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ABSTRACT 

 

 Mine tailings pose a health risk for populations and ecosystems in the Southwest; this 

is why effective, and low-cost solutions for the long-term are needed. This work is 

groundbreaking since little information is available with regards to applying greenhouse 

studies of phytostabilization to the field for mine tailing remediation. Mine tailings from Iron 

King Mine and Humboldt Smelter Superfund (IKMHSS) site can be considered one of the 

worst scenarios due to the extreme conditions which prevent the growth of a vegetation cap. 

The high concentration of metals, such as arsenic and lead, highly acidic, lack of the nutrients 

carbon and nitrogen in the soil structure, and low microbial communities are factors that 

negatively affect plant growth.  

 This project provides practical field-scale applications for the use of 

phytostabilization, which uses plants to create a vegetation cap that stabilizes metals in the 

root zone while preventing wind and water erosion in mine tailings. The project is divided into 

three main studies: (1) the assessment of the translation of successful greenhouse results to the 

field of phytostabilization using compost-assisted direct planting. This includes the use of 

different rates of compost as an amendment and different desert native plant species in 

addition to some potential parameters that could be used as indicators of a successful 

modification of biochemical and physical environment from a disturbed soil towards a more 

healthy soil when compost assisted direct planting phytostabilization is used; (2) the second 

study aims to evaluate the effect of the phytostabilization strategy on reducing windborne 

transport of particle and metal(loids) following the establishment of the vegetation cap. The 

results indicate that the vegetation resulted from direct planting decreases dust emissions from 

IKMHSS mine tailings; and (3) the third study focuses on one of the most important 

requirements for phytostabilization application in the field, the performance of the different 
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plant species selected from the greenhouse studies. This performance was evaluated as the 

metal accumulation in aerial plant tissue based on metal concentration guidelines from the 

National Research Council as well as changes in the composition of plant species and canopy 

over with time.  

 The results derived from the translation of compost–assisted direct plating based on 

successful greenhouse results are showing the capacity of this technology in a field-scale by 

maintaining a canopy cover over time that decreases mobilization by not hyper-accumulating 

metals in the aerial tissue and by preventing windborne particle dispersion with the potential 

of disrupting contamination pathways.  

  

 

  



18 

 

CHAPTER 1: PRESENT STUDY 

 

 The description and details of materials, methods, results and the conclusions of this 

research are presented in the corresponding chapter 3 and the papers attached as Appendix A 

and B in this dissertation. Additional data and results not included in the analysis of chapter 

and appendices are included as Appendix C and Appendix D). 

 The following encompasses the explanation of the dissertation format, the problem, 

and motivations for this research, conclusions, and research implications.  

1.1.  Description of dissertation format 

 This project is presented as three research studies comprised as one chapter (chapter 

3); one unpublished manuscript, Appendix A; and one manuscript published in the journal 

Science of Total Environment, included as Appendix B.  

 

 The research study, presented in Chapter 3, focuses on the evaluation of metal 

accumulation in leaves. In addition to the metal analysis, we also evaluated the different plant 

species arising from the changes in canopy cover and the changes in plant species composition 

from the vegetation cap already established as a result of the direct planting phytostabilization. 

This implies the monitoring of the most important criteria to follow when phytostabilization is 

used to control and keep metals in the root zone while avoiding translocation of metals to the 

food chain. This will also better elucidate if there is any treatment or dilution effect from the 

addition of compost. My participation in this study was an active role in the implementation of 

phase 1 and 3, sampling, data collection and analysis from soil and plant survey. 
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 The Appendix A is an unpublished manuscript which objective was to evaluate and 

quantify the reduction of dust emission as an effect of the establishment of vegetation cap 

using direct planting. For this, the two University of Arizona Superfund Research Program 

projects focusing on mine tailings dust and on developing phytostabilization technology 

collaborated to perform field sampling and data analysis. My involvement in this study was 

focused on the field implementation, data collection, and analysis of the vegetation 

establishment as canopy cover and composition. Additionally, I participated in the data 

analysis from passive samplers and DustTrak™, from field data collected by Jason Field 

(School of Natural Resources and the Environment) and Janae Csavina (Department of 

Hydrology and Atmospheric Sciences), and from the metal extraction done by Omar Felix 

(Department of Chemical and Environmental Engineering).  

 The main results included short and long-term sampling of dust particles to evaluate 

the effects of sparse and dense vegetation as well as irrigation as a dust suppressant, while the 

dust collected by passive samplers was analyzed for metal concentration to evaluate the 

potential reduction by vegetation of contaminant transport. This multidisciplinary study was 

supervised and guided by Dr. Eric Betterton from the Department of Hydrology and 

Atmospheric Sciences, Dr. Eduardo Sáez from the Department of Chemical and 

Environmental Engineering, and Raina Maier from the Department of Soil, Water and 

Environmental Science at the University of Arizona.  

 

 The third study, presented in Appendix B, evaluates whether field-scale success can be 

achieved using desert native plants and compost rates from successful greenhouse 

phytostabilization trials and was supported by the University of Arizona Superfund Research 

Program (UA-SRP). The project consisted of evaluating different rates of compost as an 
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amendment in order to condition the tailings as a matrix able to support plant growth; 

therefore, changes in plant growth as canopy cover biogeochemical parameters, and 

neutrophilic heterotrophic bacteria counts were considered. These parameters were found to 

be promising indicators of successful phytostabilization. My role in this study was 

contributing to the field implementation, soil, and plant surveys, as well as analyzing data of 

biogeochemical parameters. Other members of UA-SRP participated in this study; Scott White 

served as field expert collaborating in designing and supervising field work, and maintenance 

of the irrigation system. Fernando Solis-Dominguez conducted the greenhouse study from 

which this study is based on, providing the treatments, and plant species selected. Robert Root 

and Corin Hammond collaborated in the field implementation, sampling, and the portions of 

this research that were carried out at Stanford Synchrotron Radiation Laboratory, operated by 

Stanford University. This study was supervised and guided by Dr. Raina Maier.  

1.2.  Description of the problem and motivations  

 Mining activities are increasing due to the great worldwide demand for metals. 

Inappropriate management of the waste resulting from mining activities impacts different 

ecosystems, increasing environmental and health risks in neighboring areas by metal 

contamination, especially arsenic and lead in the southwestern United States. This is 

especially true for legacy mine tailings since the tailings particles associated with metals can 

be dispersed and transported by wind and water (Csavina et al., 2011). Mine tailings threaten 

water in natural ecosystems and negatively impact human health by decreasing water and air 

quality. These effects on water and air are due to increased transportation, dispersion, and 

deposition of hazardous and carcinogenic contaminants in neighboring soils and water sources 

(Mendez & Maier, 2008; Csavina et al., 2011; Reis et al., 2012). 
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 Menzies and Mulligan (1999, 2000) found that clay covers allow the infiltration by 

capillary processes. Acidic and high concentrated water due to pyritic reactions will affect the 

vegetation cover resulting in plants dying-off. Therefore, soil covers need a deep soil cap to 

avoid the effect of dry/wet cycles with time due to the capillary and evaporative process that 

degrade the cap and increase chances of deterioration. This means that a physical barrier is not 

enough when chemical and physical properties of the tailings are not positive changed. In the 

other hand, soil capping needs a long-term maintenance increasing costs to verify that 

contaminant isolation is in place. This implies checking signs of erosion or cracking, effect 

and invasion of the root system into the isolation layer, subsidence, and settlement. 

 According to the Arizona State Mine Inspector’s Office, as of 1990, Arizona had 

approximately 27,000 abandoned mine features, of which 1,953 could cause environmental 

and health risks (Bureau of Land Management, 2011). These areas need to be remediated to 

decrease risks for the communities. The United States Environmental Protection Agency 

(EPA) has estimated that remediation costs for National Priority List (NPL) hardrock mining 

sites would exceed US $7.8 billion for 63 NPL sites inventoried in 2004 with current 

technologies (Lovingood et al., 2004). Therefore, it is a priority to find an economical, 

permanent, cost-efficient strategy that can control and reduce the risks and environmental 

problems. 

 Motivated by this environmental issue in Arizona, our research group has conducted 

greenhouse studies and field trials on phytostabilization of abandoned mine tailings (Mendez 

& Maier, 2008; Solis-Dominguez et. al., 2011, 2012). Solis-Dominguez conducted a 

greenhouse study using mine tailings from the Iron King Mine and Humboldt Smelter 

Superfund site (IKMHSS) in Dewey-Humboldt, AZ (Solis Dominguez et.al. 2012). The 

results from this study showed how selected desert native plant species produce above and 
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below biomass at 10%, 15%, and 20% rate of compost without hyper-accumulating metals in 

the shoot tissue. Additionally, the use of compost to ameliorate conditions of mine tailings and 

the plant establishment improved edaphic parameters. This result set the stage to examine 

whether the same results could be achieved when the experimental designed is scaled to the 

field. In this dissertation, I have addressed whether the translation of phytostabilization 

greenhouse studies to the field is feasible and whether the establishment of the vegetative cap 

is able to control dust and associated contaminant dispersion from the mine tailings. Further, 

we tested different agricultural management strategies for their effectiveness in the 

phytostabilization process. 

1.3.  Conclusions and research implications 

 An advantage of phytostabilization includes physical restoration of soil structure and 

chemical stabilization of the metals in the tailings. By establishing a vegetative cap directly in 

the tailings, with the main objective of achieving ecological restoration, we have started the 

process of transition to a more natural and healthy soil-like ecosystem. 

 Translating greenhouse studies to the field is an important first step in understanding 

and applying phytostabilization research. Greenhouse, mesocosms, pilot and field studies have 

all been used to evaluate different soil conditioners, plant screening, and metal speciation and 

availability to identify suitable plant species and the optimal conditions to promote long-term 

plant establishment in contaminated soils (Conesa et al., 2007; Solis-Dominguez et al., 2012, 

Brown et al., 2004). However, greenhouse studies in arid and semi-arid environments are 

often disjointed from field trials; few peer-reviewed studies show agreement between 

greenhouse and field studies results. This study showed that understanding specific parameters 

in greenhouse trials and translating the most consistent results to the field increases the 

chances of a successful scaling up and defining key parameters to evaluate this process.  
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 The establishment of the vegetative cap is the first step in reclamation. However, in 

order to understand whether the cap has the potential to reduce health risks, it must be 

evaluated as to whether it is effective in reducing off-site transport of mine tailings and 

associated metal(loid)s. To this end, this study has assessed horizontal dust flux using passive 

samplers and has shown that a vegetative cap not only reduces dust emission from the site but 

the plants act to capture dust from air move across the canopy.  

 This study evaluates the first six years of the IKMHSS phytostabilization field trial. 

We expect to be able to continue this evaluation in the future to identify selected 

characteristics of mine tailings to see if they improve over time as a medium for plant growth 

stimulating soil formation processes, to assess the long-term potential for plant survival and 

succession in these tailings and effects on reduction of dust emission and contaminant 

transport, and to evaluate ecological implications and interaction between plant species with 

time. 

 The results of this dissertation provide practical methods for field-scale applications of 

direct planting phytostabilization that can be applied to other phytotechnologies. Additionally, 

the results gained with this project are not only important for abandoned mine sites but also 

they provide insights about how to evaluate the progress of reclamation plans for mining 

companies towards successful revegetation of mine sites. This information will be useful for 

policy-makers and environmental managers to make decisions regarding mitigation of the 

movement of contamination from mine tailings into nearby soil and water sources.  
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CHAPTER 2: INTRODUCTION 

 

2.1. Challenges presented by legacy and modern mine tailings 

Mine tailings are the fine particle residue after mining activities. These mine wastes 

are generated from the initial step of hard rock mining operations, after ore and waste rock 

excavation and metal extraction processing (Durucan, Korre, & Munoz-Melendez, 2006). 

Metals have been historically and economically important for worldwide development; mining 

activities and economic investments are increasing due to the great demand for different 

metals around the world. The processing involves the crushing, grinding, and concentration of 

the ores in order to remove the mineral and metal value from the rock.   

Current mining extraction methods are becoming more efficient in extracting more 

metals, leaving mine tailings with lower concentrations of metals; this is different from 

traditional hardrock legacy mining (Hudson-Edwards, Jamieson, & Lottermoser, 2011). 

Currently, the available high ore bodies are decreasing, and the increase in metal demand will 

increase the processing of low ore grades. This practice implicates the use of higher amounts 

of ore, which produces more tailings in the waste (Norgate and Jahanshahi, 2010)  The design 

of mine tailings impoundments is defined by the particular nature of the tailings and the 

geochemical characteristics of the area. Impoundments are intended to provide a long-term 

isolation and storage of processing waste (Lottermoser, 2010). Once a tailings impoundment 

reaches its maximum load, it should be closed and prepared for subsequent reclamation 

(Hudson-Edwards, Jamieson, & Lottermoser, 2011). 

Regardless of whether legacy or modern mining techniques are used, the inappropriate 

waste management from mining activities impacts different ecosystems, increasing the risk of 
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environmental and health problems in neighboring areas (Svendson, Henry, & Brown, 2007; 

Mendez & Maier, 2008).  

Since 1860, Arizona has been one of the most important states in the country with 

regard to mining (BLM, 2011), providing 65% of the copper produced in United States 

(AZGS, 2014). According to the Arizona State Mine Inspector’s Office, as of 1990, Arizona 

had approximately 27,000 abandoned mine features, of which 1,953 could cause 

environmental and health risks (BLM, 2011). These abandoned and unreclaimed sites are an 

inhospitable environment where no vegetation grows, leaving these places as artificial dunes, 

susceptible to wind and water erosion and the spread of contamination for many years 

(Mendez & Maier, 2008; Santibañez et al., 2012). Abandoned legacy mining left behind 

tailings with high concentrations of metals, and impoundments were often located in places 

without consideration for appropriate safety management practices. The lack of appropriate 

management of these tailings can generate diverse environmental and health problems 

(Tordoff, Baker, & Willis, 2000). Mine tailings threaten water in natural ecosystems (Reis et 

al., 2012). The impacts vary from contamination of water and soil with metal(loid)s, loss of 

agricultural land, loss of natural habitats and biodiversity, and decreased the quality of life for 

communities nearby. 

2.1.1. Characteristics of mine tailings 

The characteristics of mine tailings depend on the geographic localization, topography, 

and climate; this is why mine tailings create a unique environmental challenge. in the 

Southwest. These highly disturbed soils have high metal toxicity and salt concentrations, low 

organic matter, and a pH range from neutral to extremely acidic (Ginocchio & León-Lobos, 

2011), Additionally, high temperatures and extreme shifts between periods of low and high 
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precipitation (monsoon seasons)—typical of arid and semi-arid environments—exacerbate 

environmental risks. (Mendez & Maier, 2008).  

Mine tailings particles have a broad size range, from fine fraction (µm) to coarse 

fraction (mm) as a result of the ore extraction and processing (Csavina et al., 2011). The lack 

of organic matter and microbial community activities lead to poor aggregation and soil 

structure. These characteristics negatively influence physical parameters like soil drainage, 

soil moisture, and compaction, affecting vegetation cover and exacerbating wind erosion and 

particle dispersion (Jianu et al., 2012).  

Soil aggregation plays a major role in the regulating affect soil diffusion, soil 

hydrology, and the availability of minerals in the soil. Soil aggregation may moderate erosion 

and establish a way for organic carbon balance and enduring seizure. The breakdown of an 

aggregate structure as successive layers of soil are eliminated and stockpiled to another place 

on the site occurs when mining starts. The subsequent compaction of the soil decreases the 

aeration and water holding capacity (Sheoran & Poonia, 2008). The macroporosity of soil is 

mainly determined by the macroaggregate stability influencing the rate of drainage and 

aeration. This changes seasonally and is frequently affected by cropping regime and 

cultivation. Micro aggregate stability is stronger than macro stability since organic matter is a 

key factor for binding the soil particles together (Sheoran et al., 2010). Macro-aggregate is 

more sensitive than micro-aggregate. Micro-aggregate influences the crumb porosity of soil 

that regulates the availability of water for vegetation. 

Depending on the climate and the composition of minerals in the soil, pH of the 

tailings varies from neutral to low pH. This important abiotic condition drives biogeochemical 

reactions like bioavailability of some metals and drives optimal plant growth, which requires a 



27 

 

pH range from 5.5 to 6.5 (Solis-Dominguez et al., 2012) Due to sulfide oxidative processes, 

the pH in sulfide ore mine tailings are very low, generally ranging e from 2 to 4. This acidic 

pH increases the bioavailability of some metals and inactivates enzymatic activity from 

microorganisms and plants. This results in a big impact on vegetation cover of the tailings.  

Acid is produced at the mine tailing once there is oxidation of metal sulfide minerals. 

Oxidation of sulfide minerals, for example, the generation of sulfuric acid occurs at a slow 

rate in nature since metal sulfide minerals are present in the rock associated with the ore body. 

Beneficiation and extraction processes related to activities in the mine tailings increase the 

rate of these same chemical reactions by revealing large capacities of sulfide rock material 

with amplified surface area to air and water (Barcelo and Poschenrieder, 2003). The physical 

features of the waste controlling units, such as tailings impoundment, pit walls, and waste rock 

piles that affect migration of the acid oxidation reaction and the neutralizing capacity of the 

material after the extraction process decreasing the pH of the waste material (Ferguson and 

Erickson, 1988). 

Another important characteristic that tailings lack is cation exchange capacity (CEC), 

which can be defined as the measure of the ability of the soil to adsorb positively charged 

ions. According to Hazleton &Murphy (2007), it is an important soil property that affects the 

stability of nutrients, soil structure stability, soil pH, availability of nutrients, and the soil’s 

reaction to fertilizers and extra ameliorates. It is important to determine the ability to retain 

nutrients and to control pH changes, which dictate the potential to retain and supply nutrients. 

Cation Exchange Capacity may be the predominant factor affecting the fertility of the 

soil. To increase the productiveness of soil when CEC is restraining soil, enhancing it with 

humic acids is the most efficient method. As the CEC upsurges, the soil usually tends to 
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become physically stronger and more resilient while low CEC values show poor shrink-swell 

latency (Barcelo & Poschenrieder, 2003). Many tailings have a high concentration of salts due 

to extraction processes. Soil electrical conductivity (EC) can be described as the measurement 

of the amount of salts in the soil, i.e. the soil salinity. It is an important gauge of soil health. 

This indicator influences the crop yield, crop suitability, plant nutrient availability, and 

activity of soil bacteria that affects the main processes functioning within the soil ecosystem. 

These soil bacteria affect processes such as the emission of greenhouse gasses such as 

nitrogen oxides, methane, and carbon dioxide. The high salinity of the soil obstructs plant 

growth by influencing soil-water stability. Soils that have high salinity naturally occur in 

semiarid-arid and arid climates (Barcelo & Poschenrieder, 2003). The levels of salt on the 

ground can rise due to cropping, land management, and irrigation. Even though EC does not 

deliver a direct measurement of particular salt compounds or ions, it has been connected to 

concentrations of nitrates, potassium, sodium, chloride, sulfate, and ammonia. Determining 

the EC can be a suitable and economical way to approximate the amount of nitrogen (N) 

present for the growth of crops. High salt concentration in mine tailings impoundments is the 

result of water reuse and recycling, and it is more common in arid and semiarid environments. 

Soluble water salts increase osmotic pressure and reduce the water available for plants.                                                     

Organic material is very low in mine tailings. Organic matter adds nutrients and 

improves physical properties of soil. The lack of organic material affects soil density, which 

affects water holding capacity and soil structure. Some mine tailings have high density and 

enough pores to allow water to percolate and have enough oxygen diffusion. However, in 

other areas in which water infiltration is poor, plants experience water stress. This 

environment is challenging for root plant development and for microorganisms.  
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Heavy metals occur naturally in the soil. Some heavy metals such as cobalt (Co), 

manganese (Mn), zinc (Zn), copper (Cu), and iron (Fe) are necessary for the healthy growth of 

living organisms. However, the rest of the heavy metals, such as cadmium (Cd), lead (Pb), 

uranium (U), thallium (Tl), chromium (Cr), silver (Ag), and mercury (Hg), and the metalloids 

arsenic (As) and selenium (Se) are toxic to living organisms beyond a certain level (Bothe 

2011). Bothe (2011) reports that all heavy metals, with the exception of iron, are toxic to 

living organisms, especially plants if they are above a mass concentration of 1 g kg-1 in the 

soil.  

The metal content in mine tailings is important to determine the type and degree of 

contamination. Mine tailings from legacy mining are characterized by a high concentration of 

toxic metals including arsenic, lead, cadmium, copper, and zinc. The concentration and 

variety of metals depend on the exploitation process and the rock type. The physicochemical 

forms of the metals in the tailings drive the degree of contamination. We can find them in 

ionic, neutral states, adsorbed to other particles or surfaces, or as part of the crystalline 

structure of other minerals. The bioaccessible fraction is the overriding concern since it is the 

most toxic.  

2.1.2. Environmental and health impacts 

The concentration of heavy metals in the soil can increase during mining activity. 

Escarré et al. (2010) report that mining and industrial activity can increase the heavy metal 

concentration of an area as wide as 1000 km of the site. To make the areas safe for inhabitants 

and to protect the ecosystem, it is essential to reduce the level of heavy metal concentration in 

these areas. Mine tailings that have not been adequately managed are environmentally risky 

since the particulate matter can be dispersed by the wind to watersheds and soils. These effects 
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can also be seen during high precipitations or monsoon rainstorms in the southwest. 

Acidification, increasing salinity and metal concentration in both water and soil create a risk 

for human health. Climate change models have predicted drastic alterations in precipitation 

and evaporation (El Niño and La Niña phenomena); hence, the risks to communities and 

ecological systems will increase. Currently, due to atmosphere-biosphere interaction, we are 

seeing how the southwest has experienced dryer and longer summer cycles and how the 

monsoon seasons are becoming shorter or are absent. However, more intense rainfalls have 

been predicted, which will increase erosion and flooding. 

Mine tailings are an important source of environmental and health risks. Due to wind 

and water erosion the contaminants are easily spread. Farrell and Jones (2010) and Farrell et 

al. (2010) found that heavy metal toxicity has extremely negative effects on the health of 

human beings. The concentration of As, Cu, Pb, Cd, and Zn in legacy mine tailings imposes a 

high risk for humans. Possible routes of exposure are accidental ingestion of soil or/and 

contaminated water, inhalation of dust particles coming from tailings, and ingestion of food 

that could be exposed to contaminated soil or water (Jin-Soo lee et al, 2005; Fabio benedito 

ono 2012). Heavy metal concentration in the soil leads to the contamination of water and food. 

According to USEPA, acute or chronic exposure to these metal(loids) can result in irritation of 

mucous, stomach and intestine, skin changes, lung irritation, and increased risk of heart 

disease and cancer (Sanchez-Soria et al., 2012). Wind-borne dispersion is one of the most 

frequent routes of exposure for communities close to mine tailings (Csavina et.al, 2011).  All 

the environmental and health risks generated by mine tailings are more difficult and expensive 

to control once the site has been abandoned and the damage is done. Finding a low-cost, 

effective remediation technology optimally would control all the effects and impacts from 
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mine tailings and allow the reclamation of those abandoned lands, perhaps with post-

remediation uses.   

2.1.3. Strategies to overcome tailings challenges  

 

Remediation techniques of heavy-metal contaminated soils are based on “in-situ,” on 

site strategies, which stabilize the contaminants, or “ex-situ,” out of the contaminated site, 

which might involve transportation of the soil and/or extraction of the heavy metals (Ansari, 

Gill, & Lanza, 2016. Tack et al., 1996). Conventional and “ex-situ” methods present some 

constraints. For example, the removal of the contaminated soil and replacement with new, 

clean soil involves transporting contaminated soil from one place to another, increasing the 

risk of spreading of contaminants (Emsley, 2004). Additionally, this generates more hazardous 

waste that needs appropriate disposal or management, such as soil washing or on-site chemical 

leaching with agents (Singh, 2005). In general, these techniques are less suitable for an 

extensive contaminated area due to increased operational costs. 

Some of the approaches used for mine tailings remediation focus on physical and 

chemical stabilization, such as soil washing solidification by a chemical stabilizing agent.  

Cost-effective technologies available and accepted by environmental agencies are limited even 

more in an arid and semi-arid environment such as the southwest. Most of the techniques 

currently used are limited to the climate, the size of the tailings (which could affect the cost), 

and the possibility that future chemical and physical changes caused by the techniques could 

result in the use of the land that is not suitable.  

Phytoremediation is the use of plants to remove contaminants from the environment. 

Phytoremediation can be applied to mine tailings remediation and reclamation due to the 

successful results obtained in other types of contaminated soils (Ciccu et al., 2003). These 
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techniques are increasingly common due to the lower cost compared with traditional 

techniques (Mendez & Maier, 2008). The phytoremediation concept involves different 

technologies that have as a common denominator the plant-substrate interactions; however, 

they are chosen and deployed according to the objective of the remediation project and the 

nature of the substrate and the contaminant. Phytovolatilization is the process in which plants 

take up toxins from the soil and discharge them into the atmosphere by transpiration. The 

process happens as growing plants absorb organic and water toxins (Deram et al., 2000). As 

water moves from roots to leaves through the vascular system of the plant, it is converted and 

modified. Some of the toxins move along the plants to the leaves and volatilize into the 

environment. The idea behind this phase changing is that elemental mercury in the atmosphere 

poses less danger thus reducing environmental and health risks.  

Similarly, phytodegradation, which is also known as phytotransformation, involves the 

breakdown of organic toxins isolated by plants through metabolic processes by the impact of 

compounds, such as enzymes generated in plants. The organic pollutants are turned into a 

more bioavailable compound and incorporated into the tissues of a plant (Mudgal, Madaan & 

Mudgal, 2010). Remediation of a site through phyto-degradation relies on direct absorption of 

toxins from the media and accumulation in the above biomass (leaves, and stems) and below 

biomass (Roots). Two processes can take place after plants have translocated the organic 

compound: first, storing chemicals in plants through the process of lignification, and second, 

full conversion to CO2 and H2O which in this case the discharge of volatile pollutants to the 

environment is through phytovolatilization,  

The main contaminants in a mine tailings environment are metals. Therefore the most 

appropriate phytoremediation strategy is phytoextraction and phytostabilization. 

Phytoextraction is a phytoremediation process that uses plants that accumulate metals. These 
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plants take up contaminated metals from soil and concentrate the toxic metals into biomass 

(Dushenkov et al., 1995). This approach uses two types of strategies. First, in natural 

phytoextraction, hyper-accumulating plants draw huge amounts of metals from the soil, 

effectively translocating metals to shoots from the roots, gathering, and tolerating high 

concentrations of metals by employing physiological mechanisms of metal detoxification. 

Second, the improvement of soil chemical properties such as pH and dissolved organic matter 

triggers phytoextraction, allowing metal hyperaccumulation in plants (Lombi et al., 2001). 

Chemically triggered phytoextraction involves chemical amendments in the soil which 

enhance root uptake, metal mobilization, and translocation to shoots. The key distinction 

between the two processes in phytoextraction is that in natural phytoextraction, 

hyperaccumulators are frequently slow growers that generate low biomass. The most desirable 

approach for a contaminated site would be expedited plant growth, high uptake and 

accumulation of metals, using phytoextraction that is chemically triggered in order to 

accelerate plant growth, thus yielding high biomass harvests with high metal accumulation 

(Nascimento and Xing, 2006). The disadvantages of this approach include high maintenance 

during harvesting season and the possible translocation of metals into the food chain.  On the 

other hand, phytostabilization aims for a self-sustainable vegetation cap that does not 

hyperaccumulate metals in an aboveground biomass.  

2.3. Phytostabilization  

Phytostabilization is the use of plants to stabilize inorganic contaminants in-situ to 

reduce their mobility and make them less bioavailable while avoiding translocation in aerial 

plant tissue. Phytostabilization has been applied as a remediation technology to other types of 

environments such as landfills, soils contaminated with volatile and non-volatile substances, 

mining soils and mine tailings (Ansari, Gill, & Lanza, 2016. Tack et al., 1996). When 
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deployed in mine tailing sites phytostabilization requires the use of amendments and 

appropriate plant species that can tolerate both the contaminant concentrations and the climate 

of the mine tailing location to achieve chemical, physical, and ecological objectives. 

These objectives include the physical reduction of contaminant dispersion by wind and 

water erosion. Due to the vegetation cover and the establishment of the root system, the effect 

of wind and water is reduced by mechanisms of evapotranspiration, water demand, and 

reduced acid mine drainage. Additionally, the chemical and physical interactions between 

microorganisms, amendments and plants increases the immobilization and decreases the 

bioavailability of metals due to different interactions including precipitation, absorption, and 

adsorption (Ansari, Gill, & Lanza, 2016. Tack et al., 1996). Ecological improvements of mine 

tailings that establish a long-term and auto-sustainable vegetation cap could result in changes 

in element cycling such as carbon and nitrogen producing a healthier soil. Ideally, ecological 

improvements prevent accumulated metals in shoot tissue. The achievement of all these 

objectives would lead to an appropriate closing mine strategy with a self-sustainable, 

functional, long-term vegetation cap. 

Though phytostabilization in mine tailings has been used in different parts of the 

world, we understand surprisingly little about the long-term effects of this approach. 

Additionally, since each location and mine tailings instance is unique, phytostabilization 

strategies should be carefully adapted to meet the specific remediation needs and ecological 

characteristics of each site. Such considerations could prevent the generation of additional 

environmental or health problems. Proper implementation requires the study of optimal plant 

species and soil amendments suitable to each site. 
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The intrinsic properties of mine tailings make them an inhospitable environment, 

preventing natural revegetation of these areas. The use of soil amendments is essential for the 

implementation of a cost-effective phytostabilization project; it is a critical aspect for plant 

species stabilization. Low concentrations of essential nutrients such as carbon, nitrogen, 

phosphorous, and any organic matter prevent these areas from having good soil structure and 

microbial communities. As a result, these areas remain barren (Armstrong & Armstrong, 

2001). Extreme acidic or alkaline pH can affect plant growth, and lack of soil aggregation can 

cause compaction and filtration problems. The use of amendments mitigates and controls 

these problems by favoring plant growth and stabilization of a vegetative cap. This can 

generate a long-lasting ecosystem. By adding organic substances and other metals or chemical 

components, the soil can be ‘amended’ to its naturally healthy form. The most commonly used 

amendments for increasing soil properties also improve the productivity of phytostabilization 

by changing the bioavailability and solubility of contaminants, compost, biosolids and lime 

(Bridge, 2004; Ernst &, Young, 2012). 

Manure as compost provides a significant amount of nutrients for the production of 

crops, including micronutrients. Manure provides valuable sources of organic matter. 

Therefore, due to the increase in organic matter as a result of compost, the structure and water-

holding capacity of the soil improve, drainage of fine texture clay improves, and a source for 

the gradual release of nutrients is provided (Guerrero et al., 2001). Compost also supports the 

growth of earthworms and other valuable soil organisms. Since many vegetables return small 

amounts of crop residue to the soil, compost helps to uphold organic matter levels. Compost 

affects the pH of soil directly and indirectly. Direct impact happens when the compost is acid 

or alkaline. For instance, animal dung frequently is alkaline due to the composition of herbage 

the animals eat and the way most animals split their excretion between urine and dung 
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(Guerrero et al, 2001). This effect, however, is small. The largest effect on pH of soil occurs 

from discharged mineral nitrogen. 

Soil bacteria and fungi nurtured by compost aid in reducing the incidence of a wide 

variety of plant diseases. This is important because it can decrease the need for the use of 

fungicides and other chemicals, many of which are contaminants in varying degrees to 

humans, animals, and soil biota. Microorganisms in compost aid in a number of ways: they 

improve soil structure by aiding soil aggregation, some help to diminish plant diseases and 

still others create the mycorrhizal fungi that enable the roots of plants to access nutrients far 

below the reach of their roots. 

Biosolids are also a widely studied amendment for revegetation purposes. They have 

more limited availability and use due to localization and appropriate grade. Biosolids may 

emit offensive odors, or contain pathogens or high concentrations of metals and other 

contaminants depending on how they are produced. They could contain high concentrations of 

nitrogen, salts, and other components that might not benefit the phytostabilization of metals. 

Biosolids could have poor structure due to high water content. Biosolids that contain extensive 

nutrients and carbon are usually used in cultivated terrain to improve the conditions of the soil 

for yield production (Tack et al., 1996). However, it has been acknowledged that the long-

term use of biosolids in cultivated terrain has possible harmful consequences for food safety 

due to pollutants—such as heavy metals—that they may contain. 

The addition of lime provisions is a common practice to address constraints on plant 

growth due to acidification (Chaney et.al. 2014). Usually, as the pH drops, the movement of 

some metals is increased. The soluble metals, such as Zn and Ni, found in dredged residue 

increase when pH is low (Tack et al., 1996). The accumulation of lime as limestone raises pH 
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and reduces metal insolubility, therefore decreasing the bioavailability of these metals to 

plants.   

The use of amendments decreases metal bioavailability and leaching due to the cation 

adsorption capacity of organic matter, allowing the establishment of vegetation; it would work 

as a microbial inoculum, increasing the diversity and function of microbial communities and 

enhancing the cycling of carbon, nitrogen, and phosphates (Johnson and Williamson, 1994. 

Ciccu et al., 2003). Equally important, the use of amendments improves water-holding 

capacity. Brown, Svendsen and Henry (2009) concluded that soil amendments have the 

potential to increase the pH of soil and decrease the concentration of heavy metals in the soil. 

Lime Kiln Dust (LKD) and biosolids (BS) have the potential to restore the surface and lower 

soil regions. Farrell and Jones (2010) and Farrell et al. (2010) concluded that biostabilization 

and healthy chemical levels of the soil could be achieved through the addition of compost. The 

studies further established that compost has the ability to neutralize the toxic effects (acidity) 

of heavy metals in the soil, reducing the accumulation of pollutants, increasing plant growth, 

and greatly increasing the pH level of the soil (Farrell and Jones 2010; Farrell et al. 2010). 

Soil amendment with lime, especially LKD and compost, is an effective but short-term 

solution for maintaining the desired chemical levels of the soil. Farrell et al. (2010) argue that 

frequent reapplication of compost and lime is required for long-term maintenance of the soil. 

They also recognize that frequent reapplication of amendments may increase metal loading 

over time. Thus, there is a need to assess the bioavailability of contaminants in conjunction 

with the use of soil amendments.  

In spite of the potential use of amendments in mine tailings, their misuse can limit 

plant growth due to the concentration of salts, carbon/nitrogen ratio, metal concentration, and 

bare tailings. Bare tailings are an important environmental issue that affects the formation of 



38 

 

acid mine drainage. One of the key issues linked with acidification of mine waste is the 

dependent pH solubilization of toxic metals, which can become absorbed on the surfaces of 

minerals. pH reliant on bioleaching processes is, as anticipated, closely linked to the oxidation 

of sulfur and iron as the source of energy in mine tailings (Johnson and Williamson, 1994. 

Ciccu et al., 2003). A key example of this process is the mobilization of extremely toxic 

metals such as arsenic. Metalloid arsenic is a worldwide environmental problem and is 

commonly regarded as one of the most significant and general contaminants related to mining. 

The mobilization and transformation of arsenic species within mine tailings rely on redox 

potential, the species of mineral, and the redox transformation of microbially mediated 

arsenic, sulfur, and iron. Redox reactions can regulate the dissolution of minerals by impacting 

the speciation of arsenic, and thus arsenic absorption and desorption. At a low pH, metals 

absorbed as species, particularly arsenates absorbed to iron and sulfide minerals will tend to 

solubilize and increase toxicity and bioavailability in the system. 

Therefore, an initial chemical, physical, and microbiology analysis is important. The 

use of amendments should be based on their characterization and their use in greenhouse 

studies. The decision to use different amendments should be made based on a variety of 

factors including regional availability, advantages and disadvantages, costs, community 

perceptions and acceptance (Ciccu et al., 2003). 

2.3.1 Plant species 

An important consideration in the phytostabilization process is the selection of plant 

species. The vegetation species should meet specific criteria in order to optimize use within 

the regional remediation strategy. Conesa and Schulin (2010) further explain that to 

successfully implement phytostabilization, it is important to choose plants which have a high 
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metal tolerance and are adapted to the climate conditions specific for the site. Native and 

endemic species are very important to increase chances of growth and stabilization (Johnson 

and Williamson, 1994).  

In some cases, plants need to tolerate high salt concentration and acidic pH. It is 

essential to use plants with low metal uptake for phytostabilization as plants with high metal 

uptake have a high accumulation of heavy metals in their leaves and stems. Such 

accumulation can translocate metals to the food chain and is harmful for grazing animals 

(Farrell et al. 2010). Acidic soils could lead to a deficiency of different micronutrients. Acidic 

soils affect the nitrogen cycle, increasing ammonium volatilization and increasing the 

bioavailability of metalloids such as arsenic. The effect of an excess of salts in plants is 

similar to the effect of drought: plants die and seeds cannot germinate. Germination is critical 

for the first stage of a cost-effective phytostabilization process. In arid and semi-arid 

environments, where evaporation exceeds precipitation, soluble salts accumulate on the 

surface due to capillary transport.  

Metallophytes plant species are a more desirable vegetation type to use in tailings 

from legacy mining due to the high concentration of metals in the tailings. Baker (1981) 

defined metallophytes as plants which have the unique characteristic of being tolerant to high 

metal concentrations in the soil. Bothe (2011) categorized metallophytes according to the type 

of heavy metal the species is able to accumulate or sustain. These four categories of 

metallophytes are plants that acquire the highest concentrations of Zn, Ni, Pb, or Cd. Baker 

(1981) further elaborates that there are two types of metallophytes: accumulators and 

excluders. Accumulators are metal loving plants that ‘accumulate’ heavy metals in their roots, 

shoots, or leaves (Bothe 2011). On the other hand, excluders are plants that avoid excessive 

transport of metal ions from the roots to the shoots; excluders build high concentrations of 
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heavy metals in their roots, but they have low concentrations of heavy metals in their shoots, 

which makes them ideal for a long-term and low maintenance rehabilitation of the soil (Baker 

1981; Bothe 2011). In addition to tolerance of high metal concentrations, metallophytes have 

the ability to resist accumulation of metals in the foliar and stem tissue, making them well-

suited for phytostabilization.  

Many factors influence plant uptake of metals. Additional soil issues, such as pH, 

organic material, clay and redox circumstances, regulate the amount of total metal that is in 

soil solution as mentioned previously. The balance existing in the solubility, metal speciation, 

exchange, and adsorption on solid phase places is closely linked to pH and the total metal in 

solution. Research has found soil pH presents a big effect on metal bioavailability (Johnson 

and Williamson, 1994. Ciccu et al., 2003). For example, both Zn and Mn bioavailability are 

intensely influenced by soil pH. As soil pH decreases, Mn and Zn must compete with the extra 

H+ and Al3+ for positions on the exchange sites, the solubility of Mn and Zn increases in the 

soil solution, and a greater proportion is present as highly available free metal ions in the soil 

solution (Ciccu et al., 2003). Previous research indicates plant uptake of Zn and Mn surges as 

soil pH declines. As a result, in Zn-rich soils, as pH decreases, Zn absorption improves in 

sprouts of Arachis hypogaea, and the possibility of Mn toxicity in Phaseolus vulgaris 

improves. Despite the fact that solution pH influences Cu complexion, speciation, adsorption, 

and solubility, some soil research has indicated a little association between soil pH and metal 

conclusion concentration in the soil solution. For that reason, the amount of soluble organic 

matter in the soil solution, particularly in soils high in organic matter, can be a more 

significant defining factor on metal solubility than pH, which then affects plant uptake of 

metals. 
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Even though adverse effects of salt accumulation in the ground and crops have been 

examined extensively, surprisingly little is known about the effect of either irrigation water or 

soil salinity on dense metal uptake through plants. An important consideration concerning 

plant–soil–metal interactions is how much soil pH influences metals when using 

hyperaccumulator plants. Excluders have the ability to grow in soil that is high in heavy 

metals. These plants are able to draw out the metals from the soil without storing them in their 

shoots or leaves, and thus they minimize the eco-toxicological risk these metals may otherwise 

present (Baker 1981). Metallophyte excluders can enrich elements for human exploitation of 

soil contaminated by a high concentration of heavy metals. Sheoran, Sheoran and Poonia 

(2010) concluded that metallophyte plants reduced human health and environmental risks 

when these plants were used for revegetation of contaminated soils. 

Another important criterion to consider in choosing plant species for phytostabilization 

is the climate for the specific area. Using endemic and native plant species provides an 

advantage in climate adaptation and allows better stabilization and ecological succession over 

the long-term. Using native and endemic plants is more cost-effective and self-sustainable. 

Furthermore, water is important for plant growth and development and is the most limited 

resource in an arid and semi-arid environment. Water is important for photosynthesis, nutrient 

transportation, osmotic equilibrium, temperature management, and evapotranspiration 

(McMahon, 2015). Lack of sufficient water affects seeds in soil and affects the growth of 

plants by negatively impacting germination and the seedling or root zone due to salt 

accumulation.  

In addition, the use of native plant species decreases other possible ecological 

problems, as the introduction of new plant species alter the dynamics of the natural ecosystem, 

particularly if the plant species is invasive (McMahon, 2015). For instance, native plants are 
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resilient since they have adapted to the native environment; once grown, they do not require 

fertilizers, pesticides, or watering. This saves time and money. A native setting does not 

require maintenance the way conventional grassland does. This reduces the use of non-

renewable resources and increases air and water quality. Landscaping with native species 

helps the area become a strong ecosystem. Diverse flora and fauna are attracted to native 

species, thus augmenting the biodiversity of the area. Native plants might increase a sense of 

connection to nature (Ferguson and Erickson, 1988).  

2.3.2. Phytostabilization field case studies  

 

The implementation of phytostabilization is a complex process since its success 

depends on authorization by the regional community and regulatory agencies. Required 

greenhouse studies and subsequent pilot studies at the site need to be completed. Results of 

these studies inform choices regarding optimal soil amendments, native plant species, 

irrigation systems, and the agricultural methods most suitable to the site location and 

characteristics of the mine tailings (Tordoff, Baker, &Willis, 2000). Additionally, greenhouse 

and pilot studies are important for predicting problems and overcoming constraints prior to 

final vegetation implementation.  

In case studies of Henriksdal sewage treatment plant, which treated a large portion of 

all sewage generated by homes in Stockholm, sewage sludge was used in greenhouse and field 

studies (Pulford, 2003). Iron sulfate was used as a precipitation agent at this management 

plant; the sludge was stabilized anaerobically and was dehydrated to a dry matter content of 

about thirty percent. For example, in a field study, Alder crispa and Alder glutinosa were used 

in gold excavation remaining rock from northern Quebec. These plants demonstrated that the 

alder species had survival rates and positively influenced the quality and physico-chemical 



43 

 

features of the soil (Pulford 2003). The alder plants reestablished a neutral pH in the soil and 

decreased extractable metals up to two-fold, but did not hyper-accumulate metals into above-

ground plant biomass (Morera, Echeverria &Garrido, 2002). Brown, Svendsen, & Henry 

(2009) performed a field trial in which they demonstrated that surface amendment addition 

could increase the potential of soil pH and decrease extractable metals. The authors confirmed 

that the application of biosolids with other sources of Lime and alkalinity could neutralize 

both subsoil and surface pH and reduce extractable metal concentrations, in some cases 

reducing the need for reapplication of amendments.   

 

Brown, Mahoney, & Sprenger (2014) performed a study in the Oronogo-Duenweg 

Mining Belt in which they assessed the efficacy of compost-based and biosolid amendments 

in resorting Zn and Pb contaminated mine wastes. They found that municipal biosolids 

blended with lime and other composted residuals can result in a minimal ecological risk, and 

mine wastes can recover characteristics similar to healthy soil. Thus, the use of residuals can 

speed up the restoration of old mining sites and minimize ecological impact. This restoration 

can result in faster growth of biomass and increase the chance of ecological recovery. 

Similarly, Galende et al, (2014) applied organic amendments such as poultry manure, cow 

slurry—and paper mill sludge in combination with poultry manure—to assess effectiveness in 

assisted phytostabilization. All of the organic amendments reduced the availability of Pb and 

Zn for vegetative growth. This work demonstrated that the use of slurry from cattle sources is 

a stable amendment in immobilizing soil metal for phytostabilization.  

Pérez-de-Mora et al. (2011) also explored the efficacy of using biosolid compost, 

sugarbeet, lime and lornardite in different plots in repeated applications in soil contaminated 

with Cd, As, Co, Pb, and Zn. The research was conducted four years after the initial 
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amendment application. This research revealed that the results for solid stabilizations are 

dependent upon the elements in the soil. 

Brunner, Luster, Günthardt-Goerg, & Frey (2008) tested root systems of poplar and 

Norway spruce by exposing them to soils contaminated with metals. Fine roots from metal-

contaminated soils have up to 20 times more heavy metals than control treatment. The 

epidermis contained more zinc and copper than the cortex. The drawback of trees is that—

while they can thrive in slightly contaminated soils—they are not appropriate for soils a high 

concentration of metals. The potential of using poplar and Norway spruce in 

phytostabilization is reduced by the low regeneration capacity of the roots in contaminated 

soils. Therefore their used is limited to the concentration of metals in the soil.  

 

The most appropriate way to limit the pollutants of contaminated areas is to create a 

dense plant cover. Frérot et al. (2006) found that using legume species in combination with 

other species increased the biomass of the plant community due to its nitrogen-fixing function. 

Due to low availability of water and high metal contamination with the application of organic 

manure and use of local species, growth was possible. The authors further suggested that a 

long-term project in the region should include grass and legume plant species (Frérot et al., 

2006). Santibañez et al. (2012) evaluated the efficacy of aided phytostabilization of hard rock 

and organic mine waste in copper mines in Mediterranean conditions. The main aim of the 

study was to promote integrated waste management practices in local communities and to 

rehabilitate the land on a large scale. Five waste-type amendments were used in the process: 

goat manure, grape residues, olive residues, rubble from copper-oxide, and biosolids in 

tailings storage facilities (TSFs). The study produced an interesting result in which grape 

residues and biosolids were the most suitable amendments for the soil. The plant species used 
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for vegetation growth were local grass and herbs, and they proved to be the best-aided 

phytostabilization agents. Their fast growth was particularly helpful. It is suspected that 

copper concentrations in shoots may increase metal transfer from plant to the food chain, and 

that should be further evaluated. 

The results from these studies suggest that success in large-scale in-situ 

phytostabilization efforts using amendments may vary. Studies in phytostabilization have 

become more common; however, despite the interest and the different field studies, a gap 

remains between greenhouse studies and field-scale application.  

2.4. Vegetation and dust emissions  

In the 21st century, environmental imbalances have necessitated studying vegetation 

composition, the role of grasses, trees, and shrubs acting as canopy cover including soil 

properties, ecological functions, and dust emissions. Due to changes in vegetation 

composition, climatic disturbances, and increased soil erosion, many of the world landscapes 

are rapidly disintegrating thus affecting the surroundings. The processes of vegetation 

dynamics in speeding up the degradation of land to the extent of desertification are well 

recognized. Drawing on the knowledge from various studies on the subject, a holistic 

approach is needed to tackle the problems land degradation and soil erosion (Zhang, et.al. 

2015).  

Topsoil loss has been observed due to wind erosion. Research has shown that 

intensive cultivation causes topsoil loss and results in loss of soil organic matter. This affects 

the quality of soil and vegetation (Tanaka & Aase, 1989; Stewart, 2004; Larney & Angers, 

2012). Anthropogenic activities cause topsoil loss, result in loss of soil organic matter, and 

affect the quality of soil and vegetation (Tanaka & Aase, 1989; Stewart, 2004; Larney & 
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Angers, 2012). However, wind erosion is still a major factor in soil damage and contaminant 

transport (Breseahers et.al. 2012). Restoration of eroded land in order to maintain the quality 

of soil for vegetation purposes needs further attention. Soils and vegetation can be restored by 

inhibiting disturbance in soil with the help of organic modifications and enhancement of 

microbial activities (Stewart, 2004; Larney et al., 2012). Acosta-Martinez et al. (2011) 

proposed that eroded land can benefit from the enhancement of biogeochemical cycling of 

soil, which can be restored with the addition of amendments and the establishment of plants.  

2.4.1. Dust processes  

Dust particles are composed of soil residues that are suspended in the environment in 

areas where there are strong winds, less vegetation, and dry soil. Dry soil is easily erodible. 

Transport of particles depends on the size and wind speed or threshold friction velocity, which 

is the velocity at which the surface particles start to move. Dust particles are entrapped in the 

environment in a multistep process (Kok et al., 2012). The mechanisms associated with the 

generation of dust and particulate size dispersion are surface creep and saltation leading the 

horizontal aeolian transport (local scale). Most of the mass soil movement occurs in or close to 

the soil surface. The surface, therefore, plays an important role in the generation of dust 

emissions by wind erosion (Kok et al., 2012). Another mechanism is suspension (< 50um), 

which is responsible for the transportation of small particles such as silt and clay over long 

distances (Field et.al. 2010; Csavina et.al. 2011). These mechanisms—and the wind speed at 

which particles start to detach from the soil (Grousset et al., 2003)—make particles available 

for entrainment and subsequent particle transportation (Griffin et.al., 2001). Mechanisms of 

dust generation can be determined by the presence of physical and biological barriers such as 

rocks, plant litter, soil crust, and vegetation. 



47 

 

Dust is a potential source of transporting the contaminants in the environment. Mining 

has long captured the attention of people. During the process of coal mining, respirable dust 

can be lethal. At the same time, non-respirable dust can impact the environment and be a 

nuisance. Currently, air quality studies in mining activities focused on smelting processes and 

not on the particles and possible contaminants from mine tailings. The lack of vegetation 

cover in mine tailings leaves the bare area vulnerable to the dispersion of different sized 

particles as a result of wind and water erosion. This risk exists for a long period of time. 

Remediation strategies for sites such as mine tailings usually involve revegetation. Covering 

or capping mine waste with an innocuous material such as waste rock from mining operations, 

gravel, and topsoil from an adjacent site following seeding is a common practice in mining 

reclamation (Menzies and Mullingan, 2000). Both the cap and the vegetation, once 

established, act as a barrier to erosion processes. 

Vegetation has a significant effect on dust emissions as it provides shelter to the soil 

surface, and it helps in absorbing a fraction of wind momentum flux and dust emissions 

(Stockton et al., 1990). Vegetation covers have different effectiveness quotients for protecting 

and sheltering the soil surface depending on the type and orientation of vegetation. It has also 

been observed that soil sensitivity towards erosion depends on two factors: the texture of the 

soil and characteristics of ground surface (Gillette, 1979; Gillette et al., 1989).  

2.5. Conclusion  

To evaluate the responses of the amendments and plants, a monitoring plan should be 

implemented.  The reaction of the different metals with the addition of amendments should be 

monitored in case bioavailability increases with the use of amendments. Additionally, 

monitoring should address how long organic matter is stable in the system and whether it is 



48 

 

suitable for the plant species. This stage of the process would determine if the treatments 

could be implemented in a field-scale process following the phytostabilization criteria after a 

greenhouse study or a pilot study. 

Another important aspect of the phytostabilization process is the final reclamation 

objective or plan. It is important to know what is going to be done with the reclaimed area. 

This decision depends on the type of topography, the level of contamination, and 

environmental regulations. Currently, there are different alternatives for final use of reclaimed 

mining sites, such as ecological rehabilitation in which the native vegetation is recovered, bio-

fuel crops, timber zone, public parks, warehouse area, or utilization as a renewable and 

alternative energy zone featuring eolian or solar energy.  

Mine tailings are an alarming source of risks for populations and ecosystems in the 

southwest. This is why effective and low-cost, long-term solutions are needed to decrease 

these risks. Additionally, we should consider mine tailings as a liability instead of an asset for 

post-reclamation. Phytostabilization is a complementary technology that can be used along 

with or, in some cases, in place of mechanical, conventional clean-up technologies that 

frequently need high capital contributions and are labor and energy intensive (Johnson and 

Williamson, 1994). Phytostabilization is an in situ remediation technology that uses the 

inherent abilities of living plants. It is also an environmentally friendly, solar-energy 

determined clean-up technology, founded on the idea of applying natural mechanisms to 

purify areas that have become toxic zones due to mining activities. Also, the implementation 

of this technology can provide mining companies with information about cost–effective 

technology that can be implemented to meet environmental laws and corporate or 

governmental responsibility.  
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CHAPTER 3: PLANT SPECIES COMPOSITION AND METAL ACCUMULATION 

IN PLANT SHOOT TISSUE IN ACIDIC METALLIFEROUS MINE TAILINGS  
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Abstract 

 

Mine tailings from abandoned hardrock mine sites pose environmental and human health 

impacts. A common reclamation strategy to decrease risks from these sites is to cover and cap 

followed by hydroseeds application. It is often difficult and expensive to obtain enough 

material for a cap and a high germination rate from the hydroseed mix. Diversity in plant 

species is important for mine tailings reclamation due to the different functions of grasses, 

shrubs, and trees in reducing wind and water erosion, increasing the resilience of the plant 

community against drastically climate changes and to stabilizing metals in the root zone. The 

Iron King Mine and Humboldt Smelter Superfund (IKMHSS) is a typical legacy site 

characterized by low pH (2-3), low organic carbon and nitrogen, low heterotrophic bacterial 

community and high metal content. As a result, these tailings represent a highly disturbed 

matrix that remains devoid of vegetation for decades. Compost-assisted direct planting 

phytostabilization strategy was selected to establish a vegetation cap at the IKMHSS. The goal 

of this six-year study is to (i) evaluate plant species composition and (ii) metal accumulation 

in plant shoot tissue in three study areas at the IKMHSS and relate these results to plant 

canopy cover. The first study area is Phase 1 which is a six-year evaluation of plant 

establishment and survival over six years at a different rate of compost and a plant seed mix. 

Phase 3 is a four-year evaluation of 15% compost amendment supplemented with the lime 

addition on the plant establishment of a monoculture of either grass or a shrub species. The 

third study area is a Hydroseeded Soil Cap representing a four-year evaluation of the 

performance of a soil cap seeded with a standard highway plant seed mix. Results showed that 

in Phase 1, 20% compost amendment resulted in a canopy cover over 50% which sustains a 

species composition dominated by buffalo grass and quailbush. Phase 2 reached an average 
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canopy cover of 22% for buffalo grass and quailbush monocultures, in which these plant 

species were the dominant plant species in their respective treatments. Plant metal uptake 

behavior was measured in Phase 1 and Phase 3 exhibiting similar patterns. Zinc levels in 

quailbush generally exceeded domestic animal toxicity limits (DATL). Arsenic levels in 

buffalo grass exceeded DATL in some instances primarily at lower compost amendment rates 

and later years of the study. Kochia is the most consistent annual and had the highest 

volunteer contribution to canopy cover. Kochia exceeded the arsenic DATL for 10% and 15% 

compost but did not exceed the DATL for the 20% compost treatment. None of the dominant 

plant species present in IKMHSS meet the criterion of hyperaccumulation and for the duration 

of the study have been able to maintain a stable percent canopy cover composition keeping 

their functions as grasses.  
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3.1. Introduction 

 Approximately 41% of the terrestrial surface is covered in drylands, areas that are of 

concern for desertification (Ravi et al., 2011). Soil erosion and land degradation is attributed 

to a combination of factors including human activities, severe climatic conditions, and weak 

national economies, especially in developing countries, that are not able to invest in land 

restoration. This has resulted in the loss of vegetation with an accompanying increase in dust 

emissions, loss of productive topsoil, and incipient desertification (Brown et al., 2008; 

Heckenroth et al., 2016; Zhang et al., 2015). The natural remedy to check the loss of soil is the 

restoration of vegetation including grass and trees. For any particular piece of land, erosion of 

soil is dependent upon many factors that are interrelated. These factors are the weather of the 

area, soil properties, vegetation cover, presence of moisture, and land management (Brown et 

al., 2008). For example, when a vegetative cap is present, the moisture retained under the plant 

canopy can help facilitate further growth of vegetation while on the contrary, in the absence of 

a canopy cover, moisture is unavailable and vegetation cannot flourish (Figueroa et al., 2010). 

 

 For plants, it has been suggested that successful growth is dependent on both soil 

erosion and vegetation dynamics (Padilla and Pugnaire, 2006). For example, grasses respond 

to the deposition or erosion of soil deposits due to wind or water movement. One type of grass 

may die and another flourish depending upon what type of soil is available and how much 

moisture is there. A similar process affects the growth of shrubs and other woody plants. Both 

the quality of soil and vegetation composition can change rapidly or slowly, depending on the 

relationship among the factors (e.g., climate, erosion, moisture level) exerting pressure on a 

given ecosystem (Mendez et al., 2007; Parraga-Aguado et al., 2014).  
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 In turn, soil erosion depends on canopy cover, for example, erosion has been shown to 

depend on the distance between woody plants. If the distance between woody plants is larger, 

the erosion potential of wind is greater (Padilla and Pugnaire, 2006). Studies have shown that 

the best way to combat both wind and water erosion is a mix of woody plants (trees or shrubs) 

and grasses (Breshears et al., 2009; Brooker et al., 2008; Field et al., 2012) . Experts have 

suggested that one way to facilitate the growth of a robust plant cover is to use plant varieties 

that positively interact with each other to support increased plant growth (Parraga-Aguado et 

al., 2014). For example, canopies of plants provide cover from the elements for new plants, a 

“nursery” effect that aids the plant regeneration and growth (Padilla and Pugnaire, 2006; 

Parraga-Aguado et al., 2014).  

 

 We have been interested in a special case of land degradation, and that is the disposal 

of mine tailings. Mine tailings are the waste materials remaining after extraction and 

beneficiation of valuable metals from ores. Common characteristics among all tailings is that 

they lack organic matter and macronutrients, they lack normal soil structure, and have a 

heterotrophic microbial community characterized by low numbers, diversity, and carbon 

utilization patterns (Mendez et al., 2007; Moynahan et al., 2002). In addition to these 

characteristics, legacy tailings that were mined decades ago often exhibit extreme pH. Acidic 

pH is common in tailings derived from pyritic ores while bauxite tailings can be highly 

alkaline in nature (Krzaklewski and Pietrzykowski, 2002; Lottermoser, 2010). Legacy tailings 

also commonly have metal content higher than background levels found in most soils due to 

incomplete extraction processes. Thus it is common to have elevated levels of metals (1 – 50 

g/kg) such as lead, arsenic, zinc and copper in legacy tailings (Bouiet and Larocque, 1998; 

Walder and Chavez, 1995). Modern tailings generally have low metal content, and the pH is 
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better controlled but these materials have been ground more finely than in the past, and so are 

a source of smaller particles that are more subject to wind and water erosion processes.  

 

 A field trial was established at the Iron King Mine and Humboldt Smelter Superfund 

(IKMHSS) site to evaluate compost-assisted direct planting phytostabilization technology 

beginning in 2010. The IKMHSS is a typical legacy site, characterized by low pH (2-3), low 

organic carbon and nitrogen below 0.03 g kg-1 for total carbon; and 0.002 g kg-1 for total 

nitrogen), low heterotrophic bacterial counts (1.7 x 10-2 CFU g-1 dry tailings), and high metal 

content (2590 and 2200 mg kg-1 for arsenic (As) and lead (Pb ) respectively). The goal of this 

study is to (i) evaluate plant species composition and (ii) metal accumulation in plant shoot 

tissue in three study areas at the IKMHSS and relate these results to plant canopy cover. Study 

area 1 was initiated in 2010 and examines 10, 15, and 20% compost amendment in 

conjunction with a plant seed mix on the plant establishment and survival. Study area 2 was 

initiated in 2012 and evaluated a 15% compost amendment supplemented with the lime 

addition on the plant establishment of a monoculture of either a grass or a shrub species. Study 

area 3 was initiated in 2012 at which time a 30.5 to 122 cm soil cap was placed over the 

tailings which was then seeded with a standard highway plant seed mix. 

3.2. Materials and methods 

3.2.1. Site description: Initial conditions of IKMHSS tailings 

The study was conducted at the IKMHSS site in Dewey-Humboldt, Arizona (North 

34°31′57″, West 112°15′9″). The site was placed on the National Priority List in September 

2008 (USEPA, 2010) because of high levels of metal(loid)s associated with the tailings, 

mainly arsenic (As) and lead (Pb) (approx. >3000 mg kg-1 each (USEPA, 2010). 
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Characteristics of the 62-ha mine tailings pile include extreme acidity (pH 2.5 to 3.5), low 

organic matter and nitrogen content (below 0.03 g kg-1 for total carbon; and 0.002 g kg-1 for 

total nitrogen), 1.7 x 10-2 CFU g-1 dry tailings of neutrophilic heterotrophic bacteria, and high 

levels of As (2590 mg kg-1) and Pb (2200 mg kg-1) (Gil-Loaiza et al., 2016). The surficial 

tailings (0-30 cm) have a particle size distribution of 20.4% clay, 44.8% silt, and 34.7% sand 

(Hayes et al., 2014; Solís-Dominguez et al., 2012) 

3.2.2 Description of IKMHSS surroundings 

 The IKMHSS area has a hilly topography surrounding the Galena and Chaparral 

gulches. It is within a larger mountain range that is part of Prescott National Forest, and the 

area is characterized as “Arizona” chaparral subtype, all characteristics that influence wind 

patterns and local weather conditions (USEPA, 2010).The soil neighboring the mine tailings 

are located is classified as a very deep and well-drained Balon gravely, sandy loam, however 

the surface soil texture of the mine tailings (0-30 cm depth) has a particle size distribution of 

20.4% clay, 44.8% silt, and 34.7% sand (Hayes et al., 2014; Solís-Dominguez et al., 2012).  

The IKMHSS tailings are located in a biome characterized as Interior Arizona Chaparral 

biotic community, which is composed of grasslands, chaparral shrub-land, and pinyon and 

juniper woodlands. 

3.2.3. Description of the strategies evaluated for direct planting compost assisted 

phytostabilization 

 This project, which has three study areas each designed differently, examines the 

establishment of a vegetation cap in the IKMHSS mine tailings (Fig 3.1A). The three designs 

are meant to test different agricultural strategies and desert native plant species. The goal is to 

establish a vegetative cap to decrease contaminant dispersion and the susceptibility of the 
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IKMHSS tailings pile to erosion. The design of the two of the study areas is based on results 

of previous greenhouse studies (Gil-Loaiza et al., 2016; Solís-Dominguez et al., 2012), that 

used amendments including dairy manure and green waste compost from a local source, 

Arizona Dairy Compost LLC (Anthem, AZ), and hydrated lime (Chemstar, Type S lime, 

Lhoist North America, AZ). Plants were selected based on drought tolerance and tolerance of 

high concentrations of metals as well as tolerance of acidic and saline environments. The 

different plant species selected and grouped by ecological function were grasses: buffalo grass 

(Buchloe dactyloides), arizona fescue (Festuca arizonica); shrubs: quailbush (Atriplex 

lentiformis), mount mahogany (Cercocarpus montanus); and trees: mesquite (Prosopis 

juliflora) and catclaw acacia (Acacia greggi) (seed source: Desert Nursery, Phoenix, AZ). 

Three study areas were evaluated in this study: Phase 1, Phase 3, and Hydroseeded Soil Cap.  

3.2.3.1. Phase 1 Study Area 

 Phase 1 is an area of 0.27 hectare (ha) in which the establishment of a compost-

assisted phytostabilization has been evaluated since 2010 to test different rates of compost 

amendment (Fig. 3.1B) (Gil-Loaiza et al., 2016; Solís-Dominguez et al., 2012). As described 

by Gil-Loaiza (2016), six treatments were tested, with four replicates each in a randomized 

blocked design: (1) unamended control; (2) 10% compost - seeded with buffalo grass and 

mesquite; (3) 15% and (4) 20% compost - unseeded; (5) 15% and (6) 20% compost seeded 

with and a mix of all 6 desert native plants species described above (Gil-Loaiza et al., 2016). 

Compost rates were: 10% compost treatment 228 t ha-1; 15% compost treatments 342 t ha-1; 

and 20% compost treatments received 456 t ha-1. Compost was tilled into each plot to a depth 

of about 15 cm. Plants were seeded at the following rates: 90 kg ha-1 buffalo grass, 56 kg ha-1 

arizona fescue, 56 kg ha-1 quailbush, 11 kg ha-1 mountain mahogany, 0.15 kg ha-1 mesquite 

(Prosopis juliflora), and 1 kg ha-1 catclaw acacia. Following seeding, straw was scattered 
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straw over the plot surface at a rate of 6 t ha-1 and crimped 10 cm deep into the tailings 

surface. This helped prevent seed consumption by birds and seed dispersion by the wind.  

3.2.3.2. Phase 3 Study Area 

 Phase 3 is an area of 0.3 ha that was treated with 15% (w/w) compost and lime (Fig. 

3.1C). The study area was divided into six strips 6 x 61 m parallel to the general slope of the 

area and perpendicular to the prevailing winds. After the site had been ripped and tilled, 

20,160 kg ha-1 of lime and 120 tons of AZ dairy compost (15% w/w) were applied. Three of 

the six strips were seeded with a monoculture of quailbush at a seeding rate of 41 kg ha-1 and 

three strips were planted with a monoculture of buffalo grass (strips 2, 4, and 6) at a seeding 

rate of 88 kg ha-1 using the same methods as in Phase 1 (Fig 3.1B.). Following seeding, straw 

was scattered over the plot surfaces at a rate of 11,000 kg ha-1. Since the establishment of 

mesquite and acacia did not occur in Phase 1, a transplant approach was tested to see whether 

the establishment of these two species could be increased. Greenhouse-grown transplants of 

mesquite and catclaw acacia were emplaced in a single 10 m planting line in each of the strips 

at a distance of 1.8 m apart for a total of 5 transplants per strip (supplemental Fig S 3.1). 

Management of Phase 3 is as described in Gil-Loaiza et al. (2016).  

 

 Phases 1 and 3 were irrigated using the sprinkler system every 7 to 10 days in the 

absence of rainfall, with adjustments made for weather conditions, water availability, and 

plant qualitative observations. For example, irrigation was suspended when signs of winter 

senescence were observed (Table 3.1), and it was reinitiated the following spring once 

temperatures below freezing had ceased and signs of spring growth were observed. Due to 

limited availability of irrigation water, applications were limited to between 13 and 25.5 mm. 

During periods of appreciable rainfall, irrigation was postponed. In addition to a sprinkler 



67 

 

system, Phase 3 was fitted with a gravity fed drip irrigation line along each planting line offset 

1.5 m from the center of each strip. Each transplant location had a single 0.5 gallon per hour 

(gph) dripper. The drip irrigation was controlled using battery operated timer valves. Irrigation 

in the absence of rain occurred 2 to 3 times per week for 1 hour, to keep germinating seeds, 

seedlings, and transplants moist between sprinkler irrigation intervals. 

3.2.3.3. Hydroseeded Soil Cap Study Area 

 We also evaluated an area that received a cap comprised of 1,711.5 tons of residential 

soil from the community neighboring IKMHSS that was removed as part of the environmental 

investigation and background study conducted by Environmental Protection Agency (E & E, 

2012). Removal of residential yards was completed in November of 2011, and the soil was 

placed in the west area of the main tailings pile (Fig. 3.1D) (USEPA, 2012). The soil cap 

depth ranged from 30.5 to 122 cm, with a total coverage of 0.9 hectares. The soil was 

subsequently hydroseeded with “Prescott Blend”, Hydroseed Mix which contains a plant 

species mixture of: 28% blue grama (Bouteloua gracilis); 16% sheep fescue (Festuca ovina); 

11% western wheatgrass (Pascopyrum smithii); 11% Arizona fescue (Festuca arizonica); 4% 

curly mesquite (Hilaria belangeri); 12% side oats gramma (Bouteloua curtipendula); and 18% 

Other (E & E, 2012). This area did not receive any irrigation. 

3.2.4. Initial tailings and soil characterization  

 The initial characterization of the three study area samples, as well as an off-site 

control area, was performed by collecting surface samples in triplicate from each area at a 

depth of 8 cm. Samples were collected from Phase 1 and Phase 3 immediately after the 

compost was tilled into the tailings. Samples were collected from the Hydroseeded Soil Cap 

study area in October 2012 a depth of 8 cm. Samples were placed into sterile plastic soil bags 
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and transported back to the laboratory where they were air-dried at room temperature and then 

passed through a 2mm sieve. Parameters analyzed for each sample included: pH, electrical 

conductivity (EC), total carbon (TC), total organic carbon (TOC) and total nitrogen (TN). As 

described previously (Gil-Loaiza et al., 2016) pH and EC were measured using aqueous 

solutions of a 1:2 mass ratio of sample to 18 MΩ deionized water reacted for 1 hour. For TC, 

TIC, and TN, 20 g of sample were finely ground as described by McGee et al. (1999) and 

analyzed using a Shimadzu TOC-VCSH analyzer (Columbia, MD) with a solid state module 

(SSM-5000A). Total organic carbon was determined from the difference between TC and 

TIC. Detection limits were determined separately for each batch of samples analyzed. The 

range of detection limits for TC analysis was from 0.03 to 0.135 g kg-1 dry tailings, from 0.45 

to 0.1 g kg-1 for TIC, and from 0.0020 to 0.016 g kg-1 for TN. These analyses were done at 

The Arizona Laboratory for Emerging Contaminants (ALEC: http://www.alec.arizona.edu/). 

 Neutrophilic heterotrophic counts were determined using 1 g of each soil sample. 

Samples were serially diluted and plated in triplicate on R2A agar (Bacton Dickenson and 

Company) with 200 mg L-1 of cycloheximide to suppress fungal growth. All plates were 

incubated for five days at 23°C and then enumerated. The NHC are reported as colony 

forming units (CFU) per gram dry weight of the sample (Gil-Loaiza et al., 2016; Solís-

Dominguez et al., 2012).  

3.2.5. Evaluating Vegetation performance 

3.2.5.1. Canopy cover and plant species composition 

 Both total canopy cover and species specific plant cover was estimated on a yearly 

basis beginning in October 2010 for Phase 1, October 2012 for Phase 3, and October 2012 for 

the Hydroseeded Soil Cap study areas using transect and quadrat sampling (Lutes et al., 2006; 

http://www.alec.arizona.edu/
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Swanson, 2006). Observations were within a 1 m2 quadrat frame placed at 3 m increments 

along two 15 m diagonal transects in designated plots in each study area (Coulloudon, 1999; 

Elzinga et al., 1998). Four additional observations were made at random locations within the 

plot. The canopy cover estimation was made from aerial observations of the quadrant. 

Estimations of the ground area covered by each plant species as individual included the foliar 

area over the quadrant, even if the plant was not rooted within the frame. The percent species 

specific plant cover was calculated using Eq. 1.  

% 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑙𝑎𝑛𝑡 𝑐𝑜𝑣𝑒𝑟 =  
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑛𝑜𝑝𝑦 𝑐𝑜𝑣𝑒𝑟

𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑛𝑜𝑝𝑦 𝑐𝑜𝑣𝑒𝑟
× 100   Eq. 1 

3.2.5.2. Metal(loid) uptake into plant tissue 

 Plant shoot tissue samples were collected yearly in October. Shoot tissue samples were 

washed with a 0.1% HCl solution and dried in a Blue M force air oven (Thermal Product 

Solutions, New Columbia, PA) at 65°C for 72 h. Dried samples were ground using a Wiley 

Mill (Thomas Scientific, Swedesboro, NJ), and passed through a 40-mesh (0.42 mm) screen 

and then microwave digested (MARS6, MDS 2100 CEM corporation, Matthews, NC;) using 

USEPA method 3052 for total element concentration of As, Cd, Cr, Mn, Zn, Pb among others. 

Quality controls included a one sample duplicate, a sample treated as blank with distilled 

water,  HNO3 and hydrogen peroxide, and Standard Reference Material 1573a, NIST (tomato 

leaves) as an external quality control (Ramirez-Andreotta et al., 2013). Digested samples were 

analyzed by ELAN DRC-II ICP-MS (Perkin Elmer, Shelton, CT) including measurement of at 

least one quality control solution from a second source, such as the NIST 1643e Trace Metals 

in water, CRM-MFD -Mixed Food Diet and Soil A- from High Purity Standards at the 

Arizona Laboratory for Emerging Contaminants (ALEC: http://www.alec.arizona.edu/). 

http://www.alec.arizona.edu/
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3.2.6 Statistical Analysis 

 Significant differences over time for canopy cover were detected by employing one-

way ANOVA (p < 0.05) by treatment. Significant differences between means were determined 

by Tukey’s test (p < 0.05). The nonparametric Kruskal-Wallis test was used to evaluate 

significant differences in metal(loid) accumulation in shoot tissue and the effect of rate of 

compost with time data followed by a Steel-Dwass all pairs evaluation of significant 

differences among means (p < 0.05). All analyses were conducted using JMP®, Version 12.0. 

(SAS Institute Inc., Cary, NC, 1989-2007). 

3.3. Results  

3.3.1. Initial characteristics of IKMHSS study areas and effect of amendments 

The unamended IKMHSS mine tailings are characterized by extremely acidic pH, high 

EC indicative of a saline soil, TC, TOC and TN content below detection limits and NHC more 

than four orders of magnitude lower than the off-site soil (Table 4.2). Taken together, these 

results indicate the extreme conditions of the tailings in comparison to the off-site soil prior to 

the amendment. Following compost amendment to the Phase 1 and Phase 3 study areas, there 

was an immediate increase in pH, TC, TOC, TN, NHC. Both pH and NHC were similar to the 

off-site soil while TC, TOC and TN were 1 to 2 orders of magnitude higher than in the off-site 

soil. The addition of compost resulted in even higher EC reaching values that were two orders 

of magnitude higher than in the off-site soil. As expected, characteristics of the residential soil 

used in the Hydroseeded Soil Cap study area were much more similar to the off-site soil with 

the exception of a higher EC value.  
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3.3.2. Canopy cover and plant species composition 

 3.3.2.1 Phase 1 study area 

 Canopy cover in each study area was measured yearly. In Phase 1, the control 

treatment which was irrigated but did not receive either compost amendment or seeds 

remained barren of plants for the duration of this study. In contrast, all treatments receiving 

compost amendment and seeds showed germination and plant growth achieving a 30 to 39% 

canopy cover within the first 5 months (Fig. 3.2). This is equivalent to the canopy cover 

measured in the off-site surrounding area (dashed line on Fig. 3.2). Canopy cover was 

subsequently measured yearly for 5 years and showed a trending but not significant decline in 

the 10% compost treatment, no significant change in the 15% compost treatment, and a 

significant increase to over 50% canopy cover in the 20% compost treatment. Treatments that 

received compost but no seeds had 6 % canopy cover after 5 months, but the canopy cover 

increased significantly over the subsequent 3 years reaching 21 and 36% in the 15 and 20% 

compost treatments, respectively. Canopy cover declined in these two treatments in years 5 

and 6, but the decline was not significantly. Canopy cover in the unseeded treatments is a 

result of seed deposition following blooming and seeding of quailbush from the neighboring 

seeded plots as well as from volunteer species from off-site.  

 In terms of plant species distribution (Fig 3.3A) recall that the 10% compost seeded 

treatment received only buffalo grass and mesquite seeds. Mesquite did not survive. Buffalo 

grass was the dominant plant species in the first year accounting for 97% of the total canopy 

cover. This decreased to 71% over the course of the next five years with the difference made 

up primarily of volunteers including kochia (14%) and other annuals 9.7%. The 15% and 20% 

compost seeded treatments each received a seed mix of six plants. In both treatments, only 

quailbush and buffalo grass survived with quailbush dominating in both treatments. In the 
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15% compost treatment, the percent volunteers, including kochia and other annuals, showed a 

general increase over time making up 34% of the total canopy cover by 2015. In contrast, the 

contribution of annuals to the 20% compost treatment was smaller and showed no trend 

making up 5% of the canopy cover in 2015.  

 In the 15% and 20% unseeded composted treatments, quailbush was 22% and 43% of 

the total canopy cover, respectively in 2010. Quailbush increased slightly in the 15% compost 

treatment to 30% by 2015 and more in the 20% compost treatment 60% by 2015. Plants 

contributing to the remainder of the total canopy cover (Fig 3.3B) were annual weeds. Kochia 

became established in both treatments in 2011 with an average of 43% cover for the remainder 

of the study.  

 3.3.2.2 Phase 3 study area  

 Phase 3 focused on the use of a 15% compost amendment with key differences from 

Phase 1 including the addition of lime and the planting strategy. Phase 3 compared two 

planted areas; one that was seeded with a monoculture of buffalo grass and one that was 

seeded with a monoculture of quailbush the plants that were most successful in Phase 1. The 

monoculture areas were supplemented with a line of transplants that included mesquite, 

acacia, quailbush and buffalo grass. Canopy cover patterns between 2012 and 2015 in the two 

areas of Phase 3 were similar to each other (Fig 3.4). Initial canopy covered ranged from 15.9 

± 7.2% in the quailbush area to 28.0 ± 11.7% in the buffalo grass area at 5 months. Both areas 

exhibited a significant increase in canopy cover to 50.0 ± 18.1% and 42.± 10.1% respectively, 

in 2013 (Fig 3). Canopy cover then decreased back to 2012 levels in both areas in 2014 and 

2015. The significant increase in 2013 may have been due to lime addition the effects of 

which may have been used up by 2014.  
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 In terms of plant species composition, the canopy cover in the buffalo grass 

monoculture area was dominated by buffalo grass (75% to 85%) in 2012 through 2014 but 

declined to 39% by 2015 (Fig. 3.5A; Fig. 3.5B ). Kochia (26.4%), other annuals (18.2%), 

quailbush (14.4%) and mesquite (1.9%) made up the rest of the species composition. The 

quailbush monoculture area followed a similar trend except that quailbush was the dominant 

species. The transplants in general were visually larger and healthier than the seeded plants. 

All plants showed signs of blooming and seeding from 2013 to 2015 as did the plants in Phase 

1. 

3.3.2.3 Hydroseeded Soil Cap area 

 The area covered with residential soil and hydroseeded showed a total canopy cover of 

16.8 ± 4.0% percent in 2012 (Fig 3.6). Canopy cover decreased in subsequent years to 8.5 

1.7% (2013), 6.5 ± 2.9% (2014), and 8.3 ± 5.9% (2015) although the decrease was significant 

only in 2014. In terms of plant species composition, in 2012 the site was dominated by plants 

that may have come from the seed mix or that are volunteers from the surrounding area, a 

category referred to as “others” (69%), with 28.8% grasses and 2% unidentified plant species 

(Fig. 3.7A). However, by 2014, the plants represented by the “others” category declined and 

almost disappeared from the Hydroseeded Soil Cap study area, and grasses had increased as a 

fraction of the plant species making up the canopy cover to 91.6%. We note that the original 

hydroseed mix contained 78% grass species and 18% unknown species. Of the six known 

plant species in the hydroseed mix, four were identified as part of the soil cap canopy 

composition: blue gramma, sheep fescue, western wheatgrass, and side oats gramma. 

Generally, the canopy cover from this area was visually smaller and widely dispersed, and the 

area showed signs of erosion. Tailings were exposed in eroded zones, and an efflorescent salt 

layer was visible in some areas.  
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3.3.3. Metal(loid) uptake into plant tissue 

 Samples of plant shoot tissue were collected yearly from all plant species that 

produced sufficient biomass for metal(loid) analysis in all of the study areas. For Phase 1, 

10% compost BG & MQ samples were collected from the dominant plant buffalo grass and 

quailbush that grew only in 2012 (Table 3.3). As levels of buffalo grass increased significantly 

from 2010 to 2013 (H(2) 12.2; P = 0.0067), they exceeded twice the DATL limits. Zinc and 

copper showed an accumulation similar to the DATL with no time trend. Although quailbush 

was not planted in this treatment, it grew as a result of seed deposition from neighboring plots 

after blooming season in 2012. Zinc levels for this plant species were 2.5-fold higher than the 

DATL limit level (H(2) 10.5; P = 0.015). Follow-up of these levels of zinc was not possible 

the subsequent year since no quailbush was present.  

 For 15% compost treatments, zinc in buffalo grass showed an increase above the limit 

levels in 2012 only, while arsenic and copper were similar to the DATL and consistent over 

time (Table 3.4). On the other hand, zinc levels in quailbush exceeded DATL limits in 15% 

compost and in 20% compost treatments (Table 3.5) with non-significant accumulation effects 

over time. Buffalo grass in 20% compost showed accumulation of copper in 2012 and 2013 

according to DATL. Metal accumulation patterns for nickel, cadmium and lead in plant 

species were similar in 10%, 15% and 20% compost (Tables 3.3, 3.4 and 3.5.), and these 

levels were below DATL levels. 

 In Phase 3, 15% compost and lime show accumulation of copper, zinc and arsenic in 

buffalo grass transplants similar to or slightly above DATL (Table 3.6). Buffalo grass 

transplants decreased in arsenic, zinc and copper concentration from 2012 to 2013 (t = -2.18; 

P = 0.045). Quailbush that grew from seeds or transplants did not accumulate metals 

exceeding DATL, except for zinc. Kochia and tumbleweed, volunteer annual plants that grew 
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in this Phase 3 did not accumulate metals in shoot tissue, except for kochia, in which zinc 

accumulation was similar to DATL.  

 The potential hyperaccumulation of metals from the volunteer plants in different 

treatments was analyzed (Table 3.6). Since most of these plants are annual species, and some 

of them were present with low aboveground biomass, it was not possible to collect a series of 

repeated samples every year for all the species. Data showed that the volunteer plants did not 

accumulate metals above DATL for lead, copper, and nickel. These results are similar to the 

results from buffalo grass and quailbush. Kochia is the most consistent volunteer every year 

and had a higher contribution to canopy cover. Kochia accumulated arsenic from 2011 to 2013 

exceeding DATL for 10% and 15% compost. Levels for 20% were below DATL. Zinc 

accumulation showed similar patterns except that accumulation limits were similar to DATL. 

Volunteer forbs such as goosefoot, bindweed, and hairy false, accumulated arsenic and zinc 

above DATL when collected in 2011. Tumbleweed accumulated these same metals in 2013 

(Table 3.7). 

 

3.4. Discussion 

3.4.1. Canopy cover and plant species dynamic in direct planting phytostabilization  

Direct planting phytostabilization using compost as amendment in IKMHSS has 

resulted in the improvement of mine tailings conditions into a substrate able to support plant 

growth (Gil-Loaiza et al., 2016). The field trial based on greenhouse studies successfully 

establish a vegetation cap after 65 months, a stable canopy cover with diversity in plant 

species composition plays an important role in keeping the ecological function of the 

vegetation cap. In a long-term the plant species composition is a key success to achieve direct 

phytostabilization objective, reducing erosion and stabilize metals.  
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The changes in canopy cover by treatment in Phase 1 agreed with the acid neutralizing 

capacity of the substrate after the addition of compost. It also seems to be related to the 

buffering capacity of the treatment after the vegetation cover is established. Gil-Loaiza et.al., 

2016 showed that 20% compost and canopy until 2013 were able to decrease pyrite by 89% 

while 20% compost unseeded treatment only decreased down by 30%.  

Canopy cover and species composition results from Phase 3 and hydroseeded soil cap 

suggest that changes in climate and extreme events added to the instability of tailings surface, 

typical of legacy abandoned mining, led to rapid shifts in vegetation patterns increasing soil 

erosion and expose efflorescent salts (Jefferson, 2004). Vegetated areas with low neutralizing 

capacity are more susceptible to erosion either by the wind or by strong rain events, therefore, 

increase die-off of vegetation reducing canopy cover, changing species composition. Low 

neutralizing capacity can have a detrimental effect on seeds from germination to propagation, 

decreasing the capacity of the vegetation cover to be self-sustainable, and increase its 

extension (Parraga-Aguado et al., 2013). 15% compost and lime with monoculture strategy 

allowed a denser and faster vegetation cover when compared from 5 to 17 months possibly as 

a result of less competition among plant species. Additionally, percent of volunteer annuals 

plants present was less than in Phase 1, hence reducing the possibility of introduces 

hyperaccumulator species.  

Hydroseeded soil cap vegetation reached a canopy cover that is half of the surrounding 

areas. Plant species composition transition from forbs and annuals to primary grasses, the 

whole canopy, was low in height and biomass indicating a fragile vegetation, and most plants 

are still in very early stages of growth. This instability of the canopy cover is reflected in the 

erosion that is evident around the area. When soil erodes, fine soil nutrients are lost with the 

ability of sustain moisture and the substrate cannot sustain vegetation at the desired level. 
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Therefore this approach has not been successful in IKMHSS. Hydroseed planting method can 

place seeds in unfavorable places leading to a decrease of viability due to desiccation and 

predation therefore 25% more of the total seeds should be used (Montalvo et al., 2002). 

Planting strategies, seed source and plant species combination will influence plant 

establishment (Montalvo et al., 2002; Vamerali et al., 2011). Our study showed that dry 

broadcasting followed by drilling and mulch application were successful when buffalograss 

and quailbush are planted compost-tailings substrate Phase 1 and Phase 3. Although dry 

broadcasting can reduce germination, in our study Phase 1and Phase 3 mulch application was 

used to avoid dispersion of seeds by the wind, the surface impact from sprinkler irrigation, and 

intense UV light and increase germination rates.  

More diverse vegetation cover seems to increase the resilience to weather events when 

we compare canopy composition from Phase 1 and Phase 3. It is important to have a diversity 

of plant species in a reclamation strategy like direct planting phytostabilization. The role of 

each of them is not limited in terms of the function of the canopy for example grasses in the 

upper layer with a high dense root system will have a positive impact since they will protect 

the soil  from erosion. It seems that shrubs are playing an important role in keep the canopy 

stable. Shrubs, thanks to their canopy, are able to trap nutrients from dust and accumulate 

more litter by decomposition bringing back carbon to the soil and plants (Field et al., 2012) 

It was observed that the areas dominated by buffalo grass and quialbush were less 

susceptible to weed colonization. The previous characteristics will be also essential to control 

soil erosion and undesirable weeds that could be hyperaccumulator. The changes in vegetation 

composition are closely associated with quality of the soil. Shrubs, thanks to their canopy, are 

able to trap nutrients from dust, reduce dust erosion, and accumulate more litter and by 

decomposition bringing the carbon back to the soil and plants. The caveat is that a canopy 
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high percent of shrubs will reduce the changes of growth and establishment of tree species. 

Sometimes, grasses give way to wooden trees or vice versa (Parraga-Aguado et.al., 2014). 

Species composition is also important since for example, fine roots in shallow layers 

are an important sink for metal phytostabilization (Vamerali et.al., 2011). These treatments 

produced an increase in volunteer annual plants, which are plants that grow without being 

planted intentionally. The plant composition was dominated by quailbush and an annual weed 

called kochia/Mexican fireweed (Bassia scoparia). This can be compared to areas with no 

vegetation were characterized by gravelly bare ground (Environsystem Mangement, 2009) and 

to a previous vegetation survey in the undisturbed area in which the tailings are located. This 

area has dispersed and reasonably dense canopy (~30%) composed of shrub and tree-like 

shrub canopy formed mainly by pointleaf manzanita (Arctostaphylos pungens), rabbitbrush 

(Ericameria nauseosa), catclaw acacia (Acacia greggii), desert ceanothus (Ceanothus 

greggii), cliffrose (Cowania mexicana), hollyleaf buckthorn (Rhamnus crocea), and white 

sagebrush (Artemisia ludoviciana) and by annual and perennial grasses like sideoats grama 

(Bouteloua curtipendula), hairy grama (Bouteloua hirsuta), red brome (Bromus rubens), black 

grama (Bouteloua eriopoda), and plains lovegrass (Eragrostis intermedia). The forbs canopy 

is more widespread compared to grasses and consisted of common yarrow (Achillea 

millefolium), hairy fleabane (Conyza bonariensis), Palmer's penstemon (Penstemon palmeri), 

purple nightshade (Solanum xantii), Davis Mountain mock vervain (Glandularia 

bipinnatifida), and a few, scattered sacred thorn-apple (Datura wrightii). Similarly, the canopy 

comprised of tree species (Juniperus monosperma, Juniperus deppeana) were dispersed and 

dense in certain areas. Interestingly, Arizona walnut showed signals of drought stress and 

possible phytotoxicity as a result of metals concentration from mine leaching. The vegetation 

closest to the area covered by tailings ranges from highly reduced to totally absent of 
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vegetation. Those areas with a minimum cover of stressed shrubs and forbs showed very low 

growth (Environsystem Mangement, 2009).  

3.4.2. Metal uptake in plant shoot tissue in direct planting phytostabilization 

Plant metal uptake behavior was similar in both Phase 1 and Phase 3. Therefore metal 

uptake is directly related to plant species. Taking into account the heterogeneity of the area of 

study in IKMHSS, the addition of compost had a metal dilution effect, decreasing metal 

availability allowing seed germination and subsequent growth. More analysis in plant species 

in Phase 3 should be done to evaluate if there is an effect on lime in metal uptake. Also, there 

is not a significant effect or accumulation by a year or and when results are compared with 90 

days greenhouse studies (Solís-Dominguez et al., 2012). So far, the plant species present in 

IKMHSS meet the phytostabilization criteria of not been a hyperaccumulators.  

The concentration of metals in the leaves varied between species and time frame. The 

amount of compost added had an effect in shoot tissue metal concentration, humic acids in 

compost will increase plant growth and decrease metal translocation rates (Vamerali et.al., 

2014). Similarly, Walker et al., 2004 found that the use of manure inhibited sulphide oxidation 

improving the substrate to allow initial revegetation while decreasing shoot concentrations of 

Cu, Zn, and Mn. I found interesting that BG in 10% compost was the treatment that shows 

higher concentration of As in leaves but also shows increase with time but not significantly. It 

is possible that due the high acid generation of this treatment, which causes pH to decrease, 

buffalo grass starts to alkalinize the rhizosphere area, therefore making As more bioavailable. 

This not evident in 15% and 20% compost treatment, perhaps as a result of high organic 

matter, which can form more complex mineral phases to make As less available. This also 

could be explained just as a dilution effect by the rate of compost used.  Additionally, it is still 
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unknown the compounds that are released by buffalo grass’s roots that may form complex 

with As and be easily uptake. 
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FIGURE 3.1 Direct assisted phytostabilization at IKMHSS. (A) Aerial view of the 

IKMHSS tailings showing the location of the 3 study areas. The inset shows the location of 

the IKMHSS site (black diamond). (B) Hydroseed soil cap area, 0.9 hectares of yard soil 

treated with Prescott Blend” Hydroseed Mix; red squares indicate sampling areas. (C) Phase 3 

map; each number indicate treatment: (1, 3, and 5) quailbush monoculture strip; (2, 4, and 6) 

buffalo grass monoculture strip. (D) Phase 1 map of the 24 plots (9.6 m x 15 m per plot) 

showing the location of all treatments. Numbers indicate treatment: (1) unamended control; 

(2) 10% compost – seeded with buffalo grass (BG) and mesquite (MQ); (3) 15% compost – 

unseeded; (4) 20% compost – unseeded; (5) 15% compost – seeded; (6) 20% compost –seeded  
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FIGURE 3.2 Changes in percent canopy cover over time in the Phase 1 study. Bars 

represent the average + 1 standard deviation, n = 4) at 5, 17, 29, 41, 53, and 65 months for 

10% compost - seeded with buffalo grass and mesquite; 15% and 20% compost - unseeded; 

and 15% and 20% compost seeded with a mixture of six native plants. The unamended control 

is not included since no plants grew. The dashed line denotes the average canopy cover in the 

immediate surrounding area (34°29'54.90"N; 112°15'15.18"W). A one-way ANOVA was 

performed for each treatment. Means identified with different letters are significantly different 

by year (p < 0.05; Post-Hoc Tukey-Kramer test, n = 4). C = compost, BG = buffalo grass, and 

MQ = Mesquite; Seeds consist of a mix of native plants buffalo grass, Arizona fescue, 

quailbush, mount mahogany mesquite, and catclaw acacia.   
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Buffalo grass Quailbush Kochia Arizona fescue Annuals Trees

 

 

FIGURE 3.3A Changes in canopy cover composition over time in phase 1 study. 

Treatments include 10, 15, and 20% compost amendment 10% compost - seeded with buffalo 

grass and mesquite;  15% and 20% compost - unseeded; and 15% and 20% compost seeded 

with a mixture of six native plants. Bars represent the percent canopy of each plant species 

from the total canopy cover including all plant species. The unamended control is not included 

since no plants grew. Annuals category includes several volunteer annual plant species. Trees 

category includes Mesquite and Acacia. C = compost, BG = buffalo grass, and MQ = 

Mesquite 
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FIGURE 3.3B Percent ground cover over time in phase 1 study. Treatments include 10, 

15, and 20% compost amendment 10% compost - seeded with buffalo grass (BG) and 

mesquite (MQ); 15% and 20% compost - unseeded; and 15% and 20% compost seeded with a 

mixture of six native plants. Bars represent the total ground area for each treatment. Black 

indicates the percent of ground area covered by vegetation and light grey indicates the percent 

of bare ground. Values are average n = 3. The unamended control is not included since no 

plants grew. 
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FIGURE 3.4 Changes in percent canopy cover in 15% compost and lime over time in 

phase 3. Bars represent the average + 1 standard deviation, n = 3 at 5, 17, 29, and 41 months 

for 15% compost + lime with buffalo grass and quailbush monoculture strip. The dashed line 

denotes the average canopy cover in the immediate surrounding area (34°29'54.90"N; 

112°15'15.18"W). A one-way ANOVA was performed for each treatment. Means identified 

with different letters are significantly different by year (p < 0.05; Post-Hoc Tukey-Kramer 

test, n = 4).  
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FIGURE 3.5A Changes in plant species composition over in phase 3. Treatments include 

15% compost and lime with buffalo grass and quailbush monoculture strip. Bars represent the 

percent canopy of each plant species from the total canopy cover including all plant species; 

values are average n = 3. Annuals category includes several volunteer annual plant species. 
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FIGURE 3.5B Ground cover over time in phase 3 study. Treatments include 15% compost 

and lime with buffalo grass and quailbush monoculture strip. Bars represent the total ground 

area for each treatment. Black indicates the percent of ground area covered by vegetation and 

light grey indicates the percent of bare ground. Values are average n = 3. The unamended 

control is not included since no plants grew. 
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FIGURE 3.6 Changes in percent canopy cover over time in Hydroseeded Soil Cap area. 

The soil cap comprises contaminated residential soil yards placed on the southwest area of 

main tailing pile followed by hydroseeding. Bars represent the average + 1 standard deviation, 

n = 14 for 2012, 2013, 2014, and 2015. The dashed line denotes the average canopy cover in 

the immediate surrounding area (34°29'54.90"N; 112°15'15.18"W). A one-way ANOVA was 

performed for each treatment. Means identified with different letters are significantly different 

by year (p < 0.05; Post-Hoc Tukey-Kramer test, n = 4).  
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FIGURE 3.7A Changes in canopy cover plant species composition over time in 

Hydroseeded Soil Cap area. The soil cap comprises contaminated residential soil yards 

placed on the southwest area of main tailing pile. The presence of vegetation was assisted by 

the use of “Prescott Blend” Hydroseed Mix. Bars represent the percent canopy of each plant 

species grouped by “others” (Forbs and annuals), grass and unknown categories from the total 

canopy cover including all plant species. The unknown category comprises plant species that 

were too small or in a very early stage to identify.  
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FIGURE 3.7B Ground cover over time in Hydroseeded Soil Cap area. Bars represent the 

total ground area for each treatment. The soil cap comprises contaminated residential soil 

yards placed on the southwest area of main tailing pile. The presence of vegetation was 

assisted by the use of “Prescott Blend” Hydroseed Mix. Black indicates the percent of ground 

area covered by vegetation and light grey indicates the percent of bare ground. 
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TABLE 3.1 Irrigation and rainfall at the IKMHSS field site from 2010 to 2013. 

 

Time Period 
a
 

 

Irrigation applied 

(mm) Precipitation 

(mm) 

Total 
b
 

(mm) 

Phase 1 Phase 3 Phase 1 Phase 3 

2010 395.2 na 320.8 716 na
c
  

2011 360.2 na 256.0 616.2 na   

2012 336.3 362.1 316.5 652.8 678.6 

2013 394.5 424.4 307.8 702.3 732.2 

2014 276.3 319.5 309.1 585.4 628.6 

2015 261.1 268.7 355.3 261.4 624.0 

 
a Data from weather station established since May 2010. 

b Values are the sum of the amount of water used as irrigation and as precipitation every  

12 months since May 2010. 

C na = No applicable 
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TABLE 3.2 Characteristics of IKMHSS tailings before after addition of amendments 

Phase Treatments 
pH 

EC 

(ms cm
-1

) 

TC 

g kg-1 

TOC
c 

g kg-1 

TN 

g kg-1 

NHC 

Log CFU  

g
-1

 dry soil 

Phase I Unamended Tailings 2.5 (0.1) 8.3 (0.7) bdl
b 

bdl bdl 2.2 (0.3) 

 Tailings + 10% compost 5.8 (0.9) 17.1 (6.3) 56.3 (30.7) 55.2 (29.8) 5.0 (2.0) 3.0 (2.6) 

 Tailings + 15% compost 6.1 (0.6) 17.6 (4.0) 63.3 (26.7) 62.7 (23.3) 5.3 (1.4) 4.6 (0.8) 

 Tailings + 20% compost 7.5 (0.4) 27.0 (6.2) 118.1 (49.9) 114.6 (48.4) 8.3 (1.4) 5.8 (1.0) 

 Compost 9.3 (0.2) 34.4 (1.2) 260.3 (21.2) 249.8 (21.2) 11.3 (3.6) 7.8 (0.5) 

Phase III Tailings + 15% compost +Lime 7.4 (0.3) 21.1 (6) 113.9 (33.3) 109.8 (31.2) 7.5 (1.2) 6.9 (0.3) 

 Compost z 9.5 (0.3) 29.2 (3.4) 399.1 (13.4) 386.1 (13.3) 12.5 (11.1) na
d
 

Hydro seed   6.1 (0.8) 3.0 (1.1) 6.6 (0.7) 4.1 (0.9) 0.4 (0.05) na
d
 

Off-site
e
 Chaparral, 30% canopy cover 5.9 (0.2) 0.07 (0.03) 11.0 (2.6) 11.0 (2.6

c
) 1.1 (0.2) 6.84 (0.2) 

 

aValues are average ± standard deviation, n = 4 for unamended tailings and tailings + 10% compost; n=8 for tailings + 15% and tailings + 

20% compost 
bbdl = below detection limits 
cTOC was calculated from the difference between measured TC and TIC. 
d na= not analyzed 
e Sample taken and analyzed in 2012 when the Hydroseeded Soil Cap assessment started.  
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TABLE 3.3 Accumulation of metal(loid)s in plants shoot tissues in IKMHSS mine tailings amended with 10% Compost in Phase 1 study.  

 
 Accumulation of metal(loid)s in shoot tissue (mg kg

-1
)

a
 

Element  
PA

b
 Total 

c
 DATL

d
 Plant 

Species 
e
 

Phase I 10% Compost 

(mg kg
-1

) 2010 2011 2012 2013 

As 
610 

(120) 
2593 ≤ 30 

BG 14.3 (2.61)  28.7 (9.5) 66.9 (25.3) 77.1 (24.6) 

QB np
f
 np 29.1 (9.9) np 

Pb 
4.2 

(2.8) 
2197 ≤ 100 

BG 8.7 (1.48)  12.3 (3.0) 15.8 (3.6) 34.2 (5.8) 

QB np np 10.7 (2.7) np 

Zn 
1800 

(1900) 
2003 ≤ 500 

BG 236.0 (172.6)  390.1 (201.1) 495.7 (77.3) 460.7 (14.5) 

QB np np 1245.2 (218.9) np 

Cd na 7.1 ≤ 10 
BG 0.6 (0.5)  0.4 (0.05) 0.61 (0.1) 0.5 (0.2) 

QB np np 1.7 (0.3) np 

Cu 
96 

(25) 
127 ≤ 40 

BG 38.5 (18.6)  33.2 (6.5) 51.0 (21.0)* 42.6 (14.5) 

QB np np 12.4 (0.79) np 

Ni 
3.7 

(1.9) 
9.67 ≤ 100 

BG 0.6 (0.2)  0.4 (0.2) 0.7 (0.2) 3.1 (0.7)* 

QB np np 0.9 (0.2) np 
 

a Values are average and (standard deviation), n=4 except for QB and Kochia for which n=3; na= not analyzed. Cell with white background 

indicates a metal concentration below the DATL, light shaded cells are approximately equal to DATL, and dark shaded cells are greater than 

the DATL.  
b PA= Plant available metal(loid)s solubilized by a sequential extraction using DI H2O (step 1) and 1 M NaH2PO4 (step 1) at 1:40 solid to 

solution.  
c Total metal(loid) concentration in the unamended IKMHSS tailings.  
d DATL= Domestic Animal Toxicity Limit. Values are the maximum tolerable levels for cattle (National Research Council, 2005) 
e Plant species analyzed: BG = Buffalo grass, QB = Quailbush. 
f np = No plant or not enough Plant tissue to analyze.  
g Kruskal-Wallis test was performed. Values with an asterisk are significantly higher (α > 0.05) 
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TABLE 3.4 Accumulation of metal(loid)s in plants shoot tissues in IKMHSS mine tailings amended with 15% compost in phase 1 study.  

 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element  
PA

b
 Total 

c
 DATL

d
 Plant 

Species 
e
 

Phase I 15% Compost  

(mg kg
-1

) 2010 2011 2012 2013 

As 
610 

(120) 
2593 ≤ 30 

BG 24.8 (18.4) 30.4 (14.1) 36.4 (26.2) 27.8 (17.6) 

QB 19.7 (5.5) 13.2 (7.4) 10.3(3.0)  8.0 (5.8) 

Pb 
4.2 

(2.8) 
2197 ≤ 100 

BG 11.9 (8.6) 15.8 (3.7) 13.1 (5.2) 14.3 (4.7) 

QB 12.3 (5.0) 8.1 (4.5) 4.9 (3.4) 5.4 (4.6) 

Zn 
1800 

(1900) 
2003 ≤ 500 

BG 207.5 (155.8) 264.6 (120.2) 566.8 (378.8) 225.3 (43.7) 

QB 655.0 (228.9) 510.3 (27.9) 848.2 (143.0) 936.3 (305.1) 

Cd 
na 

7.1 ≤ 10 
BG 0.4 (0.3) 0.35 (0.2) 0.4 (0.06) 0.3 (0.1) 

QB np 1.2 (0.3) 1.2 (0.4) 1.4 (0.9) 

Cu 
96 

(25) 
127 ≤ 40 

BG 44.8 (11.8) 32.3 (1.9) 36.2 (27.3) 49.2 (10.7) 

QB 10.4 (3.1) 7.6 (1.1) 9.6 (2.5) 9.4 (0.8) 

Ni 
3.7 

(1.9) 
9.67 ≤ 100 

BG 0.5 (0.4) 0.7 (0.5) 1.1 (0.6) 2.3 (1.0) 

QB 4.1 (4.5) 1.1 (0.8) 1.0 (0.1) 0.9 (0.03) 
 

a Values are average and (standard deviation) for 2010 and 2012 (n=4); 2011 and 2013 (n=3); na= not analyzed. Cell with white background 

indicates a metal concentration below the DATL, light shaded cells are approximately equal to DATL, and dark shaded cells are greater than 

the DATL.  
b PA= Plant available metal(loid)s solubilized by a sequential extraction using DI H2O (step 1) and 1 M NaH2PO4 (step 1) at 1:40 solid to 

solution.  
c Total metal(loid) concentration in the unamended IKMHSS tailings.  
d DATL= Domestic Animal Toxicity Limit. Values are the maximum tolerable levels for cattle (National Research Council, 2005) 
e Plant species analyzed: BG = Buffalo grass, QB = Quailbush. 
f  np = No plant or not enough Plant tissue to analyze.  
g  Kruskal-Wallis test was performed. Values with an asterisk are significantly higher (α > 0.05)   



95 

 

TABLE 3.5 Accumulation of metal(loid)s in plants shoot tissues in IKMHSS mine tailings amended with 20% Compost in phase 1 study  
 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element  
PA

b
 Total 

c
 DATL

d
 Plant 

Species 
e
 

Phase I 20% Compost 

(mg kg
-1

) 2010 2011 2012 2013 

As 
610 

(120) 
2593 ≤ 30 

BG 14.8 (1.4) 16.6 (9.7) 14.8 (4.5) 11.7 (5.2) 

QB 11.8 (3.3) 19.2 (24.2) 9.3 (5.2) 5.0 (2.4) 

Pb 
4.2 

(2.8) 
2197 ≤ 100 

BG 8.0 (1.7) 10.4 (5.0) 7.1 (2.2) 6.5 (2.2) 

QB 6.3 (2.2) 8.1 (8.8) 4.0 (2.5) 3.1 (1.0) 

Zn 
1800 

(1900) 
2003 ≤ 500 

BG 147.2 (78.4) 154.1 (39.6) 186.4 (103.7) 167.2 (69.2) 

QB 506.1 (253.4) 417.6 (41.8) 693 (195.2) 674.6 (211.0) 

Cd 
na 

7.1 ≤ 10 
BG 0.4 (0.3) 0.1 (0.04) 1.0 (1.8) 0.2 (0.1) 

QB 1.4 (1.0) 0.9 (0.3) 1.9 (0.5) 1.4 (0.7) 

Cu 
96 

(25) 
127 ≤ 40 

BG 45.8 (17.9) 25.9 (4.8) 55.6 (35.3) 51.2 (20.1) 

QB 11.9 (3.3) 13.6 (14) 10.9 (1.7) 8.9 (2.6) 

Ni 
3.7 

(1.9) 
9.67 ≤ 100 

BG 7.3 (9.9) 0.6 (0.2) 0.9 (0.09) 2.5 (0.8) 

QB 3.9 (4.2) 0.6 (0.2) 1.1 (0.1) 1.0 (0.18) 
 

a Values are average and (standard deviation) of n=4 except for 2011 and Kochia which values are based on n=3; na= not analyzed. Cell 

with white background is a metal concentration below the DATL, light shaded cells are approximately equal to DATL, and dark shaded 

cells are greater than the DATL.  
b PA= Plant available metal(loid)s solubilized by a sequential extraction using DI H2O (step 1) and 1 M NaH2PO4 (step 1) at 1:40 solid to 

solution.  
c Total metal(loid) concentration in the unamended IKMHSS tailings.  
d DATL= Domestic Animal Toxicity Limit. Values are the maximum tolerable levels for cattle (National Research Council, 2005) 
e Plant species analyzed: BG = Buffalo grass, QB = Quailbush. 
f  np = No plant or not enough Plant tissue to analyze.  
g Kruskal-Wallis test was performed. Values with an asterisk are significantly higher (α > 0.05)  
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TABLE 3.6 Accumulation of metal(loid)s in plants shoot tissues in IKMHSS mine tailings 

amended with compost in phase 3 study. 

 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element 
PA

b
 Total 

c
 DATL

d
 Plant 

Species 
e
 

Phase III 15% Compost + Lime 

mg kg
-1

 2012 2013 

As 
610 

(120) 
2593 ≤ 30 

BG np
 f
 17.7 (5.4) 

BG TRP 24.5 (5.9) 28.6 (24.2) 

QB 10.9 4.4 (1.7) 

QB TRP 12.3 4.0 (1.9) 

Kochia np 5.6 (0.7) 

TW np 4.0 (0.5) 

Pb 
4.2 

(2.8) 
2197 ≤ 100 

BG np 8.8 (2.2) 

BG TRP 10.0 (2.6) 12.6 (1.8) 

QB 68.5 3.0 (1.8) 

QB TRP 4.9 2.7 (1.3) 

Kochia np 1.9 (0.7) 

TW np 1.7 (0.8) 

Zn 
1800 

(1900) 
2003 ≤ 500 

BG np 311.3 (35.1) 

BG TRP 480.3 (111.7) 297.6 (157.9) 

QB 869.1 758.3 (208.3) 

QB TRP 796.3 485.9 (449.7) 

Kochia np 506.4 (221.7) 

TW np 186.1 (0.9) 

Cd na 7.1 ≤ 10 

BG np 0.5 (0.04) 

BG TRP 0.3 (0.2) 0.5 (0.3) 

QB 1.2 2.5 (0.5) 

QB TRP 1.1 2.9 (0.1) 

Kochia np 1.9 (0.4) 

TW np 1.2 (0.02) 

Cu 
96 

(25) 
127 ≤ 40 

BG np 37.6 (3.6) 

BG TRP 42.0 (17.2) 19.0 (5.4)* 

QB 11.1 7.3 (0.6) 

QB TRP 8.2 6.8 (0.3) 

Kochia np 9.2 (2.6) 

TW np 9.0 (0.6) 

Ni 
3.7 

(1.9) 
9.7 ≤ 100 

BG np 2.3 (0.2) 

BG TRP 0.6 (0.05) 2.7 (0.6)* 

QB 4.7 1.3 (0.5) 

QB TRP 1.0 1.7 (0.8) 

Kochia np 1.4 (0.1) 

TW np 1.3 (0.0) 
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a Values are average and (standard deviation) of n=4 for 2012 and n=3 for 2013; na= not 

analyzed. Values with not standard deviation did not have enough tissue samples to be 

analyzed. Cell with white background indicates a metal concentration below the DATL, light 

shaded cells are approximately equal to DATL, and dark shaded cells are greater than the 

DATL.  
b PA= Plant available metal(loid)s solubilized by a sequential extraction using DI H2O (step 1) 

and 1 M NaH2PO4 (step 1) at 1:40 solid to solution.  
c Total metal(loid) concentration in the unamended IKMHSS tailings.  
d DATL= Domestic Animal Toxicity Limit. Values are the maximum tolerable levels for cattle 

(National Research Council, 2005) 
e Plant species analyzed: BG = Buffalo grass, QB = Quailbush, TRP= transplant TW= 

tumbleweed 
f np = No plant or not enough Plant tissue to analyze.  
g Paired t-Test was performed. Values with an asterisk are significantly higher (α > 0.05)   
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TABLE 3.7 Accumulation of metal(loid)s in volunteer plants shoot tissues in IKMHSS mine tailings amended with compost in phase 1.  
 

Accumulation of metal(loid)s in the shoot (mg kg
-1

) Volunteer plants Phase I 
a
 

Element  
Totalc DATLd Plant  

Species 

10% Compost 15% Compost  20% Compost 

mg kg-1 a 2011 2012 2013 2011 2012 2013 2011 2012 2013 

As 2593 ≤ 30 

Kochia 51.8 50.3 (3.4) 31.7 (4.6) 33.2 50.0 18.0 (8.0) np 20.5 (6.8) 13.3 (7.0) 

Cottonwood np np 69.1 13.4 60.2 np np np np 

Amaranth np np np np np 69.3 np np np 

Feather finger  np np np np 64.3 np np np 9.7 

Goosefoot np np 72.0 33.5 np np 10.2 np np 

Milkweed np np np 16.0 np np 16.3 np np 

Dandelion np np np 23.8 np np np np np 

Bindweed np np np 14.5 np np np np np 

Hairy false np np np 115.7 np np 122.6 np np 

Pigweed np np np 117.3 np np 7.5 np np 

Tumbleweed np np 31.3 np np 58.8 np np 18.1 

Sting grass np np np np np 32.0 np np 11.6 

Pb 2197 ≤ 100 

Kochia 16.4 np 18.9 (3.5) 20.0 33.1 11.7 (4.9) np 8.9 (4.8) 8.2 (4.9) 

Cottonwood np np 38.7 4.2 7.1 np np np np 

Amaranth np np np np np 39.2 np np np 

Feather finger  np np np np 28.05 np np np 4.1 

Goosefoot np np 46.7 13.8 np np 5.3 np np 

Milkweed np np np 37.6 np np 11.0 np np 

Dandelion np np np 13.0 np np np np np 

Bindweed np np np 10.5 np np np np np 

Hairy false np np np 66.4 np np 77.5 np np 

Pigweed np np np 65.4 np np 4.2 np np 

Tumbleweed np np 15.2 np np 2.9 np np 9.8 

Sting grass np np np np np 10.8 np np 3.1 
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Zn 2003 ≤ 500 

Kochia 325.6 414.9 (78.9) 747.4 (106.3) 561.5 543.1 404.3 (172.4) np 407.4 (307.3) 
374.8 

(198.5) 

Cottonwood np np 162.5 967.2 1705.9 np np np np 

Amaranth np np np np np 644.2 np np np 

Feather finger  np np np np 380.9 np np np 322.5 

Goosefoot np np 537.7 1093.4 np np 83.1 np np 

Milkweed np np np 332.2 np np 349.3 np np 

Dandelion np np np 168.0 np np np np np 

Bindweed np np np 577.5 np np np np np 

Hairy false np np np 1044.7 np np 1183.3 np np 

Pigweed np np np 2141.4 np np 418.0 np np 

Tumbleweed np np 1227.6 np np 735.9 np np 962.7 

Sting grass np np np np np 277.4 np np 89.9 

Cd 7.1 ≤ 10 

Kochia 2.8 3.5 (0.5) 3.0 (0.05) 3.1 2.6 1.8 (0.8) np np 1.7 (0.8) 

Cottonwood np np 0.3 2.3 3.3 np np np np 

Amaranth np np np np np 2.8 np np np 

Feather finger  np np np np 1.6 np np np 1.3 

Goosefoot np np 1.5 1.7 np np 0.6 np np 

Milkweed np np np 3.4 np np 2.0 np np 

Dandelion np np np 0.8 np np np np np 

Bindweed np np np 1.2 np np np np np 

Hairy false np np np 1.6 np np 1.1 np np 

Pigweed np np np 3.3 np np 1.2 np np 

Tumbleweed np np 3.5 np np 2.5 np np 1.9 

Sting grass np np np np np 1.4 np np 0.3 

Cu 127 ≤ 40 

Kochia 9.5 12 (0.4) 11.9 (4.2) 22.7 14.7 10.6 (2.2) np 19.0 (9.2) 8.5 (0.7) 

Cottonwood np np 24.7 np 3.6 np np np np 

Amaranth np np np np np 23.7 np np np 

Feather finger  np np np np 41.0 np np np 15.7 

Goosefoot np np 13.6 10.1 np np 7.6 np np 
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Milkweed np np np 13.4 np np 12.0 np np 

Dandelion np np np 11.6 np np np np np 

Bindweed np np np 7.1 np np np np np 

Hairy false np np np 21.7 np np 25.8 np np 

Pigweed np np np 16.1 np np 7.5 np np 

Tumbleweed np np 15.7 np np 16.1 np np 10.5 

Sting grass np np np np np np np np 12.6 

Ni 9.67 ≤ 100 

Kochia 0.55 2.6 (1.7) 1.4 (0.5) np 1.8 1.0 (0.2) np 2.0 (0.9) 1.3 (0.7) 

Cottonwood np np 1.9 np 2.1 np np np np 

Amaranth np np np np np 2.7 np np np 

Feather finger  np np np np 1.1 np np np 1.2 

Goosefoot np np 4.3 1.4 np np 0.7 np np 

Milkweed np np np 14.4 np np 2.8 np np 

Dandelion np np np 0.7 np np np np np 

Bindweed np np np 1.0 np np np np np 

Hairy false np np np 8.3 np np 1.3 np np 

Pigweed np np np 2.9 np np 0.5 np np 

Tumbleweed np np 1.3 np np 1.5 np np 1.2 

Sting grass np np np np np np np np 1.0 

 

a Values are average and (standard deviation), 10% Compost (n=3);15% Compost ( 2012, n=5; 2013, n=7); 20% Compost (2012 and 2013, 

n=7). na= not analyzed. Values with not standard deviation did not have enough tissue samples to be analyzed. Cell with white background 

indicates a metal concentration below the DATL, light shaded cells are approximately equal to DATL, and dark shaded cells are greater than 

the DATL.  
b PA= Plant available metal(loid)s solubilized by a sequential extraction using DI H2O (step 1) and 1 M NaH2PO4 (step 1) at 1:40 solid to 

solution.  
c Total metal(loid) concentration in the unamended IKMHSS tailings.  
d DATL= Domestic Animal Toxicity Limit. Values are the maximum tolerable levels for cattle (National Research Council, 2005) 
f np = No plant or not enough Plant tissue to analyze. 
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Abstract 

 Environmental and health risk concerns relating to airborne particulates from mining 

operations have predominately focused on smelting activities. Yet there are an estimated 

500,000 abandoned and unreclaimed hard rock mine tailings in the US alone which have the 

potential to generate dust. In particular, legacy tailings have often been disposed of without 

final reclamation and these sites may remain barren of vegetation for long periods following 

closure. The problem can also extend to modern tailings impoundments which may take 

decades to build (and are barren for this duration) before subsequent reclamation occurs. This 

issue is especially important in arid and semiarid regions where the establishment of 

vegetation is more challenging leading to conditions conducive to dust generation and 

emission. The objective of this research is to examine the impact of vegetation cover and 

irrigation on particulate emissions from mine tailings using a recently implemented compost-

assisted phytostabilization field trial at the Iron King Mine and Humboldt Smelter Superfund 

(IKMHSS) site. Dust flux measurements reveal that vegetated field plots with 16% and 32% 

canopy cover reduced dust emissions by -371.7 and -606.1 g m-2 y-1 amount respectively. 

Sediment flux and dust emissions from the vegetated field plots are comparable to emission 

rates in undisturbed grasslands. The particle sizes most reduced in dust emission from the 

plots with 32% canopy cover were PM1, PM2.5, and PM4, which represent small particulates 

of greatest health concern and with the greatest potential to be transported long distances. 

These results demonstrate that phytostabilization technology can successfully reduce dust 

generation from mine tailings, which is especially important for sites that have high levels of 

toxic metal(loid)s. 
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1. Introduction 

 Hard rock mining activities are prevalent in arid and semiarid regions throughout the 

world. Associated ore-processing activities like grinding, smelting and refining as well as 

waste disposal of mine tailings are all sources of dust and aerosol emissions that impact 

surrounding communities and ecosystems (Corriveau et al., 2011; Meza-Figueroa et al., 2009). 

While ore-processing activities cease when mining is finished, unreclaimed mine tailings 

impoundments represent a potential dust source that may persist for years to centuries, 

depending on the tailings characteristics (Fig. A.1). In general, mine tailings have poor soil 

structure, low organic matter content, and low nutrient content (Hudson-Edwards et al., 2011). 

Legacy tailings may also have extreme pH and high metal(loid) and sometimes radionuclide 

content. As a result, such sites often do not support adequate vegetation cover to protect the 

soil surface from the erosive force of the wind. Wind erosion can be a fundamental driver of 

the transport, dispersion, and deposition of tailings particulates and associated hazardous 

contaminants into neighboring soils and water sources (Csavina et al., 2014, 2011; Mendez 

and Maier, 2008; Reis et al., 2012; Stovern et al., 2016), including areas that may be important 

for small- and large-scale agriculture (Jianu et al., 2012; Kim et al., 2005; Ramirez-Andreotta 

et al., 2013). This process is intensified in arid and semiarid areas by extreme temperatures, 

low precipitation, and high winds, all of which can lead to an increased in particulate and 

contaminant transport into neighboring areas (Csavina et al., 2012; Stovern et al., 2015). 

Recent studies suggest that wind-borne dispersion is one of the most important routes of 

exposure for communities close to mine tailings (Csavina et al., 2014; Loh et al., 2016). 
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Windborne transport of dust and aerosols from mining operations may mobilize high 

levels of contaminants, including metal(oid)s such as As and Pb, which can accumulate 

through time in soil, water, and biota causing potential risks to human health and the 

environment (Brotons et al., 2010; Taylor et al., 2010; Csavina et al., 2011). Despite these 

risks, only a limited number of studies have evaluated the transport of metal(oid)s in dust 

associated with mining operations (Csavina et al., 2012). The transport of atmospheric 

particulates and contaminants by wind represents a potential risk because of the rapid speed, 

long distances, and aerial extent in which contaminants can be transported by this mechanism. 

Mining operations, including both active and abandoned tailings, are important and 

underestimated sources of potential risk to human health and the environment because these 

sources are globally extensive, generate large quantities of atmospheric particulates, and often 

have high levels of contaminants associated with the emissions (Brotons et al., 2010; 

Chakradhar, 2004; Csavina et al., 2011; Neuman et al., 2009; Porcella et al., 1997; Thornton, 

1996). 

 

 Mine tailings contain dust particles, ranging from fine (0.5 – 5 μm) to coarse dust with 

sub-10 μm which range comprises from 0.5 to 50 μm (Gonzales et al., 2014). Both particle 

size and wind speed play an important role in particle and contaminant dispersion (Griffin et 

al., 2001; Kok et al., 2012). In terms of particle size, mechanisms associated with the 

generation and dispersion of dust includes (i) surface creep, (ii) saltation, and (iii) suspension 

(Kok et al., 2012; Ravi et al., 2011). Surface creep is the process by which larger particles, too 

heavy to be lifted into the air, are rolled across the surface and impacting and moving other 

particles along the ground. Saltation is the process by which small particles are lifted by the 

wind into the air and move horizontally across the soil surface. These particles gain speed as 
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they move and when they are redeposited on the surface may rebind into the air again or 

displace other particles on the surface into the air. The suspension is the process by which fine 

particles (< 50 um) are lifted up into the atmosphere. The finer the particles, the higher they 

are entrained into the atmosphere and the further they can be transported (Field et al., 2010; 

Ravi et al., 2011; Stovern et al., 2016). 

 

 Variables that reduce dust generation include the presence of physical and biological 

barriers like rocks, plant litter, soil crust, and vegetation that prevents the wind from coming 

into contact with surface particulates. Revegetation, in particular, is currently being explored 

as a long-term solution to the stabilization of mine tailings to reduce dust emissions. As this 

technology is developing it is important to quantify its effect on reducing dust emission. The 

objective of this study is to evaluate the effect of the vegetation on dust emission from an on-

going field trial of compost-assisted phytostabilization of mine tailings (Gil-Loaiza et al., 

2016). In this technology, compost is mixed into the surficial layer of the tailings, and seeds 

are directly sown into the tailings-compost layer. Two approaches were used to evaluate dust 

emission from both vegetated and unvegetated plots. The first approach measured horizontal 

dust-flux using Modified Wilson & Cooke samplers (MWAC) over three sampling periods. 

The second approach relied on a series of DustTrak samplers that were deployed over a 4-hour 

timeframe to determine the relative size mass fraction of particulates from the site. 

2. Materials and methods 

2.1. Site and field study Description 

 The study was conducted at the Iron King Mine and Humboldt Smelter Superfund 

(IKMHSS) site in Dewey-Humboldt, Arizona (North 34°31′57″, West 112°15′9″). The site 
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was placed on the National Priority List in September 2008 (USEPA, 2010) because of high 

levels of metal(loid)s associated with the tailings, mainly arsenic (As) and lead (Pb) (approx. 

>3000 mg kg-1 each (USEPA, 2010). Characteristics of the 62-ha mine tailings pile include 

extreme acidity (pH 2.5 to 3.5), low organic matter and nitrogen content (below detection 

limits), low numbers of neutrophilic heterotrophic bacteria 145 ± 2 CFU g-1 dry soil, and high 

levels of As (2590 mg kg-1) and Pb (2200 mg kg-1) (Gil-Loaiza et al., 2016). The surficial 

tailings (0-30 cm) have a loam texture with a particle size distribution of 20.4% clay, 44.8% 

silt, and 34.7% sand (Hayes et al., 2014; Solís-Dominguez et al., 2012). 

 

 The IKMHSS area has a topography comprised of hills around the Galena and 

Chaparral gulches. It is surrounded by larger mountains that are part of Prescott National 

Forest, and the area is characterized as “Arizona” chaparral subtype, all characteristics that 

influence wind patterns and local weather conditions (USEPA, 2010). Csavina et al. (2014) 

showed that the dust emission near mine tailings can be affected by relative humidity and 

wind speed parameters which were measured for this study (Table S A1 and Table S A2). It 

has also been demonstrated that local weather patterns at IKMHSS, including precipitation 

events or long periods of low precipitation and high temperature as well as wind direction all 

influence dust emission from the site (Stovern et al., 2014). In general, at IKMHSS the wind 

speed is highest in the morning with occasional wind gusts and decreases in the evening 

(Stovern et al., 2014).  

 Dust flux was measured in four selected areas of a compost-assisted phytostabilization 

field study at IKMHSS that was initiated in May 2010 on the main tailings pile, which is 33.5 

m high above the original surface elevation. The area is semiarid; characterized by rainfall of 

less than 310 mm y-1 distributed primarily in the summer (July – Sept.) and winter (Dec. – 
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Feb.) months. Spring and fall are dry and windy. The predominant wind directions at the site 

are southerly, southwesterly, southeasterly, and northerly (Fig B.2) (Stovern et al., 2014). As 

described previously (Gil-Loaiza, 2016), the phytostabilization field trial consists of 24 plots 

(9.6 m x 15 m per plot), 6 treatments replicated in quadruplicate covering an area of 0.27 ha. 

Dust flux measurements were made in two of the study plots that received 15% (w/w) 

compost in 2010. The compost was incorporated into the top 20 cm of the tailings followed by 

seeding with a mix of six native plants (buffalo grass, arizona fescue, quailbush, mesquite, 

mountain mahogany, and catclaw acacia). Supplemental irrigation (358 mm y-1) was applied 

following planting. Plants successfully germinated and established resulting in a plant cover 

dominated by buffalo grass (Buchloe dactyloides) and quailbush (Atriplex lentiformis) (Gil-

Loaiza et al., 2016). At the time dust flux measurements were performed in 2011, one plot had 

a canopy cover of 16% (study area 1) and the second had a canopy cover of 32% (study area 

2). Canopy cover naturally vegetated areas adjacent to the tailings are approximately 30%. 

Dust flux measurements were also performed in two control areas. The first was a control 

study plot that was not amended with compost but was irrigated (study area 3). The second 

control was an area of tailings that did not receive compost amendment or irrigation (study 

area 4). Neither control had any vegetation. Meteorological data was obtained with an on-site 

wireless Vantage Pro™ 2 Plus weather station (Davis Instruments Corp, Hayward, CA) placed 

in the center of the study area to monitor major weather conditions including air temperature, 

relative humidity, wind speed and direction, rainfall, and soil temperature.  

2.2. Long-term dust sampling and metal(loid) analysis (passive sampling) 

 Dust samples were collected upwind and downwind of each of the four study areas 

using a series of Modified Wilson & Cooke samplers (MWAC) at five heights 0.06, 0.18, 

0.25, 0.50 and 1.0 m above the soil surface (Fig. A.3). MWAC samplers were installed on a 
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vertical mast with five individual dust traps on each mast. The MWAC samplers were 

constructed using 125-mL wide-mouth high-density polyethylene (HDPE) bottles, similar in 

design to the ones described by Goossens et al., (2000). The HDPE bottles had an inlet and 

outlet tube secured to the lids of each sampler, with the inlet tube oriented to the predominant 

wind direction. The inlet and outlet tubes had an inside diameter of 7.5 mm and an outer 

diameter of 10 mm. One set of MWAC sampler mast were placed at the upwind and another 

set at the downwind edges of the four study areas oriented south to north based on the 

predominant wind direction for a total of two MWAC sets per plot (Fig A.2). The distance 

between each set upwind and downwind sampler masts was 15 m.  

 Three separate sampling events were performed, at 12 (August 2011), 16 (November 

2011), and 20 (February 2012) months after the field study was initiated. The duration of each 

event was 109, 123 and 132 days, respectively, and wind speed and wind direction were 

measured (Fig. S A2). Following collection, trapped dust was transferred from each sampler to 

a glass vial. The sampler was then rinsed three times with DI water into the 30-ml borosilicate 

glass vials with screw caps. The dust samples were then transported back to the University of 

Arizona where they were oven-dried at 60ºC until constant weight was achieved (~ 48 h) at 

which time the mass was recorded. 

 

 After the mass for each sampler was recorded the dust from the five samplers on each 

mast (0.06, 0.18, 0.25, 0.5, and 1 m) was combined. A 20 mg aliquot of dust was then used for 

metal(loid) analysis. Twenty mL of aqua regia (1.03 M HNO3 / 2.23 M HCl, trace-metal 

grade) were added to the dust sample, and it was placed into a sonicating water bath at 80°C 

for 60 min (Harper et al. 1983). Samples were diluted as needed and analyzed using 

inductively coupled mass spectroscopy (Agilent 7700X with and Octopole reaction System) 
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for 10 metal(loid)s: Al, As, Cd, Cr, Cu, Fe, Mg, Mn, Pb, Sc, at the University of Arizona 

Laboratory for Emerging Contaminants. Certified calibration standards from Accustandard 

were made with MiliQ water, 0.669 HCl (Fisher, trace-metal grade) and 0.309 M HNO3 

(EMD, Omnitrace). National Institute of Standards and Technology (NIST) standard reference 

material (SRM 1643e trace elements in water) was analyzed with each set of data. 

2.2.1. Horizontal dust flux calculation 

 The flux of dust into each individual sampler was calculated as shown in Eq. 1: where 

mass is in g, the orifice area of the sampler is 0.045 m2 and the collection time in days (d) or 

years (y) depending on the duration of the duration of the sampling event.  

 

𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 =   
𝑚𝑎𝑠𝑠 𝑑𝑢𝑠𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 

𝑖𝑛𝑙𝑒𝑡 𝑜𝑟𝑖𝑓𝑖𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2) × 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑦)
        Eq 1 

 

The horizontal dust flux (g m-2 y-1) between each discrete height (x = 0.06, 0.18, 0.25, 0.5, or 

1.0 m) set of upwind and downwind samplers was calculated by difference (Eq. 2).  

𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 =  𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 𝑂𝑢𝑡𝑥 − 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 𝐼𝑛𝑥                  Eq. 2 

 

The average dust flux (g m-2 y-1) over the entire height range measured was estimated by 

fitting the dust flux values calculated using Eq. 1 to an exponential function (Eq. 3) (Ellis et 

al., 2009; Gillette et al., 1997; Stout, 2001). Fits of the data gave an average R2 of 0.85 with a 

range of values from 0.60 to 0.98 (Fig. S A1a,b,c; Table S3).  

𝑓(𝑥) =  𝑎𝑒−𝑏𝑥                           Eq. 3 

Solving equation 3 gives:  

𝑓̅ =  
1

ℎ
 ∫ 𝑎 𝑒−𝑏𝑥  𝑑𝑥

1

0
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𝑓̅ =
𝑎

ℎ
×

1

−𝑏
(𝑒−𝑏ℎ − 1) 

𝑓̅ =
𝑎

𝑏ℎ
(1 − 𝑒−𝑏ℎ) 

Where f ̅ is the average dust flux from 0 to 1 m, h is height in m, and a and b are coefficients. 

The average horizontal dust flux was then calculated using Eq. 4:  

Eq. 4 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 𝑂𝑢𝑡 −  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 𝐼𝑛                                                                                                    

 

Where positive values for total dust flux represent dust production or dust emission from the 

plot and negative values for net dust flux represent deposition into the plot. 

2.3. Short-term dust monitoring (DustTrak) 

 Six DustTrak aerosol monitors (TSI Inc. DRX 8532) were deployed to monitor dust in 

study areas 1-3. One DustTrak each was placed at the upwind and downwind edges of each 

study area separated by a distance of approximately 15 m. DustTraks provide simultaneous 

real-time mass readings (mg m-3) for PM1, PM2.5, PM4, PM10, and TSP (37 μm; Wang et al., 

2009). Sampling events occurred on May 24 and June 6, 2011, following the start of early 

summer plant growth and representing a period of maximum canopy density. Sampling was 

performed when winds were strongest during the day, typically between 11:00 and 18:00 

Mountain Standard Time, and when prevailing winds were from the west-southwest (May 

24th) and south-southwest (June 6th). We note that south-southwest is the prevailing wind 

direction at the study site for strong winds that frequently exceed the typical threshold friction 

velocity (> 6 m/s) for most arid soils with minimal vegetation cover (e.g., Ravi et al., 2011).  
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 The DustTrak monitors were housed in an Environmental Enclosure (TSI Inc. 8535) 

with an omni-directional inlet resulting in a cut-point diameter of 37 μm and a flow rate set at 

3.0 L/min for the duration of the study period, and measurements were taken with five-second 

resolution. The sample inlet for the DustTrak collectors was set at 1 m above the soil surface 

within each of the study plots. The DustTrak sampling period was four hours which was 

divided into sub-intervals of 15 min (n=16). Changes in dust emission or deposition between 

the upwind and downwind DustTraks was estimated for each particle size for each of the 

study plots using equation 5: 

Eq. 5 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑀𝑎𝑡𝑡𝑒𝑟 𝐷𝑢𝑠𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

= 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 𝑂𝑢𝑡 −  𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐷𝑢𝑠𝑡 𝐹𝑙𝑢𝑥 𝐼𝑛  

  

Where a negative value indicates dust deposition and a positive value indicates dust emission 

from the study area. Wind speed was measured within each of the study plots using a series of 

six Kestrel Weather Meters (Nielsen Kellerman 4500) (Fig. S A3). 

 

2.4. Statistical Analysis 

 Normality of the passive sampler data and elemental flux were verified using a 

goodness of fit test and residual/predicted plots. Significant differences were detected using 

one-way ANOVA (p < 0.05) and significant differences among means were determined by 

Tukey’s test (p < 0.05). The nonparametric Kruskal-Wallis test was used to test significant 

differences in DustTrak data followed by Steel-Dwass all pairs for significant differences 

among means. All analyses were conducted using JMP®, Version 12.0. (SAS Institute Inc., 

Cary, NC, 1989-2007). 
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3. Results  

3.1. Passive dust sampling 

 In this study, we examine the impact of vegetation established during a compost-

assisted phytostabilization field trial (Gil-Loaiza et al., 2016) on dust flux in several study 

areas on the field site. Study area 1 received 15% compost and had a 32% canopy cover which 

is equivalent to vegetation found in areas surrounding the IKMHSS. It was dominated by 16% 

buffalo grass and 16% quailbush. Study area 2 (15% compost) had a canopy cover of 16% 

dominated by quailbush. Study area 3 did not receive a compost amendment but was irrigated 

and study area 4 was unamended and not irrigated.  

 Average horizontal dust flux, which integrates flux measurements taken at 0.06, 0.18, 

0.25, 0.5, and 1.0 m above the tailings surface, show that the presence of a vegetative cover 

resulted in negative horizontal flux values of -606 g m-2 y-1 in the study area with denser 

canopy cover and -371 g m-2 y-1 in the study area with sparser cover (Fig. A.4, Table S A.3). 

Negative average horizontal dust flux values indicate a deposition of dust into the study area. 

These results are in contrast to the control study areas which had positive average horizontal 

dust flux values indicating emission of dust. The irrigated control study area had an average 

horizontal dust flux of 1,512 g m-2 y-1 while the unirrigated control study area had a dust flux 

of 2,323 g m-2 y-1. The data show a trend of decreasing horizontal dust flux going from the 

unirrigated control to the irrigated control, the study area with 16% canopy cover and then the 

study area with 32% canopy cover. The differences between treatments were significant for 

the unirrigated control and the other three study areas. There was also a significant difference 

between the study area with 32% canopy cover and the irrigated and unirrigated controls.  
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 Next, we examined the horizontal flux at each height separately (Fig. A.5). A 

comparison between the four study areas at each discrete height shows that the horizontal flux 

generally followed a pattern similar to the average horizontal dust flux (Fig. A.4). Results 

show emission of particles from control and irrigation treatments at all heights, while 

vegetated treatments show a decrease in horizontal dust flux, 32% canopy was more effective 

in showing total deposition of dust particles at the lowest heights. For the control study areas, 

the heights with the greatest horizontal dust flux (in this case dust emission) were 0.25 and 0.5 

m with a small contribution from 1m height. The study area with 16% canopy cover had lower 

net dust flux (deposition or emission) at any height. In contrast, the study area with 32% 

canopy cover showed an inverse relationship between height and dust flux, in this case 

representing deposition of dust. Specifically, there was a significant decrease in dust 

deposition measured at 0.25, 0.5 and 1.0 m compared to 0.06 m. The 0.18 m height had an 

intermediate value that was not significantly different from either the higher or lower heights.  

3.2. Metals associated with dust flux  

 The horizontal flux of arsenic, lead, copper, and cadmium was measured in the four 

study areas (Fig. A6). The horizontal flux follows a similar pattern for each metal(loid) with 

highest concentrations in the unirrigated control, followed by the irrigated control, the 16% 

canopy cover and the 32% canopy cover study areas although the differences were not 

significant. The presence of a 32% canopy cover resulted in the deposition of metals into the 

study area in contrast to the other treatments. The metal(loid) with highest horizontal flux in 

the unirrigated control was arsenic with a flux of 30.6 ± 9.3 g m-2 y-1 followed by lead, copper 

and cadmium at 24.6 ± 8.22, 1.3 ± 0.7, and 0.1 ± 0.08 g m-2 y-1, respectively. The horizontal 

flux values reflect the concentrations of these metal(loid)s found in the tailings which are 

2590, 2200, 127, and 7.1 mg kg-1, respectively. 
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3.3. DustTrak particle size-resolved measurements  

 A second set of measurements was made using DustTrak monitors to collect particles 

by size in three of the study areas; the irrigated control and the areas with 16 and 32% canopy 

cover. Two four-hour experiments were performed, in May and June 2011. Each 4-hour 

measurement period was divided into 15 min segments which were then averaged to provide 

an idea of the variance in dust flux. In general, in these three study areas, there was a 

deposition of the dust of all particle sizes (Fig. A.7). There was a large variance among 

measurements, so no statistical differences were observed either as a function of the study area 

or particle size for measurements conducted in May. Data collected in June showed a 

significant differences in between treatment for PM10 (H(2)=7.8, p = 0.019) and PM37 

(H(2)=22,2, p = <0.0001). Two trends appeared in the data. The first was increased deposition 

of the lower particle sizes (1, 2.5, and 4 um) compared to the larger particle sizes. The second 

was of lower dust deposition in the irrigated study area than in the vegetated study areas.  

4. Discussion 

4.1. Passive sampling measurements and metals 

 Results of this study show that phytostabilization can successfully protect the 

surrounding environment from contamination that may be associated with dust that could 

result in inhalation exposures or ingestion exposure following the deposition of metal(loid)-

laden dust particles onto surfaces, food, and into surface soils (Csavina et al., 2012). Passive 

samplers were useful in assessing the impact of phytostabilization on dust transport from mine 

tailings. The use the MWAC passive samples is a relatively inexpensive and easy approach 

that allows dust to be measured over longer time periods which helps to average out large 

fluctuations in wind speed and direction. Results reveal that in the absence of a vegetative 
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cover, whether or not irrigation takes place, there was a net emission of dust from the study 

areas. Emission levels were highest from the surface of the tailings to 0.5 m. This is likely due 

to saltation; as particles impact the unprotected mine tailings surface they detach finer 

particles producing an avalanching effect (Field et al., 2012; Ravi et al., 2011). In the absence 

of vegetation, there are several parameters that affect the generation of dust from mine tailings 

sites like the IKMHSS including grain size, pore distribution, and climatic factors like rain and 

sun exposure. Often the formation of a surficial crust can be observed on such sites which are 

created from a combination of rainfall and capillary transport. Such crusts reduce saltation. 

However crusts are not homogenous and weathering such as dry/wet cycles or intense rainfall 

events cause degradation of the crust and increase the susceptibility of associated particulates 

to erosion processes (Menzies and Mullingan, 1999; 2000). Also during periods in wet-dry 

cycles, capillary forces can act to form patches or even a layer of efflorescent salts on the mine 

tailings surface. These efflorescent salts can be enriched in metals, and their small particle 

sizes make them highly susceptible to wind erosion and dispersion (Meza-Figueroa et al., 

2009). 

 In contrast, the presence of vegetation not only prevented dust emission but resulted in 

dust deposition into the study areas. Such deposition was more pronounced in the study area 

with higher canopy cover. There are several possible reasons for this including the presence of 

plants acting to reduce saltation, e.g., preventing particles from hitting the surface and causing 

the suspension of new particulates. Previous work has shown that canopy distribution, density, 

and composition of vegetated on soil surfaces are all important factors in protecting the 

surface from saltation effects (Breshears et al., 2009; Field et al., 2012; Wolfe and Nickling, 

1993). Plant cover also acts to prevent the interaction of the wind with the tailings surface 

reducing the release of particles (erosion by detachment) from the tailings surface. Further, 
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plants may act to trap dust on leaf surfaces due to the impaction of dust onto leaf surfaces. 

Taken together, these processes resulted in a net deposition of dust onto the surface of the 

vegetated study areas.  

 

 Examination of metal(loid)s that are in high concentration in the IKMHSS tailings 

shows that their movement was similar to the dust they are associated with. The higher the 

canopy cover, the more reduction in the deposition of each metal(loid) measured. Additional 

studies are needed to evaluate the association of metals with different size fractions of 

particulates as well as the possible health implications of the potential dust emission from bare 

mine tailings. Furthermore, the effects of vegetation on different particle sizes from IKMSS 

tailings should be explored. 

4.2. Short-term measurements  

 Short-term measurements are affected by high variability in weather conditions 

including wind direction and wind speed (Table S A1). Furthermore, optical instruments can 

add variability due to errors in resolution and flow accuracy (Csavina et al., 2014). This is 

illustrated by the DustTrak results for which dust generation behavior can change rapidly 

within the four hour period of measurement due to weather and wind conditions. Merino-

Martin et.al, (2014) has suggested that even in calm or low wind speed conditions, fine dust 

concentration can vary dramatically when comparing 1-s resolution concentrations and 5-h 

average concentration. In spite of this variability, different studies using DustTraks have 

demonstrated that dust emission potential decreases when there is a vegetation cover (Bryant, 

2013; Merino-Martín et al., 2014).  
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5. Conclusions 

 In summary, the establishment of a vegetation cover equivalent to the surrounding 

areas as a result of compost-assisted phytostabilization at IKMHSS resulted in a significant 

decrease in the average horizontal dust flux and the metal(loid)s associated with dust being 

transported. Importantly, in the presence of vegetation approaching the density of the 

surrounding area, dust flux was reduced to the extent that dust was no longer emitted from the 

site; rather it was deposited within the study areas. Such quantitative information is needed to 

help evaluate phytostabilization as a reclamation strategy for mine tailings. Further, this study 

showed that the assessment of horizontal dust flux could be performed using passive samplers 

which are economical to install and can be employed over long periods of time. This type of 

long-term measurement can be supplemented with short-term measurements, such as 

DustTrak, that can help understand the behavior of different particulate size fractions.  
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FIGURE A.1: The relationship between various mining activities, particulate sizes generated 

the temporal scale at which particulates are generated and the two dust monitoring approaches 

(DustTrak and passive sampling) used in this study. 
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FIGURE A.2: Horizontal sediment flux measurements (A) on a phytostabilization field 

trial, blue squares indicate plots (9.6 m x 15 m per plot) selected as areas of study; numbers 

indicate treatments: (1) 16% canopy cover, (2) 32% Canopy cover, and (3) Irrigation; Control 

treatment were placed out of the area of study on the east side. (B) Placement of a vertical 

PVC mast with five individual sediment samplers and DustTraks™ based on predominant 

wind direction (Wind rose). Black dots indicate West-East transect and colored dots indicate 

South-North transect in which blue dot indicate position for flux in (South) and red dot 

indicate position for flux out (North). 
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FIGURE A.3: Details of Modified Wilson & Cooke samplers (MWAC). (A) Detail of one 

of the high density polyethylene (HDPE) samplers at 0.06, 0.18, 0.25, 0.5 and 1.0 m on the 

PVC mast. (B) The design of the sediment samplers was based on Modified Wilson & Cooke 

samplers (MWAC) (Goossens et al., 2000). (C) A further detail of the sampler showing the 

orientation of inlet and outlet tubes secured to each sampler lid. The inlet tube is oriented to 

the predominant wind direction and outlet is directed downwards to the soil surface. 
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FIGURE A.4: Effect of treatment on average horizontal dust flux (average ± standard 

deviation, n = 3). Negative numbers indicate there was a net deposition of dust into the study 

area while positive numbers indicate that there was a net emission of dust from the study area. 

A one-way ANOVA was performed for each treatment. Means identified with different letters 

are significantly different between treatments (p < 0.05; Post-Hoc Tukey-Kramer test; n = 4). 
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FIGURE A.5: Effect of treatment on horizontal dust flux at 0.06, 0.18, 0.25, and 0.5 and 

1.0 cm above the mine tailings surface (average ± standard deviation, n = 3). Negative 

numbers indicate there was a net deposition (Dep) of dust into the study area while positive 

numbers indicate that there was a net emission (Em) of dust from the study area. A one-way 

ANOVA was performed for each height: 0.25 m (F=8.7, p = 0.006); 0.5 m (F=5.6; p = 0.022). 

Means identified with different letters are significantly different among treatments (p < 0.05; 

Post-Hoc Tukey-Kramer test, n = 4).  
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FIGURE A.6: Effect of treatment on the horizontal elemental flux associated with dust 

particulates (average ± standard deviation, n = 3). Negative numbers indicate there was a 

net deposition of dust into the study area while positive numbers indicate that there was a net 

emission of dust from the study area. Metals analyzed were arsenic (As), lead (Pb), copper 

(Cu) and cadmium (Cd). A one-way ANOVA was performed for each metal: Cu (F = 6.4; p = 

.0159). As (F = 6.6; p = .0144); Cd (F = 7.04; p = .0124); Pb (F = 9.9; p = .004); Means 

identified with different letters are significantly different between treatment (p < 0.05; Post-

Hoc Tukey-Kramer test, n = 4). 
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FIGURE A.7 Effect of treatment on dust flux for different particle sizes. Data analyzed by 

averaging data in 15 min intervals for each particle size. Values presented are the average ± 

standard deviation (n=16); negative numbers indicate there was a net deposition of particle matter 

into the study area while positive numbers indicate that there was a net emission of particle matter. 

Rates of dust emission and/or deposition were estimated for each of the study plots by DustTrak 

Flux out – Flux in. Kruskal-Wallis was performed for each sampling date and particle size. Means 

identified with different letters are significantly different between treatment (p < 0.05; Post-Hoc 

Steel-Dwass All Pairs test, n = 3). Wind roses measuring day average wind direction (vectors) and 

speed (m s
-1

) for May 24
th
, 2011 and June 6

th
, 2011. Differences show the variability of weather 

conditions in different seasons.  

* 
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Highlights 

 Cap and plant is the current costly standard for mine tailings reclamation 

 We assessed direct planting for remediation of acidic metalliferous mine tailings 

 60-day greenhouse pot studies translated successfully to this 41-month field trial  

 A single compost application supported plant establishment and soil development 

 Direct planting with compost addition is a viable alternative technology for treatment of 

mine tailings 

Abstract 

 

Standard practice in the reclamation of mine tailings is the emplacement of a 15 to 90 cm 

soil/gravel/rock cap which is then hydro-seeded. In this study we investigate compost-assisted 

direct planting phytostabilization technology as an alternative to standard cap and plant 

practices. In phytostabilization, the goal is to establish a vegetative cap using native plants that 

stabilize metals in the root zone with little to no shoot accumulation. The study site is a barren 

62-hectare tailings pile characterized by extremely acidic pH as well as lead, arsenic, and zinc 

each exceeding 2000 mg kg-1. The study objective is to evaluate whether successful 

greenhouse phytostabilization results are scalable to the field. In May 2010, a 0.27 hectare 

study area was established on the Iron King Mine and Humboldt Smelter Superfund 

(IKMHSS) site with six irrigated treatments; tailings amended with 10, 15, or 20% (w/w) 

compost seeded with a mix of native plants (buffalo grass, Arizona fescue, quailbush, 

mesquite, and catclaw acacia) and controls including composted (15 and 20%) unseeded 

treatments and an uncomposted unseeded treatment. Canopy cover ranging from 21 to 61% 

developed after 41 months in the compost-amended planted treatments, a canopy cover similar 

to that found in the surrounding region. No plants grew on unamended tailings. Neutrophilic 

heterotrophic bacterial counts were 1.5 to 4 orders of magnitude higher after 41 months in 

planted versus unamended control plots. Shoot tissue accumulation of various metal(loids) 
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was at or below Domestic Animal Toxicity Limits, with some plant specific exceptions in 

treatments receiving less compost. Parameters including % canopy cover, neutrophilic 

heterotrophic bacteria counts, and shoot uptake of metal(loids) are promising criteria to use in 

evaluating reclamation success. In summary, compost amendment and seeding, guided by 

preliminary greenhouse studies, allowed plant establishment and sustained growth over four 

years demonstrating feasibility for this phytostabilization technology.   

 

Keywords 

Mine tailings, phytoremediation, phytostabilization, direct planting, fertility islands 
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1. Introduction  

 Mine tailings are the main product remaining after ore beneficiation and, if left 

unreclaimed, can contribute to particulate dispersion into the surrounding environment 

(Csavina et al., 2011; Mendez and Maier, 2008; Root et al., 2015). In legacy sites, mine 

tailings particulates often have associated metal(loid) contaminants because extraction 

technologies 50 – 100 years ago were not as efficient as those used in modern mining 

operations. Human health risks arising from dispersion of metal(loid)-containing particulates 

from legacy sites can result from various routes of exposure including inhalation of particles 

transported by wind and ingestion of contaminated soil (particularly for children) or food due 

to the deposition of wind- or water-borne particles onto soil or garden vegetables (Csavina et 

al., 2011; Henry et al., 2013; Mendez and Maier, 2008; Ramirez-Andreotta et al., 2013).  

 

The US Environmental Protection Agency (EPA) has estimated that remediation 

costs for National Priority List (NPL) hardrock mining sites will exceed US $7.8 billion for 

63 NPL sites inventoried in 2004 with an additional US $16.5 billion needed for future sites 

using current technologies (Lovingood et al., 2004). The most commonly used technologies 

are based on constructing an inert or biological cap over the mine tailings (ITRC, 2009). The 

goal is to have germination and establishment of a vegetative cap followed by plant 

succession and eventually leading to a stable vegetative community on the site. However, 

such capping strategies can be very expensive (Mendez and Maier, 2008).  

 

An alternative technology to capping is phytostabilization, which is the use of a 

vegetation cover planted directly into the tailings that acts to immobilize metals in the 

rhizosphere and to reduce above the ground wind and water erosion processes (Mendez and 
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Maier, 2008; USAEC, 2014). However, direct planting alone is not feasible for many legacy 

sites because acidic conditions and high metal(loid) content prevent plant germination and 

growth. A further complication is the need for drought-tolerant plant species which are 

generally adapted to the alkaline conditions found in most arid environments (Saslis-

Lagoudakis et al., 2015). Therefore the phytostabilization process often must be “assisted” 

through the addition of amendments that may include compost, biosolids, lime, and/or 

fertilizers (Brown et al., 2004; Clemente et al., 2012; Conesa et al., 2007; Lee et al., 2014; Li 

and Huang, 2015; Madejón et al., 2010; Santibañez et al., 2012). The vegetative cap created 

by assisted phytostabilization should result in the phyto-catalyzed stabilization of inorganic 

contaminants in the root zone driven by organic matter, plant root exudates and the 

associated rhizosphere microbial community (Mendez and Maier, 2008; Santibañez et al., 

2012). Further, there should be limited above ground biomass accumulation of metal(loid)s to 

prevent the movement of contaminants into the surrounding ecosystem and food-web through 

grazing or plant death and decay (Henry et al., 2013; Mendez and Maier, 2008; Pérez-de-

Mora et al., 2011). 

 There are few reported field studies that have evaluated the feasibility of assisted 

phytostabilization of mine tailings in semi-arid environments (Brown et al., 2004; Clemente 

et al., 2012; Cordova et al., 2011; Pardo et al., 2014; Santibañez et al., 2012). The goal of this 

study was to determine whether assisted phytostabilization could be successfully 

implemented at the Iron King Mine and Humboldt Smelter Superfund (IKMHSS) site which 

has mine tailings that are characterized by extreme acidity and high levels of arsenic, lead, 

and zinc (Root et al., 2015). We specifically wanted to determine whether successful results 

from greenhouse trials (Solís-Dominguez et al., 2012) could be scaled to the field. The 

parameters evaluated in the field trial included percent canopy cover, plant shoot tissue 
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metal(loid) uptake, neutrophilic heterotrophic bacterial counts (NHC), pH, total carbon (TC), 

total organic carbon (TOC), total nitrogen (TN), electrical conductivity (EC). These 

parameters were used to assess progress in transitioning the original mine tailings ecosystem 

to include soil properties more characteristic of a plant-sustaining matrix.                                                                                                                                         

2. Materials and methods 

2.1. Site description 

 The IKMHSS was active from the late 1800s until 1969 producing gold, silver, 

copper, lead, and zinc, leaving behind a mine tailings pile comprising approximately 62 

hectares adjacent to the town of Dewey-Humboldt, Arizona (North 34°31′57″, West 

112°15′9″) (USEPA, 2010) (Fig. B1). The top of the mine tailings pile is at an elevation of 

1464 m and the surface of the site is an orange gossan zone that is vulnerable to erosion 

(Hayes et al., 2014; USEPA, 2010). The surficial tailings are characterized by low pH and 

nutrient content and elevated concentrations of a range of metal(loids) including arsenic, 

lead, copper, cadmium, chromium, and zinc as well as pyrite (Tables B1 – B3). In contrast, 

the surrounding area is a Chaparral biome influenced by three ephemeral waterways with 

Balon gravelly sandy clay loam (BgD) as the predominant soil type. Vegetation in the area is 

dominated by rubber rabbitbrush (Ericameria nauseosa), shrub live oak (Quercus turbinella), 

and broom snakeweed (Gutierrezia sarothrae) among other plants. White willow (Salix spp), 

Arizona walnut (Juglans major), and cottonwood (Populus fremontii) are present in the 

nearby riparian areas (USEPA, 2009). 

2.2. Site preparation 

 In May 2010, a compost-assisted phytostabilization trial was established on a 0.27 

hectare area on the IKMHSS mine tailings. The six treatments tested (with four replicates 
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each) were: (1) unamended control; (2) 10% compost - seeded with buffalo grass and 

mesquite; (3 & 4) 15% and 20% compost - unseeded; (5 & 6) 15% and 20% compost seeded 

with a mixture of six native plants. All treatments were laid out in a randomized block design 

with the exception of the controls which were located at the far corners of the study area (Fig. 

B1, controls are labeled with the number 1). This was done to prevent contamination of the 

control plots with compost during site preparation and tilling of compost into the subsurface. 

A tractor was used to rip and till the site to a depth of about 38 cm and the site was 

divided into 24 experimental plots (9.6 m x 15 m per plot) each bermed to about 50 cm to 

prevent cross contamination between treatments. A dairy-manure green-waste compost from 

Arizona Dairy Compost LLC (Anthem, AZ) was weighed using a truck scale and added to 

each plot according to treatment: the 10% compost treatment received 228 t ha-1; 15% 

compost treatments received 342 t ha-1; and 20% compost treatments received 456 t ha-1. The 

compost was tilled into each plot to a depth of about 15 cm.  

 

Plots were then seeded according to treatment based on preliminary greenhouse 

results (Solís-Dominguez et al., 2012). The six native desert plants used in this study and 

their seeding rates were: grasses, 90 kg ha-1 buffalo grass (Buchloe dactyloides) and 56 kg ha-

1 arizona fescue (Festuca arizonica); shrubs, 56 kg ha-1 quailbush (Atriplex lentiformis) and 

11 kg ha-1 mountain mahogany (Cercocarpus montanus); trees, 0.15 kg ha-1 mesquite 

(Prosopis juliflora) and 1 kg ha-1 catclaw acacia (Acacia greggi) (seed source: Desert 

Nursery, Phoenix, AZ). The 10% compost treatment, considered a suboptimal rate (Solís-

Dominguez et al., 2012), received only seeds from the two plants that grew most successfully 

in the greenhouse as measured by biomass production (buffalo grass and mesquite). The 15 

and 20% compost treatments received a mixture of the six seeds, all of which grew in the 

greenhouse, to represent a range of plant canopy covers and rooting patterns (e.g. grasses, 
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shrubs, and trees). Buffalo grass, arizona fescue, quailbush, and mountain mahogany were 

broadcast by hand and raked into the tailings. Straw was scattered over the plot surface at a 

rate of 6 t ha-1 and crimped 10 cm deep into the tailings surface to decreased compaction by 

irrigation, seeds predation by birds, dispersion by the wind, and water evaporation from the 

substrate. Larger tree seed species (mesquite and acacia) were soaked in water for 24 h and 

then planted by hand at a depth of 2.5 cm along seed lines that were 30.5 cm apart alternating 

the two species. Seeds and straw were applied at night to avoid losses due to high daytime 

winds. 

A sprinkler irrigation system was installed to supplement rainfall throughout the 

growing season (Table B4). Plots were irrigated every 7 to 10 d depending on the observed 

plant status and monitored weather conditions. Due to limited availability and reliability of 

the water source irrigation, applications were limited to between 0.5 and 1.0 inches of water. 

During periods of appreciable rainfall irrigation was postponed. Irrigation was suspended 

when visual signs of winter senescence were observed. Irrigation was reinitiated the 

following spring once temperatures below freezing had ceased and signs of spring growth 

were observed. A fence was built around the study area to avoid additional stress of wildlife 

grazing. In July 2010, an on-site wireless Vantage Pro™ 2 Plus weather station (Davis 

Instruments Corp, Hayward, CA) was placed in the center of the study area to monitor major 

weather conditions including air temperature, relative humidity, wind speed and direction, 

rainfall, and soil temperature.  

2.3. Sampling and analysis 

To evaluate the immediate effect of compost in tailings, triplicate 100 g surface 

samples were troweled into plastic soil bags from each plot at a depth of 0-8 cm at the 

initiation of the study (May 2010). Samples for physical and chemical characterization were 
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subsequently air-dried and sieved to a 2 mm mesh and stored at room temperature. The 

triplicate samples from each plot were combined to create a composite plot sample for each 

time point. Samples were analyzed for pH and EC from aqueous solutions of a 1:2 mass ratio 

of tailings in 18.2 MΩ deionized (Milli-Q, Barnstead) water reacted for 1 h. Twenty grams of 

the composite samples were finely ground according to McGee et al., (1999) and analyzed 

for TC, total inorganic carbon (TIC), TOC, and TN (Shimadzu TOC-VCSH analyzer with 

solid state module SSM-5000A, Columbia, MD). Detection limits were determined 

separately for each batch of samples collected in May and October. The range of detection 

limits for TC analysis was from 0.03 to 0.135 g kg-1 dry tailings, from 0.045 to 0.1 g kg-1 for 

TIC, and from 0.0020 to 0.016 g kg-1 for TN.  Total elemental analysis of compost and 

tailings was by ICP-MS (ELAN DRC-II, Perkin Elmer, Shelton, CT) and detailed in Hayes et 

al. (2014). Analyses were performed at the University of Arizona Laboratory for Emerging 

Contaminants (ALEC, http://www.alec.arizona.edu/). Plant available metal(loid)s in the 

tailings is operationally defined here as the sum of a two-step sequential extraction: 1) 18.2 

MΩ lab pure water (Milli-Q) and 2) 1 M NaH2PO4 at 1:100 solid to solution ratio (n=4) with 

detection after filtration (0.45 µm GHP, Acrodisc) as above by ICP-MS. 

2.4. Canopy cover and changes in edaphic factors by assisted direct planting 

 Canopy cover and species composition were estimated on a yearly basis beginning in 

October 2010 using transect and quadrat sampling (Lutes et al., 2006; Swanson, 2006). 

Observations were made within a 1 m2 quadrat frame placed at 3 m increments along two 15 

m diagonal transects across each plot (Coulloudon, 1999; Elzinga et al., 1998). Four 

additional observations were made at random locations within the plot. At the same time, a 

second annual core was randomly collected from each plot using a 2” soil probe (AMS Inc., 

American falls, ID) to a depth of 22 cm, the auger was carefully cleaned between samples. 

http://www.alec.arizona.edu/
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Sub-samples were collected from the auger to characterize depths of 8, 15, and 22 cm. These 

samples were treated as describe previously (e.g. sieved, dried, stored at 4oC) and analyzed 

for TC, TIC, TOC, and TN, pH and EC to evaluate changes in edaphic factors by assisted 

direct planting. 

2.5. Neutrophilic heterotrophic bacteria 

Triplicate 1 m cores were collected from each treatment plot on an annual basis 

during the spring/summer months (May-June) using a JMC ESP plus soil core sampling kit 

(Clements Associates Inc., Newton IA) with butyrate plastic liners (91.4 cm x 3.18 cm). Each 

liner was capped then sealed with vinyl tape at both ends to minimize post collection 

oxidation and immediately placed on ice for transport back to the laboratory. Cores were 

processed upon arrival at the lab by cutting and removing the top 0-20 cm of each core, with 

the remaining 71 cm stored at -4°C for subsequent analyses. Tailings from 0-20 cm were 

removed from the core liner sleeve and homogenized. A composite of each treatment plot 

was generated by combining 10 g of homogenized 0-20 cm tailings from each of the 

triplicates and analyzed immediately for Neutrophilic heterotrophic bacteria (NHC). The 

remaining sample was split and archived at -80°C and -20°C.  

 One gram of the composited core samples from the top 0-20 cm was placed in a tube 

containing 9.5 ml of sterile distilled water and vortexed for 2 min to determine NHC. Serial 

dilutions were performed and 0.1 ml from each was plated in triplicate on R2A agar (Bacton 

Dickenson and Company) with 200 mg L-1 of cyclohexmide (to suppress fungal growth). All 

plates were incubated for 5 days at 23°C and then enumerated. All NHC are reported as 

colony forming units (CFU) per gram dry weight of the sample (Solís-Dominguez et al., 

2012). 
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2.6. Metal(loid) uptake into plant tissue 

Plant shoot tissue from the dominant plant species in each plot was collected in 

October of each year to assess uptake of metal(loid)s. Shoot tissue samples were washed with 

a 0.1% HCl solution and dried on a Blue M force air oven (Thermal Product Solutions, New 

Columbia, PA) at 65°C. Samples were ground in a Wiley Mill (Thomas Scientific, 

Swedesboro, NJ), passed through a 40-mesh (0.42 mm) screen, and  microwave digested 

(MARS6, CEM Corp., Matthews, NC) using USEPA method 3052 for total element 

concentrations of As, Pb, Zn, Cd, Cu, and Ni (USEPA, 1996). Quality controls for the 

digestion included: sample duplication;  digestion blank controls with: distilled water, HNO3, 

and hydrogen peroxide; and digestion of a Standard Reference Material NIST 1573a (tomato 

leaves) as an external quality control (Ramirez-Andreotta et al., 2013). Samples were 

analyzed at ALEC by ELAN DRC-II ICP-MS (Perkin Elmer, Shelton, CT) using at least one 

quality control solution from a second source, e.g., NIST 1643e Trace Metals in water. 

2.7. Acid potential 

The acid potential (AP) of tailings samples was determined based on the pyritic 

fraction of the tailings (Sobek, 1978). The pyrite fraction of the surface tailings was 

determined by Rietveld refinement of Synchrotron transmission powder x-ray diffraction 

(ST-XRD) as described previously (Hayes et al., 2014). While Rietveld XRD may not always 

detect minor phases (<5 wt %), pyrite has strong and unique reflections that could be fit to 

about 0.3 wt %. The pyrite fraction (% pyt) in the tailings was used to calculate the AP, 

where AP = % pyt x 16.7; as kg acid equivalents per metric ton tailings expressed in mass 

equivalents of CaCO3 neutralizing capacity of 2 moles CaCO3 (MW = 2 x 100.087) to 1 mole 

of FeS2 (MW = 119.975) to kg CaCO3 equivalent per ton of material (Parker and Robertson, 
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1999). The range of AP for the tailings samples were 0 to 154 kg acid equivalents per ton 

tailings with an average of 48.0 kg acid equivalents per ton tailings for the non-control 

samples.  

2.8. Statistical Analysis 

Normality of the data were analyzed using goodness of fit test, and verified by using 

residual/predicted plots. When data were highly differing from normal distribution, they were 

log transformed. Significant differences over time for canopy cover, NHC, TOC, TN, pH and 

EC were detected by employing one-way ANOVA (p < 0.05) by treatment and significant 

differences between means were determined by Tukey’s test (p < 0.05). Metal(loid) 

accumulation in shoot tissue data were square-root transformed to reduce the influence of 

outliers before performing a one-tail Paired t-Test (p < 0.05) to evaluate the increase of 

metal(loid) concentration in plant shoot tissue with time. In order to evaluate the effect of rate 

of compost with time in the accumulation of metal(loid)s in leaves, a 2-way Anova (p < 0.05) 

was performed. Principal Component Analysis (PCA) was used to compare changes in the 

treatments based on geochemical parameters evaluated in this study. In order to reduce 

influences from outliers and different scales data was square-root transformed before 

performing the PCA. All analyses were conducted using JMP®, Version 11.0. (SAS Institute 

Inc., Cary, NC, 1989-2007). 

3. Results  

3.1. Tailings characteristics before and after compost amendment 

 The IKMHSS surface tailings have a loam texture, 34.7% sand, 44.8% silt, and 

20.4% clay, and are comprised dominantly of quartz, albite, pyrite, gypsum, jarosite, 

plumbojarosite, and goethite or ferrihydrite (Solís-Dominguez et al., 2012). Selected 
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properties including pH, EC, TC, TOC, TN, NHC, metal(loid), and pyrite content of the 

compost, the tailings (both unamended and compost-amended), and an off-site soil sample 

are provided in Tables B 1-3.  

3.2. Plant germination, growth, and canopy cover 

The control treatment which was irrigated but did not receive either compost 

amendment or seeds remained barren of plants for the duration of this study. In contrast, all 

treatments receiving compost amendment and seeds showed germination and plant growth 

achieving a 30 to 39% canopy cover within the first five months (Fig. B2). This was 

equivalent to the canopy cover measured in the off-site surrounding area (dashed line on Fig. 

B2). Canopy cover was subsequently measured yearly for three years and showed a trending 

but not significant decline in the 10% compost treatment, no significant change in the 15% 

compost treatment, and a significant increase to 61% canopy cover in the 20% compost 

treatment.  

 

Treatments that received compost but no seeds showed less than 6% canopy cover 

after 5 months but the canopy cover increased significantly over the subsequent three years 

reaching 21 and 36% in the 15 and 20% compost treatments, respectively. This was likely a 

result of seed deposition following blooming and seeding of quailbush from the neighboring 

seeded plots as well as from volunteer species from off-site. Quailbush plants in these plots 

were visually much larger and more spatially separated than those in the composted-seeded 

plots (Fig. B3). 

Germination and growth of the six plant types tested varied considerably in this field 

trial. Despite showing success in greenhouse studies, three of the six seed types applied 

(mountain mahogany, mesquite, and catclaw acacia) did not establish at the site. A fourth 
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plant, Arizona fescue showed a small amount of growth in 2010 (5.8% of the plant 

composition for the 15% compost + seeds treatment and 2.2% for the 20% compost + seeds 

treatment). However, the percentage declined substantially by 2011 and the plant was not 

observed in 2012 or beyond. For the 10% compost-amended treatment plots that received 

only buffalo grass and mesquite seeds, species composition was dominated by buffalo grass, 

ranging from 97.2% (2010) to 84.2% (2013) with the remainder represented by annual weeds 

that were not in the original seed mix.  

Quailbush dominated in the 15 and 20% compost-amended seeded treatments. In 

2010, the average quailbush composition in the 15% and 20% seeded treatments was 78.5%, 

buffalo grass composition averaged 17.4% and the remainder was annual weeds. Between 

2010 and 2013, quailbush declined to an average of 47.8% while buffalo grass was 

maintained at 25.2%, and there was an increase in annual weeds. Blooming and seeding of 

quailbush and buffalo grass first occurred in 2011 and was observed on a yearly basis 

thereafter.  

3.3. Accumulation of metal(loid)s into plant shoot tissue 

Plant shoot tissues collected from the dominant plants, quailbush and buffalo grass, in 

the 10, 15, and 20% compost-amended and seeded treatments were analyzed for uptake of 

metal(loid)s. Results from the 2010 and 2013 samplings show that foliar accumulation 

generally did not exceed the Domestic Animal Toxicity Limits (DATL NRC, 2005) with 

some plant specific exceptions (Table B2). The exception for quailbush was that shoot tissue 

Zn levels were similar to or slightly higher than the DATL in the 15 and 20% compost 

treatments. For buffalo grass, shoot tissue As exceeded the DATL by 2-fold in the 10% 

compost-amended treatment after three years and Cu levels for all treatments were similar to 

the DATL.  



149 

 

The amount of compost added had an impact on whether or not there was an increase 

in shoot tissue metal(loid) concentrations between 2010 and 2013. There was no increase in 

metal(loid) concentration for the elements examined in 20% compost-amended treatments, 

there was an increase in two metals, Zn and Ni, in the 15% compost-amended treatments, and 

there was an increase in four metal(loid)s, As, Pb, Zn, and Ni, in the 10% compost-amended 

treatments.  

3.4 Neutrophilic heterotrophic bacteria  

Initial NHC in the unamended tailings were low, 1.43 x 102 CFU g-1 dry tailings, and 

did not change over the duration of the study (Fig. B4). Compost amendment caused an 

immediate 1 to 3 log increase in NHC to 2.08 x 103, 7.33 x 104, and 1.02 x 105 CFU g-1 dry 

tailings for the 10, 15, and 20% compost treatments, respectively. A further 1 to 2 log 

increase occurred at 12 months across all composted treatments. Thereafter, NHC did not 

change significantly in any treatment except for the 20% compost unseeded treatment which 

showed a significant 1.5 log decline from 2011 to 2013. For comparison, NHC in two off-site 

samples that were collected in May 2015 averaged 2.18 x 106 g-1 dry tailings, a value similar 

to the 15 and 20% compost amended treatments and slightly higher than the 10% compost 

amended treatment (dashed line, Fig. B4). 

3.5. Changes in edaphic factors 

Pyrite content was measured in 8 cm depth tailings immediately following compost 

addition in all treatments and controls to estimate acid potential in the tailings. Values for 

pyrite content ranged from 1.0 to 4.5 wt% in samples with tailings, with the variability likely 

due to a combination of heterogeneous mixing of upper and lower layers of the tailings 

during the ripping and tilling process and dilution by compost addition (Table B3). Samples 
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collected at 41 months showed notable loss of pyrite in all treatments and the control, which 

was attributed to oxidation (depleted 33% to 89%, average 61.4%). The off-site sample and 

compost did not contain pyrite. 

Due to potential acid production by pyrite oxidation, pH was measured in all 

treatments. The unamended control samples had an average pH of 2.5 ± 0.1 with no 

significant difference over time (0 to 41 months). Compost amendment immediately 

increased the tailings pH by 3-5 pH units (Table B1). A regression analysis comparing the 

increase in pH to the amount of compost added showed a significant positive relationship (R2 

= 0.959, P < 0.205). Subsequent yearly measurements were made at three depths, 8, 15, and 

22 cm corresponding to the well-mixed tailings-compost zone (8 cm), the interface between 

the well-mixed zone and unamended tailings (15 cm), and unamended deeper tailings (22 

cm), respectively. In the well-mixed zone, the pH was maintained for the first 17 months in 

all treatments (Fig. B 5A). Thereafter, from 17 to 41 months, there was a trend of declining 

pH among all compost-amended treatments. This decline was significant in the 10% and 15% 

seeded treatments.  

There was no time-zero measurement of pH at the 15 cm interface between the well-

mixed zone (15 cm) and unamended tailings (22 cm). However, there was a trending decline 

in pH between 17 and 41 months similar to that observed at 8 cm (Fig. B 5B). The decline in 

pH was significant for the 15% seeded and unseeded treatments. Likewise, there was no time 

zero measurement of pH at 22 cm which is below the layer of compost amendment. The 

average pH in this zone among all compost-amended treatments was 2.8 ± 0.4 with no 

difference significant among treatments for the 41 month duration of the study. This average 

is significantly higher than the unamended control (2.5 ± 0.1) likely because some organic 

matter leached down to 22 cm.  
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Total organic carbon was below detection limits in the unamended tailings (Table 1). 

At 8 cm, compost addition immediately increased TOC levels to between 54 and 124 g kg-1 

dry tailings (Fig. B 6A). A linear regression analysis comparing TOC to the amount of 

compost added showed a significant positive relationship (R2 = 0.869, P < 0.004). 

Subsequent measurements of TOC in 2011, 2012, and 2013 showed a downward trend in 

most cases but values were not significantly different from the initial measurement (Fig. B 

6A). Despite this downward trend, the TOC values in all of the composted treatments were 

significantly higher than TOC values in off-site soils (Table B1, Fig. B 6A, dashed line). 

Total organic carbon at the 15 cm (interface between well-mixed zone and unamended 

tailings) averaged 28.6 ± 7.6 g kg-1 dry tailings across all time points (17, 29, and 41 months) 

with no significant differences among treatments (data not shown). TOC at 22 cm was below 

detection limits for all compost-amended treatments.  

 

Total nitrogen was below detection limits in unamended tailings (Table B1). At 8 cm 

depth, compost addition immediately increased TN to 5.0 to 8.6 g kg-1 dry tailings with a 

significant positive relationship between TN and the amount of compost added (R2 = 0.95, P 

= 0.001). In 2011, TN increased by 10 to 66% in the compost-amended treatments although 

this increase was only significant for the 15% compost + seeds treatment (Fig. B 6B). In the 

two following years, 2012 and 2013, TN levels returned to levels similar to those measured 

in 2010. Total nitrogen values in all of the composted treatments were significantly higher 

than TOC values in off-site soils (Table B1, Fig. B 6B, dashed line). Total nitrogen at the 15 

cm interface between the well-mixed zone and the unamended zone averaged 3.2 ± 0.9 

among all the composted treatments from 2011 to 2013 with little variation. Total nitrogen 

was below detection limits at the 22 cm for all samples tested.  
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Unamended tailings had an EC of 8.3 ± 0.7 mS cm-1 (Table B1). Compost addition 

immediately increased the tailings EC to 17 to 27 mS cm-1 and there was a significant 

positive relationship between the amount of compost added and EC (R2 = 0.87, P = 0.0067) 

(Fig. B 6C). However, this increase was transient and measurements in subsequent years 

(2011, 2012, and 2013) showed a decline to an average of 4.2 ± 0.8 among the composted 

treatments which was significantly less than the EC in the unamended control treatments. The 

EC at the 15 cm interface between the well-mixed zone and the unamended tailings averaged 

5.9 ± 1.5 mS cm-1 and at the 22 cm averaged 5.3 ± 1.4. The EC values in all treatments were 

significantly higher than those found in off-site soils (Table B1, Fig. B 6C, dashed line). 

3.6 Principal Component Analysis 

A PCA bi-plot was generated to compare the measured soil-quality parameters (pH, 

NHC, TOC, TN, EC) and % canopy cover of the six treatments tested over time (Fig. B7). 

The first two axes of the PCA together explained 81.0% of the total variation. The first axis 

explained 60.7% of the total variation and was positively correlated with pH, NHC (as CFU), 

TOC, and TN and % canopy cover. The second axis, which explained 20.3% of the total 

variation, was positively correlated with EC. The position of a treatment along the length of a 

bi-plot arrow indicates the relationship between the treatment and the parameter measured.  

The unamended control treatment samples were tightly clustered for all years and 

were negatively correlated to all parameters measured, except EC. The 2010 samples from 

the remaining five treatments, which were collected immediately after compost addition, 

clustered together and were positively correlated with EC, pH, TOC, and TN. In subsequent 

years (2011, 2012, and 2013), these five treatments remained clustered together with a 

positive correlation to pH, NHC, TOC, TN, and % canopy cover. But the samples from 2011, 

2012, and 2013 formed a separate cluster from the 2010 samples suggesting an influence of 
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plants on these treatments. The composted treatments (all years sampled) were not tightly 

clustered in comparison to the unamended control treatment samples indicating that there was 

great heterogeneity in the field after the compost was mixed into the tailings. 

4. Discussion 

 The IKMHSS mine tailings studied are considered a “worst-case scenario", being 

highly acidic, and saline with elevated levels of metal(loid)s. The native tailings have not 

supported plant growth for decades. In this 41-month field trial a single application of 

compost with supplemental irrigation has supported the establishment of a stable vegetative 

cover that is similar in density to the region surrounding the IKMHSS site. Key to the success 

of this technology was the combined impact of compost as a conditioner to improve soil 

quality parameters and to provide a source of organic matter and a microbial inoculum that 

acted to disrupt the established tailings ecosystem (Mendez et al., 2007; Solís-Dominguez et 

al., 2012). Two previous greenhouse studies on IKMHSS tailings supported the design of this 

field trial. The first was a 60-day pot study which showed that NHC and pH increased in 

composted and planted treatments while bioavailability of metal(loids) decreased (Solís-

Dominguez et al., 2012) . The second was a 1 year mesocosm study where metal 

solubilization and acidification was reduced in the presence of healthy plants in 

composted treatments (Valentín-Vargas et al., 2014). Both studies showed that prior to the 

addition of compost, the IKMHSS tailings are dominated by a chemolithoautotrophic sulfur- 

and iron-oxidizing community that supports an ecosystem characterized by extreme acidity. 

Compost addition disrupts the established IKMHSS ecosystem by providing an inoculum of 

nutrient cycling and plant growth promoting bacteria (Pérez-de-Mora et al., 2011; Shi et al., 

2011) which, in the present study, increased initial NHC by 1 to 3 orders of magnitude 

depending on the amount of compost added. The NHC showed a further 10-fold increase 
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after 12 months, a “vegetation effect” (Berg and Steinberger, 2010), which was then 

maintained for the next two years (Fig. B4).   

Accompanying the increase in NHC, these previous studies also showed an 

accompanying decrease in iron oxidizers (1.6 x 104 MPN g-1) of up to 1.5 orders of 

magnitude (Solís-Dominguez et al., 2012). It has been suggested that the addition of organic 

carbon and the concomitant increase in pH from compost addition diminishes 

chemoautotrophic sulfur oxidizer activity (Johnson and Hallberg, 2008).  Additionally, redox 

micro-environments can develop where decreased fO2 drives reducing conditions, which can 

alter the stable mineral phases in the rhizosphere.  Reduced micro-environments effect the 

activity and partitioning of iron and sulfur between aqueous and solid phases, and can limit 

chemoautotrophic microbial activity, e.g. ferrous iron oxidation (Johnson and Hallberg, 

2008). This shift allows for development of carbon and nitrogen cycling activities associated 

with “healthy” soil processes and diversity in the soil microbial community (Epelde et al., 

2010; Mendez et al., 2007; Zornoza et al., 2015).  

4.1. Translation of greenhouse results to the field 

 The IKMHSS field trial design was based on successful results from previous 60-day 

greenhouse pot studies (Solís-Dominguez et al., 2012). The greenhouse results scaled 

effectively to the field for several key parameters, including the amount of compost required 

and the amount of metal(loid) accumulation into shoot tissues. The fact that important 

greenhouse results scaled effectively to the field suggests that greenhouse trials are a useful 

preliminary step for this technology. Mine tailings characteristics vary quite widely from site 

to site in terms of mineralogy, pH, and metal content. As such, preliminary greenhouse trials 

that can precisely determine the minimum amount of compost or other amendments 

necessary, as well as plants that can be successfully established, would likely enhance the 
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successful implementation of this technology.   

 We note, however, that individual plant success was one aspect that did not translate 

exactly from the greenhouse to the field. Some plants that showed promise in the greenhouse 

trials did not successfully grow in the field. Examining greenhouse results more carefully 

shows that four of the six plants tested (buffalo grass, mesquite, quailbush, and cataclaw 

acacia) produced higher amounts of biomass (up to 14 g pot-1) in greenhouse studies while 

mountain mahogany and arizona fescue produced much lower amounts of biomass (up to 1 g  

pot-1) (Solís-Dominguez et al., 2012). In contrast, in the field, only buffalo grass and 

quailbush produced biomass that was sustained over the 3.5 years studied. The difference 

between greenhouse and field results could be due to competition among the plant species 

occurring in the field. Competition was not tested in the greenhouse studies, rather plants 

were tested individually in separate pots. The difference could also be due to a need to 

optimize seeding rates in the field, something that should be tested in future studies. A final 

difference to consider is that short term climate controlled greenhouse trials do not account 

for the effect of on-site year round seasonal climatic effects on plant germination and growth 

(e.g., large daily temperature variations, freezing winter temperatures, wind, daily and 

seasonal humidity changes, storms, etc.). 

 Aside from considerations of competition, the plants with better performance in the 

field (quailbush and buffalo grass) have two notable attributes that may have helped them 

survive. Buffalo grass is a C4 photosynthetic plant and quailbush is known for the ability to 

change from the C3 to C4 pathway in response to salinity and temperature (Srivastava et al., 

2012; Zhu and Meinzer, 1999). Plants with C4 photosynthesis are common in hot and arid 

environments, with more efficient photosynthesis wherein they close their stomata to reduce 

evapotranspiration and water loss during the day (Zhu and Meinzer, 1999). Second, previous 

results have shown that buffalo grass and quailbush seedlings have the ability to alkalinize 
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their environment and prevent acidification (Solís-Dominguez et al., 2012). The ability of 

mature quailbush to prevent acidification was also demonstrated in a 12-month mesocosm 

study (Valentín-Vargas et al., 2014). This ability may provide a competitive advantage which 

can be assessed with an easy screening test available (Solís-Dominguez et al., 2012). 

4.2. Self-propagation and fertility island effects 

 Propagation of quailbush through blooming-seeding cycles and buffalo grass through 

stolon propagation were observed on a yearly basis in the composted and seeded plots 

beginning in 2011. The ability to self-propagate resulted in the appearance of new quailbush 

and buffalo grass plants each year, often under the canopy of an established plant. In 

addition, the compost amendment combined with a robust vegetative cover maintained levels 

of TOC and TN over the period of this 41-month study that were substantially higher than in 

off-site soils. This in turn helped support of a variety of annual plants that were observed 

each year and that contributed to leaf litter development as the annuals went through 

senescence, death, and decay. One long-term goal of this project will be to determine whether 

plants can survive in the long-term, and if so, what type of ecological succession takes place. 

Escarré et al. (2011) and LeFebvre and Jacobs (2014) report that seeds from pioneer 

vegetation were better able to tolerate high concentrations of metal(loid)s and acidic pH. This 

is an interesting observation and seeds are being collected to determine whether pH or metal 

tolerance changes in subsequent generations. 

One surprising result from this study was the development of a robust plant cover in 

the composted but unseeded treatments over the 41 months of this study. The composted 

unseeded plots were established to separate the effect of compost alone and compost plus 

plants in the development of soil-quality parameters during this field trial. However, even 

though care was taken to exclude seeds in unseeded plots, seeds from the planted plots either 
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blew or were carried by birds or animals into the neighboring unplanted plots almost 

immediately following the initial seeding. In subsequent years seeds were further supplied to 

the unseeded plots by the yearly blooming and seeding cycles in the seeded plots. What is 

most interesting, particularly about the quailbush plants in the composted unseeded plots, is 

that single plants developed a much more robust biomass than the plants in the composted 

seeded treatments (Fig. B3). These plants created fertility islands in the composted unseeded 

plots that resulted in the gradual increase in plant canopy cover over time (Alday et al., 2014; 

Berg and Steinberger, 2010). This is an intriguing result that needs to be explored further. It 

suggests that in an extremely acidic site like the IKMHSS, while it may be necessary to 

provide compost over the entire area, it may not be necessary to seed the entire area which 

would result in a cost-savings. Further, in tailings that are not acidic, these results suggests 

that it would be worth exploring whether the use of spatially separated fertility islands 

(treated with compost and seeds) within a site would allow only a fraction of the site to be 

reclaimed with the expectation that the fertility islands would gradually spread out to 

encompass reclamation of the entire site (Alday et al., 2014; Santini and Fey, 2013). 

4.3. The relationship between pyrite content and pH 

Implementation of the field study at IKMHSS imposed an immediate disequilibrium 

in the tailings, which had been relatively undisturbed for ca. 50 years, in two ways: 1) 

through the addition of organic matter, seeds and irrigation, and 2) through the mixing of the 

top ca. 25 cm layer which varied in pyrite content due to the propagation of the oxidation 

front. Earlier work has quantified this variation showing that the upper 15 cm layer of 

undisturbed tailings have a lower pyrite content (1.4 to 2 wt%) than tailings below 15 cm (> 

10 wt%) (Hayes et al., 2014). Following these perturbations, all treatments as well as the 

unamended control showed a decrease in pyrite after 41 months suggesting that acid 
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generation was occurring according to the equation:  

FeS2(s) + 7/2 O2(g) + 5/2 H2O(l) = Fe(OH)3(s) + SO4
2-

(aq) + 2H+
(aq)   

Results indicate that the compost, and possibly plant root exudates, buffered acid generated 

by pyrite oxidation to a large extent. The 20% compost treatments buffered the pH most 

effectively with no significant decrease during the 41 months examined. The 20% compost 

seeded plot showed a pyrite oxidation from 3.5% to 0.4% from 2010 to 2013, 89% decrease 

in pyrite.  While the 20% compost without seeds showed just 33% decrease in pyrite.  This 

suggests a plant effect that needs to be further examined, but the effect of compost and plants 

could not be separated in this experiment.  However, we have shown previously that the 

plants used in this study are capable of stabilizing pH through alkalinization of the 

rhizosphere (Solís-Dominguez et al., 2012). The lower compost applications (10% and 15%) 

showed significant decrease in pH as the proton consumption capacity of the compost was 

consumed by acid generation from pyrite oxidation, with final pH of about 3 and 4, 

respectively. These results further suggest that a combination of lime and compost in tailings 

could prevent acidification of the tailings, and future experiments should include lime 

amendments (Chaney et al., 2014). 

5. Conclusions 

 This field trial demonstrates that direct planting using compost-assisted 

phytostabilization technology can be used to establish plants in a highly acidic metalliferous 

mine tailings and that greenhouse results can guide successful translation of this technology 

to the field. Direct planting as a remediation strategy for mine tailings is of interest because 

the more commonly used soil cap and plant technology requires larger amounts of resources 

to create the cap. Such resources can be difficult and costly to obtain, and in some instances, 

result in removal of vegetation and top soil from adjacent undisturbed areas. Finally, results 
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suggest that easily measured soil quality parameters, such as pH, NHC, TOC, TN, and EC 

can provide information on the progression of the phytostabilization process and the 

transition of tailings materials into a substrate that can successfully support plant growth. 
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FIGURE B.1 (A) Aerial view of the IKMHSS tailings. The black square delineates the 

study area. The inset shows the location of the IKMHSS site (black diamond) in Yavapai 

County (highlighted in red), AZ. (B) a map of the 24 plots (9.6 m x 15 m per plot) showing 

the location of all treatments and replicates. Numbers indicate treatment: (1) unamended 

control; (2) 10% compost – seeded with buffalo grass (BG) and mesquite (MQ); (3) 15% 

compost – unseeded; (4) 20% compost – unseeded; (5) 15% compost – seeded; (6) 20% 

compost –seeded. 
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FIGURE B.2 Effect of 10, 15, and 20% compost amendment on canopy cover (average ± 

1 standard deviation in parentheses, n = 4) at 5, 17, 29, and 41 months. No plants grew in the 

unamended tailings control. The dashed line denotes the average canopy cover in the 

immediate surrounding area (34°29'54.90"N; 112°15'15.18"W). A one-way ANOVA was 

performed for each treatment. Means identified with different letters are significantly 

different by year (p < 0.05; Post-Hoc Tukey-Kramer test, n = 4). C = compost, BG = buffalo 

grass, and MQ = Mesquite. 
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FIGURE B.3 A comparison of quailbush plants in the 20% compost seeded treatment. 

(A) 2010;  (B) 2012 and the 20% compost unseeded treatment in (C) 2010; (D) 2012. 
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FIGURE B.4 Effect of treatments on Neutrophilic heterotrophic bacteria expressed as 

log CFU g-1 dry tailings (average ± 1 standard deviation in parentheses, n = 4). The dashed 

line denotes 6.84 ± 0.2 as the average NHC in soil samples collected from two off-site areas 

(34°30'44.90"N; 112°15'38.37"W and 34°30'49.48"N; 112°15'34.04"W). A one-way 

ANOVA was performed for each treatment. Means identified with different letters are 

significantly different by year (p < 0.05; Post-Hoc Tukey-Kramer test, n = 4). C = compost, 

BG = buffalo grass, and MQ = Mesquite. 
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FIGURE B.5 Effect of treatment on pH at (A) 8 cm (well-mixed zone) and (B) 15 cm 

depth (interface between the well-mixed zone and the unamended tailings). Values presented 

are the average ± 1 standard deviation in parentheses, n = 4). The dashed line denotes the 

average pH in soil samples collected from two off-site areas (34°30'44.90"N; 

112°15'38.37"W and 34°30'49.48"N; 112°15'34.04"W). A one-way ANOVA was performed 

for each treatment. Means identified with different letters are significantly different by year 

(p < 0.05; Post-Hoc Tukey-Kramer test, n = 4). C = compost, BG = buffalo grass, and MQ = 

Mesquite.  
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FIGURE B.6 Effect of treatment on (A) TOC; (B) TN; and (C) EC at 8 cm (average ± 1 

standard deviation in parentheses, n = 4). The dashed line denotes the average (A) TOC; (B) 

TN; and (C) EC in soil samples collected from two off-site areas (34°30'44.90"N; 

112°15'38.37"W and 34°30'49.48"N; 112°15'34.04"W). A one-way ANOVA was performed 

for each treatment. Means identified with different letters are significantly different by year 

(p < 0.05; Post-Hoc Tukey-Kramer test, n = 4). C = compost, BG = buffalo grass, and MQ = 

Mesquite.  
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FIGURE B.7 PCA comparing measured parameters (pH, NHC, TOC, TN, EC, and % 

canopy cover) in the six treatments over time. Arrows represent the relationship (direction 

and strength) of each measured parameter with the treatments. Please refer to the electronic 

version for clarification of colors. 
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TABLE B.1 Characteristics of IKMHSS tailings before after compost amendment 

Treatments pH 

EC ANCa TC TOCb TN NHC 

 (ms cm-

1) 
g kg-1 g kg-1 g kg-1 g kg-1 

Log 

CFU g-1 

dry soil 

Unamended 

Tailingsc 

2.5 

(0.1) 
8.3 (0.7) na bdl bdl bdl 

2.16 

(0.31) 

Tailings + 10% 

compost 

5.8 

(0.9) 

17.1 

(6.3) 
14.8(1.9)b 

56.3 

(30.7) 

55.2 

(29.8) 

5.0 

(2.02) 

2.98 

(2.58) 

Tailings + 15% 

compost 

6.1 

(0.6) 

17.6 

(4.0) 
22.8 (2.9) 

63.3 

(26.7) 

62.7 

(23.3) 

5.3 

(1.4) 

4.6 

(0.8) 

Tailings + 20% 

compost 

7.5 

(0.4) 

27.0 

(6.2) 
29.7 (3.9) 

118 

(49.9) 

114.6 

(48.4) 

8.3 

(1.4) 

5.8 

(1.0) 

Compost 
9.3 

(0.2) 

34.4 

(1.2) 
148 (19) 

260 

(21.2) 

249 

(21.2 ) 

11.3 

(3.6) 

7.8 

(0.5) 

 

Off-site 

5.9 

(02) 

0.07 

(0.03) 
na 

11.0 

(2.62) 

11.0 

(2.6)c 

1.1 

(0.2) 

6.84 

(0.2) 

 

EC = electrical conductivity, ANC = Acid neutralizing capacity; TC = total carbon by IR, 

TOC = total organic carbon, TN = total nitrogen, NHC = neutrophilic heterotrophic bacterial 

counts.  Values are average and (standard deviation) for n = 4 for unamended tailings and 

tailings + 10% compost and n=8 for tailings + 15% and tailings + 20% compost; aANC 

measured as standardized 0.1 N H2SO4 consumed on titration of a compost suspension to pH 

4.0 following (Wong et al. 1998) expressed as g CaCO3 kg-1 tailings equivalent; cTOC was 

calculated from the difference between measured TC and non-purgeable total inorganic 

carbon; ctailings + compost ANC values calculated from wt% compost. 
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TABLE B.2 Accumulation of metal(loid)s in plants shoot tissues in IKMHSS mine tailings based on Toxicity Limits (DATL).  

 

        Accumulation of metal(loid)s in the shoot (mg kg-1) 

Element 
PAa Totalb  DATLc Plant  

speciesd 

10% Compost 15% Compost 20% Compost 

mg kg-1 2010e 2013e 2010 2013 2010 2013 

As 610 

(120) 

2590 ≤ 30 

BG 14.3(2.6) 77.1(24.7)*g 24.8(18.4) 27.8(17.6) 14.8(1.4) 11.7(5.2) 

QB npf np 19.7(5.6) 8.0(5.8) 11.8(3.3) 4.9(2.4) 

Pb  4.2 

(2.8)   

2200 ≤ 100 

BG 8.7(1.5) 34.2(5.8)* 11.9(8.6) 14.3(4.7) 8.1(1.8) 6.5(2.2) 

QB np np 12.3(5.0) 5.4(4.6) 6.4(2.2) 3.1(1.0) 

Zn  1800 

(1900) 

2000 ≤ 500 

BG 236(173) 461(14.5)* 207(156) 225(43.7) 147(78) 167(69) 

QB np np 655(229) 936(305)* 506(253) 675(211) 

Cd  
nah 

7.1 ≤ 10 

BG 0.6(0.5) 0.5(0.2) 0.4(0.3) 0.3(0.1) 0.39(0.37) 0.2(0.1) 

QB np np 2.1(1.1) 1.4(0.9) 1.4(0.9) 1.4 (0.7) 

Cu 96 

(25) 

127 ≤ 40 

BG 38.5(18.6) 42.6(14.5) 44.7(11.8) 49.2(10.7) 45.8(17.9) 51.2(20.1) 

QB np np 10.4(3.1) 9.4(0.8) 11.9(3.3) 8.9(2.6) 

Ni  3.7 

(1.9) 

9.67 ≤ 100 

BG 0.6(0.2) 3.1(0.7)* 0.5(0.4) 2.3(1.0)* 7.3(9.9) 2.5(0.8) 

QB np np 4.1(4.5) 0.9(0.03) 3.9(4.2) 1.0(0.2) 
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a PA is plant available, defined here as metal(loid) solubilized by a sequential extraction using DI H2O and 1 M NaH2PO4 at 1:40 solid to 

solution. bTotal metal(loid) concentration in the unamended IKMHSS tailings. Values are expressed as the average (standard deviation) of n 

= 4 except for the 2013 15% compost values are based on n= 3. cDATL= Domestic Animal Toxicity Limit. Values are the maximum 

tolerable levels for cattle (National Research Council, 2005). dBG = buffalo grass, QB = quailbush. ePlants leaves were collected 5 months 

after seeding in 2010 and at 41 months in 2013. fnp = not planted, not reported because quailbush was not planted in this treatment. gA one-

tail paired t-test was performed tocompare 2010 and 2013 samples.  h 2013 values with an asterisk are significantly higher than the 2010 

values (α > 0.05).   

Freeze-dried homogenized compost (0.2 g) was added to Teflon microwave vessels, reacted with the aqua regia and hydrogen peroxide 

overnight, then placed in a CEM MDS-2100 microwave digestion system until the compost was completely digested.  Averaged TC and TN 

(n=3) were analyzed on separate splits of the compost with a Shimadzu TOC-VCSH with TN module.  Loss on ignition (LOI) is a mass 

difference of freeze dried samples and samples heated to 900 oC for 15 minutes.  See Hayes et al., 2014 and Root et al., 2015 for further 

detailed geochemical characterization of the tailings prior to phytostabilization. Initial phosphate concentrations were 11.1 g kg-1 in the 

compost and 2.73 g kg-1 in the tailings. 



170 

 

REFERENCES 

Alday, J.G., Santana, V.M., Marrs, R.H., Martínez-Ruiz, C., 2014. Shrub-induced understory 

vegetation changes in reclaimed mine sites. Ecol. Eng. 73, 691–698. 

doi:10.1016/j.ecoleng.2014.09.079 

Berg, N., Steinberger, Y., 2010. Are biological effects of desert shrubs more important than 

physical effects on soil microorganisms? Microb. Ecol. 59, 121–129. 

doi:10.1007/s00248-009-9599-4 

Brown, S., Chaney, R., Hallfrisch, J., Ryan, J.A., Berti, W.R., 2004. In situ soil treatments to 

reduce the phyto-and bioavailability of lead, zinc, and cadmium. J. Environ. Qual. 33, 

522–531. 

Buée, M., de Boer, W., Martin, F., van Overbeek, L., Jurkevitch, E., 2009. The rhizosphere 

zoo: An overview of plant-associated communities of microorganisms, including 

phages, bacteria, archaea, and fungi, and of some of their structuring factors. Plant Soil 

321, 189–212. doi:10.1007/s11104-009-9991-3 

Chaney, R.L., Reeves, R.D., Baklanov, I.A., Centofanti, T., Broadhurst, C.L., Baker, A.J.M., 

van der Ent, A., Roseberg, R.J., 2014. Phytoremediation and phytomining: using plants 

to remediate contaminated or mineralized environments, in: Plant Ecology and 

Evolution in Harsh Environments. pp. 365–392. 

Clemente, R., Walker, D.J., Pardo, T., Martínez-Fernández, D., Bernal, M.P., 2012. The use 

of a halophytic plant species and organic amendments for the remediation of a trace 

elements-contaminated soil under semi-arid conditions. J. Hazard. Mater. 223-224, 63–

71. doi:10.1016/j.jhazmat.2012.04.048 

 

 



171 

 

Conesa, H.M., Robinson, B.H., Schulin, R., Nowack, B., 2007. Growth of Lygeum spartum 

in acid mine tailings: response of plants developed from seedlings, rhizomes and at field 

conditions. Environ. Pollut. 145, 700–707. doi:10.1016/j.envpol.2006.06.002 

Cordova, S., Neaman, A., Gonzalez, I., Ginocchio, R., Fine, P., 2011. The effect of lime and 

compost amendments on the potential for the revegetation of metal-polluted, acidic 

soils. Geoderma 166, 135–144. doi:10.1016/j.geoderma.2011.07.022 

Coulloudon, B., 1999. Sampling vegetation attributes: interagency technical reference. 

Technical Reference 1734-4, U.S. Bureau of Land Management. 

Csavina, J., Landázuri, A., Wonaschütz, A., Rine, K., Rheinheimer, P., Barbaris, B., Conant, 

W., Sáez, A.E., Betterton, E.A., 2011. Metal and metalloid contaminants in atmospheric 

aerosols from mining operations. Water. Air. Soil Pollut. 221, 145–157. 

doi:10.1007/s11270-011-0777-x 

Elzinga, C.L., Salzer, D.W., Willoughby, J.W., 1998. Measuring & Monitoring Plant 

Populations, U.S. Bureau of Land Management Papers, Paper 17. U.S. Department of 

The Interior. 

Epelde, L., Becerril, J.M., Barrutia, O., Gonzalez-Oreja, J.A., Garbisu, C., 2010. Interactions 

between plant and rhizosphere microbial communities in a metalliferous soil. Environ. 

Pollut. 158, 1576–1583. doi:10.1016/j.envpol.2009.12.013 

Escarré, J., Lefèbvre, C., Raboyeau, S., Dossantos, A., Gruber, W., Cleyet Marel, J.C., 

Frérot, H., Noret, N., Mahieu, S., Collin, C., Van Oort, F., 2011. Heavy metal 

concentration survey in soils and plants of the Les Malines Mining District (southern 

France): Implications for soil restoration. Water. Air. Soil Pollut. 216, 485–504. 

doi:10.1007/s11270-010-0547-1 

 

 



172 

 

Hayes, S.M., Root, R.A., Perdrial, N., Maier, R.M., Chorover, J., 2014. Surficial weathering 

of iron sulfide mine tailings under semi-arid climate. Geochim. Cosmochim. Acta 141, 

240–257. doi:10.1016/j.gca.2014.05.030 

Henry, H.F., Burken, J.G., Maier, R.M., Newman, L.A., Rock, S., Schnoor, J.L., Suk, W.A., 

2013. Phytotechnologies – Preventing Exposures, Improving Public Health. Int. J. 

Phytoremediation 15, 889–899. doi:10.1080/15226514.2012.760521 

ITRC, 2009. Phytotechnology Technical and Regulatory Guidance and Decision Trees , 

Revised. Interstate Technology & Regulatory Council. Washington, DC. 

Johnson, D.B., Hallberg, K.B., 2008. Carbon, Iron and Sulfur Metabolism in Acidophilic 

Micro-Organisms, Advances in Microbial Physiology. Elsevier Masson SAS. 

doi:10.1016/S0065-2911(08)00003-9 

Lee, S.-H., Ji, W., Lee, W.-S., Koo, N., Koh, I.H., Kim, M.-S., Park, J.-S., 2014. Influence of 

amendments and aided phytostabilization on metal availability and mobility in Pb/Zn 

mine tailings. J. Environ. Manage. 139, 15–21. doi:10.1016/j.jenvman.2014.02.019 

LeFebvre, J., Jacobs, J., 2014. Acid and Heavy Metal Tolerant Plants for Restoring Plant 

Communities in the Upper, Natural Resources Conservation Service. United States 

Department of Agriculture, Plant Materials Technical Note No. MT-99. 

Li, X., Bond, P.L., Van Nostrand, J.D., Zhou, J., Huang, L., 2015. From lithotroph- to 

organotroph-dominant: directional shift of microbial community in sulphidic tailings 

during phytostabilization. Sci. Rep. 5, 12978. doi:10.1038/srep12978 

Li, X., Huang, L., 2015. Toward a New Paradigm for Tailings Phytostabilization—Nature of 

the Substrates, Amendment Options, and Anthropogenic Pedogenesis. Crit. Rev. 

Environ. Sci. Technol. 45, 813–839. doi:10.1080/10643389.2014.921977 

 

 



173 

 

Lovingood, T., Parker, B., Smith, T.N., Canes, H., Fennell, F., Cofer, D., Reilly, T., 2004. 

Nationwide identification of hardrock mining sites, EPA. US Environmental Protection 

Agency. Washington, DC. 

Lutes, D.C., Keane, R.E., Caratti, J.F., Key, C.H., Benson, N.C., Sutherland, S., Gangi, L.J., 

2006. FIREMON: Fire effects monitoring and inventory system. USDA Forest Service, 

Rocky Mountain Research Station, Ogden, UT. Gen. Tech. Rep. RMRS-GTR-164-CD: 

LA 1-51., Ogden, UT. 

Madejón, P., Pérez-de-Mora, A., Burgos, P., Cabrera, F., Lepp, N.W., Madejón, E., 2010. Do 

amended, polluted soils require re-treatment for sustainable risk reduction? — Evidence 

from field experiments. Geoderma 159, 174–181. doi:10.1016/j.geoderma.2010.07.009 

McGee, E.A., Vohman, D.D., White, S.A., Thompson, T.L., 1999. Rapid Method for Fine 

Grinding Soils for Organic Nitrogen and 15Nitrogen Analysis. Commun. Soil Sci. Plant 

Anal. 30, 419–426. doi:10.1080/00103629909370213 

Mendez, M.O., Glenn, E.P., Maier, R.M., 2007. Phytostabilization potential of quailbush for 

mine tailings: growth, metal accumulation, and microbial community changes. J. 

Environ. Qual. 36, 245–253. doi:10.2134/jeq2006.0197 

Mendez, M.O., Maier, R.M., 2008. Phytostabilization of mine tailings in arid and semiarid 

environments - An emerging remediation technology. Environ. Health Perspect. 116, 

278–283. doi:10.1289/ehp.10608 

NRC, 2005. Mineral tolerance of animals. Second Revised Edition, National Research 

Council. The National Academies Press Washington, DC, USA. 

Pardo, T., Martínez-Fernández, D., Clemente, R., Walker, D.J., Bernal, M.P., 2014. The use 

of olive-mill waste compost to promote the plant vegetation cover in a trace-element-

contaminated soil. Environ. Sci. Pollut. Res. 21, 1029–1038. doi:10.1007/s11356-013-

1988-z 



174 

 

Parker, G.K., Robertson, A., 1999. Acid drainage. Australian Minerals & Energy 

Environment Foundation (Occasional Paper No. 11), 101–117. 

Pérez-de-Mora, A., Madejón, P., Burgos, P., Cabrera, F., Lepp, N.W., Madejón, E., 2011. 

Phytostabilization of semiarid soils residually contaminated with trace elements using 

by-products: sustainability and risks. Environ. Pollut. 159, 3018–27. 

doi:10.1016/j.envpol.2011.04.015 

Ramirez-Andreotta, M.D., Brusseau, M.L., Artiola, J.F., Maier, R.M., 2013. A greenhouse 

and field-based study to determine the accumulation of arsenic in common homegrown 

vegetables grown in mining-affected soils. Sci. Total Environ. 443, 299–306. 

doi:10.1016/j.scitotenv.2012.10.095 

Root, R.A., Hayes, S.M., Hammond, C.M., Maier, R.M., Chorover, J., 2015. Toxic 

metal(loid) speciation during weathering of iron sulfide mine tailings under semi-arid 

climate. Appl. Geochemistry 62, 131–149. doi:10.1016/j.apgeochem.2015.01.005 

Santibañez, C., De La Fuente, L.M., Bustamante, E., Silva, S., León-Lobos, P., Ginocchio, 

R., 2012. Potential use of organic- and hard-rock mine wastes on aided 

phytostabilization of large-scale mine tailings under semiarid mediterranean climatic 

conditions: Short-Term field study. Appl. Environ. Soil Sci. 2012, 1–15. 

doi:10.1155/2012/895817 

Santini, T.C., Fey, M. V, 2013. Spontaneous Vegetation Encroachment upon Bauxite 

Residue (Red Mud) As an Indicator and Facilitator of In Situ Remediation Processes. 

Environ. Sci. &amp; Technol. 47, 12089–12096. doi:10.1021/es402924g 

Saslis-Lagoudakis, C.H., Hua, X., Bui, E., Moray, C., Bromham, L., 2015. Predicting 

species’ tolerance to salinity and alkalinity using distribution data and geochemical 

modelling: A case study using Australian grasses. Ann. Bot. 115, 343–351. 

doi:10.1093/aob/mcu248 



175 

 

Shi, S., Richardson, A.E., O’Callaghan, M., Deangelis, K.M., Jones, E.E., Stewart, A., 

Firestone, M.K., Condron, L.M., 2011. Effects of selected root exudate components on 

soil bacterial communities. FEMS Microbiol. Ecol. 77, 600–610. doi:10.1111/j.1574-

6941.2011.01150.x 

Sobek, A.A., 1978. Field and laboratory methods applicable to overburdens and minesoils. 

Industrial Environmental Research Laboratory, Office of Research and Development, 

US Environmental Protection Agency, Cincinnati, OH. 

Solís-Dominguez, F.A., White, S.A., Hutter, T.B., Amistadi, M.K., Root, R.A., Chorover, J., 

Maier, R.M., 2012. Response of key soil parameters during compost-assisted 

phytostabilization in extremely acidic tailings: Effect of plant species. Environ. Sci. 

Technol. 46, 1019–1027. doi:10.1021/es202846n 

Srivastava, J., Chandra, H., Nautiyal, A.R., Kalra, S.J.S., 2012. Response of C 3 and C 4 

Plant Systems Exposed to Heavy Metals for Phytoextraction at Elevated Atmospheric 

CO2 and at Elevated Temperature, in: Srivastava, J.K. (Ed.), Environmental 

Contamination. InTech, pp. 3–17. doi:10.5772/1124 

Swanson, S., 2006. Nevada rangeland monitoring handbook, second edition. Bulletin 06-03, 

University of Nevada Cooperative Extension, Reno. 

USAEC, 2014. Phytoremediation, In Situ Soil Remediation Technology. Soil, Sediment 

Bedrock and Sludge [WWW Document]. Fed. Remediat. Technol. Roundtable 

Remediat. Technol. Screen. Matrix Ref. Guid. US Army Environ. Cent. -. URL 

https://frtr.gov/matrix2/section4/4-3.html (accessed 11.20.15). 

USEPA, 2010. Remedial Investigation Report Iron King Mine - Humboldt Smelter 

Superfund Site Dewey-Humboldt, Yavapai County, Arizona. United States 

Environmental Protection Agency. 

 



176 

 

USEPA, 2009. Biological Evaluation of the Iron King Mine-Humboldt Smelter Superfund 

Site, EnviroSystems Management Project and Report No. 1432-08. United States 

Environmental Protection Agency, EPA. USA. 

USEPA, 1996. Method 3052. Microwave assisted acid digestion of siliceous and organically 

based matrices. United States Environmental Protection Agency, USA. 

Valentín-Vargas, A., Root, R.A., Neilson, J.W., Chorover, J., Maier, R.M., 2014. 

Environmental factors influencing the structural dynamics of soil microbial 

communities during assisted phytostabilization of acid-generating mine tailings: A 

mesocosm experiment. Sci. Total Environ. 500-501, 314–324. 

doi:10.1016/j.scitotenv.2014.08.107 

Zhu, J., Meinzer, F.C., 1999. Efficiency of C4 photosynthesis in Atriplex lentiformis under 

salinity stress. Aust. J. Plant Physiol. 26, 79. doi:10.1071/PP98143 

Zornoza, R., Acosta, J.A., Martínez-martínez, S., Faz, A., Bååth, E., 2015. Main factors 

controlling microbial community structure and function after reclamation of a tailing 

pond with aided phytostabilization. Geoderma 245-246, 1–10. 

doi:10.1016/j.geoderma.2015.01.007 

 

  



177 

 

 

 

 

 

 

 

 

APPENDIX C: SUPPLEMENTARY DATA CHAPTER 3 

 

 

  



178 

 

FIGURE S 3.1 Phase 3 Treatment layout and transplant emplacement. The monoculture 

areas buffalo grass and quailbush were supplemented with line of greenhouse-grown 

transplants that included mesquite (Mt), acacia (At) emplaced in a single 10 m planting line 

in each of the strips at a distance of 1.8 m apart for a total of 5 transplants per strip. 

Transplanted quailbush (Qbt) and buffalo grass (Bgt) were planted within a 10.3 m length at a 

distance of 1.5 m apart for a total of 6 transplants each per strip. 
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FIGURES S 3.2 Percent transplant survival in 15% compost + lime treatments in (A) 

Percent survival in buffalo grass monoculture treatment; (B) Percent quailbush monoculture 

treatment; (C) Total average for 15% compost + lime treatment. Values are average + 1 

standard deviation, n = 3 for (A) and (B), and N=6 for (C) at 5, 17, 29, 41 months. TRP 

indicates Transplants. 
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Table S 3.1 Accumulation of metal(loid)s in plants shoot tissues in 10% Compost treatment 

in phase 1 study 

 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element  
Plant Species 

b
 

Phase I 10% Compost 

2010 2011 2012 2013 

Ag BG 0.0 (0.0)  0.04 (0.01) 0.3 (.2) 0.2 (0.0) 

 QB  np
C
 np  0.0 (0.0) 0.20 

  Kochia  np np 0.1 (0.0) 0.1 (0.0) 

Al BG 45.6 (13.9) 77.9 (12.3) 233.5 (44.6) 294.4 (16.9) 

 QB  np np 125.1 (26.7) 282.90 

  Kochia  np np 228.5 (3.6) 168.3 (17.5) 

Ba BG 0.4 (0.0)  0.5 (0.09) 1.2 (0.3) 1.8 (0.5) 

 QB  np np  0.5 (0.0) 1.30 

  Kochia  np np 1.0 (0.0) 0.8 (0.0) 

Be BG 0.0 (0.0) bdl
d
 0.0 (0.0) 0.0 (0.0) 

 QB  np  np 0.0 (0.0) 0.00 

  Kochia  np np 0.0 (0.0) 0.0 (0.0) 

Ca BG 2895.1 (3431.3) 2542.4 (93.2) 3233.0 (333.4) 3090.4 (355.7) 

 QB  np  np 11127.2 (2853.7)   

  Kochia np np 11648.0 (1045.4) 12261.0 (1092.5) 

Co BG 0.1 (0.1) 0.3 (0.0) 0.4 (0.0) 0.3 (0.0) 

 QB  np np  1.1 (0.1) 1.80 

  Kochia  np np 0.8 (0.0) 1.3 (0.1) 

Cr BG 0.2 (0.0) 3.7 (1.7) 1.1 (0.1) 9.8 (4.1) 

 QB  np np  0.3 (0.3) 0.80 

  Kochia  np np 0.7 (0.4) 2.1 (1.0) 

Fe BG 15.2 (2.1) 888.4 (170.5) 1780.7 (436.9) 2701.0 (746.9) 

 QB  np np  656.6 (224.1) 2162.80 

  Kochia np  np 1599.6 (214.9) 1215.5 (86.4) 

K BG 30427.7 (49772.2) 10363.6 (2365.8) 9895.6 (793.7) 5719.2 (183.5) 

 QB  np  np 74725.7 (4361.7)   

  Kochia  np np 65333.2 (1212.6) 31710.7 (4729.7) 

Mg BG 3339.2 (4788.5) 2462.9 (358.3) 2334.1 (539.1) 1692.7 (397.0) 

 QB  np  np 14684.9 (1536.5) 143406 

  Kochia  np np 12543.3 (2346.7) 13418.4 (981.1) 

Mn BG 139.1 (50.0) 131.7 (24.2 134.9 (24.1) 86.9 (29.0) 

 QB  np  np 246.7 (50.8) 316.00 

  Kochia  np np 176.9 (5.3) 332.1 (75.8) 

Mo BG 0.7 (0.2) 0.7 (0.07)  0.6 (0.1) 0.3 (0.0) 
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 QB  np np  1.4 (0.3) 0.70 

  Kochia  np np 0.6 (0.0) 0.5 (0.1) 

Na BG 3549.7 (6978.8) 455.1 (48.4) bdl 110.8 (36.0) 

 QB np np 18492.3 (655.1) 18375 

  Kochia np np 8495.6 (388.2) 3076.9 (221.0) 

Sb BG 0.7 (0.1)  0.3 (0.1) 0.3 (0.1) 0.7 (0.1) 

 QB np  np  0.3 (0.0) 1.00 

  Kochia  np np 0.8 (0.1) 0.5 (0.1) 

Se BG 1.3 (0.5) 1.5 (1.1)  0.9 (0.5) 0.9 (0.2) 

 QB  np  np 0.6 (02) 1.20 

  CW  np np 
 

0.90 

  Kochia  np np 0.9 (0.0) 0.7 (0.2) 

Si BG   na 
d
 1181.3 (175.9) 1170.3 (164.0) 3497.8 (538.4) 

 QB  np  np 24.0 (10.0) 521.70 

  Kochia  np  np 29.4 (2.3) 355.1 (162.4) 

Sn BG bdl  bdl 0.4 (0.0) 0.3 (0.1) 

 QB  np  np 0.1 (0.2) 0.00 

  CW  np  np 
 

0.00 

  Kochia  np  np 0.3 (0.4) 0.0 (0.0) 

Sr BG 6.8 (3.7) 71.9 (0.3)  22.8 (5.9) 27.9 (6.7) 

 QB  np  np 19.5 (7.2) 51.90 

  Kochia   np   np 11.9 (0.3) 40.1 (12.1) 

Ti BG 0.9 (0.7) 1.0 (0.1) 1.6 (0.3) 9.2 (1.5) 

 QB  np   np  2.2 (0.2)   

  Kochia  np np 3.1 (0.3) 36.4 (3.4) 

Tl BG 0.1 (0.1)  na bdl 0.0 (0.0) 

 QB  np  np 0.1 (0.0) 0.00 

  Kochia   np    np  0.0 (0.0) 0.0 (0.0) 

V BG 0.1 (0.0) 0.2 (0.0) 0.4 (0.0) 0.7 (0.1) 

 QB  np  np 0.1 (0.0) 0.70 

  Kochia   np    np  0.5 (0.0) 0.4 (0.0) 
 

a Values are average and (standard deviation), n=4 except for QB and Kochia for which n=3;  
b Plant species analyzed: BG = Buffalo grass, QB = Quailbush. 
c np = No plant or not enough Plant tissue to analyze.  
d
 bdl = below detection limits; na= not analyzed 
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Table S 3.2Accumulation of metal(loid)s in plants shoot tissues in 15% Compost treatment 

in phase 1 study 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element  
Plant Species 

b
 

Phase I 15% Compost + Plants 

2010 2011 2012 2013 

Ag BG 0.0 (0.0) 0.7 (0.6) 0.4 (0.3) 0.1 (0.0) 

  QB 0.0 (0.0) 0.06 (0.03) 0.0 (0.0) 0.0 (0.0) 

  Kochia  np np 0.20 0.1 (0.0) 

Al BG 114.9 (96.8) 84.8 (28.8) 163.5 (33.2) 130.0 (30.2) 

  QB 81.8 (29.0) 65.6 (16.5) 80.1 (9.6) 80.4 (32.2) 

  Kochia  np np 226.80 94.0 (48.7) 

Ba BG 0.6 (0.3) 0.7 (0.1) 1.2 (0.5) 1.0 (0.4) 

  QB 0.4 (0.0) 0.4 (0.1) 0.4 (0.1) 0.3 (0.1) 

  Kochia  np np 1.82 0.4 (0.1) 

Be BG 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

  QB 0.0 (0.0) bdl 0.0 (0.0) 0.0 (0.0) 

  Kochia  np np 0.00 0.0 (0.0) 

Ca BG 1869.9 (585.9) 2600.9 (459.8) 7509.9 (6359.3) 3183.6 (386.4) 

  QB 584.0 (8770.3) 5042.1 (736.3) 9865.9 (1413.3) 9650.9 (1419.1) 

  Kochia  np np 10933.80 11227.8 (4185.2) 

Co BG 0.1 (0.1) 0.4 (0.1) 0.3 (0.0) 0.2 (0.0) 

  QB 0.6 (0.3) 1.2 (0.2) 0.9 (0.1) 1.1 (0.2) 

  Kochia  np np 1.10 0.7 (0.1) 

Cr BG 0.2 (0.0) 5.1 (1.4) 1.0 (0.1) 6.3 (1.2) 

  QB 0.1 (0.0) 6.7 (3.7) 0.3 (0.1) 0.5 (0.2) 

  Kochia  np np 0.70 1.5 (1.2) 

Fe BG 750.6 (566.6) 1018.9 (264.2) 1415.8 (1053.5) 1223.2 (310.6) 

  QB 586.9 (184.7) 607.8 (210.8) 310.6 (173.3) 296.7 (200.5) 

  Kochia  np np 1758.80 787.2 (421) 

K BG 5876.5 (1715.6) 
11986.4 

(280.2) 
28071.5 (31426.9) 6573.7 (676.6) 

  QB 106035.6 (16980.9) 
79327.6 

(9223.9) 
74622.3 (5462.6) 50215.8 (7446.0) 

  Kochia  np np 49280.10 32052.9 (6445.3) 

Mg BG 1114.5 (28.9) 2233.2 (658.2) 6633.7 (8561.9) 1324.5 (115.3) 

  QB 10933.0 (1831.6) 
11479.6 

(1179.0) 
13504.0 (2253.0) 12906.3 (1048.0) 

  Kochia  np np 11757.20 10611.2 (2769.2) 

Mn BG 116.0 (44.0) 109.4 (33.4) 115.6 (29.5) 57.4 (16.0) 

  QB 247.0 (84.9) 318.4 (19.8) 284.4 (44.0) 259.2 (71.3) 

  Kochia  np np 377.50 200.5 (115.6) 
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Mo BG 0.5 (0.1) 0.7 (0.08) 0.4 (0.0) 0.4 (0.1) 

  QB 0.9 (0.1) 1.0 (0.1) 1.1 (0.1) 0.9 (0.1) 

  Kochia  np np 1.80 0.5 (0.0) 

Na BG 149.5 (100.3) 418.4 (153.4) 6530.6 (11803.3) 55.6 (95.9) 

  QB 15024.3 (4184.8) 
22469.3 

(1560.9) 
15738.2 (3310.5) 18721.3 (1403.9) 

  Kochia  np np 2646.30 3119.0 (519.5) 

Sb BG 0.2 (0.1) 0.2 (0.07) 0.2 (0.0) 0.2 (0.0) 

  QB 0.4 (0.0) 0.2 (0.07) 0.1 (0.0) 0.1 (0.1) 

  Kochia    0.98 0.3 (0.1) 

Se BG 1.4 (0.6) 2.5 (0.9) 0.9 (0.1) 0.6 (0.0) 

  QB 1.4 (0.3) 2.9 (0.7) 0.5 (0.0) 0.3 (0.0) 

  Kochia  np np 0.70 0.4 (0.0) 

Si BG    na 
d
 1305.3 (123.9) 1598.9 (476.5) 4295.4 (567.7) 

  QB  np bdl 23.3 (5.0) 500.1 (154.2) 

  Kochia  np np 31.90 423.6 (142.9) 

Sn BG bdl 0.2 (0.8) 0.2 (0.1) 0.3 (0.0) 

  QB bdl bdl 0.0 (0.1) 0.0 (0.0) 

  Kochia  np np 0.30 0.2 (0.3) 

Sr BG 9.3 (2.2) 17.1 (3.3) 24.8 (6.7) 24.7 (3.1) 

  QB 12.8 (1.3) 29.5 (7.4) 25.9 (3.2) 41.1 (6.3) 

  Kochia  np np 14.60 40.7 (31.2) 

Ti BG 0.7 (0.4) 1.4 (0.4) 1.4 (0.4) 7.7 (0.4) 

  QB 2.1 (0.3) 1.4 (0.3) 1.4 (0.3) 21.6 (2.8) 

  Kochia  np np 4.00 31.1 (6.5) 

Tl BG 0.0 (0.0)  na bdl 0.0 (0.0) 

  QB 0.1 (0.0)  np 0.1 (0.0) 0.2 (0.4) 

  Kochia  np   np  0.05 0.0 (0.0) 

V BG 0.1 (0.1) 0.3 (0.0) 0.4 (0.1) 0.3 (0.0) 

  QB 0.1 (0.0) 0.2 (0.1) 0.1 (0.0) 0.0 (0.0) 

  Kochia  np np 0.70 0.1 (0.1) 
 

a Values are average and (standard deviation), n=4 except for QB and Kochia for which n=3;  
b Plant species analyzed: BG = Buffalo grass, QB = Quailbush. 
c np = No plant or not enough Plant tissue to analyze.  
d
 bdl = below detection limits; na= not analyzed 
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Table S 3.3Accumulation of metal(loid)s in plants shoot tissues in 20% Compost treatment 

in phase 1 study 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element  
Plant 

Species 
b
 

Phase I 20% Compost + Plants 

2010 2011 2012 2013 

Ag BG 0.0 (0.0) 1.0 (0.8) 0.3 (0.2) 0.1 (0.1) 

 QB 0.0 (0.0) 0.05 (0.04) 0.0 (0.0) 0.0 (0.0) 

  Kochia np  np 0.0 (0.0) 0.0 (0.0) 

Al BG 45.5 (6.6) 63.0 (31.7) 80.6 (41.9) 62.3 (3.1) 

 QB 0.0 (0.0) 76.1 (36.8) 0.0 (0.0) 0.0 (0.0) 

  Kochia np  np 146.0 (6.2) 46.8 (2.3) 

Ba BG 0.4 (0.0) 0.6 (0.1) 0.6 (0.2) 0.6 (0.1) 

 QB 0.3 (0.0) 0.6 (0.2) 0.4 (0.1) 0.3 (0.1) 

  Kochia np  np 0.8 (0.0) 0.2 (0.1) 

Be BG 0.0 (0.0) bdl 0.0 (0.0) 0.0 (0.0) 

 QB 0.0 (0.0) bdl 0.0 (0.0) 0.0 (0.0) 

  Kochia np  np 0.0 (0.0) 0.0 (0.0) 

Ca BG 2158.0 (444.2) 2547.1 (439.1) 2626.4 (587.7) 3333.3 (618.5) 

 QB 1636.3 (8640.6) 
4864.8 

(2117.1) 
11311.5 (2174.5) 10307.9 (1557.3) 

  Kochia np  np 9903.8 (176.6) 10335.9 (1155.6) 

Co BG 0.1 (0.0) 0.3 (0.0) 0.2 (0.0) 0.2 (0.0) 

 QB 0.3 (0.2) 0.9 (0.1) 0.7 (0.1) 0.8 (0.1) 

  Kochia np  np 0.4 (0.0) 0.5 (0.0) 

Cu BG 45.8 (17.9) 25.9 (4.8) 55.5 (22.1) 51.9 (20.9) 

 QB 11.9 (3.2) 13.6 (14.0) 10.8 (1.7) 8.9 (2.6) 

  Kochia np  np 26.7 (4.2) 8.0 (0.9) 

Fe BG 406.8 (59.8) 670.4 (246.1) 552.8 (135.4) 417.1 (96.1) 

 QB 321.9 (68.6) 660.8 (588.3) 308.7 (115.1) 179.8 (59.8) 

  Kochia np  np 1122.8 (38.3) 349.3 (76.2) 

K BG np  np 9192.2 (1050.2) 7676.8 (916.2) 

 QB 107979.2 (23875.4) 
60392.3 

(42139.7) 
70011.6 (10088.3) 58113.2 (14707.6) 

  Kochia np  np 92541.1 (1805.5) 43766.6 (7925.2) 

Mg BG 1417.7 (244.6) 1676.0 (42.5) 1534.5 (154.4) 1442.4 (359.7) 

 QB 9316.0 (1968.2) 
7247.6 

(4110.4) 
11286.9 (1444.2) 10519.5 (283.9) 

  Kochia np  np 11285.2 (195.0) 8450.9 (215.2) 

Mn BG 119.8 (86.0) 60.1 (11.4) 89.4 (32.9) 38.1 (6.8) 

 QB 179.6 (52.0) 209.3 (46.9) 231.9 (25.7) 180.2 (43.1) 

  Kochia np  np 109.1 (1.6) 146.7 (69.7) 
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Mo BG 0.6 (0.1) 0.9 (0.2) 0.7 (0.0) 0.5 (0.2) 

 QB 1.1 (0.2) 1.0 (0.1) 1.3 (0.1) 0.9 (0.1) 

  Kochia np  np 0.6 (0.0) 0.5 (0.0) 

Na BG 14425.9 (5323.6) 452.4 (104.0) bdl 30.5 (31.510 

 QB 260.2 (121.3) 
15632.0 

(13052.1) 
16912.8 (1768.0) 18104.0 (897.8) 

  Kochia np  np 12566.2 (132.9) 3829.7 (1432.9) 

Sb BG 0.1 (0.0) 0.2 (0.1) 0.1 (0.0) 0.1 (0.1) 

 QB 0.3 (0.0) 0.3 (0.3) 0.1 (0.0) 0.1 (0.0) 

  Kochia np  np 0.3 (0.0) 0.1 (0.0) 

Se BG 1.9 (0.8) 2.8 (0.6) 0.2 (0.2) 0.7 (0.2) 

 QB 1.7 (0.6) 2.6 (1.3) 0.4 (0.0) 0.4 (0.0) 

  Kochia np  np bdl 0.4 (0.2) 

Si BG na 
d
 1011.8 (60.9) 1322.2 (183.3) 3233.7 (243.7) 

 QB  np 333.7 (816.4) 18.4 (6.3) 105.3 (126.6) 

  Kochia np  np 24.0 (1.6) bdl 

Sn BG bdl bdl 0.3 (0.1) 0.6 (0.3) 

 QB bdl bdl 0.1 (0.1) 0.1 (0.2) 

  Kochia np  np 0.0 (0.0) 0.1 (0.2) 

Sr BG 8.2 (2.4) 15.3 (0.5) 17.0 (3.8) 20.3 (2.6) 

 QB 9.5 (1.0) 22.3 (5.2) 24.7 (10.2) 37.7 (10.0) 

  Kochia np  np 17.6 (0.0) 26.9 (6.9) 

Ti BG 0.6 (0.1) 1.4 (0.6) 1.0 (0.4) 7.0 (1.1) 

 QB 1.7 (0.3) 1.3 (0.3) 1.7 (0.1) 16.8 (2.2) 

  Kochia np  np 3.4 (0.1) 24.2 (5.9) 

Tl BG 0.0 (0.0) np 0.0 (0.0) 0.5 (0.7) 

 QB 0.1 (0.0) np 0.2 (0.1) 0.3 (0.2) 

  Kochia np  np 0.0 (0.0) 0.0 (0.1) 

V BG 0.1 (0.0) 0.3 (0.1) 0.6 (0.0) 0.1 (0.0) 

 QB 0.0 (0.0) 0.2 (0.1) 0.1 (0.0) 0.0 (0.0) 

  Kochia np  np 0.7 (0.0) 0.1 (0.0) 

  
a Values are average and (standard deviation), n=4 except for QB and Kochia for which n=3;  
b Plant species analyzed: BG = Buffalo grass, QB = Quailbush. 
c np = No plant or not enough Plant tissue to analyze.  
d
 bdl = below detection limits; na= not analyzed 
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Table S 3.5. Accumulation of metal(loid)s in plants shoot tissues in 15% Compost + Lime 

treatment in phase 3 study 

 

Accumulation of metal(loid)s in shoot tissue (mg kg
-1

)
a
 

Element Plant Species
b
 

Phase III 15% Compost + Seeds + Lime 

2012 2013 

Ag BG np c
 0.3 (0.2) 

 
BG Trp 0.2 (0.1) 0.3 (0.1) 

 
QB np 0.0 (0.0) 

 
QB Trp 0.0 (0.0) 0.0 (0.0) 

 
Kochia np 0.1 (0.0) 

 TW np 0.1 

Al BG np 97.2 (5.6) 

  BG Trp 70.8 (27.7) 130.7 (93.9) 

  QB np 86.6 (50.4) 

  QB Trp 35.3 (0.6) 89.0 (21.8) 

  Kochia np 46.8 (5.3) 

 TW np 17.8 

Ba BG np 3.8 (5.3) 

  BG Trp 0.7 (0.1) 0.8 (0.3) 

  QB np 0.2 (0.1) 

  QB Trp 0.4 (0.0) 0.3 (0.0) 

  Kochia np 0.2 (0.1) 

 TW np 0.2 

Be BG np 0.0 (0.0) 

  BG Trp 0.0 (0.0) 0.0 (0.0) 

  QB np 0.0 (0.0) 

  QB Trp 0.0 (0.0) 0.0 (0.0) 

  Kochia np 0.0 (0.0) 

 TW np 0 

Ca BG np 1880.5 (1638.3) 

  BG Trp 3705.4 (408.5) 2942.6 (411.1) 

  QB np 9233.7 (2091.8) 

  QB Trp 11086.2 (585.6) 6398.3 (5804.2) 

  Kochia np 12994.6 (874.7) 

 TW np 21704.1 

Co BG np 0.2 (0.0) 

  BG Trp 0.2 (0.0) 0.4 (0.1) 

  QB np 1.1 (0.3) 

  QB Trp 0.5 (0.0) 0.8 (0.1) 
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  Kochia np 1.4 (0.9) 

 TW np 0.7 

Cu BG np 37.5 (3.6) 

  BG Trp 41.9 (17.2) 19.0 (5.3) 

  QB np 7.3 (0.6) 

  QB Trp 9.6 (2.0) 6.8 (0.2) 

  Kochia np 9.2 (2.6) 

 TW np 8.5 

Fe BG np 490.7 (148.3) 

  BG Trp 727.3 (222.9) 936.9 (507.9) 

  QB np 182.3 (68.5) 

  QB Trp 244.5 (22.6) 194.7 (74.3) 

  Kochia np 253.8 (33.1 

 TW np 170.2 

K BG np 9204.0 (1333.4) 

  BG Trp 8864.4 (678.0) 9158.8 (666.1) 

  QB np 80565.8 (6162.7) 

  QB Trp 0.0 (0.0) 89833.4 (14622.3) 

  Kochia np 53024.9 (19242.7) 

 TW np 74698.3 

Mg BG np 1741.0 (150.5) 

  BG Trp 1367.6 (82.5) 1723.8 (307.2) 

  QB np 11312.6 (1374.4) 

  QB Trp 13535.9 (1057.2) 6731.5 (6002.6) 

  Kochia np 13142.4 (6342.2) 

 TW np 8846 

Mn BG np 74.3 (30.5) 

  BG Trp 104.9 (89.1) 99.3 (57.9) 

  QB np 182.1 (34.3) 

  QB Trp 101.7 (1.3) 166.9 (17.5) 

  Kochia np 194.6 (92.1) 

 TW np 60 

Mo BG np 0.7 (0.0) 

  BG Trp 0.9 (0.0) 0.7 (0.2) 

  QB np 1.0 (0.0) 

  QB Trp 1.7 (0.3) 1.3 (0.0) 

  Kochia np 0.8 (0.2) 

 TW np 2.1 

Na BG np 21.2 (32.4) 

  BG Trp 124.9 (95.6) 96.1 (52.5) 

  QB np 15820.5 (3780.4) 

  QB Trp 19678.9 (3025.4) 10801.3 (9703.6) 
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  Kochia np 3960.1 (1040.3) 

 TW np 235.8 

Sb BG np 0.1 (0.0) 

  BG Trp 0.1 (0.0) 0.2 (0.1) 

  QB np 0.1 (0.0) 

  QB Trp 0.4 (0.3) 0.1 (0.0) 

  Kochia np 0.1 (0.0) 

 TW np 0.1 

Se BG np 0.5 (0.1) 

  BG Trp 1.7 (0.5) 0.8 (0.2) 

  QB np 0.3 (0.1) 

  QB Trp bdl 0.2 (0.0) 

  Kochia np 0.5 (0.1) 

 TW np 0.1 

Si BG np 3667.3 (167.2) 

  BG Trp 1312.7 (131.6) 3941.6 (276.7) 

  QB np 497.1 (42.5) 

  QB Trp 25.1 (3.6) 621.3 (22.8) 

  Kochia np 659.9 (44.2) 

 TW np 468.2 

Sn BG np 0.4 (0.1) 

  BG Trp 0.1 (0.0) 0.1 (0.0) 

  QB np 0.2 (0.1) 

  QB Trp 31.5 (44.7) 0.0 (0.0) 

 Kochia np 0.0 (0.1) 

Sr BG np 17.9 (2.2) 

  BG Trp 16.6 (1.7) 17.0 (1.2) 

  QB np 35.8 (11.0) 

  QB Trp 35.0 (2.7) 29.3 (7.2) 

  Kochia np 36.2 (14.6) 

 TW np 45.4 

Ti BG np 8.4 (0.8) 

  BG Trp 0.9 (0.1) 8.3 (0.8) 

  QB np 19.0 (4.6) 

  QB Trp 2.0 (0.1) 16.6 (3.5) 

  Kochia np 27.0 (9.2) 

 TW np 20.8 

Tl BG np 0.0 (0.0) 

  BG Trp bdl 0.0 (0.0) 

  QB np 0.0 (0.0) 

  QB Trp 0.0 (0.0) 0.1 (0.0) 



189 

 

 Kochia np 0.0 (0.0) 

V BG np 0.2 (0.0) 

  BG Trp 0.6 (0.0) 0.3 (0.1) 

  QB np 0.0 (0.0) 

  QB Trp 0.4 (0.0) 0.0 (0.0) 

 Kochia np 0.0 (0.0) 

 
a Values are average and (standard deviation), of n=4 for 2012 and n=3 for 2013; na= not 

analyzed. 
b Plant species analyzed: BG = Buffalo grass, QB = Quailbush, Trp = transplant TW= 

tumbleweed. 
c np = No plant or not enough Plant tissue to analyze.  
d
 bdl = below detection limits; na= not analyzed 
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Table S 3.6. Metal(loid)s Bioconcentration Factor of plant shoot tissue to substrate in IKMHSS 10% compost treatment in phase 1 

The Bioconcentration factor (BF), is defined as the total element concentration in dry shoot tissue / total element concentration in substrate 

(Brooks 1998).
 

a 
Total metal(loid) concentration in the unamended IKMHSS tailings.

 

b 
PA is plant available, defined here as metal(loid) solubilized by a sequential extraction using DI H2O and 1 M NaH2PO4 at 1:40 solid to solution.  

c
 From sample taken in 2010 (time 0) from the 20 cm top from 1.0 m core sample in10% compost treatment.  

d
 Plant species BG = buffalo grass 

e 
Bioconcentration factor (BF) as the total element concentration in dry shoot tissue / total metal(loid)s concentration in IKMHSS mine tailings. 

f
 Bioconcentration factor (BF), as the total element concentration in dry shoot tissue / total plant available metal(loid)s in IKMHSS mine tailings. 

g
 Bioconcentration factor (BF), as the total element concentration in dry shoot tissue / total metal(loid)s concentration in 10% compost treatment 

.

 10% Compost BG & MQ 

Metal(loid)s 
Totala  PAb Metal(loid)s 

in 10% 

Compostc 

Plant 

Speciesd 

BF by Total Metal(loid)s e   
BF by Plant Available  

Metal(loid)s f   
BF in 10% compost g 

mg kg
-1

 2010 2011 2012 2013 
 

2010 2011 2012 2013 

 

2010 2011 2012 2013 

As 2590 
610       

(120) 
3540 BG 0.01 0.01 0.03 0.03 

 
0.02 0.05 0.11 0.13 

 

0.00 0.01 0.02 0.02 

Pb  2200 
4.2              

(2.8) 
2320 BG 0.00 0.01 0.01 0.02 

 
2.07 2.93 3.76 8.14 

 

0.00 0.01 0.01 0.01 

Zn  2000 
1800 

(1900) 
4490 BG 0.12 0.20 0.25 0.23 

 
0.13 0.22 0.28 0.26 

 

0.05 0.09 0.11 0.10 

Cd 7.1 na 17.8 BG 0.08 0.06 0.09 0.07 
 

na na na na 

 

0.03 0.02 0.03 0.03 

Cu 127 
96       

(25) 
155 BG 0.30 0.26 0.40 0.34 

 
0.40 0.35 0.53 0.44 

 

0.25 0.21 0.33 0.27 

Ni  9.67 
3.7              

(1.9) 
14 BG 0.06 0.04 0.07 0.32   0.16 0.11 0.19 0.84 

  
0.04 0.03 0.05 0.22 
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Table S 3.7. Metal(loid)s Bioconcentration Factor of plant shoot tissue to substrate in IKMHSS 15% compost treatment in phase 1 

15% Compost  

Metal(loid)s 
Totala  PAb 

Metal(loid)s in 

15% Compostc 
Plant 

Speciesd 

BF by Total Metal(loid)s e 
 

BF by Plant Available 

Metal(loid)s f  
BF in 15% compost g 

mg kg 
-1

 2010 2011 2012 2013 
 

2010 2011 2012 2013 

 

2010 2011 2012 2013 

As 2590 
610 

(120) 
2800 

BG 0.01 0.01 0.01 0.01 
 

0.04 0.05 0.06 0.05 

 

0.01 0.01 0.01 0.01 

QB 0.01 0.01 0.00 0.00 
 

0.03 0.02 0.02 0.01 

 

0.01 0.00 0.00 0.00 

Pb  2200 
4.2 

(2.8) 
2000 

BG 0.01 0.01 0.01 0.01 
 

2.83 3.76 3.12 3.40 

 

0.01 0.01 0.01 0.01 

QB 0.01 0.00 0.00 0.00 
 

2.93 1.93 1.17 1.29 

 

0.01 0.00 0.00 0.00 

Zn  2000 
1800 

(1900) 
3390 

BG 0.10 0.13 0.28 0.11 
 

0.12 0.15 0.31 0.13 

 

0.06 0.08 0.17 0.07 

QB 0.33 0.26 0.42 0.47 
 

0.36 0.28 0.47 0.52 

 

0.19 0.15 0.25 0.28 

Cd  7.1   11.2 
BG 0.06 0.05 0.06 0.04 

 
na na na na 

 

0.04 0.03 0.04 0.03 

QB na 0.17 0.17 0.20   na na na na 

 

na 0.11 0.11 0.13 

Cu 127 
96 

(25) 
225 

BG 0.35 0.25 0.29 0.39 
 

0.47 0.34 0.38 0.51 

 

0.20 0.14 0.16 0.22 

QB 0.08 0.06 0.08 0.07 
 

0.11 0.08 0.10 0.10 

 

0.05 0.03 0.04 0.04 

Ni  9.67 
3.7 

(1.9) 
11 

BG 0.05 0.07 0.11 0.24 
 

0.14 0.19 0.30 0.62 

 

0.05 0.06 0.10 0.21 

QB 0.42 0.11 0.10 0.09   1.11 0.30 0.27 0.24   0.37 0.10 0.09 0.08 

 

The Bioconcentration factor (BF), is defined as the total element concentration in dry shoot tissue / total element concentration in substrate 

(Brooks 1998).
 

a 
Total metal(loid) concentration in the unamended IKMHSS tailings.

 

b 
PA is plant available, defined here as metal(loid) solubilized by a sequential extraction using DI H2O and 1 M NaH2PO4 at 1:40 solid to solution.  

c
 From sample taken in 2010 (time 0) from the 20 cm top from 1.0 m core sample in15% compost treatment.  

d
 Plant species BG = buffalo grass; QB = Quailbush 

e 
Bioconcentration factor (BF) as the total element concentration in dry shoot tissue / total metal(loid)s concentration in IKMHSS mine tailings. 

f
 Bioconcentration factor (BF), as the total element concentration in dry shoot tissue / total plant available metal(loid)s in IKMHSS mine tailings. 

g
 Bioconcentration factor (BF), as the total element concentration in dry shoot tissue / total metal(loid)s concentration in 15% compost treatment.
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Table S 3.8. Metal(loid)s Bioconcentration Factor of plant shoot tissue to substrate in IKMHSS 20% compost treatment in phase 1 

20% Compost  

Metals 
Totala PAb 

Metal(loid)s in 20% 

Compostc 
Plant 

Speciesd 

BF by Total Metal(loid)s e 
 

BF by Plant Available 

Metal(loid)s f  
BF in 20% compost g 

mg kg 
-1

 2010 2011 2012 2013 
 

2010 2011 2012 2013 

 

2010 2011 2012 2013 

As 2590 
610 

(120) 
3100 

BG 0.01 0.01 0.01 0.00 
 

0.02 0.03 0.02 0.02 

 

0.00 0.01 0.00 0.00 

QB 0.00 0.01 0.00 0.00 
 

0.02 0.03 0.02 0.01 

 

0.00 0.01 0.00 0.00 

Pb  2200 4.2 (2.8) 1780 
BG 0.00 0.00 0.00 0.00 

 
1.90 2.48 1.69 1.55 

 

0.00 0.01 0.00 0.00 

QB 0.00 0.00 0.00 0.00 
 

1.50 1.93 0.95 0.74 

 

0.00 0.00 0.00 0.00 

Zn  2000 
1800 

(1900) 
2660 

BG 0.07 0.08 0.09 0.08 
 

0.08 0.09 0.10 0.09 

 

0.06 0.06 0.07 0.06 

QB 0.25 0.21 0.35 0.34 
 

0.28 0.23 0.39 0.37 

 

0.19 0.16 0.26 0.25 

Cd  7.1   5.7 
BG 0.06 0.01 0.14 0.03 

 
na na na na 

 

0.07 0.02 0.18 0.04 

QB 0.20 0.13 0.27 0.20 
 

na na na na 

 

0.25 0.16 0.33 0.25 

Cu 127 96 (25) 148 
BG 0.36 0.20 0.44 0.40 

 
0.48 0.27 0.58 0.53 

 

0.31 0.18 0.38 0.35 

QB 0.09 0.11 0.09 0.07 
 

0.12 0.14 0.11 0.09 

 

0.08 0.09 0.07 0.06 

Ni  9.67 3.7 (1.9) 19 
BG 0.75 0.06 0.09 0.26 

 
1.97 0.16 0.24 0.68 

 

0.38 0.03 0.05 0.13 

QB 0.40 0.06 0.11 0.10   1.05 0.16 0.30 0.27   0.21 0.03 0.06 0.05 
 

The Bioconcentration factor (BF), is defined as the total element concentration in dry shoot tissue / total element concentration in substrate 

(Brooks 1998).
 

a 
Total metal(loid) concentration in the unamended IKMHSS tailings.

 

b 
PA is plant available, defined here as metal(loid) solubilized by a sequential extraction using DI H2O and 1 M NaH2PO4 at 1:40 solid to solution.  

c
 From sample taken in 2010 (time 0) from the 20 cm top from 1.0 m core sample in15% compost treatment.  

d
 Plant species BG = buffalo grass; QB = Quailbush 

e 
Bioconcentration factor (BF) as the total element concentration in dry shoot tissue / total metal(loid)s concentration in IKMHSS mine tailings. 

f
 Bioconcentration factor (BF), as the total element concentration in dry shoot tissue / total plant available metal(loid)s in IKMHSS mine tailings. 

g
 Bioconcentration factor (BF), as the total element concentration in dry shoot tissue / total metal(loid)s concentration in 20% compost treatment.
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Table S A.1. Weather data for Modified Wilson & Cooke samplers (MWAC) measurement period at IKMHSS 

Collection 

date 

Season IK Met 

station Phase I 

Temperature 
 Soil 

Temperature 
ET Humidity  

Rainfall and 

water applied 

Average Wind 

Speed 

˚C ˚C % % mm m s-1 

9/7/2011 May - Sept 2011 22.7 ± 10.5 21.5 ± 1.1 
0.0029 ± 

0.007 
33.8 ± 19.0 383.8 5.1 ± 4.6 

Min 0 

Max 24 

1/7/2012 Sept 2011 -Jan 2012 11.0 ± 8.8 11.4 ± 2.0 
0.0014± 

0.004 
50.6 ± 24.5 232.3 3.3 ± 3.6 

Min 0 

Max 23 

5/16/2012 Jan - May 2012 9.5 ± 9.6 10.0 ± 1.1 
0.0019± 

0.005 
38.5 ± 21.6 100.4 4.4 ± 4.5 

Min 0 

Max 27 

 

 

Table S A.2. Weather data for DustTrak™ Aerosol Monitors measurement period at IKMHSS 

Collection 

date 

Temperature 
 Soil 

Temperature 
ET Humidity 

Precipitation 

+ Irrigation  

Average Wind 

Speed 

Wind 

Directiona  

˚C ˚C % % mm m s-1 
 

5/24/2011 22.4 ± 1.4 19.5 ± 1.9 0.029 ± 0.003  14.4 ± 2.4 0.2 5.0 ± 1.2 
Min 2.2 

SW 
Max 6.2 

6/6/2011 25.8 ± 0.4 20.1 ± 1.2 0.036 ± 0.002  13.9 ± 1.2 0.0 7.0 ± 0.7 
Min 5.8 

S 
Max 8.5 
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Table S A.3 Total horizontal dust flux at the IKMHSS field site averaged over the three 

sampling periods. 

Treatments 

 aHorizontal Flux (g m-2 y-1) 

 
Flux IN (g m-2 y-1) Flux OUT (g m-2 y-1) bNET Flux (g m-2 y-1) 

Control   3951.4 ± 1232.4 6274.9  ± 1835.8 2323.5 ± 763.6 

Irrigation  3253.3 ± 462.1 4765.3 ± 913.1 1512.0 ± 918.8 

16% Canopy  2672.7 ±  526.3 2300.9 ± 190.2 -371.8 ± 357.5 

32% Canopy  2486.6 ± 612.5 1880.5 ± 143.6 -606.1 ± 499.7 

 
a  Measurements were performed using passive samplers. Each measurement period was 

approximately 3 months. Values represent the total amount of wind-blown dust for all 

sampling heights integrated from 0 to 1 m above the soil surface. Values are expressed as the 

average ± standard deviation (n = 3) 

b Net Flux values are the subtraction of the flux IN from the flux OUT (Eq. 4) to represent 

deposition or emission of dust as an effect of the vegetation cover.  
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Table S A.4. Total horizontal dust flux at IKMHSS field site for each of the three sampling 

periods  

Treatments 

 Horizontal Flux (g m-2 y-1) a 

 
Flux IN (g m-2 y-1) Flux OUT (g m-2 y-1) 

bNET Flux (g m-2 y-

1) 

May – Sept. 2011c   

Control   2540.9 4189.4 1648.46 

Irrigation  2881.0 3855.2 974.24 

16% Canopy  2144.1 2083.1 -60.97 

32% Canopy  1981.1 1717.4 -263.64 

Sept. 2011– Jan.2012 c   

Control   4819.8 6989.6 2169.84 

Irrigation  3770.5 4759.4 988.90 

16% Canopy  2677.5 2385.7 -291.80 

32% Canopy  3167.7 1988.1 -1179.55 

Jan. – May 2012 c   

Control   4493.7 7645.9 3152.22 

Irrigation  3108.4 5681.4 2572.96 

16% Canopy  3196.5 2434.0 -762.50 

32% Canopy  2311.2 1936.0 -375.19 

a  Measurements were performed using passive samplers. Values represent the total amount of 

wind-blown dust or sediment for all sampling heights integrated from 0 to 1 m above the soil 

surface. 

b Net Flux values are the subtraction of the flux IN from the flux OUT (Eq. 4) to represent 

deposition or emission of sediment (dust) as an effect of the vegetation cover.  

c  Three separate sampling events took place: May –September 2011 (109 days), September 

2011 to January 2012 (123 days), and January – May 2012 (132 days). 
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Table S A.5. Horizontal dust flux by height at IKMHSS field site for each of the three sampling periods 

 

 
Horizontal Flux (g m

-2 
y

-1
) 

 
Flux IN (g m

-2 
y

-1
)

 
Flux OUT (g m

-2 
y

-1
)
 b

NET Flux (g m
-2 

y
-1

)
 

Height (m) 1.0 0.5 0.25 0.18 0.06 1.0 0.5 0.25 0.18 0.06 1.0 0.5 0.25 0.18 0.06 

Treatments May – Sept. 2011 

Control  1064.1 1771.0 3571.9 4494.6 4635.9 1480.8 4449.9 6652.6 4978.3 7835.8 416.7 2678.9 3080.7 483.7 3199.8 

Irrigation 937.6 1904.9 3117.9 5008.0 8356.7 1012.0 3609.1 7300.0 5588.5 6823.7 74.4 1704.1 4182.1 580.4 -1532.9 

16% Canopy 878.1 1510.6 2344.0 2961.7 6332.6 1391.5 1890.1 2076.1 2939.3 3251.9 513.5 379.5 -267.2 -22.3 -3080.7 

32% Canopy 803.7 1220.4 2024.0 3050.9 6325.2 1086.4 1503.2 2031.5 1852.9 3289.1 282.8 282.8 7.4 -1198.0 -3036.1 

Sept. 2011– Jan.2012
 
 

Control  969.4 2380.6 5038.1 12450.2 14942.9 1134.2 6752.7 10616.9 13083.3 14309.8 164.9 4372.1 5578.9 633.0 -633.1 

Irrigation 817.7 2703.7 4563.3 8605.7 8698.0 1839.8 2954.3 5730.5 7069.2 13835.0 1022.1 250.6 1167.2 -1536.5 5137.4 

16% Canopy 1246.3 1773.9 4279.8 4563.3 4312.7 870.5 890.2 3943.4 4154.5 6910.9 -396.3 -1968.9 -1461.2 321.9 600.6 

32% Canopy 751.8 1727.7 3620.3 5717.3 11190.7 692.4 2103.6 1912.4 3382.9 4279.8 -59.3 375.9 -1707.9 -2334.4 -6910.9 

Jan. – May 2012
 
 

Control  1592.5 3646.3 5409.9 9160.3 8170.6 2232.4 6585.6 11162.1 13915.4 13930.3 639.9 2939.3 5752.2 4755.0 5759.6 

Irrigation 1220.4 1637.1 2864.9 5156.9 11764.8 2403.6 6362.4 9138.0 7106.5 8170.6 1183.2 4725.3 6273.1 1949.6 -3594.2 

16% Canopy 1591.3 3584.9 3801.7 3913.1 5392.9 1195.0 1616.0 2340.5 4235.1 5993.5 -396.3 -1968.9 -1461.2 321.9 600.6 

32% Canopy 1003.0 1325.0 1894.7 5578.7 5987.4 1195.0 1671.8 2711.9 3046.3 2204.2 191.9 346.7 817.3 -2532.4 -3783.1 
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Table S A.6. R2 values for the exponential decay functions used to calculate total average 

horizontal dust flux.  

 

R2 from Exponential decay function of horizontal dust flux 

MWAC samplers by height 

Treatment Summer 2011 Fall 2011 Spring 2012 

  Flux IN 

Control  0.94 0.91 0.95 

Irrigation 0.92 0.97 0.75 

16% Canopy 0.86 0.88 0.93 

32% Canopy 0.82 0.92 0.72 

  Flux OUT 

Control  0.93 0.97 0.99 

Irrigation 0.94 0.88 0.81 

16% Canopy 0.87 0.78 0.80 

32% Canopy 0.82 0.91 0.77 
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Table S A.7. Total Metal(loid)s collected in upwind and downwind samplers (mg) 

 

Treatment Flux IN
 a
 Flux OUT

 a
 

NET
c
  

Elemental mass 
% Deposition 

d
  

 
Al 

Control 23.389 ± 15.563 67.859 ± 41.344 44.470 ± 25.971   A 67.0 ± 5.9 

Irrigation 20.761 ± 6.673 58.852 ± 32.314 38.091 ± 26.265 AB 60.9 ± 13.5 

16% Canopy  46.233 ± 22.229 19.563 ± 8.894    -26.670 ± 14.408    B -133.4 ± 41.6 

32% Canopy  26.801 ± 26.821 26.825 ± 14.919  0.024 ± 34.220 AB 30.4 ± 106 

 
As 

Control 0.684 ± 0.282 1.233 ± 0.611    0.549 ± 0.332    A 41.6 ± 9.0 

Irrigation 0.628 ± 0.085 0.695 ± 0.259 0.067 ± 0.268 AB -1.9 ± 32.3 

16% Canopy  0.386 ± 0.041 0.418 ± 0.114 0.032 ± 0.073 AB 4.3 ± 18.1 

32% Canopy  0.470 ± 0.130 0.206 ± 0.023 -0.264 ± 0.151   B -133.7 ± 86.8 

 
Cd 

Control 0.003 ± 0.002 0.007 ± 0.003 0.004 ± 0.001 A 56.4 ± 15.3 

Irrigation 0.002 ± 0.001 0.003 ± 0.000 0.001 ± 0.001 B -17.2 ± 35.5 

16% Canopy  0.002 ± 0.000 0.002 ± 0.000 0.000 ± 0.000 B -3.0 ± 15.9 

32% Canopy  0.003 ± 0.001 0.001 ± 0.000 -0.002 ± 0.001 B -207.7 ± 101.8 

 
Cu 

Control 0.028 ± 0.012 0.058 ± 0.016 0.030 ± 0.007    A 52.0 ± 11.0 

Irrigation 0.023 ± 0.005 0.037 ± 0.006 0.013 ± 0.011 AB 33.9 ± 23.7 

16% Canopy  0.033 ± 0.004 0.034 ± 0.005 0.001 ± 0.001 BC 3.1 ± 3.2 

32% Canopy  0.038 ± 0.016 0.024 ± 0.006 -0.015 ± 0.016    C -66.8 ± 64.1 

 
Cr 

Control 0.002 ± 0.000 0.004 ± 0.000 0.002 ± 0.000 A 56.0 ± 5.6 

Irrigation 0.002 ± 0.000 0.003 ± 0.001 0.001 ± 0.001 A 39.1 ± 16.4 

16% Canopy  0.003 ± 0.000 0.002 ± 0.000 -0.001 ± 0.000 B -29.4 ± 6.85 

32% Canopy  0.003 ± 0.001 0.002 ± 0.000 -0.001 ± 0.001 B -52.9 ± 39.3 

 
Fe 

Control 21.607 ± 9.201 40.758 ± 14.920 19.151 ± 5.720   A 48.0 ± 4.1 

Irrigation 25.272 ± 6.360 30.782 ± 7.627 5.510 ± 13.419 AB 10.2 ± 47.7 

16% Canopy  18.361 ± 4.917 15.551 ± 3.987 -2.810 ± 0.954    B -17.8 ± 2.4 

32% Canopy  20.873 ± 5.628 11.635 ± 0.577 -9.238 ± 5.454    B -79.1 ± 47.3 

 
Mg 

Control 2.101 ± 1.659 4.303 ± 1.479 2.202 ± 1.115    A 54.5 ± 25.2 

Irrigation 1.775 ± 0.597 2.316 ± 0.862 0.541 ± 0.816 AB 20.0 ± 30.42 

16% Canopy  1.263 ± 0.145 2.283 ± 1.073 1.020 ± 0.964 AB 34.84 ± 31.5 

32% Canopy  2.006 ± 1.071 0.857 ± 0.063 -1.149 ± 1.103    A -137.6 ± 135.5 

 
Mn 

Control 0.052 ± 0.035 0.112 ± 0.017 0.061 ± 0.018    A 56.2 ± 22.4 

Irrigation 0.046 ± 0.020 0.065 ± 0.012 0.019 ± 0.020    B 28.5 ± 30.1 

16% Canopy  0.047 ± 0.003 0.037 ± 0.004 -0.010 ± 0.006 BC -27.0 ± 19.3 

32% Canopy  0.058 ± 0.013 0.027 ± 0.005 -0.031 ± 0.014    C -52.9 ± 65.9 

 Pb 
Control 0.526 ± 0.240 0.848 ± 0.374 0.322 ± 0.161    A 38.6 ± 10.0 

Irrigation 0.367 ± 0.074 0.539 ± 0.125 0.172 ± 0.126 AB -29.5 ± 19.6 

16% Canopy  0.336 ± 0.060 0.291 ± 0.071 -0.045 ± 0.023 BC -17.1 ± 12.6 

32% Canopy  0.382 ± 0.074 0.202 ± 0.015 -0.180 ± 0.074    C -89.9 ± 39.0 
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a  Elemental mass collected in samplers located in upwind and downwind moving with dust 

across collected with MWAC each plot treatment. Values are expressed as the average ± 

standard deviation (n = 3).  

b Net elemental was estimated by elemental mass out – elemental mass in / elemental mass 

out;  Data were exponential transformed, s Significant differences were detected using one-

way ANOVA (p < 0.05) and significant differences between means were determined by 

Tukey’s test (p < 0.05). 

c When percent deposition was calculated the result was multiplied by 100. Negative numbers 

mean Deposition and positive numbers means Emission. 
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Figure S A.1a. Exponential decay functions used to calculate average total horizontal dust 

flux at the IKMHSS field site (May to Sept. 2011). 
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Figure S A.1b. Exponential decay functions used to calculate average total horizontal dust 

flux at the IKMHSS field site (September 2011 to January 2012). 
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Figure S A.1c. Exponential decay functions used to calculate average total horizontal dust 

flux at the IKMHSS field site (January 2012 to May 2012). 
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Figure S A.2. Wind speed and wind direction at IKMHSS field site for each of the three 

sampling periods  
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Figure S A.3 Meteorological data from weather station during the DustTrak measurements 

event. Red square highlights the time frame at which sampling was conducted. (A) Percent 

relative humidity, (B) Wind speed (m s-1). 
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Figure S A.4 Time series observations for (A) PM1 and (B) PM37 concentrations by 

DustTrak™ at 5s sample frequency average on 50 seconds intervals (x axis) for 4 hours on 

May 24th, 2011. Secondary axis corresponds to wind speed measured at 1m height with 30 s 

sample frequency. Showing the variability of the data based on time frame analysis. 
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