates pH as a function of depth. pH values ranged between 8.6-9.9, with 

the average pH 9.1. No clear patterns between depth and pH are apparent, though surface soil pH 

values appear to be slightly more neutral pH than deeper depths (>170 ft), which appear to be 

trend slightly more alkaline.  
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Figure 5 6:  Electrical conductivity vs depth of natural alluvium  

Figure 5.6 represents soil electrical conductivity as a function of depth. EC ranged between 

195-700 uS/m. There was no pattern in the variation of electrical conductivity, though the mean 

of EC was 215 uS/m. Kundu & Ghose, 1997, found that electrical conductivity decreased with 

the increasing age of the soil dumps caused by mixing of lower surface horizons. This pattern 

was not observed in our sample, as EC range was spread out amongst depths.  
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Figure 5.7: Munsell color analysis vs. depth 

Figure 5.7 demonstrated the wet and dry color change as a function of depth. Soil color is a 

study of various chemical processes acting on soil. These processes include the weathering of 

geologic material, the chemistry of oxidation-reduction actions upon the various minerals of soil, 

especially iron and manganese, and the biochemistry of the decomposition of organic matter.  

Figure 5.7 demonstrates how soil color, both wet and dry, changes with depth. Soils below 

200 feet tended to have a more reddish color. Further analysis is needed to determine if these 

changes represent significant changes in soil biology or chemistry, specifically in regards to iron 

and clay content.  
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Figure 5. 8: Depth vs. Hue 

Figure 5.8 depicts Hue as a function of depth. Hue represents the dominant spectral color, as 

in red, blue or greens. Hue remains constant with depth until 240 ft., where hue decreases, 

notably more into the red color range.  
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Figure 5. 9: Depth vs. Value 

 
Depth vs. Value. Value gives a specific lightness and darkness of a soil and can indicate the 

amount of reflected light. Soils closer to the surface (topsoils) have a higher value than deeper 

soils, which have a lower value, or are darker.  

 

5.3.2 Microbial analysis 

 

These samples were not analyzed, as it was concluded by dissertation committee that these 

samples were compromised via sampling method. See discussion for further clarification. 
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5.4 Discussion 

The water rotary drill method of drilling used in this preliminary study did not allow for the 

intended goal of this analysis to be achieved. Literature reviews, inquiries at conference 

presentations, and the experience in sampling with a water rotary drill drive a desire to further 

understand long-term storage of topsoil alluvium. Of particular interest is how biological 

integrity may change for future reclamation applications, especially in arid ecosystems. Future 

studies should assess the importance of depth and arrangement of alluvium materials and 

corresponding effects on soil fertility. Based on the literature of Harris (1989), Kundue & Ghose, 

(1997), and Golos & Dixon (2014), I hypothesized that the depth of stockpiled alluvium (with 

the oldest being near the bottom) would be the biggest factor on fertility. Furthermore, 

understanding how vegetation on alluvium surface may impact microbial community resiliency 

and weathering should be addressed, in particular, alluvium sources at the lower (anaerobic) 

depths, which has not been extensively studied.  

 

5.5 Project constraints 

 

A major finding from this work is that the sampling methodology must be carefully 

considered. The water rotary sampling method used in this study has several constraints that 

make it unideal for generating usable data related to the biology of the samples. First, this 

drilling technology expectorates out rock chips, sand, and crushed up any particles. This 

prevented any analysis of soil aggregates or particle size analysis, which could reveal important 

soil health metrics. Additionally, the water rotary drill used requires a drilling fluid to prevent the 

drilling bit from overheating. In addition to water, the rotary drill operators used a wetting agent. 

The use of this wetting agent can act as a carbon source and is itself not sterile, ensuring any 
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possible microbial community analysis performed would be compromised.  Additional concerns 

included: (1) the water supply used in the drilling process was non-sterile Central Arizona Canal 

Project water and may have had chlorine in it6; (2) switching cores every 20 feet may have 

exposed samples to air microbes; (3) contamination may have occurred when samples were 

homogenized in the strainer (i.e. not a clean protocol); and (4) the strainer used to collect 

samples was cleaned with site water, not a sterilizing agent. 

 

5.6 Future recommendations 

 

This sampling method was attempted because it was accessible, utilizing the technology and 

drilling method already being conducted at the site by drilling contractors. This experiment was 

planned with consideration of the available technology utilized by the mining industry, and ease 

to take samples using methods easily, and cheaply, available. There was also a 

miscommunication regarding drilling strategy and how much impact on soil structure might 

occur. As a result, it is concluded, that this was not a good method to approach the research 

objectives.  

For future research intentions assessing the microbial soil fertility of stockpiles alluvium, the 

water rotary drill is not a sufficient method to collect samples. A number of drilling techniques 

for shallow sampling in unconsolidated sediment (below 300 m) include hollow stem auger 

coring, cable tool coring, and rotary sonic, which can be used without drilling fluids and limit 

potential contamination of recovered fluids (Kieft, 2010). These methods would be preferred 

over the water rotary method attempted. The use of a dry core analysis will enable the collection 

                                                      
6 Per personal communication with Mark Eddy, Senior Environmental Engineer, ASARCO. 
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of intact cores and maintain microbial integrity, though they may limit ability to measure 

aggregate size.  The cost of drilling can be highly variable, based on the drilling method, drilling 

company’s experience, availability of water, having a master’s service agreement with a 

company, soil/substrate composition, and obtaining equipment. However, in general, a method 

like the water rotary drill, can cost around $30/ft., while a method such as rotary sonic, can cost 

$75-100/ft7. 

Future research inquiries that explore how long soil can be stockpiled and remain 

biologically active for productive restoration efforts should take into consideration the viability 

of soil and the seedbank contained within the soil (Golos & Dixon, 2014).  Efforts and resources 

should be dedicated to replicated soil cores that are sterile, with periodically monitoring of both 

microbiological and biochemical soil properties. Specific exploration around what may increase 

or decrease the fertility of stockpiled material would be of particular use to mining and 

consulting companies in arid ecosystems where finding appropriate capping material can be a 

constraining factor to reclamation efforts.  

  

                                                      
7 Price break down based on personal communication with Anders Noren, Director of Continental Scientific Drilling 
Coordination Office, LacCore Facility, University of Minnesota. Note that costs will change with inflation, fuel and 
raw material costs, and is not an average across companies, or inclusive of all potential costs for a given project, 
scope, location, and market.  
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Chapter 6: 

Analysis of NEPA, tribal consultation and the 1872 General Mining Law:  

 

Rosemont Mine as a case Study 
 

6.1 Introduction 

 

Indigenous land management practices have been shown to result in higher native and rare 

species richness, less deforestation and land degradation than non-Indigenous practices (Schuster 

et al., 2019). While Indigenous Peoples8’ are esteemed for their contributions to the protection of 

biological diversity, Native Nations continue to be challenged in protecting Tribal self-

determination, cultural stewardship and interests on federal public lands. The proposed 

Rosemont Mine, located in Southern Arizona, is an example of a sacred ecosystem managed by 

the federal government. Tribal Nations and environmental advocates engaged in protecting the 

land base are currently navigating the federal statute frameworks.  

The Rosemont Mine provides a case study example of the lasting interpretation of the 1872 

General Mining Act, the Tribal consultation process, and the limitations of NEPA. Ultimately, 

the Rosemont Mine controversy highlights the need for legal reform and the lack of local 

environmental studies, linking the value of traditional knowledge to understanding the unique 

vulnerabilities in local areas such as those potentially impacted by the Rosemont Mine.  

This paper, therefore, seeks to understand the relationship between aboriginal land title-- also 

known as original or Indian title – and the 1872 General Mining Act. Suggestions from national 

                                                      
8 In this paper, the terms Tribes, Tribal Nations and Native Nations will be used interchangeably. Tribe is well 
recognized as the main way American treaty commissioners referred to Indians, as Tribe does not imply self-
governance, and commissioners did not want to dignify Tribes with the more politically powerful term of Nation. 
However, in the early 21st century, Tribes have moved towards terminology of Tribal Nations or Native Nations, as 
it is inclusive of self-governance and political sovereignty (Wilkinson, 2004; Newcomb, 2004). 
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and international policy that utilize more culturally engaged frameworks to improve tribal 

consultation practices will be discussed in the context of improving communication pathways 

and consultation practices. This paper is meant to be a broad overview, and will not go in depth 

in these topics—citations are provided as avenues for further information for interested parties. 

 
6.2 Aboriginal title on federally ceded lands 

 

Aboriginal title is both common law and statutory law (Routel & Holth, 2013). This 

classification was affirmed by the Supreme Court (1823) related to land issues and the 

interpretation of the Doctrine of Discovery in the United States. According to Justice John 

Marshall, the sovereignty Tribal Nations retained was to govern internal matters, including 

control of Tribal members and Tribal territory. The sovereignty that was lost upon the arrival of 

Europeans included the power to enter independently into international agreements with other 

foreign nations and to transfer property title cognizant in U.S. courts to non-Indians (Harvard 

Project, 2014). Three paramount Supreme Court decisions, known as the Marshall Trilogy9, 

continue to inform the legal status of American Indian Nations, though federal statutes, executive 

policy, and subsequent judicial decisions.  

While Marshall’s Supreme Court decided that Indians did not own land outright, the court 

did recognize Indigenous peoples’ unique relationships with their traditional homelands since 

time immemorial, and the legal obligation of the Federal government had to protect Indigenous 

people (Getches et al., 2017). The Supreme Court ruled that Indian land could not be legally 

encumbered or conveyed without the approval of the U.S. government acting in the capacity of 

trustee for Indian lands and with the obligation to manage those lands on behalf of Tribes. 

                                                      
9 See the Marshall Trilogy: Johnson v. M'Intosh (1823), Cherokee Nation v. Georgia (1831) and Worcester v. 
Georgia (1832); these came to be recognized as the Trust Doctrine. 
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Today, this premise of “domestic dependent nations” persists and affects not only the land itself, 

but also the management of surface and subsurface resources held on Tribal lands (Gorgan et al., 

2011). Until 1871, when Congress ended formal treaty making with Tribal Nations, the Federal 

government followed the Royal Proclamation of 176310 that lands could not be taken without the 

consent of Indian Tribes, and required treaties for this process. While many treaties were not 

fully enforced in terms of protecting the lands that tribes conceded, the treaties often had 

provisions that applied to the ceded lands.  These provisions applied to access for hunting, 

gathering, and other activities.  Because the Tohono O’odham did not sign a treaty and gained 

Federal recognition as an Executive Order Tribe, the Tohono O’odham rights on the unceded 

lands are open to interpretation.  

Tribal Nations have endured long histories of de facto and de jure11 taking and/or 

development of their natural resources, without their real consent and often far below fair market 

value compensation12. Tribal governments have lost up to 98% of their aboriginal land base and 

the overwhelming majority of Tribal property of cultural and religious significance is now 

located outside of reservations boundaries and trust lands (UN, 2009).  This has resulted in 

highly destructive impacts on Tribal Nations’ cultural and environmental resources. By law, the 

Federal government is required to recognize the validity of Tribal concerns for protecting on and 

off reservation properties of religious and cultural significance (Galanda, 2012). Thus, when the 

Federal government owns and has oversight of Tribal lands, Federal statutes and executive 

branch policies requires Department of Interior and Tribal Nation consultation. More 

                                                      
10 The Royal Proclamation of 1763 or “Indian Magna Carta” transferred French territory in North American to Great 
Britain, forbade settlement west of the Appalachian Mountains, and outlawed the private purchase of Native 
American Law. This proclamation continues to be an important legal recognition of aboriginal title 
11 De facto and de jure is a legal term to describe the legality of actions. De facto means a state of affairs that is true 
in fact, but is not officially sanctioned. In contrast, de jure means a state of affairs that is officially sanctioned. For 
Tribal Nations, land was seized both legally and illegally. 
12 See Cheyenne Arapaho Tribes of Oklahoma v. United States of America (1981), Kauley v. United States (1984) 
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importantly, where treaties are involved, the courts and the Congress have increasingly held that 

the United States has treaty obligations to fulfill (Harvard Project, 2014).  

The Marshall Court precedent established Federal government duties with respect to mineral 

development on Tribal lands and recognized an obligation to any land or property that may have 

cultural, ancestral or archeological significance to Tribal Nations. This recognition invokes the 

trust obligation13 and requires government-government consultation on all matters that affect a 

Tribe’s interest-regardless of the location of the project or proposed activity on and off the 

Reservation. The legacy of the Marshall Court and the Trust Doctrine that resulted endure today. 

However, increasingly the fundamental trust concept, that tribes cannot manage their lands and 

resources, is being eclipsed by efforts to self-determine and control resource development and 

exert governmental primacy (Getches et al., 2017). 

Since the late 1960s, the federal government has formally embraced a policy of supporting 

American Indian tribal self-determination. Many federal statutes encourage Tribal governments 

to adopt and run their own programs, generate their own revenue, and provide their own services. 

Federal laws, including several environmental laws, have been amended to allow Tribes to enact 

regulations and engage in environmental policy making and co-management on some public 

lands14 (Gorgan et al., 2011; Comay, 2016). 

6.3 1872 General Mining Law 

 

The General Mining Law (GML) is the United States principal charter governing hard rock 

mineral development on federal public lands (Lopez, 2020). Enacted almost 150 years ago 

during an era in which the US Government and mainstream society promoted a campaign of 

                                                      
13 At the point of leasing or contracting, in the administration by the Bureau of Indian Affairs of activities under 
approved agreements, and in courts resolutions of disputes regarding the lands of tribes. 
14 Such as Canyon de Chelly National Monument (AZ), Hohokam Pima National Monument (AZ), Hubbell Trading 
Post National Historic Site (AZ) and Nez Perce National Historic Park (ID, MT, OR, WA) (Comay, 2016).  
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“Manifest Destiny,”15 Congress used the GML to encourage the development of the American 

West by allowing individuals to stake claims and obtain exclusive rights to the gold, silver, 

copper, and other valuable hard rock mineral deposits on lands now belonging to the United 

States (GAO, 2011; Lopez, 2020).  The GML legitimized the exploration, discovery, and mining 

of economically valuable minerals on millions of acres of federal, or what would become federal, 

public lands. 

The GML stipulates that all valuable mineral deposits on lands owned by the United States 

are open to exploration and purchase; additionally, the land above these mineral deposits is also 

open to occupation and purchase (Bridge, 2003).  The Mining Law controls the extraction of 

hard rock minerals on public land, creating a system of property rights based on the status of the 

mining claim (Haman, 1956). When Congress passed the GML, it covered most minerals. 

Reforms removed many minerals (including oil and gas) from the authority of Mining Law, 

leaving only ‘locatable minerals.’ These minerals include gold, silver, and industrial valuable 

minerals such as molybdenum, zinc, and copper. The Mining Law provides a right of entry onto 

public land in order to privatize these minerals for extraction and eventual sale (Leshy, 2002). 

In order to privatize the aforementioned minerals, individual miners and the mining industry 

must clearly mark the claim on the ground and file notice of the claim with the county recorder’s 

office and the Bureau of Land Management (BLM), the agency responsible for managing all 

minerals held by the federal government. The miner pays a US $25 location fee at the time when 

the claim is recorded with the BLM and pays an annual claim maintenance fee of US$100 per 

year thereafter in order to hold that claim. Once this process is complete, the miner has the 

                                                      
15 “Manifest Destiny:” phrase coined in 1845; it is the idea that the United States is destined by God to expand its 
dominion and spread democracy and capitalism across the entire North American continent. This 19th century 
philosophy was used to justify the forced removal of Native Americans and other groups from their homes across 
the North American continent. 
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exclusive authority to extract the mineral(s) and bring them to market for sale. There are no 

royalty payments to the federal government for any of the minerals extracted from the claim; the 

minerals are converted to an exclusively private interest (Leshy, 2002). Essentially, the Mining 

Law operates quite similarly to the original law in 1872, and reflects the cultural values 

associated with the Manifest Destiny era of European American expansionism16. While other 

laws enacted during this era were eventually repealed, the Mining Law has remained relatively 

unchanged (Leshy, 2002; Lopez, 2020).  

 

6.4 NEPA consultation process 

 

The National Environmental Policy Act (NEPA) of 1970 is a United States environmental 

law that promotes the enhancement of the environment, and is the country’s basic environmental 

charter (Royster et al., 2018). Executed through the Secretary of the Interior, it is a procedural 

statue. NEPA does not mandate any substantive results, though a federal agency may find 

adverse consequences as a result of the process. NEPA requires community involvement in 

evaluating a proposed government action (CEQ, 2007). NEPA also typically involves 

consultation with the U.S. Fish and Wildlife Service regarding endangered and threatened 

species protected by the Endangered Species Act, and federal and state historic preservation 

officers regarding the National Historic Preservation Act of 1966 (Comay, 2016). Generally, the 

Forest Service (part of the Department of Agriculture) is the lead NEPA agency for projects on 

lands within the national forest system, and the U.S. Bureau of and Land Management (BLM) 

(part of the Department of Interior) leads the effort on other public lands. Other federal agencies 

                                                      
16 In addition to the 1872 General Mining Law, the Homestead Act of 1872, the Desert Land Act of 1877 and the 
Stock Raising Homestead Act of 1916 were all designed to promote the occupation of European settlers into the 
Indigenous American West (Sheridan, 2007). 
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such as the U.S. Army Corps of Engineers and U.S. Environmental Protection Agency (EPA) 

commonly appear as cooperating agencies. The NEPA process has three main tools for analysis 

of decisions: 1) Categorical Exclusion (CE) 2) Environmental Assessments (EA) and 3) 

Environmental Impact Statements (EIS) (CEQ, 2007). 

Mining operations on Federal lands or with a Federal nexus generally will involve an EIS or 

a less intensive EA to examine environmental impacts. The NEPA process will also involve 

consideration of other substantive environmental statutes (such as the GML). NEPA is limited to 

actions taken by the Federal Government, and does not apply to state or private projects, unless 

the project impacts Federal lands. However, NEPA will apply to some or all of the mineral 

development processes on Indian lands. Since the 1982 Indian Mineral Development Act 

(IMDA) was passed, the Federal Government’s trust responsibility requires that mineral 

agreements and surface leases of trust lands must be approved by the Secretary of the Interior 

acting through the Bureau of Indian Affairs. These approvals are Federal actions that trigger 

NEPA analysis.  

To many Tribal Nations, NEPA is seen as acting as both “shield and sword.” As an asset or 

“shield,” Native Nations have used the NEPA process to reach better environmental decisions17, 

and can delay the status of a project while advocating for concerns about the environmental 

effects of a proposed project. Tribal Nations can take advantage of NEPA’s procedural 

requirements to air their concerns and shape the process. However, as a “sword” NEPA can 

introduce non-tribal authority into the Secretary of Interior’s approval process for projects on 

Tribal and public lands because non-tribal entities may submit comments through the NEPA 

                                                      
17 As in the case of Center for Biological Diversity v. Salazar, 706 F.3d 1065 (2013), where the Havasupai Tribe vs. 
Bureau of Land Management was able to call for NEPA EIS on a proposed uranium mine in the Kaibab National 
Forest. 
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(Royster et al., 2018). Another common critique of the NEPA process is that by design and 

values of jurisprudence, it is procedural in nature and does not provide the environmentally 

protective outcomes often desired. Additional critiques of NEPA, and of those who perform 

NEPA mandated EIS studies18, is that they: (1) under-value Indigenous science and spiritual 

inter-connectedness between humans and their landscapes,19 (2) fail to take into account 

traditional ecological knowledge held by communities, (3) fail to account for long-term and 

cumulative impacts that result from projects, and (4) rely too heavily on settler colonial scientific 

practices (Dongoske, et al., 2015).  

 

6.5 “Tribal consultation vs. Meaningful consultation” 

 

“Tribal consultation” refers to the Federal Government’s legal obligation to consult with 

Native American Tribes on energy and infrastructure projects. Whenever a project requires 

federal approval—a water-crossing permit from the U.S. Army Corps of Engineers, for instance, 

or a certificate from the Federal Energy Regulatory Commission to build a natural gas pipeline—

the tribal consultation requirement applies20. Projects need not be on Tribal land for the Tribal 

consultation requirement to apply. On the contrary, NEPA and the National Historic Preservation 

Act (NHPA), along with many other federal laws, mandate that the lead agency on each project 

must consult with affected Indian tribes regardless of whether the project is on public or private 

land (BLM, 2016). Energy and mining companies, utilities, highway authorities and other project 

proponents are frequently caught off guard by the Tribal consultation requirement, particularly in 

                                                      
18 Typically, the National Forest Service or hired environmental consulting companies (Dongoske, et al., 2015). 
19 Lyng v. Northwest Indian Cemetery Protective Association, 471 U.S. 759 (1985) is an example of a landmark 
case that the National Forest Service did not recognize Indigenous sacred sites as protected under the First 
Amendment Free Exercise Clause.  
20 Insisted upon by Presidential Order (2010) and the United Nations Declaration on the Rights of Indigenous 
Peoples. 
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parts of the country located away from Indian reservations (Eid, 2019). Environmental 

practitioners and the mining industry must be aware of Tribes’ aboriginal territory and their 

responsibility to consult with descendants and/or current Tribal members. These considerations 

should be a standard of licensing or of accreditation to learn about these processes since they are 

now embedded in the U.S. legal system.  

The interpretation of Tribal consultation has often been translated by Federal agencies and 

practitioners to entail sending form letters or conducting general purpose information sharing 

meetings. Agencies and developers often view the task as simply checking off a series of 

mandatory requirements (often referred to by Tribal Nations as a process of notification, not 

consultation). In either case, there is no meaningful participation in the assessment process and 

Native American perspectives are often given little substantive attention in NEPA analysis 

(Dongoske, et al., 2015). In other cases, Tribal Nations have been denied access to information 

and excluded from consultations at the planning stages of projects, and environmental 

assessments fail to disclose the presence and proximity of projects to Tribal Nations (Rodgers & 

Burleson, 2017). While Tribal Nations have used legal arguments such as “sacred site,” “cultural 

landscapes” and “traditional cultural properties” this line of reasoning has often been viewed as 

ineffective in preventing development projects, but rather the tribal legal arguments are reported 

and dismissed (Dongoske, et al., 2015). 

A Federal agency’s consultation with Tribes must be “meaningful” government to 

government consultation21 to be legally effective. For consultation to be “meaningful,” early and 

regular consultation with Tribes concerning mineral development projects is required. 

Meaningful consultation includes ensuring collaborative decision making between Tribal 

                                                      
21 As described by Executive Order 13175 (2010). 



 112

Nations, industry, and Federal agencies, not just participating in the public process. If Tribes are 

engaged early in the process, relevant evaluation of risks and impacts can be performed early 

enough to affect decision making outcomes and develop alternative options (Harper & Harris, 

2011). During the Obama Administration, Federal agencies developed individualized Tribal 

consultation policies, which have largely continued during the Trump Administration22 (Eid, 

2019). 

The standard for what constitutes meaningful consultation continues to be a work in progress, 

particularly in terms of consultation timelines (Galinda, 2012)23. Yet what is clear is that project 

proponents can and should support free, prior and informed consent on any project, as early as 

possible in the exploratory process to maximize opportunities for mutual collaboration, in order 

to respond and avoid potential project risks (Eid, 2019).  

 
6.6 Rosemont Copper Mine: A case study 

 

The proposed Rosemont Copper property is located approximately 30 miles (48 km) 

southeast of Tucson, in Pima County, Arizona. The Rosemont project is planned to be on 995 

acres of private land, and 3,670 acres of the Coronado National Forest Service land24, and 75 

acres of State land managed by the Arizona State Land Department. The area that presently 

                                                      
22 Though consultation policies have largely continued during the Trump Administration,  the Administration has a 
spotty record. It did not reaffirm the 2000 President Executive Order 13175 (unlike past administrations), passed 
major projects without meaningful consultation (such as the Dakota Access Pipeline, the U.S Border wall, and the 
reduction of the boundaries of Bears Ears National Monument). Additionally, the  reorganization of the Department 
of the Interior has created challenges in communication for consolation protocols. 
23For example, The U.S. District Court in Wyoming granted a preliminary injunction against the Bureau of Land 
Management (BLM) in 2015 to stop enforcing its final rule related to hydraulic fracturing or “fracking” on federal 
and Indian lands. In the case, Wyoming v. Jewell, the BLM insisted it had engaged in extensive tribal consultations 
with the Ute Indian Tribe of Uintah and Ouray Reservation by holding meetings, offering to meet individually with 
tribal representatives and distributing copies of the draft rule for comment. The court disagreed, characterizing 
BLM’s meetings as “more intended as informational and outreach sessions,” as opposed to consultations where 
tribal representatives’ expressed concerns were addressed (Eid, 2019). 
24The Coronado National Forest includes an area of about 7,200 square kilometers, spread throughout mountain 
ranges in south-eastern Arizona and south-western New Mexico. 
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consists of Coronado National Forest land is the aboriginal title lands of the Tohono O’odham 

Nation that was never ceded consensually to the United States. Historically, the Tohono 

O’odham Nation occupied much of Southern Arizona. From the early eighteenth century on, 

however, Tohono O’odham tribal lands have been occupied by the United States and Mexico 

(Tohono O’odham, 2016). When Mexico gained its independence, it officially asserted rule over 

the Tribe. Through the Gadsden Purchase in 1853, the Tohono O’odham land was divided into 

American and Mexican sectors, making some tribal members “Americans” and others 

“Mexicans,” though neither government granted them full citizenship (Marak et al, 2013). This 

agreement continued until the United States created a reservation for the Tohono O’odham in 

1916 by executive order (SRP, 2016).  Other regional Tribal Nations also hold this area 

environmentally and culturally significant (CNF, 2013). This area holds sacred sites of cultural, 

archeological and ecological importance to the Hohokam, Hopi, Yaqui, Aikmel, and Un’Aikmel, 

who all have ancestrally claimed the Santa Rita mountain range.  

The proposed Rosemont Copper Mine, owned by the Canadian company HudBay Minerals 

Inc., would consist of an open pit spanning 6,000 to 6,500 feet in all horizontal directions and 

drop vertically up to 3,100 feet into the ground (Davis, 2018). In terms of waste, it is estimated to 

extract 1.2 billion tons of waste rock, and 700 million tons of mine tailings will be generated 

during its lifetime. The Rosemont project will produce copper, molybdenum and silver, with an 

annual production of copper expected to reach 243 million pounds, or approximately 10% of 

total U.S. copper production (HudBay, 2017). At full capacity, Rosemont would create 500 full 

time jobs, 2500 construction jobs, and impact 3,653 acres of National Forest land (HudBay, 

2017). If approved, Rosemont Copper Project would be the third largest copper mine in the US. 
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In December 2006, Rosemont Mine submitted an initial mine plan, and in October 2007, 

Augusta Resource Corporation, then Rosemont Copper's parent company, filed a Mine Plan of 

Operations with the U.S. Forest Service for a proposed open-pit mine in the Santa Rita 

Mountains section of the Coronado National Forest. The Coronado National Forest officially 

began the NEPA process in March 2008, with an EIS (Davis, 2013).  

In 2009, Pima County Administrator Chuck Huckelberry and Coronado National Forest 

Supervisor Jeanine Derby raised concerns about the mining claim validity and requested the re-

examination of Rosemont’s mining claims and Rosemont’s EIS. Huckleberry and Derby claimed 

in the original EIS that Rosemont had proposed to “extract, remove or market” minerals 

associated with its claims on National Forest land. The proposed area was later identified as land 

to be used for waste disposal (Huckelberry, 2009). Huckelberry argued that this change makes 

the General Mining Act claims questionable and thus should be reassessed. 

In 2016, the Army Corp’s Los Angeles district recommended the Rosemont Company’s 

permit application be denied, as the agency’s division engineer concluded that granting the 

permit would “cause or contribute to violations of state water quality standards” and would “be 

contrary to the public interest.” The EPA reached a similar conclusion in an evaluation of the 

project’s environmental consequence on Nov. 30, 2017. It said that after a comprehensive 

analysis, “EPA has concluded that the Rosemont Mine will result in significant degradation to 

waters.” 
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Figure 6. 1: Overview map of Rosemont Copper Mine, located in Southern Arizona. south of Tucson. 

 

6.7 Rosemont consultation process 

 

On June 6, 2017, the Coronado National Forest completed their 10-year Environmental 

Impact Statement review process by producing their Record of Decision for the Rosemont Mine 

project. Arguments state that only public lands directly above the valuable mineral deposits are 

covered by the 1872 General Mining law’s definitions of mining rights. The Coronado Forest 

Service considered activities authorized regardless if they are on or off mining claims, due to the 
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Multiple Use Mining Act of 195525, which reaffirms the right to conduct mining activities on 

public lands26.  

Executive Order 13175, passed in 2000, reinforces the U.S. Government’s Trust 

Responsibility to Tribal Nations. Federal agencies are required to consult on a government-to-

government basis with federally recognized Native American Tribes that have traditional 

interests in and/or ties to the lands potentially affected by the proposed mine and alternative sites. 

Following the Executive Order, the Coronado National Forest consulted with 12 tribal Nations27 

during the development of the EIS, beginning in March 2006 and met on more than 25 separate 

occasions. Consultation between the Forest Service and Tribal Nations included meetings, field 

visits, conference calls, phone calls, and letters. The Tribal Nations were consulted prior to and 

through the planning process for this project. Each Tribal Nation also received a copy of the draft 

environmental impact statement (DEIS). Coronado National Forest received comments from 

consulting Tribes during the scoping process, during various meetings and fieldtrips, and in 

response to the DEIS (CNF, 2013).  In accordance with Executive Order 12898 (addressing 

environmental justice), the Coronado National Forest recognized that the approval of the 

Rosemont mine will result in disproportionate adverse environmental effects on the Tohono 

O’odham Nation and the other Tribal Nations whose sacred ecosystems are in the proposed 

project area. These Nations also qualify as minority and/or low-income communities (CNF, 

2013). 

                                                      
25 Multiple Use Mining Act of 1955 confirms the ability to conduct mining activities on public lands, locate 
necessary facilities and conduct reasonable and incidental uses to mining on public lands.  
26 This includes mine processing facilities and the placement of mining tailings and waste rock. 
27 Nations represented as rights holders to the Santa Rita Mountains include: Ak Chin Indian Community, Fort Sill 
Apache Tribe, Gila River Indian Community, Hopi Tribe, Mescalero Apache Tribe, Pascua Yaqui Tribe, Salt River 
Pima-Maricopa Indian Community, San Carlos Apache Tribe, White Mountain Apache Tribe, Yavapai-Apache 
Nation, and the Pueblo of Zuni. 
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The Coronado National Forest Service also consulted with the Arizona State Land 

Department, Tribes, and other consulting parties regarding the potential effects Rosemont may 

have on historic properties within the utility corridor on State lands under its jurisdiction. The 

Arizona State Land Department is responsible for ensuring that adverse effects to historic 

properties on State lands are appropriately addressed in accordance with its legal obligations 

under State law.28 

6.8 Was it meaningful consultation? 

There are many concerns of the neighboring communities and the Tribal Nations regarding 

the impacts of an open pit mine; its drain on natural resources, impacts to underground aquifers 

and water quality, and possible introduction of dissolved solids, sulfates and metals into 

underground water (Tohono O’odham, 2009).  All believe mining here will permanently alter the 

cultural and natural landscapes of the area (Tohono O’odham, 2009). Officially, the Tohono 

O’odham Nation has opposed the Rosemont Mine project (TO LC, 2009).  

The Coronado National Forest Service has documentation of a thorough process spanning 10 

years, meeting with 17 Federal, Tribal, state, and local political subdivisions, which served as 

cooperating agencies on an environmental review of the proposed Rosemont Copper Mine (CNF, 

2013). Seventeen other governmental entities were invited and declined. There were a total of 16 

hearings, more than 1,000 studies, and 245 days of public comment resulting in more than 

36,000 comments (CNF, 2013).  The final EIS exceeded 26,000 pages, detailing ways to mitigate 

the project’s impacts (HudBay, 2017). Tribal consultation identified springs, high vision points, 

and many natural resources in the project area as having sacred ceremonial functions. Native 

American and Mexican Americans use the Rosemont area to collect and process natural 

                                                      
28 A.R.S. § 41-861 et seq 
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resources for food, medicines, firewood, and traditional crafts (CNF, 2013). The final EIS 

demonstrated that proposed mine activities, from pre-mining through final reclamation and 

closure, could preclude access to or destroy or degrade these types of cultural and ecological 

resources. The Coronado National Forest believes they have done a thorough process of tribal 

consultation, and indeed, they have met the Federal requirements. 

The Tohono O’odham Nation claims the U.S. Army Corps of Engineers failed to engage in 

“government-to-government” consultations with the Tribe before deciding whether to issue a 

crucial Clean Water Act permit needed to construct the proposed Rosemont copper mine (Davis, 

2018). This suit directly challenges the Forest Service’s fiduciary duty and continued assertion 

that it legally can’t say “no” to a mine under the 1872 Mining Act.  

The Forest Service Supervisor Dewberry countered that he based his approval on the General 

Mining Act of 1872, and reaffirmed his decision with the Multiple Use Mining Act of 1955, 

which includes the placement of mine processing facilities and mine tailings and waste rock on 

public lands (Davis, 2018). 

As of April 2018, the Tohono O’odham Nation, the Pascua Yaqui Tribe, and the Hopi Tribe, 

represented by Earth Justice, filed a complaint for Declaratory and Injunctive Relief against the 

United States Forest Service (Davis, 2018). The U.S. Forest Service completed the Rosemont 

Copper Final EIS that affirms that, while the proposed mine would cause negative impacts, 

Rosemont is in line with all environmental laws. However, the Final EIS demonstrates legal 

uncertainties and significant differences of opinion among agencies, which remains a challenge 

for the mine’s final approval (Davis, 2018). Environmental regulation hurdles for the Rosemont 

mine include findings in the report that the mine has yet to show that it will meet state and 
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federal regulations protecting vital water resources at Davidson Canyon and Cienega Creek. This 

legal hurdle has mounted 4 lawsuits against the Rosemont Mine.  

In March 2019, after 12 years of consultation with all stakeholders and rights holders, 

Rosemont was granted a permit from the Army Corps of Engineers showing that it meets Section 

404 Clean Water Act requirements (AZPM, 2019). The EPA, Pima County, Tohono O’odham 

Nation and the Bureau of Land Management are in disagreement with the views on the mine’s 

impacts on Davidson, Cienega, and Cienega’s tributaries. While the Forest Service continues to 

say it doesn’t expect major impacts to the creeks from the mine, it also acknowledged 

uncertainties in the ability of computer models used to predict the impacts and looked at a wide 

range of possible scenarios for each stream studied (Davis, 2018). 

On July 31, 2019 the U.S. District of Arizona Judge James Soto vacated the Final Record of 

Decision (FROD) issued by the Forest Service for Rosemont Mine, as Rosemont would store 

mining waste (mine tailings and waste rock) on federal lands, without proper review. Judge Soto 

found that the Forest Service erred in approving Rosemont Mine, either misinterpreting or not 

determining the validity of the mining claims on 2,246 acres of public land where HudBay wants 

to dump the waste rock and tailings, which goes against the 1872 General Mining Law standing. 

Geological studies and maps indicate that the area authorized primarily consists of common 

sand, stone and gravel, which does not constitute a valuable mineral; therefore, the mining 

claims are not valid (Slowey, 2019). Tribal concerns were not the driver of the FROD decision, 

but rather, the interpretation of the 1872 GML and the Multiple Use Mining Act of 1955. 

In the appeal ruling, the 9th circuit district court consolidated cases brought by the Center for 

Biological Diversity, as well as the three Tribal Nations presenting similar environmental 

concerns associated with the Rosemont Mine (Slowey, 2019).  
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The vacated FROD ruling is significant as it exposes a potential challenge to mining on 

public lands ruled by a law written in a time when the technology was less advanced. This case is 

considered the most significant federal court decision on federal mining law in decades --- 

potentially paving the way for mining law reform, which has failed repeatedly over the last four 

decades. If this ruling is upheld, it would make large scale mining on US public lands very 

difficult (Lopez, 2020). This ruling is also novel in that it breaks down the wall between mining 

law and environmental law by placing approval control of a new mine under NEPA, not the 

GML (Davis, 2020).   

In February 2020, U.S. District Judge James Soto issued a second ruling against Rosemont, 

ordering the USFWS to redo three parts of its 2016 biological opinion. Judge Soto found that the 

USFWS improperly used a heightened standard of review to decide that the mine would not 

destroy or illegally damage critical habitat, improperly estimated groundwater declines, failed to 

determine if a habitat would be damaged beyond the tipping point for an endangered species 

(Davis, 2020). HudBay Inc. has stated that they believe the judge “misinterpreted federal mining 

law and Forest Service regulations as they apply to Rosemont” in what is a common industry 

practice that has been approved routinely for decades on both Forest Service and BLM lands and 

has appealed to the U.S. 9th Circuit Court of Appeals (Davis, 2020).  

 
6.9 Need for a Mining Law reform & reassessment of NEPA consultation protocols 

 

The suit of the Rosemont Mine and statements from the Coronado National Forest highlights 

the staying power of the 1872 General Mining Law in contemporary periods. Though antiquated, 

the General Mining Law has had prolific impacts. Environmental groups, tribal nations and 

legislators are calling for a reform of the General Mining Law. In May 2019, U.S. Senator Tom 

Udall (D-NM) and House Resources Committee Chairman Raúl Grijalva (D-AZ) introduced the 
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Hardrock Leasing and Reclamation Act of 2019. According to Chairman Grijalva, the bill "ends 

the obsolete system put in place by the Mining Law of 1872 and replaces it with a modern 

leasing system designed to protect American taxpayers and American public lands"; Raul M. 

Grijalva, Mining Reform Legislation (2019). The legislation would impose royalties, require 

abandoned mine cleanup, and reform the requirements for staking claims.  

The proposed legislation would also reform the Mining Law in ways that protect Indian tribal 

interests. The bill would require tribal consultation before authorizing any mineral activities that 

would affect an Indian tribe's land or an area of cultural and/or religious significance to Indian 

tribes. It also would authorize Indian tribes to petition the Secretary of the Interior to withdraw 

certain lands and to bring enforcement actions in federal district courts. This enforcement 

provision is especially important to Indian tribes to ensure that federal agencies are legally and 

fiscally accountable (Lopez, 2020).  

Interestingly, mining industry journals are also suggesting reform of both the General Mining 

Law and NEPA consultation practices. Though these suggested reforms are mainly related to 

permitting processes, the mining industry has expressed a need for clarification of 

responsibilities, better coordination amongst federal agencies, elimination of redundancy, and 

tighter timelines in NEPA (Hilson, 2002).  

One reform desired by the mining industry is to change NEPA environmental impact 

statements (Morton, 2019). The mining industry is critical of how the NEPA process is “long on 

administrative compliance and short on substance” and argue that “environmental groups have 

no incentive to consider the cost of their litigation and are willing to go through court with shaky 

legal theories” (Morton, 2019). Ultimately, some in the mining industry desire requiring data 

backed challenges in the NEPA process, not merely community complaints, for EIS challenges.  
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While these critiques are understandable from an industry perspective, if these proposed 

reformations were to occur, it would exclude the NEPA policies that are explicitly in place to 

serve tribal interests. The NEPA is one of the few avenues that allow arguments such as “sacred 

sites”, “cultural landscapes and “traditional cultural properties” to account for tribal 

epistemologies (Benson, 2012).  

The epistemologies of Native Nations are the foundation of traditional knowledge systems, 

spiritual inter-connectedness between humans and their landscapes and Indigenous ecological 

practices (Dongoske, et al., 2015). While Native Nations are valued for their contributions to the 

protection of biological diversity29, there remains a scarcity of local environmental studies that 

link the value of traditional knowledge to understanding the unique vulnerabilities of ecosystem 

functions in local areas, such as those impacted by the Rosemont Mine (UNDEPa,1999; CBD, 

1992). Presently, these values do not have quantifiable measures, and highlight the power 

imbalance influencing who determines the validity  of “a credible complaint”. Additionally, 

hiring environmental professionals to produce “credible data” is economically unfeasible for 

some communities, as citizen science is not considered “credible data” in many state and 

Environmental Protection Agency litigation cases (Gibb, 2015; Wyeth et al., 2019).   

Implementation of the changes to the NEPA process proposed by the mining industry would be 

disastrous to the Indigenous Peoples that the mining industry wishes to court.  

 

6.10 Lessons moving forward 

 

In the case of the Rosemont Mine, consultation standards are being met. However, this case, 

and many other national examples of Tribal consultation, highlight the inadequateness of these 

                                                      
29 See United Nations Permanent Forum on Indigenous Issues (2007) note that Indigenous Peoples manage ¼ of the 
global land surface, and within those land bases, 80% of global biodiversity exists.   
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frameworks, both from Tribal Nations and from the mining industry perspectives. The Rosemont 

case doesn’t show an issue in Tribal consultation practice as it stands; rather it shows that US 

law and policy is not designed to understand the importance of spiritual concerns and traditional 

ecological knowledge of Tribal Nations.  

 Despite meaningful government-to-government mandated consultation requirements, the 

USFWS did not adequately address the concerns of the three Tribal Nations. In the current 

legal framework, there remains an ambiguity regarding the nature and duty to consult, 

including the circumstances under which Indigenous Peoples’ consent may be required when 

corresponding with extractive industries (Routel & Holth, 2012). Due to the limitations imposed 

by domestic law on the interpretation of these rights, international frameworks such as the UN 

Declaration on the Rights of Indigenous Peoples (UNDRIP) can prove helpful in improving 

consultation practices. Additionally, all governments (U.S. and Tribal Nations) are continuously 

building new, shared spaces, structures and institutions as part of an evolving 

relationship – ensuring that there are free, prior, and informed consent practices in consultation 

moving forward (Lopez, 2020). 

The following section will provide a few examples of consultation frameworks within settler-

colonial contexts30 that strive to effectively build new structures and shared spaces, and may 

serve as models for how the NEPA process can move towards more meaningful consultation:  

1. Indigenous Peoples’ and tribal nations are establishing their own culturally appropriate 

consultation definitions to which all state, national and other non-state or private entities 

must adhere. For example, the Maya of the Toledo District in Southern Belize’s 

Consultation Framework “Roxloq’oninkileb’ aj Maay Tzajaana Ko ut yanil aj Maya” 

                                                      
30 New Zealand, Latin American, US and Canada.  
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(2014) defines who to contact, timelines on consultation, meeting venues, consultation 

customary practices, free prior and informed consent protocols, who pays for meetings, 

what constitutes effective communication, what environmental, social, cultural and 

economic impact assessments should consist of, benefit sharing and what adequate 

compensation would consist of in cases of redress. Another example of culturally 

informed consultation practices is those of the Maori people of New Zealand, who have 

introduced the Indigenous concept of mauri (binding force) into decision making support 

tools. Mauri requires taking into account social, economic, environmental and cultural 

effects in any development decision process, providing a culturally consistent measure of 

sustainability (Morgan et al., 2012). In Canada, the Ministry of Forests has sought to 

establish collaborative consent and inclusive decision making with First Nations by 

utilizing the culturally informed “4 R’s” framework (Respect, Relevance, Responsibility, 

and Reciprocity) (Caverley et al., 2020). This collaborative consent driven approach has 

been successful in 33 strategic forestry-related contractual agreements between 

Indigenous people and the British Columbian government.  

2. Tribal Nations are establishing their own fleet of researchers. Due to the potential 

PolyMet copper mine and oil pipelines threatening their Nation, the Fond du Lac Band of 

Lake Superior Chippewa has established a National Science Foundation study on water 

quality and wild rice proliferation conducted with University of Minnesota’s Department 

of Geology and Geophysics and Fond du Lac Tribal Community College (Matson et al., 

2021). Fond du Lac Band recognizes the inherent importance of scientific evidence when 

paired with traditional ecological knowledge and oral history, and how it can delineate 

corporate-Tribal conversations about minerals development (Harvard Project, 2014). The 
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Fond du Lac Band want to address the scientific arguments made by development 

companies’ external experts with their own external, cultural and scientific experts and 

have been training within their own community to do so31 (Cardiff, 2018; Matson et al., 

2021).  

3. Tribal Nations are effectively using international policy and law to enhance consultation. 

The 2007 United Nations Declaration of the Rights of Indigenous Peoples (UNDRIP)32 

has become the basis for several articles that articulate Indigenous rights and provide an 

international framework to guide consultation policy, while supporting the human rights 

and collective land and cultural rights of Indigenous Peoples. Table 6.1 briefly describes 

some main UNDRIP articles, their implications for researchers and the mining industry.   

 

 

 

 

 

 

 

 

                                                      
31The Fond du Lac Band of Chippewa also has programs to encourage independent researchers to produce scientific 
evidence concerning water quality, habitat, and ecological systems. 
32 Formally adopted in 2007, UNDRIP recognizes the inherent rights and freedoms of Indigenous Peoples and 
minimum standards which states are expected to meet in order to ensure those rights are protected. UNDRIP was 
adopted with conditions under the 2019 Obama administration’s Executive Order 13175. 
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Table 6. 1: UNDRIP implied responsibilities for researchers and the mining industry. Adapted from the text of Rodgers & 

Burleson, 2007; Fredericks et al., 2018; Caverley et al., 2020.  
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6.11 Conclusions 

 

Non-Indian Federal lands constitute nearly one-third of the Nation’s lands. Many sites with 

cultural, religious, or spiritual significance to Tribes are therefore located on lands owned and 

managed by the Federal government. Federal statutes and executive orders have created a 

framework that requires consultation with Tribal Nations regarding mineral development 

projects that may affect these Tribal landscapes. However, despite these legal frameworks, Tribal 

Nations interests are not well represented, especially in the context of spiritual and sacred 

wellbeing of landscapes. Sacredness is not written into legal code, and is unquantifiable by 

scientific protocols.  

The Mining Law has caused profound injury to many Indian tribes' aboriginal homelands, 

reserved rights, sacred places, burial sites, and culture. The law's antiquated status continues to 

reverberate on Federal public lands, where Tribal Nations fight to maintain and reclaim cultural 

connections in the face of historic and environmental legacies (Lopez, 2020). Additionally, the 

NEPA process has proven to be weak when recognizing Indigenous Peoples’ rights (human, land 

and cultural). However, international and national policy are shifting, as is public awareness of 

those inherent rights of Indigenous peoples. The U.S. Supreme Court has again (2020) confirmed 

that Indian treaties are part of the supreme law of the land and that treaty rights should be 

construed in favor of, not against, Tribal rights (Mayer et al., 2020). Tribal Nations are winning 

cases in the courtrooms, particularly when partnering with larger non-governmental 

organizations, and framing the wider impacts to an ecosystem33 (Morton, 2019). 

                                                      
33 Beyond the Tribal Nations litigating the Rosemont Mine case, other Tribal Nations include the Fond du Lac 

Band of Lake Superior Chippewa, in partnership with Water Legacy, who were able to advocate against PolyMet, a 
copper-nickel mine in Minnesota, which has since been rejected and is tied up in litigation. Additionally, the Nez 
Perce Tribe aligned with Advocates for the West against the Midas Gold Corp., Idaho Gold Resources Co., Stibnite 
Gold Co., to stop a gold and silver mine in the Stibnite Mining District. The mining industry is taking notice of these 
shifting strategies. In a 2019 article in the Engineering and Mining Journal, Tucson mining lawyer Jim Allen, of 
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National and global shifts in the courtrooms and in public perception suggests an updated 

consultation framework is needed.  Updated laws can better address fundamental weaknesses in 

NEPA process, and mining policies while harnessing advancements in scientific knowledge and 

technology, and  be inclusive of Indigenous Peoples’ rights to provide a more holistic 

understanding of modern mining. Congress's proposed reform of the Mining Law to protect 

Tribal interests, and otherwise bring the mining law into the twenty-first century, is potentially a 

significant legislative milestone. These and other efforts hopefully indicate a permanent shift 

toward honoring Tribal self-determination, cultural stewardship and interests on Federal public 

lands. 

  

                                                      
Snell & Wilmer, notes that “[o]ver the last half-decade, Tribes are increasingly involved in litigation” (Morton, 
2019). 
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Appendix A: 

Biotic and abiotic potential of degraded soil development on reclaimed mine 

tailings in Southern Arizona 
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1. Introduction 

Copper is critical to the sustainability of the modern lifestyle; however, mining creates 

massive land disturbance and generates large quantities of unstable waste materials that need to 

be managed for long-term environmental impacts and the public health of neighboring 

communities (Lima et al., 2016). Globally, copper gross production is 4,190 million metric tons 

(MMT), while net production is 9.3 MMT, leaving 99.5% of the mined copper material rejected 

as waste (Edraki et al., 2014; Bridges, 2004). That translates to 5,700 MMT of waste per year 

(Douglas & Lawson, 2000). Each mine has a limited lifespan due to the finite nature of the 

resources being extracted. In many cases there are no markets for mine waste, and managing this 

waste is a defining issue for the mining industry (Bridge, 2004). The costs associated with these 

restoration activities can be substantial, and vary with mine size, regulatory regimes, or the 

presence of legacy reclamation costs (Mudd, 2009). Due to the large amount of waste generated 

to produce the minerals required by our standard of living, it is imperative that we develop 

technologies to return these impacted lands to productive uses. 

One type of mine waste is mine tailings, which are finely ground residues that remain 

after the milling and extraction processes have chemically and physically separated the valuable 

metals from the ore (Dold, 2008). Tailings usually take the form of a wet slurry (i.e. wet tailings) 

that is deposited in large tailings storage facilities that occupy hundreds of acres. Depending on 

the commodity and the extraction process, tailings may contain hazardous materials, both from 

geologic components of the ore or chemicals introduced during processing (Mudd, 2009). Even 

after site closure, tailings in arid environments remain a potential source of dust pollution to 

nearby air, water and soil (Gil Loaiza et al, 2018; Meza-Figueroa et al, 2009). An improved 

understanding of the potential impacts of industrial activities, societal attitudes toward mining, 
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increasingly rigorous regulatory regimes, and dynamic market conditions now require companies 

to delineate specific reclamation strategies for restoration of their operating areas prior to the 

initiation of mining activities (Lima et al., 2016). 

A reclamation strategy commonly utilized by mining companies to reclaim mine tailings 

waste material is cap and plant, in which a vegetative cap is installed to prevent wind and water 

erosion of tailings and to initiate ecosystem regeneration of the disturbed land (Sheroran et al., 

2010). Soil material is sourced from an offsite soil pit and applied on top of the mine tailings to 

cap the finely ground material. A seed mix is then applied to the soil cap (Wong, 2003). 

Assessment of revegetation success is dependent on the targeted end land use for the area; land 

use goals can range from basic carbon sequestration in a sustainable plant cover to economically 

productive goals such as grazing (Sheroran et al., 2010).  

This study focuses on management strategies for copper mine tailings reclamation in arid 

and semiarid regions. Poor revegetation success rates have led the mining industry to seek a 

more mechanistic understanding of the factors that impact efficient sustainable plant 

establishment on disturbed mine lands (Mendez & Maier, 2008). A critical limitation to 

vegetation success on mining waste is that these “soils” are deficient in fertility factors necessary 

to support plant establishment (Luna et al., 2016). A gap in knowledge exists concerning the 

fundamental dynamics of belowground soil fertility development that associate with successful 

long term plant establishment on mine tailings waste facilities. Development must include soil 

biological, chemical and physical factors that provide essential nutrient cycling capacity required 

to sustain a resilient ecosystem.  

The objective of this research is to monitor above and below ground temporal 

patterns in order to identify soil biophysicochemical metrics associated with variable plant 
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establishment during mine tailings reclamation of semi-arid lands impacted by mining. For 

this study, the end use of the specific site is a self-sustaining plant ecosystem that has native 

plant species of cultural significance to the Tohono O’odham Nation and does not require 

irrigation (GeoSystems Analysis, 2012).  We aim to improve revegetation strategies by working 

with mining companies to identify metrics that 1) document soil development factors that 

associate with successful plant establishment; and 2) assess the significance of soil cap source to 

revegetation success. Previous research indicates that the quality of soil for mine waste coverage 

caps can impact the success of plant establishment (Wong, 2003; Mendez, 2008; Lima et al., 

2015; Luna et al., 2016), and that plant succession and community assembly can explain 

underlying processes of plant community development following land use disturbances (Dhar et 

al, 2020). A six-year temporal study of revegetation progress was conducted on a copper mine 

tailing storage facility in Southern Arizona, paired with a 5-year temporal study of below ground 

soil fertility metrics. The tailings were capped with 30 cm soil from four distinct sources.  Above 

ground plant establishment was quantified in association with biochemical soil development to 

identify soil factors that serve as indicators of revegetation progress. These soil assessments will 

provide the mining industry with above and below ground quantitative metrics of revegetation 

progress that can be employed to evaluate potential needs for management interventions to 

ensure revegetation success.  

 

 

 

 

 



 147

2. Methods & Materials 

 

2.1 Field site description 
The ASARCO Mission Mine Complex is located 18 miles south of Tucson Arizona, in Pima 

County (32°0’40.52” N, 111°1’29.19” W), near the town of Sahuarita, Arizona. This semi-arid 

site receives less than 300 mm of precipitation annually. The ASARCO Mission mine complex is 

an open-pit mine composed of porphyry copper skarn deposits from a Quaternary surficial 

deposit, mineralized by Laramide quartz monzonite porphyry (Baxter, 2016). The ore body at the 

Mission Mine has an average grade of about 0.67 percent copper. 

An initial reclamation progress assessment of two tailings storage facilities (TSF) was 

performed five years after seeding. TSF 1-2, approximately 600 acres, is capped with 30 cm of 

alluvial soil (loamy sand or sandy loam, depending on the source) obtained from varying depths 

of two borrow pits in adjacent desert areas. Following application of the cover soil, TSF1-2 was 

drill seeded in 2009 with a mix of 34 seed varieties selected by the Tohono O’odham Nation 

Environmental Department. Seeds were selected based on the criteria of: 1) seeds are native to 

the Tucson region, with genetic diversity that is close to the site of seeding34 2) are commercially 

available, 3) plants are adapted to grow on mine tailings and waste rock dumps and 4) have 

cultural significance to the Tohono O’odham Nation (based on tribal ethnobotany literature and 

tribal uses of plants) (GeoSystems Analysis, 2012). TSF 8, approximately 400 acres, was capped 

with 15 cm of alluvial soil and drill seeded with a mix that contained nine plant species including 

grasses, shrubs, and trees.  Neither reclaimed TSF was irrigated. Following the initial vegetation 

assessment, TSF1-2 was selected for further temporal analysis. 

 

                                                      
34 Based on GeoSystem Analysis 2012 report and records with ecosystems and Bob Little. 
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2.2 Field sampling 
 

The field site, TSF 1-2, was split into four separate quadrants to correspond to the four 

different sources associated with the capping material used. Quadrants southwest (SW) and 

northwest (NW) were capped with near-surface and subsurface alluvium, respectively, from the 

west side borrow pit and quadrants southeast (SE) and northeast (NE) were capped with near-

surface and subsurface alluvium, respectively, from the east side borrow pit. Each quadrant was 

sampled by three transects, 275 m long and 30 m apart. Samples were taken at 91 m intervals 

along the transects, for a total of three samples per transect, and 9 samples per quadrant (n = 9). 

TSF 8 was sampled using 275 m transects with plant cover analyzed at 3 intervals along the 

transect.  The TSF 8 was divided into northern (n=10) and southern (n=8) sections for an 

analysis of plant establishment.   A control transect, referred to as the undisturbed site, was 

sampled in a nearby part of the property that represents the natural desert ecosystem. Three 

samples were taken along the single transect (n = 3). The GPS coordinates for the undisturbed 

transect begin at 31⁰58.480 N 111⁰02.099 W, and sites were sampled at 30 m intervals along the 

transect.  

Plant cover at each sample location was quantified within a 1x1 meter quadrat. A photo was 

taken of the area within the quadrat for plant cover quantification by image analysis as in section 

2.3.7 For TSF 1-2 sample sites, composite soil samples were collected from 15 cm deep pits 

located at opposite corners of the 1x1 m quadrat. The composite soil sample from location was 

homogenized on site, sieved (2 mm), and separated into fines (< 2mm), pebbles (2 – 75 mm), 

cobbles (75 – 254 mm) and stones (> 254 mm).  Each size fraction was quantified by volume for 

particle size analysis.  The fine fraction was retained for chemical and soil texture analysis.   A 

composite sample was collected from each pit for microbial analysis using tools sterilized with 
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Clorox Clean-Up all-purpose bleach spray disinfectant. Samples were stored in sterile tubes on 

ice, transported to the lab, and stored at -80℃ for molecular analysis and 4°C for the 

heterotrophic plate counts until analyzed.    

 

2.3 Laboratory analysis 

 

2.3.1. Sample preparation: Gravimetric moisture content was determined for all samples 

following drying at 105 ˚C for 24 h. All other soil analyses were carried out on soil fractions < 2 

mm. In preparation for chemical analysis, soils were dried for 72 hours at 45 °C.  

 

2.3.2 Soil Texture: Sand, silt and clay were determined using the Hydrometer method as 

described by Gee & Bauder (1986).  

 

2.3.3 Chemical Analysis: Samples were analyzed for pH and electrical conductivity (EC) by a 1:2 

mass ratio of dry sample to 18.2 MΩ deionized (Milli-Q, Barnstead) water. After shaking for 30 

minutes, each sample is shaken by hand for 2-3 seconds to re-suspend the soil before measuring 

pH. Once the pH is measured, samples were centrifuged and the decanted supernatant was 

measured for EC using calibrated probes (Solἰs-Dominquez et al., 2012).  The following analyses 

were performed by Brookside Laboratories, Inc. (New Bremen, OH). Organic matter was 

measured by loss on ignition at 360˚C method (Schulte & Hopkins, 1996). Extractable 

phosphorous was measured by the Olsen method (Olsen & Sommers, 1982). Extractable 

nutrients (P, K, Ca, Mg, S, Na, B, Cu, Fe, Mn, and Zn) were estimated by Mehlich 3 extraction 

(Mehlich, 1984). Total exchange capacity was measured by summation (Ross, 1995).  
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2.3.4 Heterotrophic plate counts (HPC): One gram of soil was added to 9.5 ml of sterile distilled 

water, vortexed for 2 min, serially diluted in sterile water and plated in triplicate on R2A agar 

(Bacton Dickenson and Company) with 200 mg L−1 of cyclohexamide (to suppress fungal 

growth). Using 0.1 ml of sample, 10 fold serial dilutions were performed for each site.  Plates 

were incubated for 6 days at 23 °C and then enumerated. HPC are reported as colony forming 

units (CFU) per gram dry weight of sample (Gil-Loaiza et al, 2016). 

 

2.3.5 DNA extraction analysis: Total community DNA was extracted from 0.5-g subsamples 

using the FastDNA Spin KitTM for Soil as specified by the manufacturer (MP Biomedicals, 

Solon, OH, USA) with modifications from a previously published protocol (Sengupta et al., 

2019) to obtain better yield. Modifications include: (1) spin filters containing the binding matrix 

were washed 1-2x with 0.5 ml of 6M Guanidine thiocyanate (Sigma-Aldrich, St. Louis, MO) to 

remove organic matter; (2) the wash with SEWS-M reagent was repeated to remove co-extracted 

salts; (3) spin filters were dried at 37°C for 10 min under a laminar flow hood prior to DNA 

elution; (4) a two-fold DNA elution was performed using two sequential aliquots of 50 µL of 

UV-sterilized water preheated to 60°C in which each 50 µL aliquot was followed by incubation 

at 60°C for 10 minutes and centrifuged for 1 minute.  All extraction reagents and materials (with 

the exception of MT Buffer) were UV-sterilized for 30 min to remove contaminating DNA. All 

extracted DNA was quantified using the Qubit® dsDNA High Sensitivity Assay Kit (Life 

Technologies, NY, USA). 

 

2.3.6 16S rRNA analysis: The relative abundance of bacteria 16S rRNA genes were quantified 

from the soil community extracts by qPCR, using universal bacterial primers 338F and 518R as 

described previously by Ortiz et al (2013). Samples were then analyzed using a CFX96 Real-
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Time PCR System (Bio-Rad Laboratories, Hercules, CA, USA). The qPCR amplification 

conditions were: 98 °C for 3 min, followed by 45 cycles of 98 °C for 5 s and 60 °C for 5 s. 

Technical triplicates were averaged for each sample. Standard plasmids were quantified 

immediately prior to each run using the Qubit® dsDNA High Sensitivity Assay Kit.  Cycle 

values from multiple plates were normalized with a single standard curve using the 

manufacturer's interplate calibration protocol and gene study program from the Biorad CFX 

Manager software (Version 1.6). Quality control was implemented by only using PCR reaction 

runs with a standard curve R2 = 0.990 or better, and a PCR efficiency range of 92-102% (Biorad 

Laboratories, Hercules, CA). 

 

2.3.7 Plant cover analysis: Total plant cover was estimated using a modified Daubermire canopy 

coverage method (Daubermire, 1959). The quadrat (1x 1 m) was placed at each designated 

sample location along the transects. Photos were taken in field from above the quadrat area. They 

were then analyzed using ImageJ (LOCI, University of Wisconsin) in the laboratory, using 

triplicate measurements. Total area of grasses, forbs and shrubs were quantified with total 

standard error below 10%. Averages and standard deviations were calculated for treatment type.  

 

2.3.8 Plant species composition: Plant species composition was evaluated in the final year of the 

project, 2019 (Year 6). Samples were taken along aforementioned transects, which were 

extended to 305 m, with plant composition analysis performed every 30 m. Analysis occurred at 

a sample area, which was selected by random toss to minimize bias. Patterns for plant species 

composition were quantified as average species occurrences in plots within grids for grasses, 

shrubs and forbs, with additional note of plant canopy cover outside of plot.  
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2.3.9 Statistical analysis: Statistics were calculated using the JMP 14.0 software package. 

Statistical significance was determined at p < 0.05.  A student t-test was conducted to assess total 

percent plant cover change in two tailings facilities. ANOVA was performed to determine 

differences in treatment between plant cover, soil chemical and biological characteristics on the 

JMP14 software (SAS Institute, Inc.). Significant differences over time for canopy cover, HPC, 

TN, pH and EC were quantified by one-way ANOVA with treatment differences between means 

identified using the post hoc Tukey-Kramer HSD test for multiple means (p< 0.05).  

 

3.0 Results 

 

3.1 Initial plant cover reclamation assessment  

An initial plant cover assessment was done of TSF 1-2 and TSF 8.  The assessment evaluates 

variation in plant cover at the 5th year of growth since time of seeing (Table A.1). Significant 

spatial variability in established plant cover was observed for TSF1-2. 

3.2 Cover and composition of vegetation 

Following the initial assessment of sites TSF 8 and TSF 1-2, TSF 1-2 was selected for a 6-year 

temporal analysis of plant coverage to evaluate the impact of capping material source on above 

and below ground reclamation progress. Total plant coverage (Table A.1) demonstrates a 

statistically significant trend over time, with the exception of the SW treatment, which began 

with a statistically significant higher plant coverage (Table S.1) and has remained higher over the 

6-year span, as other treatments obtain similar ranges over time. All areas exceeded the % plant 

cover of the undisturbed desert area (19%) (Table S.2). Plant community composition analysis 

on the final year of the study (Figure A.2) indicates a difference in plant community structure 
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among the four treatments. NE, NW, and SE are dominated by grasses, whereas the SW is 

dominated by shrubs. All four treatments have less than 5% of forbs present. 

Table A. 1: Total Percent plant cover in two tailings facilities after 5 years of reclamation recovery. Significant differences were 

evaluated by t-test for T8 and ANOVA (p<0.05, Tukey HSD) for TSF1-2.Sites followed by different letters have a significant 

difference. 

 

 

Figure A. 1: Total plant cover, 2014-2019. Black line indicates medium, red line indicates mean value. Connecting letters of 

variance indicate statistically significant differences (p<0.05, Tukey HSD). 
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Figure A. 2: 2019 Plant species composition. Values represent mean species diversity per treatment area. 

 

3.3 Soil biological properties 

 

Multiple metrics were used to evaluate changes in soil microbial capacity during mine 

site reclamation.  These metrics included a quantification of soil DNA biomass and bacterial 

enumeration using cultured counts of viable bacteria and total counts by molecular 

quantification. Total soil DNA biomass (Figure A.3) generally increased with time from 2014-

2018. A significant increase was observed in the SE and SW quadrats. SW quadrat values for 

year 5 were greater than the average for the undisturbed site of 2388 ng/g dry soil (Table S.2). 

The SW quadrant began 5-fold higher than the other 3 treatment areas (Table S.1), and over time 

demonstrated statistically significant improvement. The NW quadrant revealed upward trends, 

though not statistically significant. The NE quadrant had a strong outlier in year 3, but otherwise 

did not improve significantly over time.  

Viable heterotrophic bacterial plate counts (HPC) ranged from 6-3-6.9 over the 3 years 

the data was assessed (Table S.3). In general, HPC across sites and years were in a comparable 
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range, with no clear patterns of differentiation. The 16S rRNA gene qPCR provided a molecular 

quantification of total bacterial gene abundance between 2014-2017. A subset sample correlation 

analysis between molecular bacteria quantification and DNA biomass (Table S.4) was performed 

to determine whether changes in DNA biomass were associated with increases in bacterial 

abundance. The correlation analysis was done separately for each treatment to accommodate 

possible treatment effects on soil biotic potential. Significant correlations were not observed 

between bacterial abundance and total DNA biomass for three of the treatments.  Only the SE 

treatment presented a relationship, with a significant correlation of 0.3796 (p= 0.0386). Thus, 

changes in DNA biomass were not explained by variation in bacterial abundance for the majority 

of the reclamation site. The DNA biomass metric includes quantification of the complete 

microbial community including bacteria, archaea, fungi and nematodes. The analysis indicates 

that DNA biomass quantification is a more robust indicator of microbial community 

development than bacteria quantification alone. 
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Figure A. 3: Total DNA biomass. Black line indicates mean, red line indicated mean value. Means identified with different letters 

are significantly different by year (p<0.05; Tukey HSD). 

3.4: Soil physico-chemical properties 

 

Soil texture analysis of cover soil across treatments revealed that the capping soil is 

loamy sand for all sites with the exception of the SE quadrant, which is a sandy loam. No 

statistically significant differences were observed in soil pH, electrical conductivity, total 

exchange capacity (TEC) or phosphorus across different years and treatments. Soil pH (Table 

S.3), ranged from 7.54-8.78, while pH of undisturbed desert areas was slightly lower at a pH of 

7.4. Over time, pH data demonstrated a general decreasing pattern, with a significant decrease 

observed in the NE (p = 0.0001) and SW (p = 0.0008) treatments (ANOVA, Tukey HSD), 

though all sites still have pH values much higher than the undisturbed site.   EC ranged from 

0.133-0.190 dS/m, lower than the saline soil cutoff of 2 dS/m that could potentially inhibit 

plant’s ability to uptake water and inhibit the growth of plants that are not salt tolerant. TEC 
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(Table S.3), a general indication of soil fertility and nutrient retention capacity, ranged from 

16.2-19.2 (Brady & Weil, 2007). Phosphorus measurements (Table S.3) were very low (Iowa 

State University, 2013), ranging from 2.0-5.1 mg/kg. Total nitrogen in the SW treatment (Figure 

A.4) was statistically higher than the other three quadrants (year 1 at 0.311 mg/g, while other 

sites ranged between 0.151-0.165 mg/g; Table S6). TN in the SW quadrant did not change 

significantly over the 5 years, however, it remained a high range. However, the SE treatment did 

increase statistically over time. Total nitrogen values in all treatments remain below undisturbed 

desert areas (0.464 mg N/g dry soil). Soil organic matter (Figure A.5) ranged from 0.2-0.9%, 

with undisturbed desert areas averaging 0.88%. Only the NW (years 1-4) improved, while all 

sites decreased in year 5. 

 

Figure A. 4: Total nitrogen, 2014-2018.Black line indicates mean, red line indicates mean value. Means identified with different 

letters are significantly different by year (p<0.05; Tukey HSD). 
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Figure A. 5: Percent organic matter for 2014-2018. Black line indicates mean, red line indicates mean value. Means identified 

with different letters are significantly different by year (p<0.05; Tukey HSD). 

4. Discussion 

 

4.1 Vegetation cover and composition 

 

 This study provides a unique opportunity to evaluate the relationship between above-and 

below-ground reclamation progress over a six-year period. It is well established that vegetation 

can affect soil nutrients key to ecological reconstruction of mining impacted lands (Guo et al., 

2013). The initial vegetation survey of two tailings storage facilities revealed significant 

variability in the success of plant establishment for both areas.  Further analysis of TSF 1-2 

variability in plant establishment revealed that significant differences in vegetation establishment 

were associated with capping material sourced from different locations and depths. This 
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association highlights the value of developing metrics to understand why these uneven patterns 

existed, and the need to use such metrics to make revegetation a data-based practice. 

This study revealed significant differences in plant cover and composition for the four 

quadrants of TSF 1-2 over a six-year monitoring period. A total of 34 native plant species were 

included in the seed mix selected for revegetation of TSF 1-2. Whittaker (1972) demonstrated 

that total percent plant cover is a positive indicator of revegetation success over time but may 

vary significantly within and among years. Our results supported this finding. In the first year of 

analysis, plant cover in the SW was 42%, which was statistically higher than the other three 

treatment areas (Table S.1). Temporal variations in the SW plant cover were observed over the 

six-year period, but the variation was not statistically significant, whereas plant cover for the 

other three treatments increased significantly over the six years. This pattern may suggest that 

the SW area has reached ecosystem stability.  

The plant community composition of the SW section was also different than the other 

treatment areas when assessed during the final year of the study.  The SW area is dominated by 

shrubs, whereas the other three treatment areas are dominated by grasses. In previous research, 

Aronson et al., (1993) determined that restoration efforts cannot be assessed on absolute percent 

plant cover alone, even when combined with species richness, as these metrics do not provide 

full insight into ecosystem productivity.  Restoration analysis by Guo et al., (2018) revealed that 

the main plant composition in the early state of arid restoration is dominated by grasses.  With 

increasing below ground soil fertility over time, grasses deteriorate, and are replaced with a more 

stable ecosystem consisting of mixed grasses and shrubs. In addition, Schulz & Wiegleb (2000) 

found that grasslands seeded to prevent erosion on post mining landscapes are a frequent starting 

point for successional plant communities and are a valuable step in a gradual, long term 
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succession towards ecosystem restoration. Taken together, the literature suggests that the NE, 

NW, SE quadrants are not yet at their successional peak in the way the SW section may have 

achieved.   

4.2 Soil biological properties 

 

Three different biological indices were evaluated over 5 years as metrics of belowground 

ecosystem recovery to define a strong biotic metric that associates with plant establishment. 

These indices included DNA biomass, molecular quantification of bacterial abundance, and 

viable heterotrophic bacterial counts (HPCs). In previous research, HPCs provided a useful 

metric of reclamation progress for legacy mining sites with highly acidic soils, in which mine 

tailings could not support plant growth without amendments (Mendez et al., 2007; Nelson et al., 

2016). However, it is unknown whether this metric best documents soil biological development 

in non-pyritic tailings capped with alkaline soils.  

Our work found comparable trends between below ground DNA biomass and above 

ground plant cover for all four quadrants of TSF 1-2.  In fact, a significant increase in DNA 

biomass was observed for the SW quadrant despite the fact that plant cover showed no 

significant increase. This result suggests that below ground biotic development may be a more 

sensitive indicator of reclamation progress than above ground plant cover. The soil DNA 

extraction used to quantify soil biomass is comprehensive and includes bacteria, archaea, fungi 

and nematodes as well as some plant genomic DNA. Soil DNA biomass is a less commonly used 

metric, though Semenov et al., (2018) demonstrated DNA biomass as a strong indicator of 

microbial biomass in alkaline and carbonaceous soils of semi-arid climates when compared to 

other methods such as chloroform fumigation-extraction and substrate inducted respiration. Our 

results suggest that DNA biomass may be a worthy predictive tool for reclamation success on 
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alkaline soils.       

Total bacterial abundance (16S qPCR) was evaluated on a subset of samples as a 

molecular quantification of all soil bacteria. The data was used to determine whether the 

observed temporal increases in soil DNA biomass during reclamation could be explained by 

changes in bacterial abundance for this reclamation system. A subset of samples from each of the 

quadrants was evaluated to determine the relationship between soil bacterial abundance and 

DNA biomass. No significant correlation between DNA biomass and bacterial abundance was 

observed for three of the four quadrants studied. This suggests that biomass forms other than 

bacteria that are included in the DNA biomass extraction are more significant contributing 

factors to the DNA biomass increases observed in the developing soil system. In previous 

studies, Zelles (1999), found similarities between relative abundance of bacterial, fungal and 

total microbial biomass on reclaimed and referenced soil ecosystems, using fatty acid methyl 

ester (FAME) biomarkers as indicators of reclamation progress (Mummey et al., 2002). In 

contrast, Gorzelak, et al., (2020) evaluated the recovery of soil bacterial and fungal communities 

in soils used as soil caps after short- and long-term soil stockpiling. A more rapid recovery 

response was observed among fungal communities, whereas bacterial community recovery was 

still incomplete after more than ten years.  The results from this study taken together with 

previous research suggest that DNA biomass is a more robust benchmark of soil biotic 

development for alkaline soils during mine site reclamation because it quantifies the complete 

microbial community response rather than the more simplistic bacterial abundance 

quantification.  

HPC was included as a possible indicator due to significant correlations observed 

between HPC’s and plant biomass during reclamation of pyritic mine tailings under acidic 
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conditions (Solís-Dominguez et al., 2012; Gil-Loaiza et al., 2016). However, at the present field 

site, which consists of alkaline soils, HPCs were not found to associate with % plant cover as had 

been previously observed during pyrtic mine tailings reclamation of legacy sites.  After three 

years of analysis, HPC was determined to not be a good metric of biotic potential and thus, was 

abandoned.  

4.3 Soil physico-chemical properties 

 

Nutrient cycling is well established to be closely linked to soil microbe activity. It is the 

process by which carbon, nitrogen, and phosphorus and plant micronutrients are reused within an 

ecosystem due to the metabolic activity of plants and soil microbes (Sheroran et al., 2010). 

Generally, we observed total nitrogen improved over time across all TSF 1-2 treatments. In the 

first year of analysis, TN in the SW quadrant was statistically higher (0.311 mg/g) than the other 

three treatment areas. The SW treatment remained elevated over the 5 years of below ground 

assessment, ranging from 0.15-0.43 mg/g. However, no significant temporal changes were 

observed. In contrast, the SE improved significantly, rising to ranges comparable with the SW, 

while the NE and NW demonstrate general upward trends. The average TN value for the 

undisturbed soils, 0.464 mg/g TN, is the target TN value for ecosystem regeneration in this 

semiarid region. The data suggest that more long-term establishment may be associated with 

higher soil nitrogen levels. 

Organic Matter (% OM) (Figure A.5), ranged from 0.2-0.9%, with undisturbed desert 

areas averaging 0.88%. This is in alignment with established values for natural Sonoran Desert 

soils typically ranging 0.1-1% organic matter (Allison, 1973). All treatment areas changed 

significantly, though in the 5th year of analysis demonstrated a low trend across treatment sites.  

SW % OM was stable (i.e. did not statistically change) until year 5 (2018), while other treatment 
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areas showed more variability across years. It is interesting to note that TN values displayed 

more consistent trends that paralleled plant establishment. These results suggest that TN  may be 

a more consistent indicator of soil nutrient development than percent organic matter. 

Phosphate (Table S.3) ranges from (2-5 mg/kg) across the treatments and 5 years of 

analysis (2014-2018). These values are considered to be very low (0-5 mg/kg) (Iowa State 

University, 2013), but no significant differences were observed across treatments and years. In 

general, bioavailability of phosphate is low at high pH. In arid ecosystems, soils are often 

deficient of the macronutrient phosphorous (Brady & Weil, 2007), which may account for the 

trends observed in this study.  

Soil pH and EC can significantly impact plant establishment.  pH is an important factor in 

ecological reestablishment due to its role in moderating macro and micro nutrient availability. 

Vegetation achieves an optional growth in a neutral pH, and previous research has demonstrated 

mine soil pH ranges of 6.0 to 7.5 are ideal (Sheroran et al., 2010). Soil pH (Table S.3) across the 

treatment areas in this study are slightly alkaline (8.45-9.01), which can potentially decrease soil 

micronutrient absorption. This may be a positive outcome of plant-soil interactions, or organic 

matter accumulation. Studies at both legacy and active mines (Gil-Loaiza et al., 2016; Li et al, 

2020) found pH, both acidic and alkaline, to be major influences on soil and vegetation 

reestablishment, though pH does not appear to play as large a role at this study site. Although 

arid and semi-arid soils naturally contain excess salts (Brady & Weil, 2007), EC was low for all 

sites and all years, ranging between 0.133-0.190 dS/m, which classifies this loamy sand as a non-

saline soil (Smith and Doran, 1996). Salt concentrations are unlikely to compromise ecological 

capacity of treatment sites. 
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Generally, total exchange capacity (TEC) (Table S.3) of alkaline desert soils (Table S.2) 

is higher than those of acidic soils with comparable soil textures. TEC is mainly static and does 

not change significantly which may indicate percent clay and clay types have the biggest impact 

on TEC. TEC across the four years of analysis is trending upwards and could be improving with 

increases in organic matter increases (Figure A.5).  The TEC of a healthy soil is typically around 

9 meq/100g, and all treatments across all years exceed the healthy soil value (Brady & Weil, 

2007). 

Gravimetric soil moisture content, which represents a snap short of moisture at time of 

sampling, varied greatly. Across all treatments and all years, moisture content ranged from 1.25-

5.25 %. Undisturbed consistently had the lower range of moisture content, averaging 1.49%. The 

data indicates that these non-irrigated desert soils have very low available moisture in the surface 

layers which influence seed germination and establishment.  

5. Conclusion 

 

Mining and restoration activities significantly affect soil and plant properties. Technology 

that can quantify soil resiliency to guide selection of future capping materials and quantify below 

ground reclamation progress is needed to make mining reclamation a data driven science.  For an 

integrated measure of ecosystem health, incorporation of above and below ground metrics is 

critical, in particular, exploring the importance of microbial metrics to understanding below 

ground soil fertility. It is well established that above ground success depends on below ground 

development (Mummey et al., 2002; Gómez-Sagasti et al., 2012; Li et al., 2020). However, the 

process is poorly understood, especially on arid lands degraded by mining (Blecker et al., 2012). 

In this temporal study, we studied above and below ground parameters to measure soil and plant 
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community transition over time, in an effort to provide a more holistic understanding of an 

ecosystem succession trajectory.  

Our results from this extended temporal field study indicate that plant establishment had 

a significant effect on below ground fertility development and that the best predictors of below 

ground community transition are total nitrogen and soil DNA biomass. DNA biomass is a metric 

less commonly used, though our data indicated a positive association with plant establishment 

for reclamation of alkaline mine waste from active mine operations. While notable parameters, 

such as pH, TEC, and phosphorus, are found to be important indicators of soil quality in other 

soil reclamation projects, they did not provide indicators of belowground reclamation progress in 

our work. Importantly, we contend that capping material source significantly influences the rate 

of plant establishment.  Quantitative metrics must be identified to improve methods for screening 

potential capping material sources for mine tailings reclamation. Longer term studies are needed, 

particularly for mine recovery in the Southwest, where plants grow slower. Future work should 

consider how below ground fertility metrics reflect ecosystem stability and plant structure, and 

how the quality and application method of soil capping may impact future plant community 

structure.   
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Supplemental Figures  
Table S.1: TSF 1-2 Year 1 properties. . Year 1 represents the 5th year after seeding. ANOVA, P < 0.0001, Tukey HSD. 

Site 
% Plant 

Cover 

DNA Biomass 

(ng/g dry soil) 
TN (mg/g) pH 

Electrical 

Conductivity 

(dS/m) 

NE 17 B 175 B 0.255 B 9.01 A 0.115  
NW 17 B 302 B 0.165 B 8.95 AB 0.155 
SE 15 B 426 B 0.151 B 8.92 AB 0.201 
SW 42 A 2488 A 0.311 A 8.71 B  0.21 

p value  p<0.001 p < 0.001 p<0.001 p= 0.0548      p = 0.629 
  
 
Table S.2: Plant cover and soil properties of undisturbed sites. ND = No data for the year. N=1 per site. 
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Table S. 3: Soil properties for TSF1-2. All values listed are annual means per treatment. ND= No data for that year.  

 
 

Table S.4: DNA biomass & 16S rRNA gene (bacterial abundance) correlations.  Values represent all 5 years of data tabulated 

together for each capping treatment.  
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Table S.5: TSF1-2 seeded plant species, with common name, scientific name, amount seeded, and classification. 34 plant species 

total were seeded. NA indicated not recorded in seed mixture. Obtained from 2009 Desert Seeders, LLC records.   

Common name Scientific Name lbs/acre Classification

Whitethorn Acacia acacia constricta 1 Tree/shrub
Purple threeawn risitida purpurea ssp. pupurea 2 Grasses

Fourwing saltbush atriplex canescens 1 Tree/shrub
Quailbush atriplex lentiformis 2 Tree/shrub

Desert saltbush atriplex polycarpa NA Trees/shrub
Desert marigold baileya multiradiata 0.25 Forb

Cane beardgrass bothriochola barbinodis 0.5 Grass
Side Oats Grama bouteloua curtipendula 2 Grass

Black grama bouteloua eripoda 2 Grass
Rothrock grama bouteloua rothrockii 0.5 Grass

Saguaro carnegiea gigantea NA Tree/shrub
Chain fruit cholla cylindropuntia fulgida NA Tree/shrub

Cane cholla cylindropuntia spinosir NA Tree/shrub
Arizona cottontop digitaria californica 0.5 Grass
Hedgehog cactus echinocereus fasciculatus NA Tree/shrub

Brittlebush encelia farinosa 1 Tree/shrub
Fishook barrel cactus ferocactus wislizenil NA Tree/shrub

Ocotillo fouquieria splendens NA Tree/shrub
Creosote Bush larrea tridentata 0.5 Tree/shrub

Green sprangletop larreya tridentata 2 Grass
Brownspine prickley pear opuntia phaeacantha NA Tree/shrub

Switchgrass panicum virgatum 2 Grass
Whiplash pappusgrass pappaphorum vaginatum NA Grass

Mexican paloverde parkinsonia aculeata 0.5 Tree/shrub
Blue paloverde parkinsonia floridum 0.5 Tree/shrub

Foothills Paloverde parkinsonia microphylla 1 Tree/shrub
Western honey mesquite prosopsis glanulosa var torreana 1 Tree/shrub

Velvet Mesquite prosopis velutina 1 Tree/shrub
Desert Senna senna covessil 1 Forb

Plains Bristlegrass seteria vulpiseta 2 Grass
Desert globemallow sphaeralcea ambigua 0.5 Forb

Alkalai sacaton sporobolus airoides 1 Grass
Sand dropseed sporobolus cryptandrus 0.5 Grass

Desert zinnia zinna acerosa 1 Forbs  
 

 


