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ABSTRACT 

 Legacy mine sites are of concern due to their prevalence and associated environmental 

and human health risks. The United States Bureau of Land Management estimates as many as 

500,000 abandoned mine sites in the US (BLM, 2017). Sites requiring costly management and 

long-term response to the environmental hazardous risks can be designated to a National Priority 

List (NPL) by the Environmental Protection Agency (EPA) under the Comprehensive 

Environmental Response, Compensation and Liability Act (CERCLA) (EPA, 2017). One such 

site, located in Central Arizona, is the Iron King Mine Humboldt Smelter Superfund Site 

(IKMHSSS). The site was designated to the NPL in 2008 due to concerns regarding the size of 

the tailing pile, the proximity of contaminated materials to the town of Dewey-Humboldt and 

waterways, and the dangerous concentrations of arsenic (As) and lead (Pb) of the tailings (EPA, 

2017). Remediation efforts have been ongoing since the designation of the site to the NPL, 

including sampling, yard soil removal, and distribution of information to the local community 

regarding risks from the site.  

 The University of Arizona Superfund Research Program (UA SRP) has conducted 

greenhouse and phytostabilization studies of the site in an attempt to understand the processes 

and mechanisms employed to stabilize the tailings materials as well as reduce dust emissions 

from the tailings to the town of Dewey-Humboldt (Gil-Loaiza et al., 2016). This effort has 

successfully demonstrated a reduction of dust emissions (Sáez, 2016), however chemical 

changes to the tailings due to phytostabilization are the focus of this research. This work attempts 

to ascertain whether adverse effects from the method of phytostabilization are observed in the 

pore waters of the tailing material, in particular the potential for contamination of water sources 

by mobilized As through chemical or microbiological means. Recent studies have proposed 
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potential mechanisms that can promote mobilization of As by dissolved organic matter (DOM) 

(Mladenov et al., 2015). Heterotrophic microbial respiration under O2 limited conditions can 

cause the reduction of Fe3+ to Fe2+, enhancing desorption or dissolution of As from Fe containing 

minerals (Hasan et al., 2007). Additionally, DOM competes with As for sorption sites at mineral 

surfaces (Grafe et al., 2002).  

 In this study, batch and column experiments were used to investigate the mechanisms of 

sequestration and release of As in compost amended mine tailings. Mine tailings were reacted in 

triplicate in the presence and absence of DOM using plain tailings and radiated tailings for 

microbiological control and under anoxic and oxic conditions at timescales from ranging from 3 

to 900 hours for batch experiments and 1 to 900 pore volumes in column experiments. The 

highest As release to pore waters was observed under anoxic conditions in the presence of DOM 

both with microbial activity inhibited and uninhibited through 60Co gamma irradiation after 3 

and 910 h of reaction. The release of As from batch experiments was lowest in the control 

treatment with no DOM added to tailings in both anoxic and oxic treatments after 24 h.  

 Column flow-through experiments were also carried out to better understand the kinetic 

biogeochemistry of the tailings interacting with DOM. Columns were completed under suboxic 

conditions to best mimic field scenarios. To test the effect of microbes, control tailing samples 

were sterilized by 60Co gamma irradiation prior to flowing DOM. Pore volumes (PV) were 

collected using fractionation equipment from 1 to 900 PVs. The release of As was highest in the 

presence of DOM after approximately 40 PVs when As release began increasing to its maximum 

release of 50 μmol l-1. No significant difference between irradiated and non-irradiated tailings 

was observed in either irradiated or non-irradiated tailings. Lowest release of As to effluent 

solutions was in the absence of DOM. These results were consistent with the findings from batch 
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experiments. Batch and column experiments show that DOM influences the mobilization of As 

from mine tailings, and demonstrates the potential risk to proximal ground water resources in the 

absence of attenuation processes between the oxidized tailings and groundwater. 
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CHAPTER 1. INTRODUCTION 

1. CHEMISTRY AND HEALTH IMPACTS OF ARSENIC 

 As described above, As presents considerable risk to human health and affects millions 

globally each year (WHO, 2011). Arsenic is the 20th most common trace element in Earth’s 

crust, and is present in minerals, soils and sediments, natural waters, air and animal tissues 

(Singh et al., 2015). Arsenic is listed number one on the ATSDR (Agency for Toxic Substances 

and Disease Registry) priority list of hazardous contaminants (ATSDR, 2017). Soluble As 

ingested in drinking waters is the predominant source of As exposure to humans (WHO, 2011). 

Arsenic present in drinking waters can be derived from natural sources or by anthropogenic 

means (Singh et al., 2015). Arsenic is primarily derived from As-bearing minerals such as 

arsenopyrite (FeAsS) from volcanogenic massive sulfide deposits (Lengke et al., 2009).  

 Arsenic naturally occurs in four oxidation states, -3, 0, 3, and 5, with trivalent (As3+) and 

pentavalent (As5+) states posing largest danger to human health (Carlin et al., 2016). Arsenite 

compounds contain AsO3
3- and are generally the most toxic arsenic species. Arsenite is the 

reduced species of As so is commonly found in anaerobic conditions (WHO, 2011). Arsenate 

compounds contain AsO4
3- which is the oxidized form of As thus typically found in aerobic 

waters. This form of As is stable under these conditions thus providing less risk to human health 

while oxidized. Arsenic bearing minerals typically convert As to arsenate following oxidation 

from exposure at the surface (Foster et al., 1998). Aqueous arsenate is commonly found 

associated with Fe minerals by forming inner sphere, binuclear, bidentate complexes where two 

oxygen atoms of the arsenate tetrahedra are linked to the Fe (oxy)hydroxide octahedra (Fuller et 

al., 1993). Reduction of As from As (V) to As (III) has been investigated under various 

conditions (Mirza et al., 2014; Ruta et al., 2011; Tongesayi and Smart, 2006). Relevant to this 
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study, As (V) reducing to As (III) has been observed as a function of time, pH and in the 

presence of DOM, Fe (III) and Fe dissimilatory Fe-reducing bacteria (Mirza et al., 2014; 

Tongesayi and Smart, 2006). Dissolved organic matter has significant potential for accepting and 

donating electrons due to acids such as humic and fulvic acids containing electron rich and 

electron deficient sites (Tongesayi and Smart, 2006). This potential is thought to drive the redox 

cycle of aqueous species such as As (Redman et al., 2002). This was observed in experiments 

where As (V) was reacted with 100 mg/L of fulvic acid (FA) for 300 hours. Under all light and 

pH conditions, reduction of As(V) by FA was observed. The pH of the system is also relevant to 

this potential where at pH above 3.5 observed the greatest reduction of As (V) to As (III). Longer 

reaction times also results in greater reduction, concentration of As(V) decreased linearly over 

the entire reaction time of 200 hours (Tongesayi and Smart, 2006). Bacteria such as Bacillus also 

play a role in the biogeochemical cycle of As and some are capable of reducing As (V) to As 

(III) (Ruta et al., 2011). Bacteria with the ability to reduce Fe are also able to influence the redox 

cycle of As. Bacterial reductive dissolution of Fe showed a strong positive correlation with an 

increased concentration of As (III) in solution (Mirza et al., 2014). 

2. MASS ARSENIC POISONING IN BANGLADESH: A CASE STUDY 

 The relevance for the current study stems from the massive public health crisis in 

Bangladesh, where millions in the Bengal Delta region have been exposed to dangerous levels of 

As in drinking waters (Anawar et al., 2002). Beginning in the early 1970s, a newly independent 

Bangladesh set about providing a clean drinking water source with the assistance of foreign 

agencies (Nickson et al., 2000). Microbiological polluted surface water sources were replaced 

with thousands of shallow aquifer wells. However, many of these aquifer waters have As 

concentrations well above the drinking water standard established by the World Health 
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Organization (WHO) of 10 μg/L (Nickson et al., 2000). Since the discovery of the problem in the 

mid-1990s, as many as 100 million people in the region have been at risk of drinking As 

contaminated waters (Ahmad, 2001). Particularly alarming is the nearly 18 million people who 

are exposed to drinking water containing greater than 200 μg/L (Anawar et al., 2002). This type 

of chronic exposure can result in numerous adverse health effects, including skin lesions, 

keratosis, hypertension, cardiovascular disease, diabetes, gangrene and various cancers (Ng et 

al., 2003).  

 Several hypotheses of the mechanisms of As contamination in Bangladesh drinking 

waters exist, but the mineralogy of the region is undoubtedly the source of As. A study by Ghosh 

and De found sediments from West Bengal and the Himalayas to be the sources of the 

arseniferous minerals to varying amounts (Ahamed et al., 2006; Ghosh et al., 2015; Nickson et 

al., 2000). There are several As-bearing minerals in these sediments, including arsenic-rich iron 

sulfide minerals, crystalline and framboidal arsenian-pyrite and As sorbed to iron (Fe) and 

manganese (Mn) minerals (Akai et al., 2004). Arsenate (AsO4
3) is thought to be the dominate 

species of As in these sediments which can form a variety of surface complexes with minerals, 

Fe mineral complexes being of particular interest (Borgnino et al., 2011). Several theories exist 

about how these As rich sediments contribute to the high levels, however they all posit that 

dissolved organic matter (DOM) from the extensive agriculture in the region interacts with As to 

mobilize it to solution. 

 The public health crisis in the Bengal Delta region related to the elevated As in drinking 

water informs and motivates the present study. This is due to the tailings are location near the 

local community of Dewey-Humboldt and that groundwater serves the local drinking water 

sources. The sediments of the region contain Fe (hydr)oxides with AsO4
3- as bidentate, binuclear 
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inner-sphere complexes that is similar to the mineralogy of the Iron King tailings. By introducing 

compost to the tailings during phytostabilization and ongoing scheduled irrigation of the plots, 

DOM has been introduced to tailings, creating an interaction that has been known to mobilize As 

elsewhere in the world.  

3. DISSOLVED ORGANIC MATTER 

 Dissolved organic matter consists of soluble naturally occurring partially decomposed 

organic molecules. This aqueous mixture is heterogeneous in both source and type of organic 

molecule and is found in virtually all-natural waters ((Korak et al., 2014). This material is a key 

constituent of the global carbon cycle, as well as providing a large source of organic molecules. 

The size fraction of the material is defined as the carbon in solution that is 0.45 μm in size or 

smaller, which filters out particulate organic carbon (Zhang, 2013). Dissolved organic matter is 

incredibly complex, due to the intricate nature of the molecules that it is comprised of and the 

continual transformation of those materials over time. Organic molecules are also capable of 

forming complexes with Fe and other elements increasing variability and complexity of DOM 

(Mladenov et al., 2015). Dissolved organic matter can also increase solubility of compounds by 

forming complexes with previously insoluble compounds (Korak et al., 2014). 

 Adsorption of organic molecules onto mineral surfaces is a well-known environmental 

interaction. Adsorption of organic matter is controlled as a function of the concentration of the 

organic matter, pH, and ionic strength of the system (Filius et al., 1999). Ligand exchange 

between hydroxyl and carboxyl functional groups with Fe oxide mineral surfaces is proposed to 

be the primary mechanism for this interaction (Fontes et al., 1992; Gu et al., 1994; Schulthess 

and Huang, 1991), involving the COO- functional groups of the DOM with the Fe oxide mineral 

surfaces. Carboxyl groups are able to sorb intensely to Fe oxide mineral surfaces, suggesting that 
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these ligands might reduce the desorption of organic matter from mineral surfaces (Kaiser et al., 

1997). Ligand exchanges between Fe minerals and organic matter involve singly surface 

coordinated OH and H2O of the Fe oxide surface interacting with COO- of the organic 

molecules. Fontes et al. studied interactions of goethite with organic molecules that also found 

that the major functional group to be carboxyl functional groups. The COO- likely replaces the 

OH on the Fe oxide surface. At low pH, inner sphere complexation of the carboxyl group 

dominates surface adsorption reactions (Filius et al., 1999). This effect increased with decreasing 

pH, such that adsorption of organic matter was found to be strongest at pH below the Zero Point 

Charge (ZPC) of the Fe oxide mineral (Gu et al., 1994; Xu et al., 1988).  

 Carboxyl and hydroxyl functional groups have been well known to form stable 

complexes with many metal cations such as with Fe 3+, Al3+ and Pb2+. The binding forces in a 

study by Fontes et al found to be chemisorption or ligand exchange due to the released heat 

during the reaction, that eliminates weaker bonding mechanisms such as H-bonding or surface 

deprotonation (Fontes et al., 1992). These high affinity interactions favor most active DOM and 

sorption sites, filling those sorption sites first before adsorbing onto sites of decreasing activity. 

These molecules are also able to compete with each other, resulting in fewer molecules ever 

interacting with the Fe oxide mineral surface (Gu et al., 1994). Steric arrangement of the 

functional groups of DOM plays a role in the strength and quantity of organic matter sorption 

onto Fe oxides (Grafe et al., 2001; Grafe et al., 2002). The order of functional groups and higher 

number of carboxylic groups was shown to increase surface complexation reactions with organic 

matter onto goethite (Evanko and Dzombak, 1999b). Based on the source compost material, it is 

extremely likely these molecules and combinations of functional group arrangements are present 

in the DOM solution, supported by the concentration of TOC in the solution of over 500 mg L-1. 
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These sorption reactions are highest at low pH with decreasing sorption as pH increases (Evanko 

and Dzombak, 1999b; Grafe et al., 2002; Gu et al., 1994; Kaiser et al., 1997; Simeoni et al., 

2003).  

 Coulombic attraction has also been proposed as a mechanism for DOM sorption due to 

the positive charge of the Fe mineral surface and the negative charge of the organic molecules, 

though to a lesser extent than ligand exchange (Fontes et al., 1992; Gu et al., 1994). In a study by 

Xu et al. examining the adsorption of arsenate onto mineral surfaces, the sorption of arsenate to 

Al oxides was greatly impaired by the presence of fulvic acid, with the greatest effect being 

below pH 6 (Xu et al., 1988). In this case, emphasis was placed on the role of electrostatic 

interactions, so that when the pH is below the PZC mineral surfaces become positively charged 

and negatively charged anions sorb due to the coulombic attractive forces (Xu et al., 1988). 

4. ARSENIC MOBILIZATION MECHANISMS BY DOM 

 The relationship between the mobilization of As and DOM has been previously 

described. Many processes have been proposed, and it is likely combination from several 

different mechanisms contributes to the release of As into solution (Mladenov et al., 2015; 

Simeoni et al., 2003). Competition from organic compounds, dissolution of Fe mineral surfaces, 

and As complexation with organic molecules being proposed as the three main mechanisms 

(Mladenov et al., 2015).  

 Arsenic mobility is controlled principally by mineral surface interactions including 

sorption, precipitation and dissolution (Bauer and Blodau, 2006; Redman et al., 2002). Arsenic 

sorbs to many mineral surfaces, include metal (hydr)oxide, alumina, quartz or kaolinite (Bauer 

and Blodau, 2006). Many different environmental and geochemical factors can influence or 

control these sorption reactions including pH, redox potential, mineralogy, and ionic compounds. 
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Combinations of various pH and redox potentials can influence this interaction between DOM 

and As, either promoting the mobilization of As in aqueous settings or contributing to the 

stabilization of As. Change in pH can promote minerals to become reduced as can lowering 

redox potential, following a “V” shaped pattern where mobilization occurs at the acidic and 

alkaline ends of the profile (Al-Abed et al., 2007). For example, this is seen in Fe oxide minerals 

where a low pH and reduced redox potential causes a reduction of oxide and clay minerals to 

reduce Fe3+ to Fe2+ (Bauer and Blodau, 2006). At neutral pH, the solubility and mobilization of 

As is low due to the stability of Fe (hydr)oxide minerals at this pH range (Al-Abed et al., 2007).  

4.1 COMPETITION OF ARSENIC BY DOM 

 A proposed mechanism for the increase mobilization of As in the presence of DOM is 

competition between other species such as phosphate and carboxylic acid and As for sorption 

sites on the mineral oxide surfaces (Bauer and Blodau, 2009; Grafe et al., 2001; Grafe et al., 

2002; Redman et al., 2002; Simeoni et al., 2003). Iron mineral surfaces have high potential for 

adsorption of oxyanions such as phosphate, oxalate, carboxylate, molybdate and arsenate due to 

the displacement of surface OH- groups (Fontes et al., 1992). Empty sorption sites become filled 

by these influent species, depending on the concentration of respective species and the surface 

affinity (Buschmann et al., 2006). Different species are known to have stronger surface affinity 

based on the conditions of the system.  

 In a study with PO4
3- and citrate, it was found that PO4

3- was adsorbed in greater amounts 

to goethite than citrate, implying a stronger intrinsic affinity for PO4
3- sorption to goethite 

(Geelhoed et al., 1998). Ferrihydrite which is a dominant mineral in the iron king tailings, has a 

similar PZC to goethite but also has greater sorption capacity for DOM and acidic humic 

substances than goethite. In a mixed system with both citrate and PO4
2- adsorption of citrate 
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decreases caused by direct competition of sorption sites, where the preferred molecule sorbs 

preferentially to goethite surfaces via ligand exchange and electrostatic interaction to a lesser 

degree (Geelhoed et al., 1998). The adsorption of PO4
3- decreased with the addition of carboxyl 

containing molecules to the systems likely due to the chelating ability of the hydroxyl and 

carboxyl ligands of these molecules (Dalton, 2011). 

 Previous studies have examined the potential for different oxyanions to outcompete 

As(V) for mineral surface sites. Manning and Goldberg investigated the effect of PO4
3- and 

MoO4
2- as competing anions with AsO4

3- on goethite surfaces ((Manning and Goldberg, 1996). 

The effectiveness of this competing ligand is also dependent on system pH, where a decrease in 

pH decreases amount of As sorbed (Grafe et al., 2001). When a solution containing phosphate he 

presence of phosphate and molybdate decreased As(V) sorption below pH 4, illustrating the 

importance of pH and speciation of the oxyanions on these adsorption reaction (Manning and 

Goldberg, 1996). Humic and fulvic acids (organic molecules containing carboxyl functional 

groups) were also found to compete for sorption sites onto goethite with PO4
3- especially at low 

pH (Sibanda and Young, 1986). In addition to low pH, increasing concentrations of fulvic acids 

decreases adsorption of arsenate onto Fe oxides (Simeoni et al., 2003). 

4.2  DISSOLUTION OF IRON MINERALS 

 Reductive dissolution of Fe (hydr)oxide minerals promotes desorption of As attached to 

the mineral surface. Iron (hydr)oxide mineral reduction is dependent on pH, redox potential, and 

microbial activity. Extremely low pH and strong oxidative conditions can lead to the dissolution 

of Fe oxides that allow for the mobilization of As (Bayard et al., 2006). Iron dissolution and 

mobility significantly increases in systems below pH 4.2 (Bayard et al., 2006). The shuttling of 

electrons that results in the reduction of Fe minerals can occur in a variety of ways (Mladenov et 
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al., 2015). Microorganisms can be directly responsible for reducing minerals to reduced forms of 

the mineral (Bauer and Blodau, 2006; Mladenov et al., 2015; Nickson et al., 2000). Iron cycling 

by microorganisms driven by labile DOM is thought to be the major mechanism in this reduction 

(Mladenov et al., 2009). Microbial communities can drive the dissolution of Fe oxide minerals in 

settings where other thermodynamically preferable electron donors such as oxygen or nitrogen 

have been exhausted by using the organic matter as a carbon source for their activity. This occurs 

as microorganisms resort to reducing Fe once these more favorable sources have been depleted 

(Nickson et al., 2000). Arsenic previously sorbed to these mineral surfaces would subsequently 

be released to solution (Mladenov et al., 2009). In the anoxic wells of Bangladesh where O2 and 

NO3
- have been exhausted, elevated concentrations of As in groundwater have been attributed to 

the reductive dissolution of Fe sediments (Stuckey et al., 2015a; Stuckey et al., 2015b) Iron 

(hydr)oxide mineral dissolution generally results in a positive correlation with dissolved As and 

Fe in solution; high concentrations of As in the Ganges Flood Plain have high concentrations of 

Fe (Hasan et al 2006).  

4.3 ARSENIC COMPLEXATION 

 Various types of organic compounds have been demonstrated to form stable complexes 

that can strongly interfere with As sorption by disrupting sorbed As. Minerals such as hematite 

and goethite demonstrated the desorption of As in the presence of DOM (Mladenov et al., 2015). 

When dissolved organic matter was introduced to a system with As sorbed to metal oxides, 

DOM demonstrated the ability to displace sorbed As from the mineral surfaces (Redman et al., 

2002). This caused a significant increase in the aqueous concentration of As in the system, 

presumably caused by the shift of sorbed species. These organic compounds include fulvic and 

humic acids which can form both aqueous and surface inner-sphere complexes with various 
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metal cations (Bauer and Blodau, 2009; Redman et al., 2002; Simeoni et al., 2003). Organic 

acids such as FA or HA have been shown to have stronger capacity to displace sorbed species as 

a function of their adsorption edges (Grafe et al., 2001). Adsorption on minerals form through 

the exchange of hydroxyl groups with the oxygen on the As species to form these inner-sphere 

complexes (Redman et al., 2002; Simeoni et al., 2003). These complexes between OM and 

mineral surfaces can then form strong associations with aqueous anion species, thought to be 

through metal-bridging mechanisms (Redman et al., 2002). 

5. IRON KING GEOLOGY, MINING HISTORY AND HYDROLOGY  

 The Iron King mine is situated in central Arizona near the cities of Dewey-Humboldt 

within the Bradshaw Mountains (Creasey, 1950). This is located in the Arizona transition zone 

between the southern extent of the Colorado Plateau in Northern Arizona and the Arizona Basin 

and Range province in the southern part of the state (Rasmussen, 2012). The mine at various 

points produced Au, Ag, Cu, Pb and Zn and operated from the late 1800s to 1969 (ADEQ, 2017). 

5.1 GEOLOGY OF THE BIG BUG FORMATION 

 The mineral assemblage of the IKMHSSS is hosted within the Big Bug Formation that 

formed during the Yavapai Tucson (TUS)orogeny some 1.8 million years ago during the 

Precambrian Era (Creasey, 1950; Rasmussen, 2012). The Yavapai supergroup formed as a result 

of a northeast dipping subduction zone below an intra-oceanic island arc (Rasmussen, 2012). 

Volcanic activity from the subduction zone emplaced the Hualapai, Green Gulch, Big Bug, and 

Ash Creek blocks (Williams, 1991). These blocks are composed of rocks that are a series of 

volcanic rocks and sedimentary rocks. Intruding volcanism resulted in metamorphism both of 

surrounding rock and previously emplaced volcanic rocks of basalt and rhyolite (Rasmussen, 

2012). Basalt and andesite flows make up the Iron King volcanics of the Big Bug group with 
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some interbedded rhyolite tuffs (Nations and Stump, 1996). Intrusive units in the Iron King 

Volcanics include pillow basalt and amygdaloidal basalt flows that intertongue with andesitic 

and rhyolitic pyroclastic flows (Anderson et al., 1971). Metamorphism of the tuff material 

occurred since its deposition during the Precambrian (Creasey, 1950). This mineral belt of 

metamorphosed tuffs is hosted within ankerite, quartz, sericite and residual chlorite (Creasey, 

1950).  

 Undersea hot springs, similar to today’s black smokers, associated with this period of 

volcanism deposited massive sulfides, including Zn, Pb and Cu sulfides (Rasmussen, 2012). This 

type of mineralization is typically rich in base minerals containing metals of value such as Fe, 

Zn, Cu and Pb. Many other elements can occur in smaller quantities such as Ca, Pb, Au, Ag, As, 

Co, Mo and Pt (Boschen et al., 2013). Chalcopyrite (CuFeS2), sphalerite (ZnS), and galena (PbS) 

were the primary mineral sources for Cu, Zn and Pb respectively (Creasey, 1950). Other sulfide 

minerals were also present including pyrite (FeS2) and arsenopyrite (FeAsS). These deposits 

were brought to the near surface by Basin and Range normal faulting of crustal extension.  

5.2 WEATHERING OF SULFIDE MINE TAILINGS 

 Exposure of sulfide material to air and water on the earth’s surface causes oxidative 

weathering of the material. Since this material is composed on fine grained quartz, pyrite, and 

carbonate minerals, it is susceptible to release of acid as H+, SO4
2- and metals into solution when 

it comes into contact with O2 and H2O (Jambor et al., 2000)). The weathering reaction of pyrite 

is shown in Equation 1. 

2FeS2(s) + 7O2(g) +2H2O(l) ⇒ 2Fe2+(aq) + 4 SO42-(aq) +4H+(aq)  (1) 
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Hydrolysis of Fe 3+
(aq) following oxidation of Fe2+

(aq) results in the precipitation of Fe 

oxyhydroxides such as ferrihydrite (Fe2O3• 0.5H2O) (Bigham and Nordstrom, 2000). For pH 

range of between 2 and 4, the amorphous phase of ferrihydrite is stable (Bigham and Vandal, 

1996), but can weather to more crystalline phases such as goethite (α-FeOOH) and hematite 

(Fe2O3) (Wang et al., 2006).  

5.3 ARSENIC IN SULFIDE TAILINGS 

 Arsenic is of particular concern to human health as discussed previously. Arsenic 

commonly occurs in sulfide minerals such as arsenopyrite (FeAsS), orpiment (As2S3) and realgar 

(α-As4S4) (Lengke et al., 2009; O'Day, 2006a). After these minerals are exposed at the surface to 

water and oxygen, As is oxidized to AsO4
3- which is an aqueous species as discussed above. This 

As species is released from the sulfide mineral complex and can sorb to secondary minerals such 

as ferrihydrite (Foster et al., 1998). Sorption and coprecipitation reactions can occur due to the 

amorphous nature of ferrihydrite which is highly reactive and consists of high specific surface 

area (Foster et al., 1998; Moldovan et al., 2003; Raven et al., 1998). As discussed above, AsO4
3- 

can form inner-sphere complexes onto Fe(III) octahedra. Ferrihydrite stability is thought to be 

increased by adsorption and coprecipitation of AsO4
3- on the mineral surface (Paige et al., 1997). 

Weathering of sulfide mine tailings can alter ferrihydrite to more crystalline phases which can 

release and reincorporate into the new crystalline structure previously sorbed AsO4
3-. Although 

at lower rates than ferrihydrite (Dixit and Hering, 2003), AsO4
3- has also been shown to adsorb 

and precipitate onto Fe(III) oxyhydroxide mineral surfaces such as goethite and hematite 

(Catalano et al., 2007; Fendorf et al., 1997; Fuller et al., 1993).  

 Speciation of As in the tailings has been completed across the top meter of the tailings 

pile (Root et al., 2015). In unweathered tailings, As originates as arsenopyrite (FeAsS). In the 
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upper 20 cm of the tailings where weathering reactions have dominated the mineralogy, As was 

found to coprecipitate and sorb to ferrihydrite as AsO4
3- (Root et al., 2015)(Root et al. 2015). 

Speciation of As by (Root et al., 2015)was completed using selective sequential extractions and 

x-ray absorption spectroscopy (XAS), which can investigate molecular speciation and bonding 

environment (Foster et al., 1998; Morin et al., 1999; Root et al., 2015).Results of speciation in 

the tailings and detailed methods have been described previously (Hayes et al., 2014; Root et al., 

2015). 

5.4 COLLOIDAL ARSENIC IN TAILINGS 

 Previous studies of the Iron King tailings have demonstrated and discussed the presence 

of colloidal materials (Root et al., 2015). Colloidal material can in general be divided between 

inorganic mineral phases and organic phases (DeSilva, 1964). There is no consensus about the 

exact size of these particles, however most definitions agree they are smaller than 1 μm in at 

least one dimension (Kretzschmar and Schafer, 2005). Colloids generally remain dispersed in 

solution due to Brownian motion which prevents settling (Essington, 2004). The stability of this 

dispersion is dependent on the attraction of the particles through van der Waals forces and the 

electrostatic repulsive forces found on the charged particles (Essington, 2004). If the van der 

Waals forces are great enough, the colloidal particles will flocculate and form aggregates in 

solution. If the electrostatic repulsive forces are greater than particle attraction the suspension of 

the particles will be stable. Colloids have high specific surface area, and thus are a highly 

reactive fraction of soil systems. A solid surface in contact with a solution forms a double layer 

model where the surface is assumed to be oppositely charged from the solution. Colloids in this 

system can become attracted through van der Waals forces to the surface of the solid and form a 

diffuse layer around the solid. The thickness of this layer depends directly on the concentration 
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and charge of colloids in the solution. An increase in concentration results in a decrease in the 

thickness of the double layer which results in domination of attractive forces (Essington, 2004). 

This attraction can allow for the coagulation of particles. 

 Colloids are important in consideration of the mobility of certain trace elements, which 

can desorb from solid immobile surfaces and become associated with colloidal phases 

(Kretzschmar and Schafer, 2005). A fraction of the solid As in the Iron King tailings is known to 

be in the colloidal phase associated with Fe mineral surfaces (Root et al., 2015). Concentration of 

Fe and As have a strong correlation in the colloidal phase (Blodau et al., 2008). This phase is 

highly mobile in aqueous systems. 

5.5 HYDROLOGY OF THE IRON KING MINE 

 The Iron King mine is located in the Chino Valley of Central Arizona, which is infilled 

with sedimentary deposits that are Pliocene to middle Miocene in age (Nations and Stump, 

1996). The sediments that make up the valley include conglomerates, clays, silts, sands and 

gravels. These sediments are water bearing units and groundwater flows throughout the Chino 

Valley (Corkhill and Mason, 1995). Additionally, the volcanic and metamorphic bedrock units as 

discussed in detail above may also host water in joints, fractured zones, or weathered rock 

(Corkhill and Mason, 1995). Depth to water surface near the town of Humboldt Arizona is 

roughly 8 m, and local artesian water table conditions have been described in the area.  

 The Agua Fria River flows generally south through the Chino Valley and both the towns 

of Dewey and Humboldt. It is a perennial river system and serves as a municipal water supply 

for the surrounding communities. This stream provides a habitat to various animals but is also 

depended on by the inhabitants of the towns of Dewey-Humboldt. Furthermore, the water is used 

downstream to recharge groundwater and provide water to Lake Pleasant in Phoenix. Lake 
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Pleasant also connects to the Central Arizona Project (CAP), a canal through Arizona that 

delivers water across southern Arizona from Lake Havasu. Contamination of Lake Pleasant 

could potentially affect the drinking water of millions across southern Arizona 

5.6 HISTORY OF THE IRON KING MINE 

 The mineral rich deposits in the area of Dewey-Humboldt would later become the Big 

Bug and Verde mining districts of central Arizona. The ore of the Iron King deposits contains 

fine mineral bands of pyrite, sphalerite, and small quantities of quartz-ankerite and even rarer, 

galena with some associated silver and gold within pyrite (Rasmussen, 2012). The Big Bug 

deposits were unique among deposits from similar Proterozoic syngenetic rock units (DeWitt, 

1991).  

 The Iron King mine is the largest massive sulfide deposit of the Big Bug Formation 

mining district and is the third largest massive sulfide deposit in Arizona. The concentrations of 

precious metals found within this deposit were the highest of any massive sulfide in the State, 

but also notable for its low copper and high lead concentrations, as well the highest gold 

concentration and the low silver to gold ratio among similar deposits (DeWitt, 1991). For this 

reason, the mine produced approximately 6,200,000 tons of ore during its years of operation, 

established a mill and a smelter to assist in mineral recovery. 

6. ENVIRONMENTAL IMPACT OF THE IRON KING TAILINGS 

 Ores are materials that contain economically valuable materials. These deposits typically 

have to be mined and processed in some way to remove the material from the ground and 

subsequently extract the metal from the surrounding rock. Material that has been mined and 

separated from the ore material is called waste rock (Marshak, 2016).  
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6.1 MINE TAILINGS 

 Tailings are the waste rocks remaining after the ore has been processed through crushing 

and milling to remove valuable minerals (Ceto and Mahmud, 2000). These materials are then 

deposited on the surface in artificial hills that can grow to immense sizes (Marshak, 2016). 

Historically these materials deposited on the surface often contained toxic materials from the 

smelting process, sulfide minerals and often toxic trace metal(loids). Once exposed to oxygen 

and water sulfide minerals can produce acid rock drainage (ARD) which if released downstream 

can pollute water resources and damage vegetation (Marshak, 2016). Due to the toxicity, acidity 

and lack of essential nutrients of many historic tailings piles, they often fail to develop vegetation 

coverage leaving the material susceptible to transmission offsite as dust (Gil-Loaiza et al., 2016). 

6.2 TAILING SLOPE FAILURE 

 This describes the situation of the Iron King Tailings of the IKMHSSS, which began 

operations in the late 1890s (EPA, 2017). The tailings pile developed to a considerable size, 

approximately 163 hectares with 4 million cubic yards of mine waste material. This material is 

dominated by Fe at 11.3 weight percent but the primary contaminants of concern at the site are 

As and Pb with concentrations exceeding 3000 mg/kg (Root et al., 2015). This material was 

deposited as a slurry in layers, and the slopes that developed from this deposition style are too 

steep to maintain long term stability (EPA, 2017). In the mid-1960s the south-east corner of the 

tailings pile failed and contaminated sediments flowed into the nearby Chaparral Gulch (EPA, 

2017). These contaminated sediments continue to move downstream especially in during heavy 

storm events. As a semi-arid environment, the area receives approximately 48 cm of annual 

precipitation. There is concern that this material could contaminate the Agua Fria River and 

other perennial water resources in the area.  
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6.3 SITE REMEDIATION 

 The site was ultimately placed on the NPL in 2008 due to numerous environmental risks 

and hazards to the surrounding communities. Environmental risk from the IKMHSSS threatens 

not only the quantity of water that reaches Agua Fria River, but also the water quality of all 

surrounding water resources (EPA, 2017). 

 The EPA began investigating violations of hazardous materials at the IKMHSS following 

complaints and permit violations beginning in 2002 (EPA, 2017). Investigations including a 

removal assessment of the contaminated material in 2005 and a further site inspection in 2006 

resulted in the site to be listed to the NPL in 2008 (EPA, 2017). Since this time, the EPA has 

engaged in remedial investigations, soil sampling as well as monitoring of groundwater wells to 

ensure safe drinking water for the community (EPA, 2017). The primary concerns at the site 

included toxic windblown dust, metal contamination from the tailings, high concentrations of 

naturally occurring As and above all exposure of these materials to the local community 

(Program, 2017).  

 Beginning in 2010, the University of Arizona Superfund Research Program began a field 

phytostabilization study of the Iron King Tailings. The goals of the study were to stabilize the 

material to prevent dust emissions as well as scavenge air borne particulates to reduce off site 

transport of contaminated material (Gil-Loaiza et al., 2016). This study was carried out by tilling 

compost into the top 15 cm of the tailing material and seeding plant species previously studied 

for their success at growth in the tailing material in greenhouse experiments. Plants carried 

forward from the greenhouse studies were those that could withstand the harsh conditions of the 

tailings as well as lack of metal accumulation into their plant tissue (Gil-Loaiza et al., 2016). 

Over the course of the field study, significant dust emission reduction has been observed as a 
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result of the successful establishment of a vegetative cap on areas of the tailings pile (Gil-Loaiza 

et al., 2016). While dust reduction has been a great success of phytostabilization, an aspect of the 

field site study that has been unstudied is if the release of As as a result of the input of DOM 

from the tilled compost is occurring at the Iron King Tailings. 

7. PREVIOUS STUDIES 

 After the IKMSS site was added to the superfund site list, the University of Arizona 

Superfund Research Program initiated studies on the tailings. A greenhouse study was first 

carried out to study potential species for growth in the tailings (Solis-Dominguez et al., 2012; 

Valentin-Vargas et al., 2014). A field study where amendments including compost were tilled 

and added to the upper 25 was initiated in 2010 to study phytostabilization effect on the 

reduction of dust emissions from the site (Gil-Loaiza et al., 2016). These experiments determined 

that dust emissions offsite could be reduced, but did not examine if As was mobilized by the new 

input of DOM to the tailing material. 

 Batch experiments were carried out in order to determine treatments, controls and 

experimental protocol for addressing the project questions. Tailings from the upper 25 cm of 

tailings that were composited for use in greenhouse experiments were obtained for use in these 

experiments (Appendix A). This material subset was selected due to the phytostabilization 

project taking place in the upper 25 cm of the tailings pile. A DOM solution was created by 

extracting DOM from compost that had been used in the field site with ultrapure water, this 

method is described in detail in Appendix A. However, this initial compost was remaining from 

greenhouse studies and was stored in close proximity to tailings that likely contaminated the 

compost. The DOM solution therefore had elevated concentrations of As that served to confound 
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results from initial batch experiments as a percentage of the concentration of As in solution were 

coming from the initial solution.  

 The initial two batch experiments were performed to determine if As mobilization 

occurred a varying concentrations of total organic carbon (TOC). This was done by introducing 

solutions containing 0 to 45 mmol L- TOC to tailings in a solid to solution ratio of 1 to 20 g. 

Control treatments included tailings reacted in ultrapure water and an electrolyte solution with 

salts added to match the electrical conductivity (EC) of the DOM solution. Experimental 

treatments added solutions with 45, 4.5. 0.45, and 0.045 mmol kg-1 TOC. Salts (NaCl and KCl) 

were added in the treatments to obtain a uniform EC across all treatments. Vessels were placed 

on a reciprocal shaker table at 100 rpm for 24 h. Samples were centrifuged at 10,000 RCF for 10 

min. The supernatant was pipetted and filtered using 0.45 μm GHP filters (PALL GHP 

Acrodisc). Supernatant solution was analyzed with inductively coupled plasma-mass 

spectrometry (ICP-MS, Agilent 7700x, Santa Clara CA) in the Arizona Laboratory for Emerging 

Contaminants (ALEC). Concentrations of As in these batch experiments were apparently 

unaffected by lower concentrations of TOC. Therefore, the most concentrated DOM solution was 

utilized in subsequent experiments. This experiment also demonstrated the necessity of 

controlling pH, as the pH of the initial DOM solution was unadjusted to the pH of the tailings 

(~3.5). Additionally, microbial activity was uncontrolled, therefore any effect could not 

definitively be attributed to DOM. 

 A third batch experiment attempted to ascertain the effect of mixing solid compost with 

the tailing material. Experimental design was the same as the first two batch experiments, except 

tailing and solid compost were mixed at ratios from the field site (0, 0.1, and 0.2) with ultra-pure 

water. While this was thought to be an effective bench scale representation of the field site, 24 h 
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of reaction was too short to observe any difference in As concentrations between control and 

experimental treatments. This experiment did not correct pH and the pH varied depending on the 

amount of compost added. Microbial activity was controlled in this experiment by adding 

sodium azide to half the treatments. 

 Batch 4 attempted to rectify lack of experimental control from the first two experiments. 

Using only the DOM solution with the highest concentration of TOC, treatments were adjusted 

by adding HCl to match the pH of the tailings of 3.5. These experiments were carried out for 3 

weeks, and were sealed for the duration. It was then unclear if after 3 weeks of non-exposure to 

O2 that chemical change could also be attributed to anoxic conditions, which can create Fe 

reduction by microbial activity. Iron speciation by ferrozine method (Appendix A) was carried 

out on these samples which identified the presence of Fe2+ meaning Fe reduction had occurred 

during this reaction period. 

 Microbial activity was inhibited similarly from batch 3 by adding sodium azide (NaN3) to 

control treatments. However, it was discovered that NaN3 raised the pH of the control 

experiments by 1 pH unit to pH 4.5, and any effect on mobilization of As in these treatments was 

confounded by the differing pH between treatments. Therefore, a 5th batch experiment was 

carried out to determine if As mobilization occurred in experimental treatments at higher pH. 

The result of this experiment demonstrated that As mobilization was not driven by the change of 

pH, but rather by the addition of DOM as As concentrations were elevated in the DOM 

compared to the control treatments with no DOM added. However, with the elevated 

concentrations of As that existed in the initial DOM solution, no significant conclusions could be 

drawn regarding the mechanism or exact degree of As mobilization from the tailings. 
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 These experiments were useful for 1) determining the importance of a As free compost, 

2) correcting for electrical conductivity in control treatments, 3) determining the concentration of 

TOC utilized, 4) establishing the necessity to control pH, 5) demonstrating the need to control 

for microbial activity, 6) showing that sodium azide was not ideal for this purpose due to causing 

a pH increase, 7) establishing that longer time-scales might be required, 8) differentiating the 

influence of oxygen by completing treatments under oxic and anoxic conditions, 9) experimental 

design of batch experiment and 10) determining analytical methods for future experiments. 

8. PRESENT STUDY 

 The present study aimed to determine the potential for DOM to influence the 

mobilization of As from the Iron King Mine Tailings. This was carried out by batch and column 

experiments at relevant time steps. Specifically, tailings were reacted with a compost tea solution 

containing 45 mmol l-1 TOC. Compost was reacted with deionized water on a shaker table to 

extract DOM into solution. Tailings from the top meter were previously excavated from the Iron 

King Tailings site and composited. These tailings were air dried and sieved to obtain a 

representative and uniform size fraction of the tailings. For batch experiments, tailings were 

placed into vessels with DOM solution and rotated. Mini columns were packed, and a peristaltic 

pump was utilized to drive a constant upward column through-flow of the DOM solution. 

Control experiments were carried out in parallel with both batch and column experiments by 

reacting electrolyte solution (ES) with tailing. Saturated field tailing conditions were also tested 

in batch experiments by reacting treatments under anoxic conditions. Reacted solutions of both 

batch experiments and column effluent were analyzed for concentrations of As and Fe released. 

Full chemical analysis including pH measurements, ICP-MS elemental analysis, IC anions, and 

TOC was completed on all time steps for both experiments. Additionally, Fe speciation in select 
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time points of anoxic and oxic batch experiments were completed. Speciation of As in 

experimental treatments with detectable concentrations of As was also carried out. Batch 

experiments were also tested for electrical conductivity. 
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1. Abstract 

 Contaminated legacy mine tailings are of great concern to the environment and pose 

significant risk to human health. Legacy tailings often contain high concentrations of toxic 

metal(loids) such as As, and are susceptible to offsite wind and water transmission due to lack of 

vegetation and slope instability. The IKMHSSS in central Arizona is one such at risk legacy 

mine site. These tailings contain As concentrations of over 45 mmol kg-1, well over 

concentrations for human health exposure. Remediation of the site has included a 

phystostabilization study that established a vegetative cover on the tailings through the use of 

tilled compost and plant species, effectively introducing DOM to the tailings. Elevated 

concentrations of As in drinking water sources of the Bengal Delta has exposed millions in the 

region to dangerous concentrations of As. There, As is mobilized by the input of DOM into As 

bearing sediments through agricultural practices. The mechanisms of As mobilization by DOM 

are 1) the reductive dissolution of Fe mineral surfaces, 2) competition of sorption sites and 3) 

ligand exchange reactions. 

 Batch and column experiments were carried out to determine if As is mobilized by DOM 

in the Iron King tailings and by what mechanism it occurs. Tailings were gamma irradiated in an 

attempt to control native microbial populations. Batch experiments demonstrated that DOM 

treatments released ~70 % more As to supernatant solution than control treatments with a salt 

water solution. While anoxic batch experiments revealed Fe reduction may partially explain As 

mobilization, contribution of other mechanisms could not be determined through batch 

experiments. Oxic column experiments were then undertaken and treatments with DOM released 

nearly 20 % of the total As. These experiments showed that competition before 100 PV and 

ligand exchange reactions after were responsible for the release of As in the tailings. Reductive 
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dissolution of Fe mineral surfaces was not evident in column experiments. Significant difference 

in release of As between gamma irradiated and non-irradiated tailings was not observed in either 

experiment. Therefore, due to the input of DOM to the tailings through the phytostabilization 

project, water resources are potentially at risk in the area. Local populations could be exposed to 

dangerous concentrations of As in drinking water due to DOM mobilization of As. 

1. INTRODUCTION 

 Mine tailings are of concern due to the potential risks they pose to human and 

environmental health. Tailings are fine-grained waste materials remaining after the beneficiation 

of ore by crushing and milling to remove valuable materials (EPA). These wastes are surface 

deposited nearby and generally form artificial hills that can grow to immense sizes (Marshak, 

2016). Historical or “legacy” tailings, deposited prior to engineered processing to reduce 

contaminants, contain toxic metals and metalloids such as arsenic (As). Legacy sulfide tailing 

wastes can contain elevated concentrations of As from As-bearing minerals including 

arsenopyrite (FeAsS) associated with sulfide ore deposits (Lengke et al., 2009; O'Day, 2006b).  

Once exposed to oxygen and water, sulfide minerals can produce acid rock drainage, 

which if released can pollute downstream water resources and damage proximal vegetation 

(Marshak, 2016). Additionally, the acid drainage can release As and toxic metals from host 

sulfides posing health risks to nearby ecosystems and populations. Due to the toxicity, acidity 

and lack of essential nutrients, vegetative coverage often fails to develop on historic tailings 

piles, leaving the site susceptible to offsite transmission as run-off or fugitive dust (Gil-Loaiza et 

al., 2016). 
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Upon release from tailings solids, arsenic mobility is controlled principally by mineral 

surface reactions including adsorption-desorption and precipitation-dissolution (Bauer and 

Blodau, 2006; Redman et al., 2002). Arsenic sorbs to many mineral surfaces, including metal 

(hydr)oxides, alumina, quartz and kaolinite. Due to the toxicity of As at low environmental 

concentrations, it poses considerable risk to human health (Carlin et al., 2016). Health concerns 

associated with As exposure include hyperkeratosis, diabetes, immunological diseases, 

bronchitis and cardiac and renal diseases (Ahsan et al., 2006; Chappell et al., 2003). 

 The Iron King Mine Humboldt Smelter Superfund (IKMHSS) site, which is the subject of 

the present thesis research, includes a legacy tailings pile and is located in central Arizona. This 

area is semiarid and receives approximately 20 cm of precipitation annually. Concentrations of 

As in the Iron King Tailings exceed 45 mmol kg-1. Arsenate (HxAsO4
3-x) has been identified as 

the primary product after oxidative weathering of arsenopyrite from IKHMSS tailings material 

(Root et al., 2015). Oxidized arsenate adsorbs to Fe (III) oxide surfaces forming bidentate-

binuclear inner-sphere complex (Fuller et al., 1993; Gao et al., 2013; Zhang et al., 2013). In the 

arid to semi-arid environment of central Arizona, soluble efflorescent salts like gypsum form on 

the tailings surface because of evaporative demand. These salts can contain toxic metal(loids) 

including As and are highly susceptible to transmission offsite by wind and summer monsoon 

water erosion events (Slowey et al., 2007). Additionally, highly mobile colloidal As and 

dissolved As have the potential to be transported to groundwater or laterally offsite by surface 

waters during these summer rain events (Root et al., 2015).  

 Concentrations of toxic metal(loids) (As, Pb) and offsite dust transmission resulted in the 

addition of the IKMHSS to the EPA CERCLA Superfund list in 2008. The University of Arizona 

(UA) Superfund Research Project (SRP) initiated a phytostabilization project in 2010 following 
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greenhouse studies on the tailing material (Solis-Dominguez et al., 2012). Phytostabilization is 

being tested there as a potential remediation method to stabilize the tailings material and reduce 

dust transmission. The UA SRP phytostabilization project consisted of tilling compost into the 

top 20 cm of tailings and establishing a vegetative cover with plants selected based on a 

greenhouse study (Solis-Dominguez et al., 2012). Since the inception of the phystostabilization 

project, significant reductions in dust transmission have been observed, both by stabilizing 

surface materials and from plants scavenging airborne particles (Gil-Loaiza et al., 2016).  

 By tilling compost into the tailings during remediation by phytostabilization, dissolved 

organic matter (DOM) was effectively introduced to the pore water solution of the IKMHSS 

tailings. Dissolved organic matter is defined as a complex mixture of partially decomposed 

biomolecules that can pass a 0.45 μm filter (Korak et al., 2014). This aqueous mixture is 

heterogeneous in both source and type of organic molecules and is found in all biologically-

active natural waters (Korak et al., 2014). The interaction of DOM with As bearing minerals has 

the potential to cause mobilization of As, and has led to some of the most tragic mass poisonings 

of our time (Anawar et al., 2002; Mandal and Suzuki, 2002). 

 In the Bengal delta, dangerous concentrations of As in drinking water has resulted in a 

public health crisis (Joseph et al., 2015). The source for drinking water was switched from 

surface waters to thousands of shallow groundwater wells in the 1970s (Nickson et al., 2000). 

The switch was motivated by microbiologically-contaminated surface waters, however the risk 

of As exposure from groundwater was unknown. Mobilized As in the Bengal delta region is 

thought to come from the interaction of DOM with As bearing sediments deriving from the 

Himalaya (Akai et al., 2004). Agricultural practices in the region introduced DOM to shallow 

groundwater that allowed the As in the sediments to become mobilized (Farooq et al., 2010). The 
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mechanisms for this interaction, which have been the subject of intense study, include 1) the 

reductive dissolution of Fe mineral surfaces thereby releasing sorbed As, 2) competition by 

DOM for sorption sites of aqueous As and 3) ligand exchange reactions (Mladenov et al., 2015; 

Simeoni et al., 2003). 

 Competition between organic compounds and As for sorption sites on mineral oxide 

surfaces has been shown to release As into solution (Bauer and Blodau, 2009; Grafe et al., 2001; 

Grafe et al., 2002; Redman et al., 2002; Simeoni et al., 2003). Similarly, other oxyanions, such 

as phosphate, have also been demonstrated to strongly interfere with As sorption by blocking As 

from mineral surface bonding sites (Fontes et al., 1992). Reductive dissolution of Fe (hydr)oxide 

mineral surfaces, which serve as the principal sorbents for arsenate, can release adsorbed As to 

solution (Bayard et al., 2006). Heterotrophic microorganisms can be directly responsible for 

reducing these Fe(III) bearing minerals (Bauer and Blodau, 2006; Mladenov et al., 2015; 

Nickson et al., 2000). Iron cycling by microorganisms driven by the prevalence of labile DOM 

under O2 depleted conditions is the major mechanism in this reduction, as microbes utilize 

Fe(III) as an alternative terminal electron acceptor in respiration (Mladenov et al., 2009).  

 Organic compounds with carboxyl functional groups have been demonstrated to form 

stable inner-sphere complexes with metal cations, especially Fe and Al, that reside at the 

interface on hydrous oxides (Bauer and Blodau, 2009; Redman et al., 2002; Simeoni et al., 

2003). Aromatic organic acids, including those termed as fulvic acid or humic acid, have been 

shown to have a strong capacity to displace other species adsorbed at metal hydroxide surface 

functional groups (Grafe et al., 2001). The strong retention of arsenate on iron (oxy)hydroxide 

surfaces is the result of the covalent bond that forms by the exchange of surface hydroxyl groups 

with the oxygen on the adsorbing As species. This results in the formation of an “inner-sphere” 

complexe (i.e., adsorption complex with no water molecules interposed between the adsorbate 
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species and the surface) (Redman et al., 2002; Simeoni et al., 2003). Like arsenate, carboxylated 

DOM can also form inner-sphere complexes at mineral surfaces (Chorover and Amistadi, 2001). 

Hence, competition between DOM and arsenate is paramount to arsenic mobilization in the 

subsurface. In some situations, mineral-organic complexes can then form strong tertiary 

associations with aqueous anion species through metal-bridging mechanisms (Redman et al., 

2002). 

 In contrast to research into As in ground waters related to DOM in natural aquifer 

systems in Bangladesh, China, and the United States (Guo et al., 1997; Jia et al., 2014; Nickson 

et al., 2000; Smedley and Kinniburgh, 2002), the impacts on As mobilization of DOM released 

to mine tailings during phytostabilization have not been previously studied. The semi-arid 

environment at the Iron King Tailing site presents a unique setting for study of potential As 

release following remediation efforts. Arsenic is present at highly elevated solid phase 

concentrations in the legacy tailings site at IKMHSS (EPA, 2017). Prior studies have elucidated 

the mineral weathering trajectory and related speciation changes of major elements (Fe and S) 

(Hayes et al., 2014) and toxic metal(loid)s (As, Pb, and Zn) (Root et al., 2015) in the bulk 

IKMHSS tailings. The upper oxidized zone at the surface is primarily composed of Fe(III) 

oxyhydroxysulfates (Hayes et al., 2014) where As(V) is sorbed to Fe(III)-bearing mineral 

surfaces. Despite the well characterized nature of IKMHSS tailings, the biogeochemical impacts 

of phytostabilization on As mobilization, specifically the potential role of DOM in releasing As 

from the solid phase, remains unknown. 

 The present study aimed to determine the potential for DOM to affect the mobilization of 

As from the Iron King Mine Tailings. Experiments were carried out in batch and column modes. 

Specifically, tailings were reacted with a “compost tea” solution deriving from the contact of 

water with composted organic matter. The compost tea contained 45 mmol kg-1 DOC. This 
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compost tea was reacted with tailings from the top meter of the tailings pile that were previously 

excavated from the Iron King site and composited. These tailings were air dried and sieved to 

obtain a representative and uniform size fraction. For batch experiments, tailings were placed 

into vessels with DOM solution and rotated at room temperature for up to 38 days under oxic or 

anoxic conditions prior to analysis. For column experiments, mini columns were packed, and a 

peristaltic pump was utilized to drive a constant upward column through-flow of the DOM 

solution with effluent pore volumes collected using a fraction collector. Control experiments 

were carried out in parallel with both batch and column experiments by reacting DOM-free 

electrolyte solution (ES) at the same pH with the same tailings material. Reacted solutions 

deriving from both batch and column experiments were analyzed for concentrations of As and 

Fe released. Full chemical analysis including pH measurements, ICP-MS elemental analysis, IC 

anions, and DOC was completed on all time steps for both experiments. The results highlight the 

potential for DOM from the phytostabilization process to participate in ligand exchange 

reactions that mobilize As(V) into solution. 

2. MATERIALS AND METHODS 

2.1 Site Description 

The IKMHSS site is a legacy mine waste site located in Dewey-Humboldt Arizona, USA 

(Fig. 1a). The 4 x 106 m3 tailings pile is contained in 62 ha with average As concentrations of 

ca. 40 mmol kg-1 (Root et al., 2015). Oxidative weathering of the tailings material has released 

acid, sulfate, Fe and As. The tailings are inhospitable to vegetative growth due to the low pH (2-

3) and the elevated concentrations of sulfate salts and toxic metal(loid)s (Gil-Loaiza et al., 

2016).  
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A phytostabilization study of the IKMHSS tailings pile was initiated in 2010, with the 

aim of reducing hazardous offsite dust emission by establishing a vegetative cap on the tailings. 

The selection of phytostabilization plant species was guided by biomass production and a lack 

of translocation of metal(loid)s to the above ground biomass. The study utilized compost 

amendment at 10, 15 and 20 % by mass tilled into the upper 20 cm of the tailings and 

supplemental irrigation to assist direct planting of 3 native grasses and 3 native shrubs (Fig. 1b) 

(Gil-Loaiza et al., 2016). The compost amendment added organic carbon including DOM to the 

near-surface tailings. The compost application rate at the field site guided the selection of DOM 

application rate in the current study. 
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Figure 1. A. an aerial view of IKMHSSS area (Image © Google Earth). B. Iron King Tailings site phytostabilization remediation project 

 

 B. 
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2.2 Sample Collection and Preparation 

 Excavation and homogenization of near-surface IKMHSS mine tailings for use in 

greenhouse and laboratory experiments has been described (Valentin-Vargas et al., 2014). 

Briefly, a composite of approximately 4 Mg of the upper 20 cm of the tailings was collected 

from 3 locations on the tailings pile, mixed and screened to 2 mm for laboratory studies. These 

tailings have been extensively described in previous studies (Hayes et al., 2014; Root et al., 

2015). 

 The current study used the collected tailings and further sieved them to isolate particles 

between 150 and 250 μm. This size was selected to omit very fine particles that could clog 

during filtering steps while still providing sufficient interfacial area to observe experimentally 

initiated chemical changes. Tailings were characterized for total elemental concentration by 

EPA method 3051 using microwave assisted digestion (CEM MARS6, Matthews, NC) followed 

by analysis with inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7700x, Santa 

Clara CA) in the Arizona Laboratory for Emerging Contaminants (ALEC). Total carbon (TC), 

nitrogen (TN) and sulfur (TS) of the solids was completed by C-N-S analyzer (Costech ECS 

4010, Valencia, CA). As a control against the influence of microbial activity, a split of the 

tailings was irradiated to sterilize native microbial populations using 60Co as a gamma ray (γ) 

radiation source. For sterilization, tailings were spread in a 5 mm layer, encased in a sealable 

plastic bag (ZipLockTM) and placed 80 cm from the γ source. A dose rate of 55.1 cGy was 

applied for 30 min, a dose determined to be effective in the tailings material. Sterile techniques 

for tailings handling were employed after γ-irradiation, including storing the tailings double 

sealed in plastic storage bags, using sterile spatulas and scoops, and only opening the sealed 

bags under a laminar flow hood.  
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2.3 Extraction of Dissolved Organic Matter 

 Solid compost, derived from organic plant waste and manure (Tank’s Green Stuff 100 % 

Organic Compost), similar in composition to the compost used at the field site, was used as a 

source to extract dissolved organic matter (DOM). The compost was sieved to less than 425 μm 

to isolate a consistent particle size for use in experiments. Extraction of DOM in a solid to 

solution ratio of 1:9 was used, with 1 kg of sieved compost added to 9 kg of deionized water 

(18.2 MΩ, Barnstead NanoPure DIamond) (Vázquez-Ortega et al., 2014). The mixture was 

sealed and wrapped in aluminum foil to exclude photochemical reactions, and placed on a 

reciprocal shaker table at 100 rpm for 24 h (Vázquez-Ortega et al., 2014). The vessel was 

removed from the shaker table and the suspension settled for 24 h. The supernatant solution was 

pipette transferred to four 250-mL polypropylene copolymer (PPCO) bottles and centrifuged at 

10,000 RCF for 10 min to settle the remaining solids. The centrifuged supernatant solution was 

further filtered to 2.0 μm (VWR, Light Duty Tissue, Radnor, PA). The DOM solution was 

acidified to pH 3.25 with 10 % HCl. Centrifugation was utilized to separate particles and 

microorganisms greater than 0.45 μm in size. This size was selected to ensure microorganisms 

that were less dense than particles of the same size were separated from the solution. Stokes law 

was utilized to calculate the appropriate speed and time of centrifugation for this size fraction 

(Jackson, 1969), which is shown in equation 2. 

𝑡=63𝑥108 𝜂 𝑙𝑜𝑔10
𝑅

𝑠

(
𝑛

𝑚
)

2 
(𝐷𝜇𝑚)2 (𝛥𝑠)

     (2) 

 An average particle viscosity for this size range (η) of 0.00894 was used with an average 

particle diameter (D) in μm of 0.45 for particles less than 0.45 μm in size or less dense larger 

microorganisms was utilized (Mortimer et al., 2016). Terms R and s were determined by the size 

of the centrifugation tubes. The speed of 3000 RCF was selected from appropriate range of 
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centrifugation range for settling particles (Jackson, 1969). Specific gravity of bacteria of 1.65 

was used to ensure microorganisms that are less dense than mineral particles were settled out 

(Romanenko and Dobrynin, 1978). This yielded a Δs of 0.65 after subtracting the density of 

water from the density of bacteria. This calculation resulted in a centrifugation time of 15 min. 

The supernatant solution was pipetted below the surface of the solution and transferred to 150 

mL centrifugation vessels. The solution was re-centrifuged at 3000 RCF for 15 min to ensure no 

particles larger than 0.45 μm that may have aggregated upon acidification or been carried over 

after initial centrifugation (Jackson, 1969). The final DOM solution was aspirated from the 

centrifuge bottles and used immediately. The concentration of DOC in the DOM solution used 

in the experiments was measured by high temperature oxidation followed by infrared detection 

of CO2 (Shimadzu TOC-L, Columbia, MD) to be 45 mmol L-1. 

2.4 Chemical Characterization of Compost and Aqueous Extract 

 Standard analytical techniques were used to assess the characteristics of the solid 

compost and resulting extract (DOM solution). A subset of the sieved compost was analyzed for 

total elemental concentration by microwaveable acid digestion and ICP-MS detection and TC-

TN-TS as above. The pH and electrical conductivity (EC) were measured by electrode (VWR 

sympHony Model SP80PC and VWR symphony Model B40CID). Anions (NO3
-, SO4

2-, PO4
3-) 

were analyzed by ion chromatography (Dionex ICS-1000, Sunnyvale, CA). 

2.5 Mine Tailings Batch Experiment 

 Batch experiments were carried out at a solid to solution ratio of 1:20, designed to 

investigate the amount and timescale of potential As release from tailings resulting from the 

influx of DOM. Experimental controls included irradiated tailings to control for microbial 

activity, an electrolyte solution made at the same ionic strength, pH and containing the same 

ions as the DOM (0.1 mM NaCl and 0.15 mM KCl) to control DOM activity, and under anoxic 
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and oxic conditions to control for fO2. Anoxic conditions were maintained in a glove bag with 

and N2:H2 atmosphere of 95:5 (Coy, Grass Lake MI). Irradiated tailings were added to pre-

weighed tubes and capped under laminar flow using sterile techniques, then reweighed after 

capping. Similarly, DOM or ES solutions were pre-weighed outside laminar flow hood and 

added to irradiated oxic-treatments under the laminar flow hood to eschew microbial 

contamination. Oxic batch treatments were opened every 24 h and bubbled with air for 30 s. 

Anoxic treatments were completed in a glove bag under 5 % H2 and 95 % N2 (Coy AALC, MI). 

Anoxic solutions were sparged with N2(g) for 1 hr and stored inside the glove bag. Batch reaction 

tubes were placed, cap off, inside the air-lock and left open for 24 h inside the glove bag prior to 

use. 

 Batch tubes were placed on an end over end rotator (10 rpm) for oxic and anoxic 

experiments. Each treatment was subsampled at 3, 24, and 96 h and a final time at 910 h. 

Subsamples were collected after vigorous agitation for 10 s to homogenize the sample and 

maintain the initial solid to solution ratio, a 3 g aliquot was removed by pipette. At each interval 

pH and EC was measured. All irradiated treatments were subsampled using sterile conditions 

under a laminar flow hood. Subsamples were centrifuged at 10,000 RCF for 10 min. The 

supernatant was pipetted and filtered using 0.45 μm GHP filters (PALL GHP Acrodisc). 

Aqueous samples were diluted appropriately for each analysis described above.  

 Speciation of As was conducted after total concentrations were analyzed by ICP-MS. 

Arsenic species were identified by high performance liquid chromatography (HPLC) ICP-MS 

(Agilent 8900, Santa Clara, CA). Iron speciation in aqueous solution was measured using the 

ferrozine method (Stookey, 1970), whereas total Fe was measured using ICP-MS. Ferrozine 

forms stable interfering complexes with other aqueous species such as with Cu and Co and 
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certain organic molecules, but these are generally weakly colored, unstable under normal 

conditions or only form under a narrow pH range (Stookey, 1970) (Viollier et al., 2000). 

Speciation was preserved by adding 0.3 mL of ferrozine to 3 mL samples and analyzing within 

24 h. To ensure a stable complex between pH 4 and 10, 0.15 mL of 5 M ammonium acetate was 

added to the samples as a buffer (Stookey, 1970). Quantification of Fe2+ in solution was 

conducted by UV-vis spectrophotometry (Shimadzu UV-2501 PC, Columbia, MD). A 

calibration curve was created from 1.275, 2.55, 5.10 and 6.375 µmol kg-1 of Mohr’s salt 

(Fe(NH4)2(SO4)2•6H2O) and absorbance measured at 562 nm (Stookey, 1970). Samples were 

diluted with N2 sparged water to be within the calibration range. The concentration of Fe3+ was 

determined as the difference between total Fe and Fe2+ concentration. The remaining solid was 

frozen at -125 °C for future analyses. 

2.6 Mine Tailing Column Experiments 

 Acid washed PPCO mini columns of 2.1 cm length by 0.91 cm inner diameter (Perdrial et 

al., 2015) were carefully and uniformly packed with tailings. A borosilicate frit was placed at the 

inlet and outlet of the column and a 0.2 μm cellulose acetate filter was placed at the top and 

bottom of the columns to prevent outflow of tailings. Radiated tailings were packed under a 

laminar flow hood to ensure sterile conditions. Six columns were packed and weighed dry, then 

saturated with water to determine porosity, which was 0.51 (± 0.021) for the packed columns. A 

peristaltic pump (Masterflex L/S) was used for controlled up-flow of 0.04 mL min−1, giving a 

Darcy flux of 0.06 cm min−1. Upward flow was used to reduce preferential flow paths and ensure 

uniform porous media saturation (Gibert et al., 2014). The 0.06 cm min-1 Darcy flux was slow 

enough to enable a high fluid–mineral interaction time (Vázquez-Ortega et al., 2014). All flow 

through materials that contact solutions were acid washed, tubing was poly ether ether ketone 
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(PEEK). Column break through and pore volume (PV) was determined with a 0.7 mL pulse of 

Br- tracer study. 

 Four column treatments were completed in triplicate. The treatments were i) non-

irradiated tailings with DOM, ii) γ-irradiated tailings with DOM, iii) non-irradiated tailings with 

the ES solution (no DOM) and iv) γ-irradiated tailings with the ES solution (no DOM). 

Approximately 850 PVs were collected, each column had slightly different total PV elution, 

attributed to reduced flow by preferential flow paths. In general, ES flux through the tailings was 

faster than DOM solutions, resulting in DOM columns eluting a total of 775 to 850 PVs, while 

ES columns eluted 820 to 870 PVs. Collection occurred every PV for 1-10, and then two PVs 

were combined to PV 60. Subsequently, 10 PV were combined to PV 330. Thereafter PV 330 to 

480 and PVs 480 to 780 were composited such that a total of 850 PVs were collected. When 

flow was discontinued, air was pumped through columns to evacuate any reacting solution. Flow 

was then stopped for a period of 1 week. Flow was restarted with the same treatment and a total 

of 10 PVs were collected. Influent was disconnected from columns and air was pumped through 

to remove any remaining solution. Effluent volumes of the composited collected 330 to 480 and 

480 to 780 PVs were corrected for loss by evaporation. Following this final collection, the 

columns were frozen at -125 °C then freeze-dried for future solid analysis.  

3. RESULTS 

3.1. Characterization of Organic Matter 

 The solid compost used to obtain dissolved organic matter (DOM) solution was 

characterized prior to extraction. The solid material was analyzed for total elemental 

concentrations by EPA method 3051 using microwave (CEM MARS6, Matthews, NC) assisted 
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digestion followed by analysis with inductively coupled plasma-mass spectrometry (ICP-MS, 

Agilent 7700x, Santa Clara CA) in the Arizona Laboratory for Emerging Contaminants (ALEC). 

Total elemental concentrations are summarized (Table 1-2). Total carbon (TC), nitrogen (TN) 

and sulfur (TS) in the solid compost were analyzed by C-N-S analyzer (Costech ECS 4010, 

Valencia, CA) in ALEC (Table 2). 

 The DOM solution extracted from the solid compost was analyzed (n=5) for major 

elemental concentrations by ICP-MS as above (Table 1) and anions by ion chromatography (IC, 

Dionex ICS-1000, Sunnyvale, CA) (Table 2) in the ALEC facility. Experimental controls that 

did not receive DOM were reacted with an electrolyte solution (ES) made at an ionic strength of 

0.25 mM with major ions (e.g. K, Na, Cl) to match the inorganic electrolyte chemistry of the 

DOM solution. The solid compost contained 214 g C kg-1 with 45 (± 2.2) mmol L-1 water 

extractable C from a 1 to 9 solid to DI water ratio as measured by dissolved organic carbon 

(DOC) on a CNS analyzer (Shimadzu TOC-L, Columbia, MD), indicating approximately 3% of 

the compost-C was water soluble. The compost had 20 g N kg-1, of which ca. 5% was water-

extractable, yielding 5.25 (± 0.17) mmol L-1 in the aqueous compost extract. Based on the pH of 

the corrected DOM solution, PO4
3- would likely be protonated and exist as H2PO4

2- in the DOM 

solution. 

3.2. Characterization of tailings material 

 Tailings that were gamma (γ) irradiated as a sterilization technique to inhibit microbial 

activity and non-irradiated tailings with native microbial communities were analyzed in triplicate 

for total elemental concentrations by EPA method 3051. Differences between irradiated and non-

irradiated tailings were found to be statistically insignificant (Table 1). Concentrations of total 

As and Fe in the tailings were 32.4 mmol kg-1 and 1370 mmol kg-1, respectively. Total C, N and 
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S in the tailings, analyzed in triplicate by solid CNS analyzer described above, were 37.5, 49.8 

and 2080 mmol kg-1, respectively (Table 2). Further detailed characterizations of the tailings 

were presented previously (Hayes et al., 2014; Root et al., 2015). 

 Water extractable constituents of the tailings material was examined in an aqueous 

extraction of 1:5 solid to solution mass ratio rotated at 10 rpm for 96 h in ultrapure water (18.2 

MΩ, Barnstead NanoPure DIamond). The extract was analyzed in duplicate for metal(loid)s 

(Table 1) by ICP-MS, major ions by IC and DOC and TN by CNS analyzer (Table 2) as 

described previously. Water extractable DOC was 4 (± 2) mmol kg -1, which represents 9% of the 

DOC in the DOM solution. Water extractable TN of the tailings was 0.96 (± 0.95) mmol kg -1 

which represents ca. 18% of the TN in the DOM solution.
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Table 1. Elemental concentrations of solid compost, DOM, tailings, and tailings water extract solution in mmol kg-1. 

Sample Be Al V Cr Mn Fe Co  Ni Cu Zn As Se Mo Cd Ba Pb 
Solid 

Compost  
0.042 197 0.24 0.27 3.62 154 0.12 0.12 1.06 2.26 0.05 0.01 0.02 0.0035 0.57 0.04 

DOM 
Solution  

0.001 
(0.0004) 

3.32 
(0.28) 

0.021 
(0.006) 

0.003 
(0.001) 

0.048 
(0.005) 

0.96 
(0.14) 

0.0020 
(0.0003) 

0.002 
(0.001) 

0.083 
(0.014) 

0.066 
(0.052) 

0.013 
(0.003) 

0.068 
(0.056) 

0.008 
(0.001) 

0.002 
(0.003) 

0.008 
(0.001) 

0.003 
(0.001) 

Iron King 
Tailing  

0.0073 
(0.0006) 

240 
(20) 

0.430 
(0.024) 

 0.19 
(0.01) 

 2.63 
(0.19) 

1370 
(68.23) 

0.072 
(0.002) 

0.10 
(0.01) 

2.0 
(0.1) 

 41 
(2.0) 

32      
(1) 

 0.22 
(0.01) 

 0.022 
(0.001) 

0.06 
(0.00) 

 0.22 
(0.01) 

9.65 
(0.37) 

Tailing 
Solution  

0.0032 
(0.0002) 

73      
(9) 

0.024 
(0.013) 

0.006 
(0.004) 

1.15 
(0.004) 

11     
(9) 

0.04 
(0.01) 

0.032 
(0.003) 

0.88 
(0.20) 

27     
(3) 

0.037 
(0.014) 

0.096 
(0.049) 

0.0002 
(0.0002) 

0.05 
(0.01) 

0.004 
(0.005) 

0.0005 
(0.0002) 

 

 

Table 2. Concentrations of major ions in the solid compost, compost extract DOM solution, Iron King Mine tailings, and mine-

tailings water extract solution in mmol kg
-1

. 

Sample TC TN TS                            F-

 Cl
-

 Br
-

 NO3
-

 PO4
3- Na+ Mg2+ K+ Ca2+ 

Solid Compost  
18800 
(445) 

1430       
(15) 

263            
(12) 

NA NA NA NA NA 63.7 188 346 1034 

DOM Solution  
45 

 (2.2)2 
5.25          

(0.17) 
21.01         
(0.6) 

2.16 
(0.30) 

348        
(25) 

0.22   
(0.06) 

2.4      
(0.2) 

0.97 
(0.12) 

65           
(1.4) 

8.39 
(0.43) 

209 
(26.4) 

18.5 
(1.0) 

Iron King Tailing  
42               
(3) 

50           
(1) 

2080            
(20) 

NA NA NA NA NA 
1.67 

(0.11) 
166 
(16) 

17.98 
(0.95) 

594   
(66) 

Tailing Solution  
4.0             

(2.0)2 
0.96 

(0.95) 
7491          

(1.38) 
47               
(7) 

119.9    
(0.2) 

BDL3 BDL BDL 
0.566 

(0.055) 
86.4 
(0.7) 

14 
(0.12) 

86       
(2) 

1 Total sulfur (TS) measured as SO4
2- by IC in aqueous phase, 2 TC reported from aqueous organic carbon analysis, 3 BDL: Below 

Detection Limit, IC DLs F- = 0.39, Cl- = 0.47, Br- = 0.42, NO3
- = 0.45, PO4

3-= 0.51 μmol kg-1, NA: not analyzed. 
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3.3. Kinetic Batch Experiments 

3.3.1. Total Elemental Release  

 Concentrations of elements were measured by ICP-MS for the triplicate batch reactors at 

four time-steps (3, 24, 96 and 910 h) for each treatment. The elemental concentrations of the 

DOM starting solution were subtracted from the final supernatant concentrations to obtain the 

net release (positive or negative) from the tailings during reaction. Supernatant concentrations of 

As and Fe are discussed in detail below. Figures of batch experimental data are reported in the 

supplemental information. Total concentrations of several other metal(loid)s in solutions were 

also analyzed (Appendix B). 

3.3.2. Arsenic 

 The highest release of As from batch experiments was observed in DOM treatments at 3 

and 910 h (Fig. S1). Anoxic and oxic treatments with added DOM had similar release at 3 h, but 

demonstrated different patterns of release thereafter. Oxic DOM treatments showed an initial 

release at 3 h of about 100 µmol kg-1, which remained constant for the next 96 h, then decreased 

at 910 h (Fig. S1). In the ES treatments, the release of As was greatest in oxic non-irradiated ES 

at 3 h and anoxic treatments at 910 h (Fig. S1). Irradiated tailings did not show statistically 

different As release in either DOM or ES treatments. Speciation of As conducted by HPLC-ICP-

MS on DOM treatments with sufficient concentrations of As indicated As (V) was the dominant 

species consistent with previous studies (Root et al., 2015). 
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Figure S1. Arsenic release by treatment in batch experiments. Red symbols (-C) do not have DOM 

(background electrolyte 0.25 mM), black symbols are reacted with DOM (+C), closed symbols were run 

under anoxic conditions (a), open symbols were run under oxic conditions (o), (γ) indicates gamma-ray 

irradiation for microbial sterilization. Please refer to online version for accurate color. 
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 Fractional release of As in batch experiments is shown (Figs. S2). Release of As was 

higher from DOM treatments than from ES treatments (Fig. S2). The fractional release in DOM 

treatments corresponds to about 0.0035 of total As in the tailing (Fig S1 D), with the highest As 

release observed at 3 and 910 h (Fig. S1 A and D). The mobilization of As in ES treatments was 

< 0.2 %, with the highest fractional release at 910 h (Fig. S1 D). The extractability of As from 

tailings in ES treatments were similar to 0.2% water extractable As from Hayes et al. 

Figure S2. Fractional As released from the tailings at A) 3 h, B) 24 h, C) 96 h and D) 910 h of reaction in 

batch experiments. -C indicates no organic matter added (background electrolyte 0.25 mM), +C denotes 

dissolved organic matter (DOM) added, anoxic conditions noted with subscript a, oxic conditions noted 

with subscript o, γ indicates gamma-ray irradiation for microbial sterilization. 
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3.3.3. Iron 

 The Fe released to solution in batch experiments is shown in Fig. S3. Among all 

treatments, the release of Fe was similar for 3, 24, and 96 h. Under anoxic conditions, Fe release 

showed an upward trend from 96 to 910 h. The greatest release of Fe was observed at 910 h in 

DOM anoxic treatments, and among anoxic treatments release of Fe was greater in DOM 

treatments than in ES treatments (Fig. S3). In oxic DOM treatments, with both irradiated and 

non-irradiated tailings, the Fe concentration in solution was similar at each time point. The 

lowest Fe releases were observed in oxic ES treatments, for both irradiated and non-irradiated 

tailings, which decreased to 2 mmol kg-1 at 910 h from previous 13 mmol kg-1 at 96 h, 

representing a ca. 80 % decrease in Fe release over that time (Fig. S3). 

 Fractional release of Fe in batch experiments is shown (Figs. S). A statistically 

significant difference in concentrations of mobilized Fe was not observed between treatments, 

except at 910 h between oxic and anoxic ES treatments (Fig. S). Iron mobilization was as high as 

1.3 % in anoxic ES and DOM treatments. The extractability of Fe from tailings in ES treatments 

were similar to 2% water extractable Fe from Hayes et al. 

 Iron speciation was measured using the ferrozine method (Stookey, 1970) by UV-vis 

spectrophotometer (Shimadzu UV-2501 PC, Columbia, MD) in solutions from anoxic treatments 

at 24, 96 and 910 h and only at the final time at 910 h in oxic treatments (Fig. S5). Anoxic 

treatments had the greatest total Fe released to solution. At 24 and 96 h, anoxic DOM and ES 

treatments showed that nearly 100 % of the total Fe was present as Fe2+ (Fig. S5A and S5B). At 

910 h, anoxic DOM treatments had the highest concentration of aqueous total Fe and Fe2+, and 

less than half of total Fe was Fe2+(Fig. S5 C). The lowest total Fe in the anoxic ES treatments 

was observed for irradiated tailings. In anoxic ES treatments, the lowest total Fe was in the 
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irradiated tailings, for which all was present as Fe2+. The total Fe in the non-irradiated anoxic ES 

treatment was 3x the total Fe in the irradiated anoxic ES treatment, and slightly less than half the 

Fe was as Fe2+. 

 The highest Fe released under oxic conditions was from DOM treatments (Fig. S5 C), 

with irradiated tailings having the highest concentrations of both total Fe and Fe 2+. However, 

while total Fe was highest in the DOM treatments, Fe2+ only represented 12- 15% of the total Fe 

(Fig. S5C). In the ES treatments, Fe2+ accounted for more than half of the total Fe. 

Figure S3. Iron release by treatment in batch experiments. Red symbols (-) do not have DOM 

(background electrolyte 0.25 mM), black symbols are reacted with DOM (+), closed symbols were run 

under anoxic conditions (a), open symbols were run under oxic conditions (o), (γ) indicates gamma-ray 

irradiation for microbial sterilization. Please refer to online version for accurate color. 
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Figure S4. Fractional Fe released from the tailings at A) 3 h, B) 24 h, C) 96 h and D) 910 h of reaction in 

batch experiments. -C indicates no DOM (background electrolyte 0.25 mM), +C denotes DOM added, 

anoxic conditions noted with subscript a, oxic conditions noted with subscript o, γ indicates gamma-ray 

irradiation for microbial sterilization. 
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Figure S5. Supernatant Fe speciation from batch treatments A) 24 h, B) 96 h, C) 910 h. γ indicates 

gamma-ray irradiation for microbial sterilization +C and –C indicate DOM solution and electrolyte 

solution with no DOM. The 24 and 96 h experiments were maintained under anoxic conditions, the 910 h 

experiments were run under anoxic (a) and oxic (o) conditions. Please refer to online version for accurate 

color. 

 

 The mole ratio of released As and Fe in supernatant solutions at each time step is shown 

in Fig. S6. The ratio in DOM treatments remained generally consistent throughout the batch 

experiments, with a release ratio of about 0.008 to 0.01 (As:Fe). This can be compared to the 

mole ratio of the tailings which was 0.023 (Table 1). At each time point the tailings treated with 

ES had a lower As:Fe ratio than DOM treatments except at 910 h (Fig.S6), which showed greater 

As release relative to Fe for both oxic treatments. Very low As:Fe mole ratios were observed in 

all the ES treatments at 3, 24, and 96 h, which where < 0.002, or a mole of As for every 500 

moles of Fe. A greater ratio, and thereby greater As relative to Fe released, was observed for 
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DOM treatments, where As:Fe was about 0.006-0.01. The change in As:Fe ratio in the oxic ES 

treatment at 910 h was due to the lower aqueous Fe concentration relative to the previous time 

steps, while the concentration of As remained nearly constant. This ratio of release was also 

dependent on PO2, especially by 910 h, which showed a significant increase in this ratio in the 

two oxic ES treatments. 

Figure S6. Molar ratio of As:Fe at A) 3 h, B) 24 h, C) 96 h and D) 910 h of reaction in batch experiments. 

-C indicates no DOM (background electrolyte 0.25 mM), +C denotes DOM added, anoxic conditions 

noted with subscript a, oxic conditions noted with subscript o, γ = gamma-ray irradiation for microbial 

sterilization. 
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3.3.4. Total Dissolved Organic Carbon and Total Nitrogen  

 Total dissolved organic carbon is reported in Fig. S7. The concentration of DOC in ES 

treatments was at or below the instrument detection limit (< 8.3 μmol L-1), while the DOM 

treatments had [DOC] ≈ 20 - 60 mmol L-1. Dissolved organic matter treatments ended with DOC 

concentrations similar to the initial concentrations, i.e., ca. 45 - 50 mmol L-1. An exception was 

the irradiated anoxic DOM treatment which had a final DOC concentration of > 90 mmol L-1 

(Fig S7). 

 Total nitrogen was measured, and based on IC data calculated to consist of 90% 

dissolved organic nitrogen (DON) (Appendix B). The TN concentration was strongly treatment 

dependent. Concentrations of TN were less than 0.14 mmol L-1 in ES treatments and about 3.6 to 

7.1 mmol L-1 in DOM treatments, similar to the concentrations of TN in DOM solution (Table 

2).  
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Figure S7. Concentration of dissolved organic carbon (DOC) in batch treatments. Red symbols (-C) had 

no DOM (background electrolyte 0.25 mM), black symbols are reacted with DOM (+C), closed symbols 

were run under anoxic conditions (a), open symbols were run under oxic conditions (o), (γ) indicates 

gamma-ray irradiated tailings for microbial sterilization. Please refer to online version for accurate color. 

 

3.3.5. Major Anions 

 Major anions from the batch treatments were analyzed by IC as described above at 3, 24, 

96 and 910 h. Results for H2PO4
2-, NO3

- and SO4
2- are shown in Fig. S8. Starting DOM solution 

had about 1 μmol kg-1 H2PO4
2-, (Table 2), which was about twice the final P H2PO4

2- from the 

treatments, with the exception of non-irradiated oxic DOM treatment where H2PO4
2- was near 

the initial concentration at 1.1 (±0.56) μmol kg-1. As expected, the concentration of NO3
- was 

much higher in the DOM treatments compared to the ES treatments, about 2 μmol kg-1 and at or 



67 

below instrument detection (3.57 μmol), respectively. Nitrogen species measured in IC were 

subtracted from TN and DON constitutes the majority of TN, as other N species account for ca 

10% of the TN. Nitrate was the largest non-DON species, with insignificant concentrations of 

NO2
- (Appendix B). Ammonium was not measured but considered unlikely to be present. Sulfate 

concentrations were ~25 mmol kg-1. Other aqueous anions were either below detection (Br-, F-, 

NO2
-) or were unmeasurable (Cl-) due to confounding of added NaCl and KCl for ES treatments. 

3.3.6. pH and Electrical Conductivity 

 Dissolution-precipitation and adsorption-desorption reactions occurring during the batch 

reactions consume or release H+ and OH- ions, therefore pH was measured and recorded at each 

time step (Fig. S9). The pH of both oxic and anoxic DOM treatments was consistently 2.7. The 

pH of the ES treatments was approximately 3.2 for the anoxic treatments. In the oxic ES 

treatments, the pH was 3.25 before 96 h, then decreased to 2.85 at 910 h (Fig. S9). The electrical 

conductivity (EC) was measured for anoxic and oxic DOM and ES treatments at 4 sampling 

times (3, 24, 96 and 910 h) (Appendix B). The EC the end of each time step in DOM treatments 

was slightly higher than ES treatments, and oxic treatments were higher than anoxic treatments. 

(Appendix B). 
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Figure S8. Concentration of major anions a) H2PO4
2- b) NO3

- c) SO4
2-

 in batch experiments. Red symbols (-) do not have DOM (background 

electrolyte 0.25 mM), black symbols are reacted with DOM (+), closed symbols were run under anoxic conditions (a), open symbols were run 

under oxic conditions (o), (γ) indicates gamma-ray irradiation for microbial sterilization. Horizontal lines indicate detection limit for PO4
3- and 

NO3
-. Please refer to online version for accurate color. 
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Figure S9. pH of batch experiment treatments Red symbols (-C) do not have DOM (background 

electrolyte 0.25 mM), black symbols are reacted with DOM (+C), closed symbols were run under anoxic 

conditions (a), open symbols were run under oxic conditions (o), (γ) indicates gamma-ray irradiation for 

microbial sterilization. Please refer to online version for accurate color. 

 

3.4. Column Experiments 

3.4.1. Total Elemental Release 

 The total elemental concentrations in effluent solutions from DOM and ES column 

treatments were analyzed by ICP-MS at selected pore volumes (PV). Here we report mean 

values for triplicate column treatments, slight variations in the flow rate between the triplicates 

was observed and are indicated as PV error bars (Fig. 2). The DOM influent elemental 

concentrations (Table 1) were subtracted from the effluent, and net release from tailings is 

reported. Effluent concentrations of As and Fe are discussed in detail below. Total 
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concentrations of selected metals (V, Cr, Fe, Co, As, Se, Be, Al, Mn, Ni, Cu, Zn, Mo, Ag, Cd, 

Sn, Sb, Ba, and Pb) in effluent PV solutions were analyzed (Appendix B). 

3.4.2. Arsenic 

 The instantaneous and cumulative release of As from tailings reacted with DOM and 

controls in column experiments at each specified PV show are shown (Fig. 2A, 2B). The 

cumulative release (mmol As kg-1 tailings), was calculated by multiplying the instantaneous As 

concentration for a given sample by the cumulative volume represented by that sample, assuming 

one PV = 0.7 mL, and the initial mass of tailings is 2.1 g. DOM and ES treatments show clear 

differences in the release kinetics and total release of As (Fig. 2A and B). The “first-flush” 

initial release of As in the first collected PV was ca. 15 μmol L-1 and was similar in each 

treatment (ES v DOM and irradiated or not). The ES treatments then showed As release of <1 

μmol L-1 after 10 PVs and remained very low for the remainder of the experiment. In the DOM 

treatments, there was a clear As release maximum, with a pulsed release of As starting in PV 38. 

The peak concentration of ~50 μmol L-1 was at PV 90, after which release of As decreased in 

each subsequent PV (Fig. 2A). 

Electrolyte treatments had a higher initial As release (PV 0-20) relative to DOM 

treatments. After about 40 PVs, DOM treatments showed an exponential release to about 90 PV, 

ES treatments showed much lower As release at or near the detection limit. DOM treatments, 

irrespective of irradiation, showed continued As release to 910 PV, with decreasing slope at each 

time step beyond 90 PV (Fig. 2B). Cumulative As released in DOM treatments was 

approximately 4 times that of the ES treatments. At about 800 PV a stopped-flow condition was 

imposed to test for kinetic limitations on release, where each column remained wet but received 

no new influent. After 1 weeks, flow was reinitiated and a pulse of As release was observed in 
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DOM treatments, similar to the initial pulse observed at the onset of the DOM experiments. The 

concentration As in the DOM treatments after flow was restarted jumped from close to 5 μmol L-

1 to almost 20 μmol L-1 but quickly dropped (over 10 PV) to <10 μmol L-1. Conversely, in the ES 

treatments, flow restart had a statistically negligible impact on As release, remaining at roughly 

<1 μmol L-1, similar to concentrations of As in these treatments before flow was stopped. 

Figure 2. Effluent As concentrations from column experiments with Iron King Mine tailings: A) 

instantaneous As release at each pore volume in µmol l-1 and B) cumulative As release normalized to 

mmol kg-1 based on representative PV and the initial mass of column tailings. Red open triangles are 

irradiated tailings without DOM (reacted with ES, denoted with 𝐶𝛾
− ), red closed diamonds are non-

irradiated tailings without DOM (denoted with 𝐶− ), irradiated DOM solution (denoted with 𝐶𝛾
+ ), non-

irradiated DOM solution (denoted with 𝐶+ ), (background electrolyte 0.25 mM), γ (gamma-ray) irradiation 

for microbial sterilization. Error bars are standard deviations of triplicate columns. Note the panel B 

electrolyte only ordinate scale (red) is 0.1x the DOM ordinate scale. Please refer to online version for 

accurate colors. 
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3.4.3. Iron  

 Release of Fe over the course of the experiment was similar between DOM and ES 

treatments and followed similar patterns between DOM and ES treatments (Fig. 3A). Fig. 3B 

shows the cumulative effluent concentration of Fe in the column treatments, where DOM and ES 

treatments follow a similar trend of total accumulation. The tailings that received the ES and 

were irradiated for sterilization had the lowest cumulative release of Fe, while the total Fe in all 

the other treatments was around 30 mmol kg-1, representing 0.022 fraction of total Fe in the 

tailings (Table 1). 

Figure 3. Effluent Fe concentrations from column experiments with Iron King Mine tailings A) 

instantaneous Fe release in mmol l-1 and B) cumulative Fe release normalized to mmol kg-1 based on 

representative PV and the initial mass of column tailings. Red open triangles are irradiated tailings 

without DOM (reacted with ES, denoted with 𝐶𝛾
− ), red closed diamonds are non-irradiated tailings without 

DOM (denoted with 𝐶− ), irradiated DOM solution (denoted with 𝐶𝛾
+ ), non-irradiated DOM solution 

(denoted with 𝐶+ ), (background electrolyte 0.25 mM), γ (gamma-ray) irradiation for microbial 

sterilization. Inset in A) shows detail of first 12 PV. Please refer to online version for accurate colors. 
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 The initial Fe release for the first five PVs in each treatment was between 2.5 and 5 

mmol L-1, but decreased to 0.2 mmol L-1 by the 12th PV (Fig. 3A). After the 12th PV, Fe release 

remained low in all treatments. In DOM treatments, the concentration of Fe remained at 0.2 

mmol L-1 until PV 50, after which Fe concentration decreased to 0.1 mmol L-1 for the next 100 

PV. Between 300 and 850 PVs, the Fe release was ca. 0.05 mmol L-1. In the ES treatments, the 

Fe release decreased to 0.1 mmol L-1 for the first 60 PV, then to < 0.025 mmol L-1 until flow 

stopped. Once flow was restarted, the effluent Fe concentration increased to 0.15 mmol L-1 in the 

ES treatments and to 0.02 mmol L-1 in DOM treatments. The Fe concentrations decreased to < 

0.001 mmol L-1 in all treatments after the about 10 PV following flow restart. 

3.4.4. Ratio of total arsenic and iron release 

The mole ratio of As to Fe released was calculated for each treatment (Fig. 4). In the 

irradiated ES treatment 0.1 mole of As was released for each mole of Fe released at the 3rd PV 

(Fig. 4). After the initial pulse of high As release, both ES treatments As:Fe was below 0.03. In 

the DOM treatments the As:Fe release was below 0.01 for the first 25 PVs, after which it 

increased to 0.4 at 100 PV. After PV 100, the ratio decreased to 0.3 mmol kg-1 As to Fe until PV 

600. The increased As:Fe ratio observed in DOM treatments was delayed compared to the 

maximum pulse of As shown in Fig. 2A that begins increasing at PV 40. However, the peak As 

release occurs at roughly 100 PV after which As release decreased (Fig. 2A), exhibiting a trend 

similar trend to that of As:Fe ratio over the same PV (Fig. 4). The ES treatments showed no 

change in As:Fe after stop-flow was imposed, while DOM treatments showed a sharp increase in 

As release relative to Fe following flow restart (Fig. 2A). 
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Figure 4. Mole ratio of effluent As:Fe in column experiments. 𝐶𝛾
−  = irradiated tailings with ES, 𝐶−  = 

irradiated tailings with ES, 𝐶𝛾
+  = irradiated tailings with DOM solution, 𝐶+  = non-irradiated tailings with 

DOM solution. Same symbol scheme as Figs. 1-2. Please refer to online version for accurate colors. 

 

3.4.5. Dissolved Organic Carbon (DOC) and Total Nitrogen 

 Dissolved organic carbon (DOC) was measured in the influent and effluent DOM 

solution (Fig. 5). The DOC in the ES treatments was below the limit of detection (0.1 mmol L-1). 

The DOM treatments had DOC breakthrough at 38 PVs. The DOC in the DOM treatments was 

between 40 to 60 mmol L-1 after PV 38. After stop-flow, there was an increase of DOC in the 

DOM treatments from ~40 mmol L-1 to 50 mmol L-1 (Fig. 5). Total nitrogen was also measured 

(Appendix B). Concentrations of nitrogen species measured in IC were subtracted from TN, and 
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were found to contribute ~10% of the TN. Other nitrogen species were either below detection or 

unlikely to be present. The remaining TN was as DON. 
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Figure 5. Dissolved organic carbon (DOC) concentration in column experiment effluents. 𝐶𝛾

− = irradiated 

tailings with ES, 𝐶−  = non-irradiated tailings with ES, 𝐶𝛾
+ = irradiated tailings with DOM solution, 𝐶+  = 

non-irradiated tailings with DOM solution. Error bars are standard deviation of triplicate columns. Same 

symbol scheme as Figs. 1-3. Please refer to online version for accurate colors. 
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3.4.6. Major Anions 

 Anions were analyzed by IC (Fig. 6). Phosphate is shown in Fig. 6A, and as expected, 

DOM treatments had much higher H2PO4
2- values than the ES treatments (no H2PO4

2- in ES 

solution), with breakthrough at 90 PV. Sulfate release showed similar trends for each treatment 

(Fig. 6B). Nitrate showed DOM treatments having roughly 1 mmol L-1 by the 100th PV after 

dropping from 2x that between 0 and 100 PVs. Nitrate was below detection after the 20th PV in 

the ES treatments Nitrite was below detection at every PV measured. Nitrate concentrations were 

subtracted from TN, accounting for ca 10% of the TN. Therefore, DON constitutes the majority 

of TN (Appendix C). Ammonium was not measured but considered unlikely to be present. 

3.4.7. pH 

 Dissolution and precipitation reactions between the tailings and DOM solution consume 

or release H+ and OH- ions, therefore pH was measured and recorded at each PV collected. The 

averaged pH of each columns treatment is presented in Fig. 7. The initial solution pH of DOM 

and ES treatments was adjusted to 3.25 to match pH of tailings. The initial pH was between 2.2 

to 3.0 and increased up to the 30th PV. The DOM treatments stabilized at pH 3.3. The ES 

treatments pH rose gradually after PV 100 due to a change in influent ES. Due to mixing of 

original ES from batch experiment with newly mixed ES the pH of this solution was 4.6. At PV 

350 influent pH in ES treatments was corrected to pH 3.2, and pH in subsequent PVs decreased 

before stabilizing at pH 3.5 after PV 400.  
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Figure 6. Effluent anion: A) H2PO4
2-, B) SO4

2-, C) NO3
- in column experiments. 𝐶𝛾

−  = irradiated tailings with ES, 𝐶−  = non-irradiated tailings with 

ES, 𝐶𝛾
+  = irradiated tailings with DOM solution, 𝐶𝛾

+  = non-irradiated tailings with DOM solution. Same symbol scheme as Figs. 1-4. Please refer 

to online version for accurate colors.  
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Figure 7. Column experiment pH. 𝐶𝛾
−  = irradiated tailings with electrolyte solution, 𝐶−  = non-irradiated 

tailings with electrolyte solution, 𝐶𝛾
+  = irradiated tailings with DOM solution, 𝐶+  = non-irradiated 

tailings with DOM solution. Same symbols as Fig 1-5. Please refer to online version for accurate colors. 

 

 

3.4.8. Fractional Release of As and Fe 

 The total As and Fe in effluent was integrated across the experiment, and normalized to 

the total As and Fe in the tailings and expressed as the fractional release (Fig 8 and 10). There 

was no significant difference in the fraction of Fe mobilized from tailings from DOM (irradiated 

and not) and ES non-irradiated tailings, which showed a release of about 2±0.5% of the total Fe 
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from tailings (Fig. 10A). The irradiated ES treatment mobilized 0.8 ± 0.4% from the tailings. 

Importantly, there was significantly more As released from tailings in DOM compared to the 

non-DOM the treatments. The addition of DOM resulted in 19 ± 1% of the total As in the 

tailings being mobilized, compared to < 1 % in treatments that did not receive DOM. The 

extractability of Fe and As from tailings with ES was similar to the water extractable fractions 

reported by Root et al. (2015) who found about 2% Fe and 0.2% As was mobilized in DI water. 

The mole-ratio of As to Fe in the bulk unreacted mine tailings (0.024) was compared to the mole 

ratio of the release to solution in each treatment (Fig. 10B). Electrolyte solution treatments 

showed a release of As relative to Fe that was lower (0.01) than the bulk tailings, while DOM 

treatments resulted in a 10x increase in As relative to Fe compared to the bulk tailings, and 20x 

compared to ES treatments. 

4. DISCUSSION 

 The influence of DOM on mobilization of As in soil systems is potentially multifaceted, 

as has been shown by extensive prior research (e.g.,(Akai et al., 2004; Anawar et al., 2003; 

Bhattacharya et al., 2009; Farooq et al., 2010; Nickson et al., 2000; Stuckey et al., 2015b). The 

mechanisms involved include i) reductive dissolution of Fe (hydr)oxide minerals that serve as 

high affinity As adsorbents, ii) ligand exchange of DOM for As adsorbed to metal oxide 

surfaces, and iii) inhibition of (re-)adsorption by competition for sorption sites. Despite extensive 

prior work, there have been no well-controlled experimental studies of the impacts of DOM on 

As mobilization from legacy mine wastes, such as those present in sites throughout the semi-arid 

southwestern US. Such sites, which have undergone extensive oxidative weathering, may contain 

large concentrations of As(V) bound into surface complexes with secondary Fe(III) 

(oxy)hydroxides and hydroxysulfate species (Hayes et al., 2014; Root et al., 2015). In the current 
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study, oxidized legacy mine waste with high As(V) concentrations of > 40 mmol kg-1 in tailings 

weathered under semi-arid conditions for ca. 50 years were used in batch and column 

experiments to explore how interaction with DOM produced upon phytostabilization results in 

mobilization of As from the solid to aqueous phase. Batch experiments showed about 0.4% of 

the total As was mobilized from the tailings by DOM (Fig S2), which was at least twice the 

amount released by DOM-free (ES) treatments across four sampling times (Fig. S2 A-D). The 

effect of DOM on As release was greater in column experiments, where nearly 20% of the total 

As was mobilized from tailings as a result of DOM treatments compared to less than 1 % of total 

As released from ES treatments (Fig. 8). 
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Figure 8. Fractional release of As to effluent relative to initial solid phase As in Iron King mine 

tailings in column experiments after ~850 pore volume of flow-through without and with DOM 

(-C, +C, respectively) with tailings irradiated for sterilization (γ) and tailings that were non-

irradiated. Symbols  and indicate statistical differences based on the 95% confidence interval.
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4.1. Tailing arsenic displaced by DOM 

 Elevated concentrations of As in treatments with DOM compared to treatments with ES 

in both batch and column experiments is attributed to surface reactions of DOM, As and 

ferrihydrite. Competition for surface sites (eq. 3) and ligand exchange reactions (eq. 4) promote 

arsenic mobilization. Arsenate (Al-) adsorption to ferrihydrite can be modeled as a ligand 

exchange reaction with protonated surface hydroxyl groups that results in the formation of an 

inner-sphere surface complex: 

≡FeOH2
+

(s) + Al-
(aq)  =  ≡FeA (l-1)

(s) + H2O(l)  (3) 

Subsequent infusion of DOM and associated carboxylated ligands (Ll-) promotes displacement of 

adsorbed arsenate via ligand exchange: 

≡FeA(l-1)
(s)  + L l-

(aq)
  = ≡FeL(l-1)

(s) + A l-
(aq)  (4) 

where competition for available sites (eq. 3) and ligand exchange with occupied surface sites (eq. 

4) are shown explicitly. More generally, A and L can be considered to represent any set of anions 

(H2AsO4
2-, H2PO4

3-, DOM, etc.) that compete for adsorption to protonated surface hydroxyls. 

Equation 2 represents general anion adsorption where free Fe (hydr)oxide surface sites are 

occupied by (oxy)anions (Al-
(aq)) (Evanko and Dzombak, 1999a). Equation 4 shows the exchange 

of the arsenic originally present as a sorbed species (Al-
(aq)) by ligand exchange with influent 

species (Ll-
(aq)). In batch experiments, steady state was established by adsorption of DOC and 

H2PO4
2- onto Fe surface sites (eq. 3), and ligand exchange of H2AsO4

2- for DOC and PO4
3- (eq. 

4). 
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 Iron mineral surfaces have a high affinity for inner-sphere complexation of oxyanions 

such as carboxylate (RCOO-), SO4
2-, AsO4

3-, and PO4
3- by displacement of surface OH- groups 

(eq. 3) (Fontes et al., 1992). Adsorption of DOM is controlled as a function of the concentration 

of the organic matter, pH, and ionic strength of the system (Filius et al., 1999). The adsorption of 

complex organic molecules is a result of the binding of preferred functional groups to the ≡FeOH 

mineral surface. Ligand exchange (eq. 4) between hydroxyl and carboxyl functional groups with 

Fe oxide mineral surfaces is proposed to be the primary mechanism for sorption of DOM to iron 

surface hydroxyls such as those associated with ferrihydrite or goethite (Chorover and Amistadi, 

2001; Kaiser et al., 1997). However, while ligand exchange reactions are likely most responsible 

for DOM sorption onto ferrihydrite, it is possible electrostatic interactions could be important, 

especially at pH below the point of zero charge for ferrihydrite (Grafe et al., 2002).  

 Competition (eq. 3) between DOM and As for adsorption sites on Fe (hydr)oxide mineral 

surfaces such as goethite and ferrihydrite has been described previously (Grafe et al., 2002; 

Mladenov et al., 2015). Those studies examined the potential for oxyanions to compete with 

sorbed As(V) for mineral surface sites. Concomitant oxyanions H2PO4
2- and MoO4

2- were shown 

to compete with H2AsO4
2- for surface sites on goethite and demonstrated decreased As(V) 

sorption, especially below pH 4 (Manning and Goldberg, 1996). Organic molecules containing 

carboxyl functional groups disrupt As sorption on Fe (hydr)oxide mineral surfaces by 

competitive adsorption (Grafe et al., 2001; Grafe et al., 2002). The DOM solution used in the 

current experiments contained significant concentrations of H2PO4
2- (0.97 ±0.12 mmol kg-1) and 

abundant and diverse organic, molecules including carboxylic acids, capable of competing with 

H2AsO4
2-. 
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Ferrihydrite has an affinity for adsorbing arsenate, which forms strong inner-sphere 

complexes by exchanging hydroxyl groups on the Fe mineral surface with O in the arsenate 

tetrahedral molecule (Manceau, 1995; Waychunas et al., 1995). This type of inner-sphere 

complex is favored at low pH (Hiemstra and Van Riemsduk, 1999). Ferrihydrite has a high 

specific surface area and surface site capacity of 200-600 m2 g-1 and 16.8 μmol m-2, respectively 

(Dzombak and Morel, 1990). Arsenic is known to form bidentate binuclear structures with 

ferrihydrite at low pH from previous EXAFS studies and DFT calculations (Gao et al., 2013). 

Previous studies of the IKMHSS tailings indicated 13.3 % Fe and ferrihydrite accounted for 35% 

of the total Fe minerals in the upper 25 cm of the Iron King Tailings (Hayes et al., 2014). 

Additionally, a labile pool of As in the IKMHSS tailings was associated with ferrihydrite based 

on NaH2PO4 selective extraction of the tailings, where 5-8% of the total As was mobilized from a 

pool associated with ferrihydrite (Root et al., 2015). Ferrihydrite has an approximate surface area 

of ~200- 600 m2 g-1 (Cornell and Schwertmann, 2006) and a surface site density of 16.8 μmol 

sites m-2 (Dzombak and Morel, 1990), assuming ferrihydrite specific surface area of 300 m2 g-1 

and the measured 4 % ferrihydrite in the upper 25 cm of the mine tailings results in 200 μmol 

ferrihydrite surface sites g-1, which far exceeds the amount of arsenate sorbed in the IKMHSS 

tailings (31 ± 1 μmol g-1). This indicates close to 90% unoccupied sites with the capacity for 

additional adsorption of oxyanions beyond the arsenate adsorbed prior to DOM introduction. 

4.1.1. Batch experiments 

 Concentrations of As and Fe in batch experiments (Figs. S1 and S3) in DOM and ES 

treatments suggest that steady state was reached by the first sampling time (3 h). Oxic DOM 

treatments established steady state concentrations of As (~100 μmol kg-1) by 3 h and varied by < 

20 % of that concentration throughout sampling times. Anoxic DOM treatments showed mid-
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experiment (24 h) variation when concentrations decreased by half the initial concentration, then 

increased at 96 h to As concentrations similar to the first sampling time. This suggests an initial 

maximum release of As, followed by additional mechanisms occurring in the middle of the 

experiment under anoxic conditions. By 910 h steady state had been reestablished. All treatments 

have similar concentrations of Fe during the first 3 time steps (3, 24, and 96 h), with a slight 

increase in oxic treatments and a significant increase in anoxic treatments at 910 h (Fig. S3). 

In batch experiments, steady state was established by adsorption of DOC and H2PO4
2- 

onto Fe surface sites (eq. 3), and ligand exchange of H2AsO4
2- for DOC and H2PO4

2- (eq. 4). A 

combination of known interactions (Fe reduction, ligand exchange and competition) are 

predicted to operate in these batch experiments, and they released greater concentrations of As in 

DOM treatments relative to ES treatments. Clear evidence of Fe reduction in the batch 

experiments was observed, based on Fe speciation data (Fig. S5). Iron data indicates additional 

mechanisms occurring in anoxic and DOM treatments, including the contribution of the 

dissolution of Fe (hydr)oxide mineral surfaces. We observed 9.8 ±3 mmol kg-1 of Fe as Fe2+ in 

anoxic batch treatments, and based on the As to Fe molar ratio (0.023), we would expect 0.23 

mmol kg-1 of As release, however highest observable release of As in anoxic treatments was 0.14 

mmol kg-1 at 910 h indicating re-adsorption mechanisms were playing a significant role in anoxic 

batch experiments. Competition and ligand exchange with H2PO4
2- are also indicated by the fact 

that H2PO4
2- concentrations were significantly reduced following reaction with tailings. 

Phosphate concentration in the initial DOM solution was high (0.97 mmol L-1), but it was below 

detection (DL = 0.51 μmol L-1) in the pore waters of the batch experiments at all subsequent time 

points. 
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 Iron reduction and stoichiometric As to Fe release (Fig. S6) cannot explain all of the As 

mobilization in the batch experiments, because the molar ratio of As to Fe in solution was much 

lower than in the solid phase bulk tailings at all treatments and times. The exception was at 3 h in 

the anoxic DOM non-irradiated treatment which is 0.016 and is approaching the 0.024 Fe to As 

ratio in the bulk tailings. Concentrations of ~ 45 mmol kg-1 DOC in the pore water (40 g solution 

used in batch experiments) far exceed surface site capacity of ferrihydrite. Assuming 4 mmol of 

charge per g (Boyer et al., 2008) DOC, available sorption sites of ferrihydrite (~400 μmol 

surface sites per 2 g tailings) could be completely filled by DOC, while still leaving 82 % of the 

DOC in solution. This is consistent with DOC data from batch experiments, where a significant 

decrease in DOC pore water concentrations was not observed and any decrease in DOC 

concentrations would have been within the margin of error of instrument detection. Surface 

loading of ferrihydrite sites with DOC would ligand exchange drive reactions that promote 

mobilization of As. However, the strong affinity of Fe (hydr)oxide mineral surfaces for AsO4
3- 

allows for the re-adsorption of As to Fe mineral surfaces sites and over time (3 hr) allows for 

steady state with respect to pore water and surface complexed As. While DOC concentrations in 

pore waters of the DOM treatments remained approximately equivalent to the initial 

concentration of DOC in the starting DOM solution, H2PO4
2- concentrations dropped from 0.97 

mmol kg-1 in DOM solution to near the detection limit (1.0 μmol kg-1) throughout the experiment 

and generally decreased with time (Fig. S8). This could be explained by the sorption of H2PO4
2- 

onto the tailing material, which has stronger surface affinity than H2AsO4
2- (Manning and 

Goldberg, 1996). 

 Based on the calculated surface site capacity of ferrihydrite in batch experiments (2 grams 

tailings contained ca 1-2 mmol ≡FeOH sites), DOC and H2PO4
2- likely filled available sites 
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within 3 h, although specific contribution of each species to filling of surface sites cannot be 

determined with batch experimental data. Once all of the available sites were filled, ligand 

exchange reactions likely continuously exchanged sorbed species and aqueous species, including 

the initial pool of previously sorbed H2AsO4
2-. The adsorption of both organic molecules and 

As(V) is dependent on pH, where relative adsorption favorability of organic molecules increases 

at decreasing pH (Grafe 2001). Therefore, at low pH and with the high concentration of organic 

molecules, DOM may displace previously sorbed As(V). The pH of batch experiments was 

between 2.5 and 3.5, and when pH < PZC ligand exchange reactions with oxyanions and 

ferrihydrite are favored. However, batch experimental data alone was insufficient to determine if 

these ligand reactions were occurring and to what degree they account for As in solution. To 

further investigate mechanisms of As release from batch experiments, column experiments were 

used to investigate tailings-DOM interactions, where conditions were maintained far from 

equilibrium (non-steady state) with continuous influent of DOM. 

4.1.2. Column experiments 

 Relative to batch experiments, which reached an equilibrium condition after several hours 

of reaction, continuous input of DOM drove the ligand exchange and competition reactions in 

the DOM treated column experiments (e.g., Eq. 3) farther to the right. Arsenic was mobilized 

more extensively by the continuous infusion of fresh, arsenic-free, DOM solution (e.g. eq. 4). 

The ES treatments, lacking DOM, did not show similar extent of mobilization of As. The total 

release of As (Fig. 2), which was between 5.5 and 6.25 mmol kg-1 in DOM treatments compared 

to between 0.1 and 0.2 mmol kg-1 As in ES treatments, supports DOM ligand exchange and 

competition mechanisms of As release. Conversely, the release of iron was generally consistent 

among all of the DOM and ES (Fig 3 and 10) columns indicating As release by dissolution of Fe 
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sites (≡FeAsl-1)
(s)) was not a significant contributing mechanism in columns run under oxic 

conditions. The ratio of As to Fe (Fig. 5) in the column experiment has a much higher release of 

As to Fe in the tailings (0.023) than the dissolution of Fe minerals could account for as the sole 

mechanism, indicating competition and ligand exchange reactions were responsible for the 

mobilization of As in the oxic DOM column experiment. 

Similar release of As in the first 3 PVs of DOM and ES column treatments was observed 

(Fig.2). This was likely transported colloids, which passed the 0.2 μm outflow filter, and were 

observed to aggregate and settle in effluent sample collection vessels. Previous studies on mine 

tailings identified colloidal transport of as a significant factor of As mobilization (Slowey et al., 

2007). Dissolution of soluble salts, such as gypsum (CaSO4∙2H2O) and goslarite (ZnSO4∙7H2O), 

and associated metal contaminants are possible sources of metal mobilization from the Iron King 

tailings, and has been described previously (Hayes et al., 2014; Root et al., 2015). Concentrations 

of SO4
2- near 500 mmol l-1 during the first 5 PVs could be the dissolution of soluble salts from 

the tailings (Fig. 5C). However, release of sulfate, Fe and As are not well correlated and indicate 

that soluble Fe salts (e.g. melanterite [FeSO4•7 H2O]) and As associated efflorescent sulfate salts 

did not account for this initial release of Fe and As before PV 5. The release of SO4
2-

 in DOM 

and ES treatments was similar and was not congruent with the release of Fe and As. In all 

treatments 5.2-16.7 μmol kg-1 of As and 2.9 -15.5 mmol kg-1 of Fe was released before PV 3 

(Fig. 2A and 3A). Therefore, the initial flush of Fe (and to a lesser extent As) was attributed to 

colloidal or nano-particulate iron (oxyhydr)oxides. Importantly, the mass of As released in this 

initial flush (PV 1-5) was insignificant compared to the total As released in DOM treatments.  

 The established steady state after breakthrough of DOC and H2PO4
2- indicates the 

capacity for the tailings to sorb free oxyanions (Fig. 9). Adsorption of DOC and H2PO4
2- to the 
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Fe (hydr)oxide minerals was occurring before PV 40. The timing of breakthrough for DOC 

before H2PO4
2- suggest favorable sorption of H2PO4

2- over organic molecules. Breakthrough of 

DOC occurs first, and this breakthrough coincides with the large increase in release of As (PV 

40). This suggests that once DOM available surface sorption sites are filled, As is mobilized due 

to ligand exchange reactions (eq. 4). The breakthrough of H2PO4
2- is delayed by ~10 PVs from 

maximum As release, suggesting that H2PO4
2- has a stronger sorption affinity to Fe (hydr)oxide 

surfaces than both As or DOC at the concentrations of the experiment. This kinetic release was 

not observable in batch experiments.  

0 200 400 600 800 1000

-20

0

20

40

60

80

100

 

 As  PO
4

3-
  DOC

PV

0.0

0.1

0.2

0.3

0.4

0.5
 

0

20

40

60

80

 
[H

2
P

O
4

2
- ] 

[D
O

C
] 
(m

m
o
l 
l-1

)

[A
s
] 

(
m

o
l 
l-1

)

 
Figure 9. Concentrations of arsenic, phosphate and dissolved organic carbon in the effluent from 

of non-irradiated tailings reacted with DOM ( 𝐶)+  in column experiments.  

  



89 

 Breakthrough of DOC signals a shift from significantly retarded transport of arsenate (eq. 

3) to competitive dissociation of adsorbed arsenate (eq. 4). From PV 0 to ~50, anions from 

influent solution (H2PO4
2- and DOC) were filling available surface sites. Based on the influent 

concentration of DOC of ~45 mmol kg-1 and an assumed charge of 4 mmol g-1 (Boyer et al., 

2008), organic molecules would have filled 65 % of the 350 mmol kg-1 available surface sites in 

the 2 g of tailings in the column before PV 50. The remaining 35 % of sites before PV 50 were 

filled by H2PO4
2- based on the charge density of H2PO4

2- (2000 mmol kg-1) in lower 

concentrations (~1 mmol kg-1) of H2PO4
2- in the influent solution. Breakthrough of DOC 

occurred at PV ~30, when effluent and influent concentrations of DOC were equal.  

 After breakthrough of DOC, ligand exchange reactions with anions of the influent 

solution began displacing previously sorbed As (eq. 4), coincident with a sharp increase in 

effluent concentrations of As (Fig. 9). Previously sorbed As, H2PO4
3-, and organic molecules 

would be susceptible to ligand exchange reactions with fresh influent DOM after surface site 

loading occurred by PV ~40. Ligand exchange reactions would be driven by the preferential 

surface affinity of each anion (e.g. H2PO4
2-

 > organic acids) and the concentrations of respective 

anions in solution (Manning and Goldberg, 1996). Breakthrough of H2PO4
2-

 was ~60 PV after 

DOC breakthrough, suggesting H2PO4
2-

 may have stronger surface affinity than the organic 

molecules in the DOM solution. Incoming DOM solution with the maximum concentrations of 

DOC (45 mmol kg-1) and H2PO4
2- (0.97 mmol kg-1) would promote surface exchange reactions 

with As. The easily exchangeable As was released by PV 100, the maximum release ~50 μmol l-1 

in DOM treatments (Fig. 2). Thereafter effluent As concentrations in the effluent decreased 

relative to each previous pore volume as the easily accessible As was released by PV 100. 

Ligand exchange as the primary mechanism is further supported by the S-shaped curve of total 
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release of As in DOM treatments versus L-shape curve for ES shown in Figure 2B, where initial 

and large release of As is delayed in DOM treatments relative to the initial steep release of As in 

ES treatments. Based on total release of As and Fe in DOM and ES treatments (Fig 2B, 3B), we 

can infer that ligand exchange of DOM for As on surface sites was the most significant 

mechanism for As release. As release from Fe reduction or colloidal transport was insignificant 

compared to ligand exchange reactions in column experiments. 

 Concentrations of As, DOC and H2PO4
2- in effluent solutions after stop flow (PV ~820) 

also support the importance of competition and ligand exchange reactions. Once flow was 

stopped and solutions were evacuated, free species (As, DOC and H2PO4
2-) remaining in pore 

space was able to successfully compete for sorption sites. After flow was restarted 1 week later, 

concentrations of As and DOC species jumped in effluent PVs (Fig. 9) to ~20 μmol L-1 and ~50 

mmol L-1 respectively. These elevated concentrations suggest that once DOC and H2PO4
2- 

concentrations were reflowed through the columns, ligand exchange once again dominated the 

system, whereby DOC was able to displace the newly sorbed As species. Similarly, DOC 

concentrations returned to the same concentrations as breakthrough at PV 40. 

4.2. Dissolution of Fe (hydr)oxide surfaces 

 The Fe-bearing minerals in the upper 25 cm of the tailings include in order of abundance 

ferrihydrite, jarosite, pyrite, and schwertmannite (Root et al., 2015). Dissolution of Fe (III) 

minerals has been tied to the increased mobilization of As in solution with the presence of iron 

reducing microorganisms, at low pH, and under anoxic conditions (Bayard et al., 2006). These 

conditions are known to exist at the Iron King Tailings during flood events when tailings are 

temporarily isolated from atmospheric O2(g) (Gil-Loaiza et al., 2016). Release of As under 

oxygen depleted conditions is expected to be related to the reductive dissolution of ferric 
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minerals with As(V) associated as either sorption or co-precipitation complexes. Specifically, 

heterotrophic dissimilatory iron reducing bacteria (DIRB) can drive the dissolution of Fe oxide 

minerals, when other thermodynamically preferable terminal electron acceptors for respiration of 

DOM, such as O2 or nitrate, have been exhausted (Nickson et al., 2000). Such DIRB 

preferentially use “labile” poorly-crystalline Fe(III) minerals, such as ferrihydrite, as electron 

acceptors in respiration, whereas more crystalline phases, such as jarosite, are not utilized. 

Arsenic can be a structural component in the tetrahedral sulfate site of jarosite precipitated under 

high As and acid conditions, and therefore As in jarosite is not easily mobilized even with Fe(III) 

reducing conditions are promoted. 

4.2.1. Batch experiments 

 Batch experiments with gamma irradiated and non-irradiated tailings were compared to 

test the impact of native microbial populations on the mobilization of As. Total Fe released was 

elevated in treatments with DOM at 910 h (Fig. S3), suggesting that microorganisms reduced Fe 

in the absence of O2 by utilizing C from the DOM solution (Fig. S7). Reduction of Fe is 

supported by the fractional release of total Fe from tailings (Fig. S4) between 0.005 and 0.012 in 

3, 24, and 96 h (Fig. S4 A-C), and increased by 910 h to between 0.012 and 0.0.018 across DOM 

and ES treatments (Fig. S4 D). This upward trend in fractional release of Fe from tailings is 

highest in anoxic non-irradiated DOM treatments, which started at 3 h between 0.005 and 0.009 

(Fig S4A) and went up to 0.012 and 0.013 at 910 h respectively.  

 In anoxic wells of Bangladesh where O2 and NO3
- have been exhausted, elevated 

concentrations of As in groundwater have been attributed to the reductive dissolution of Fe 

sediments (Stuckey et al., 2015b). Reductive dissolution of Fe in As rich sediments, generally 

results in a positive correlation with dissolved As and Fe in solution. In the Ganges Flood Plain 
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where As(V) is associated with Fe (hydr)oxides, in common with surface oxidized IKMHSS 

tailings, elevated concentrations of Fe and As in shallow groundwater were strongly correlated 

(Hasan et al., 2007). Results of anoxic versus oxic batch experiments where As release is much 

higher under anoxic conditions support the conclusion that dissolution of Fe minerals (partially) 

explains elevated As in solution in anoxic treatments of IKMHSS tailings (Fig. S1). While the 

release of As is generally preferred in DOM treatments resulting in the high As/Fe ratio (Fig. 

S6), at 3 h anoxic non-irradiated tailings with DOM approaches the As to Fe ratio found in the 

unreacted bulk tailings (0.02 molar ratio), indicating that under the most favorable conditions for 

anaerobic microbes, Fe and As are stoichiometrically released.  

 Iron (hydr)oxide mineral stability has a strong dependence on pH (Cornell and 

Schwertmann, 2006). Dissolution and mobility of Fe significantly increases at pH less than 4.2 

(Bayard et al., 2006). Iron speciation of batch experiments (Fig. S5) show Fe2+ is the dominant 

Fe species at 24 and 96 hours. Aqueous Fe2+ would be stable at the pH of the batch experiments 

which were between 2.6 and 3.4 (Fig. S9). However, results show that the low pH was not the 

main driver for As release because the pH was similar across all treatments and As release varied 

widely (Fig. S1). If sterilization attempts by gamma irradiation of the tailings in batch 

experiments had an effect on As mobility, it was too small to be a significant driver. Anoxic 

conditions plus the addition of DOM appear to be the main mechanisms, the highest release of 

As was in the anoxic DOM treatments where As concentrations were over 120 μmol kg-1 by 910 

h (Fig S1). However, the maximum As release in batch experiments was about 40x less than in 

column experiments.  
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4.2.2. Column experiments 

 The reductive dissolution of Fe minerals and resulting As release to solution from 

microbial activity was not a significant contribution to As mobility in column experiments. The 

total release of Fe to solution between DOM and ES treatments was statistically similar across 

most of the columns. The exception was irradiated tailings treated with ES, which released even 

less Fe than the other treatments (Fig. 10). Reductive dissolution of Fe was an insignificant 

driver of As mobility in the column experiments with DOM as noted by the effluent Fe 

concentrations, which were not elevated compared to the ES treatments. Additionally, if 

reductive dissolution were responsible for As release, the ratio of As:Fe release (Fig 10) would 

be expected to be similar to the As:Fe ratio in the bulk tailings (BT), instead of the observed 

release ratio, which was about 10x the BT ratio.  
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Figure 10. A) Fractional release of Fe to effluent relative to initial solid phase As in Iron King 

mine tailings in batch (indicated by hatch marks) and column experiments after 910 h and ~850 

pore volume of flow-through without and with DOM (-C, +C, respectively, in red) with tailings 

irradiated for sterilization (γ) and tailings that were non-irradiated. B) Ratio of As/Fe in batch 

and column experiments. BT is ratio of As to Fe in Bulk Tailings (white).  

 

5. CONCLUSIONS 

 While the relationship between the mobilization of As by DOM has been well 

characterized in natural flooded systems, the mechanisms responsible for As mobilization in 

mine wastes has been relatively unstudied (Moreno-Jimenez et al., 2013). This experiment 

investigated the kinetic release of As caused by the interaction of DOM in gamma irradiated and 

non-irradiated oxidized mine tailings under batch and column experimental conditions. The 

addition of DOM clearly enhanced the mobilization of As in batch and column experiments. The 

greater release of As in DOM treated column experiments supports As release by DOM by 

ligand exchange followed by mobilization enhanced by completion for preferential sorption sites. 
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Irradiated and non-irradiated tailings showed little difference between treatments, indicating 

native microbial consortia were either in very low abundance or negligible in activity to promote 

As release. Results of this study indicate that phytostabilization that releases DOM could 

potentially mobilize As to hydrologically connected waters. Additionally, batch experiments 

performed under anoxic conditions show that potential Fe reduction could further contribute to 

the mobilization of As when conditions become sub-oxic. Compost amended phytostabilization 

of tailings has the potential to generate DOM that could interact with tailings to mobilize As.  
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Appendix B: Batch and Column Experimental Data 

Table 3. Chemical characterization of pore waters from anoxic irradiated tailings treated with DOM in batch mode in mmol kg-1  

Time (h) Be Na Mg Al K Ca 

3 0.007 (0.005) 
0.002 (0.002) 
0.001 (0.001) 
0.006 (0.000) 

109 (9) 95 (20) 
32 (3) 
44 (6) 
52 (1) 

123 (31) 
50 (3) 
66 (8) 
74 (2) 

391 (180) 290 (36) 
173 (30) 
233 (51) 
204 (21) 

24 <DL 
<DL 
<DL 

<DL 
<DL 
<DL 

96 
910 

 V Cr Mn Fe(total) Fe 2+ Fe 3+ 

3 0.011 (0.003) 0.018 (0.004) 
0.001 (0.001) 
0.003 (0.001) 

<DL 

2.0 (0.5) 
0.7 (0.1) 
1.0 (0.1) 
1.2 (0.0) 

18 (5) 
9 (1) 

15 (2) 
26.2 (0.5) 

nm nm 
24 <DL 9.3 (0.9) 

14.0 (1.7) 
11.8 (0.1) 

<DL 
96 0.002 (0.004) 0.5 (0.8) 

14 (1) 910 0.027 (0.003) 
 Co Ni Cu Zn As Se 

3 0.062 (0.014) 
0.044 (0.024) 
0.029 (0.003) 
0.035 (0.001) 

0.05 (0.02) 
0.03 (0.02) 

0.018 (0.002) 
0.18 (0.16) 

0.5 (0.2) 
0.11 (0.03) 
0.25 (0.03) 
0.31 (0.02) 

47 (11) 
19 (2) 
24 (3) 

26.9 (0.2) 

0.09 (0.04) 
0.05 (0.03) 
0.10 (0.03) 
0.15 (0.03) 

<DL 
24 0.15 (0.02) 
96 <DL 

<DL 910 
 Mo Ag Cd Sn Sb Ba 

3  <DL <DL 
<DL 
<DL 
<DL 

0.08 (0.02) 
0.03 (0.00) 
0.04 (0.00) 
0.05 (0.00) 

<DL 
<DL 
<DL 
<DL 

<DL <DL 
0.001 (0.003) 

<DL 
<DL 

24  0.007 (0.006) 0.001 (0.001) 
0.0021 (0.0005) 

0.004 (0.001) 
96  <DL 

<DL 910  
 Pb F- Cl- NO2

- Br- NO3
- 

3  <DL 
<DL 
<DL 

<DL 

1.2 (0.1) 
0.3 (0.2) 
1.0 (0.7) 

0.71 (0.02) 

55 (9) 
34 (1) 
31 (7) 
31 (1) 

1.2 (0.4) 
0.53 (0.03) 
0.99 (0.02) 

0.7 (0.3) 

1.2 (0.4) 
0.53 (0.03) 
0.99 (0.02) 

0.7 (0.3) 

4 (2) 
2.8 (0.2) 
3.6 (0.3) 

4 (1) 

24  
96  

910  
 PO4

3- SO4
2- TOC TN pH EC 

3 1.2 (0.4) 
0.53 (0.03) 
0.99 (0.02) 

0.7 (0.3) 

30 (12) 
32 (2) 
21 (4) 
30 (2) 

45 (2) 
64 (1) 
88 (6) 
89 (2) 

8.4 (0.7) 
6.1 (0.1) 
4.1 (0.4) 
4.9 (0.2) 

2.627 (0.005) 
2.640 0.000  

2.677 (0.005) 
2.703 (0.005) 

5.9 (0.1) 
5.9 (0.1) 

11.2 (0.1) 
7.3 (0.0) 

24 
96 

910 

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit  
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Table 4. Chemical characterization of pore waters from oxic irradiated tailings treated with DOM in batch mode in mmol kg-1 

Time (h) Be  Na  Mg Al K  Ca 

3 0.003 (0.003) 
0.007 (0.004) 

<DL 
0.004 (0.001) 

 <DL 
<DL 

 50.9 (0.3) 
51 (4) 

54.7 (1.8) 
49 (4) 

 75 (2) 
76 (5) 
80 (4) 
73 (7) 

 <DL 
<DL 
<DL 
<DL 

 231 (16) 
234 (18) 
248 (28) 
150 (21) 

24      
96  0.284 (2.552)     

910  <DL     
 V  Cr  Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.024 (0.006) 
0.08 (0.01) 

0.014 (0.003) 
0.009 (0.005) 

 0.024 (0.003) 
0.014 (0.003) 
0.010 (0.002) 
0.006 (0.002) 

 1.09 (0.02) 
1.1 (0.1) 

1.19 (0.03) 
1.13 (0.08) 

 13.7 (0.1) 
14 (2) 

16.1 (0.9) 
21 (3) 

 nm 
nm 
nm 

 nm 
nm 
nm 

24      
96      

910     2.1 (0.2)  19 (2)  
 Co  Ni  Cu  Zn  As  Se 

3 0.030 (0.002) 
0.027 (0.004) 
0.033 (0.001) 
0.033 (0.002) 

 0.022 (0.002) 
0.020 (0.005) 
0.025 (0.001) 
0.027 (0.001) 

 0.30 (0.02) 
0.25 (0.07) 
0.36 (0.06) 
0.33 (0.05) 

 27.3 (0.6) 
28 (1) 

28.8 (0.9) 
26 (2) 

 0.10 (0.02) 
0.10 (0.02) 
0.11 (0.03) 
0.08 (0.02) 

 0.02 (0.01) 
0.11 (0.05) 

0.005 (0.016) 
24      
96      

910      <DL 
 Mo  Ag  Cd  Sn  Sb  Ba 

3  <DL 
<DL 
<DL 

<DL 

 <DL  0.044(0.001) 
0.047(0.001) 
0.048(0.002) 
0.046(0.003) 

 <DL 
<DL 
<DL 
<DL 

 <DL 
<DL 

 0.001 (0.016) 
24   0.001 (0.001)     <DL 

<DL 
<DL 

96   <DL 
<DL 

   0.002 (0.000) 
0.003 (0.001) 

 
910       

 Pb  F-  Cl-  NO2
-  Br-  NO3

- 

3  0.001(0.002)  0.7 (0.1) 
0.7 (0.4) 

0.30 (0.05) 
0.42 (0.03) 

 46 (11) 
27 (2) 
28 (2) 
30 (4) 

 0.75 (0.07) 
0.7 (0.1) 

0.30 (0.01) 
0.462 

(0.002) 

 0.75 (0.07) 
0.7 (0.1) 

0.301 (0.006) 
0.462 (0.002) 

 2.6 (0.1) 
2.4 (0.1) 
2.3 (0.1) 
2.6 (0.2) 

24  <DL 
<DL 

<DL 

     
96       

910  
     

 PO4
3-  SO4

2-  TOC  TN  pH  EC 

3 0.7 (0.1) 
0.7 (0.1) 

0.30 (0.01) 
0.462 (0.002) 

 27.6 (0.8) 
27 (2) 
28 (2) 
26 (2) 

 45 (2) 
64 (1) 
88 (6) 
89 (2) 

 6.7 (0.1) 
6.5 (0.1) 

8 (2) 
4.9 (0.3) 

 2.700 (0.008) 
2.71 (0.07) 
2.62 (0.08) 
2.74 (0.06) 

 5.8 (0.1) 
6.1 (0.3) 
7.5 (0.4) 
4.2 (1.7) 

24      
96      

910      

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 5. Chemical characterization of pore waters from anoxic non-irradiated tailings treated with DOM in batch mode in mmol kg-1 unless 

otherwise noted 

Time (h) Be  Na  Mg  Al  K  Ca 

3 0.003 (0.003) 
0.03 (0.02) 

<DL 
0.005 (0.001) 

 106 (3)  62 (2) 
43 (12) 
41 (2) 
51 (1) 

 70 (2) 
52 (12) 
51(1) 
59 (2) 

 1357 (1424)  395 (71) 
184 (21) 
234 (8) 
237 (5) 

24  <DL 
<DL 
<DL 

   <DL 
<DL 
<DL 

 
96      

910      
 V  Cr  Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.007 (0.003) 
<DL 
<DL 

0.020 (0.003) 

 0.018 (0.003) 
<DL 

0.007 (0.002) 
<DL 

 1.24 (0.02) 
0.9 (0.3) 

0.92 (0.04) 
1.14 (0.01) 

 9.1 (0.6) 
7.4 (0.8) 

11.3 (0.3) 
24 (1) 

 nm 
7.4 (0.8) 

11.3 (0.3) 
10.6 (0.6) 

 nm 
<DL 
<DL 
<DL 

24      
96      

910      
 Co  Ni  Cu  Zn  As  Se 

3 0.04 (0.01) 
0.02 (0.01) 

0.026 (0.001) 
0.033 (0.001) 

 0.05 (0.03) 
0.03 (0.02) 
0.02 (0.01) 

0.032 (0.001) 

 0.25 (0.01) 
0.5 (0.2) 

0.46 (0.01) 
0.55 (0.02) 

 29.1 (0.4) 
25 (5) 
24 (1) 

27.5 (0.3) 

 0.14 (0.01) 
0.05 (0.02) 

0.076 (0.004) 
0.122 (0.004) 

 0.04(0.03) 
<DL 
<DL 

0.01(0.01) 

24      
96      

910      
 Mo  Ag  Cd  Sn  Sb  Ba 

3  <DL 
<DL 
<DL 

<DL 

 0.002 (0.003) 
0.001 (0.001) 

<DL 
0.00056(0.00004) 

 0.048 (0.001) 
0.04 (0.01) 

0.041 (0.001) 
0.048 (0.001) 

 <DL 
<DL 
<DL 
<DL 

 <DL  0.01(0.02) 
0.02(0.02) 24      0.001 (0.001) 

0.0021(0.0001) 
0.0043(0.0002) 

 
96       <DL 

<DL 910       
 Pb  F-  Cl-  NO2

-  Br-  NO3
- 

3  <DL 
<DL 
<DL 

<DL 

 0.9 (0.1) 
1.7 (0.2) 

0.61 (0.01) 
1.22 (0.04) 

 65 (3) 
33 (1) 
23 (2) 
32 (3) 

 0.9 (0.3) 
2 (1) 

0.6 (0.3) 
0.8 (0.4) 

 0.9 (0.3) 
2 (1) 

0.6 (0.3) 
0.8 (0.4) 

 2.1 (0.5) 
2.0 (0.6) 
2.3 (0.7) 

3 (2) 

24       
96       

910       
 PO4

3-  SO4
2-  TOC  TN  pH  EC 

3 2.1 (0.5) 
2.0 (0.6) 
2.3 (0.7) 

3 (2) 

 24.8 (0.3) 
29 (3) 
21 (2) 
26 (2) 

 45 (2) 
64.3 (0.6) 

88 (6) 
89 (2) 

 5.4 (0.3) 
4.6 (0.1) 

3.80(0.01) 
4.6 (0.4) 

 2.69 (0.04) 
2.67 (0.05) 
2.70 (0.05) 
2.74 (0.06) 

 2.69 (0.04) 
2.67 (0.05) 
2.70 (0.05) 
2.74 (0.06) 

24      
96      

910      

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 6. Chemical characterization of pore waters from oxic non-irradiated tailings treated with DOM in batch mode in mmol kg-1 unless 

otherwise noted 

Time (h) Be  Na  Mg  Al  K  Ca 

3 <DL 
0.02 (0.01) 

<DL 
0.005 (0.002) 

 <DL 
<DL 
<DL 
<DL 

 52 (1) 
52 (5) 
51 (2) 
44 (3) 

 61 (4) 
61 (6) 
61 (4) 
54 (5) 

 <DL 
<DL 
<DL 
<DL 

 280 (9) 
327 (36) 
295 (12) 
160 (7) 

24      
96      

910      
 V  Cr  Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.04 (0.01) 
0.10 (0.02) 

0.020 (0.002) 
0.005 (0.001) 

 0.04 (0.01) 
0.014 (0.003) 
0.011 (0.002) 

0.0065 (0.0004) 

 1.0 (0.1) 
1.09 (0.02) 

1.1 (0.1) 
1.0 (0.1) 

 12.1 (0.2) 
12.0 (1.2) 
13.5 (0.8) 

18 (2) 

 nm 
nm 
nm 

 nm 
nm 
nm 

24      
96      

910     2.0 (0.2)  15.8(0.2) 
 Co  Ni  Cu  Zn  As  Se 

3 0.028 (0.001) 
0.023 (0.002) 
0.030 (0.001) 
0.030 (0.002) 

 0.023 (0.002) 
0.020 (0.002) 
0.023 (0.001) 
0.026 (0.001) 

 0.4 (0.1) 
0.4 (0.2) 
0.5 (0.1) 
0.4 (0.1) 

 28 (1) 
28 (3) 
28 (1) 
25 (2) 

 0.11 (0.02) 
0.10 (0.01) 
0.11 (0.01) 

0.088 (0.004) 

 0.13(0.17) 
0.08(0.05) 
0.03(0.03) 

<DL 

24      
96      

910      
 Mo  Ag  Cd  Sn  Sb  Ba 

3  <DL 
<DL 
<DL 

<DL 

 <DL  0.046 (0.004) 
0.047 (0.006) 
0.047 (0.004) 
0.043 (0.005) 

 <DL 
<DL 
<DL 
<DL 

 0.0005 (0.0001) 
0.005 (0.006) 

0.0029 (0.0002) 
0.0038 (0.0002) 

 <DL 
<DL 
<DL 
<DL 

24   0.0011 (0.0001)     
96   <DL 

<DL 
    

910       
 Pb  F-  Cl-  NO2

-  Br-  NO3
- 

3  <DL 
<DL 
<DL 

<DL 

 1.0 (0.1) 
0.7 (0.4) 

0.31 (0.02) 
0.46 (0.03) 

 58 (9) 
27.4 (0.6) 

24 (3) 
31 (2) 

 1.0 (0.4) 
0.7 (0.1) 

0.31 (0.02) 
0.460 (0.003) 

 1.0 (0.4) 
0.7 (0.1) 

0.31 (0.02) 
0.460 (0.003) 

 4 (1) 
2.57 (0.05) 

2.1 (0.2) 
2.6 (0.2) 

24       
96       

910       
 PO4

3-  SO4
2-  TOC  TN  pH  EC 

3 1.0 (0.4) 
0.7 (0.1) 

0.31 (0.02) 
0.460 (0.001) 

 25 (1) 
26 (1) 
22 (3) 
24 (1) 

 45 (2) 
64 (1) 
88 (6) 
89 (2) 

 6.5 (0.2) 
6.6 (0.4) 

9 (1) 
5.4 (0.1) 

 2.723 (0.005) 
2.767 (0.005) 

2.69 (0.02) 
2.790 (0.008) 

 5.7 (0.1) 
6.01 (0.03) 

7.1 (0.2) 
5.4 (1.3) 

24      
96      

910      

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 7. Chemical characterization of pore waters from anoxic irradiated tailings treated with ES in batch mode in mmol kg-1 

Time (h) Be  Na  Mg  Al  K Ca 

3 0.005 (0.003) 
0.013 (0.004) 
0.004 (0.001) 
0.005 (0.001) 

 250 (52) 
53 (13) 
59 (7) 
64 (6) 

 58 (6) 
38 (6) 
47 (2) 

52.3 (0.3) 

 88 (10) 
54 (7) 
68 (3) 

73.4 (0.4) 

 634 (321) 
225 (53) 
275 (25) 
267 (23) 

 364 (70) 
206 (50) 
263 (49) 
250 (41) 

24      
96      

910      
 V  Cr  Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.021 (0.004) 
0.07 (0.05) 

0.017 (0.002) 
0.033 (0.006) 

 0.017 (0.003) 
0.014 (0.005) 
0.014 (0.005) 
0.004 (0.002) 

 1.3 (0.1) 
0.78 (0.05) 
1.00 (0.03) 
1.16 (0.01) 

 10 (4) 
14 (4) 
12 (1) 
24 (1) 

 nm  nm 
24     13 (2) 

12 (1) 
3 (2) 

 1.5 (2) 
0.2 (0.3) 

<DL 
96      

910      
 Co  Ni  Cu  Zn  As  Se 

3 0.042 (0.006) 
0.04 (0.02) 

0.031 (0.001) 
0.0354 (0.0001) 

 0.04 (0.02) 
0.06 (0.05) 

0.023 (0.001) 
0.031 (0.001) 

 0.8 (0.1) 
0.43 (0.05) 
0.60 (0.01) 
0.73 (0.01) 

 30 (3) 
19 (3) 
24 (1) 

26.7 (0.1) 

 0.017 (0.005) 
0.010 (0.003) 
0.014 (0.002) 
0.048 (0.005) 

 0.12 (0.09) 
0.29 (0.04) 
0.15 (0.03) 
0.13 (0.02) 

24      
96      

910      
 Mo  Ag  Cd  Sn  Sb  Ba 

3  0.009 (0.003) 
0.01 (0.01) 

0.0012 (0.0002) 
0.0002 (0.0003) 

 0.002 (0.002) 
0.0005 (0.0001) 

0.003 (0.004) 
0.0009 (0.0001) 

 0.05 (0.01) 
0.034 (0.004) 
0.039 (0.002) 
0.047 (0.001) 

 0.002 (0.001)  <DL 
<DL 
<DL 
<DL 

 0.001 (0.001) 
0.013 (0.005) 
0.007 (0.004) 
0.011 (0.007) 

24     <DL 
<DL 
<DL 

  
96       

910       
 Pb  F-  Cl-  NO2

-  Br-  NO3
- 

3  0.001 (0.001) 
0.002 (0.001) 

<DL 
0.001 (0.000) 

 1.2 (0.1) 
0.6 (0.2) 
0.5 (0.7) 

0.49 (0.01) 

 47 (23) 
22 (4) 
17 (2) 
21 (3) 

 1.2 (0.9) 
0.52 (0.04) 

0.5 (0.4) 
0.5 (0.3) 

 1.2 (0.9) 
0.52 (0.04) 

0.5 (0.4) 
0.5 (0.3) 

 0.7 (0.8) 
0.52 (0.04) 

1.0 (1.3) 
0.7 (0.7) 

24       
96       

910       
 PO4

3-  SO4
2-  TOC  TN  pH  EC 

3 1.2 (0.9) 
0.52 (0.04) 

0.5 (0.4) 
0.5 (0.3) 

 27 (5) 
31 (8) 
22 (1) 
27 (2) 

 45 (2) 
64 (1) 
88 (6) 
89 (2) 

 0.51 (0.05) 
2 (1) 

0.9 (0.7) 
0.8 (0.5) 

 3.22 (0.04) 
3.18 (0.04) 
3.19 (0.04) 
3.22 (0.02) 

 4.4 (0.3) 
4.4 (0.3) 
8.1 (0.6) 
5.4 (0.4) 

24      
96      

910      

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 8. Chemical characterization of pore waters from oxic irradiated tailings treated with ES in batch mode in mmol kg-1 unless otherwise 

noted 

Time (h) Be  Na Mg  Al  K Ca 

3 0.004 (0.003) 
0.006 (0.005) 
0.003 (0.001) 

0.0050 (0.0001) 

 68 (5) 
73 (5) 
72 (5) 

72 (13) 

53 (1) 
57 (2) 
55 (1) 
54 (7) 

 78 (1) 
83 (4) 
82 (2) 

83 (10) 

 250 (23) 
266 (7) 

279 (17) 
266 (42) 

 285 (19) 
314 (9) 

326 (10) 
213 (12) 

24     
96     

910     
 V  Cr Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.040 (0.008) 
0.086 (0.004) 
0.013 (0.004) 
0.006 (0.004) 

 0.032 (0.009) 
0.022 (0.003) 
0.010 (0.001) 
0.008 (0.003) 

1.08 (0.04) 
1.17 (0.05) 
1.18 (0.02) 

1.2 (0.1) 

 14.3 (0.4) 
15.2 (0.6) 
14.2 (0.5) 

3 (2) 

 nm 
nm 
nm 

 nm 
nm 
nm 

24     
96     

910    1.7 (0.3)  1(2) 
 Co  Ni Cu  Zn  As  Se 

3 0.030 (0.003) 
0.030 (0.001) 
0.033 (0.001) 
0.053 (0.004) 

 0.025 (0.004) 
0.024 (0.002) 
0.026 (0.001) 
0.034 (0.003) 

0.64 (0.02) 
0.63 (0.01) 
0.75 (0.03) 

0.8 (0.1) 

 27 (1) 
29 (1) 

28.6 (0.5) 
28 (3) 

 0.02 (0.03) 
0.006 (0.003) 
0.010 (0.004) 
0.027 (0.004) 

 0.3 (0.1) 
0.3 (0.1) 

0.14 (0.03) 
0.02 (0.01) 

24     
96     

910     
 Mo  Ag Cd  Sn  Sb  Ba 

3  0.006 (0.001) 
<DL 

0.005 (0.001) 

 <DL 
<DL 
<DL 
<DL 

0.045 (0.001) 
0.050 (0.002) 
0.050 (0.001) 
0.055 (0.006) 

 <DL 
<DL 
<DL 
<DL 

 <DL 
<DL 
<DL 
<DL 

 <DL 
<DL 
<DL 
<DL 

24      
96      

910  <DL     
 Pb  F- Cl-  NO2

-  Br-  NO3
- 

3  0.006 (0.001) 
0.0010 (0.0002) 
0.0004 (0.0003) 
0.0006 (0.0001) 

 0.6 (0.1) 
0.5 (0.4) 

0.75 (0.05) 
2.72 (0.01) 

26 (15) 
21 (6) 
13 (7) 
26 (6) 

 0.60 (0.06) 
0.52 (0.01) 
0.28 (0.02) 

0.7 (0.3) 

 0.60 (0.06) 
0.52 (0.01) 
0.28 (0.02) 

0.7 (0.3) 

 0.5 (0.2) 
0.5 (0.1) 

0.28 (0.01) 
1.0 (0.7) 

24      
96      

910      
 PO4

3-  SO4
2- TOC  TN  pH  EC 

3 0.60 (0.06) 
0.52 (0.01) 
0.28 (0.02) 

0.7 (0.3) 

 22 (1) 
30 (6) 
17 (8) 
25 (2) 

45 (2) 
64 (1) 
88 (6) 
89 (2) 

 0.061 (0.003) 
0.80 (0.01) 

0.4 (0.3) 
3.3 (4.3) 

 3.35 (0.01) 
3.347 (0.005) 

3.25 (0.02) 
2.87 (0.13) 

 3.5 (0.6) 
4.2 (0.1) 
5.1 (0.2) 
3.7 (0.9) 

24     
96     

910     

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 9. Chemical characterization of pore waters from anoxic non-irradiated tailings treated with ES in batch mode in mmol kg-1 unless 

otherwise noted 

Time (h) Be  Na Mg  Al  K Ca 

3 <DL  196 (10) 
59 (4) 
61 (6) 
62 (6) 

57 (2) 
48 (7) 
52 (2) 
55 (5) 

 80 (3) 
58 (10) 
64 (3) 
67 (6) 

 468 (34) 
262 (50) 
276 (48) 
274 (66) 

 368 (25) 
240 (18) 
282 (6) 

252 (11) 

24 0.008 (0.001) 
0.003 (0.001) 

0.0062 (0.0003) 

    
96     

910     
 V  Cr Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.02 (0.01) 
0.043 (0.004) 
0.026 (0.001) 
0.036 (0.004) 

 0.013 (0.004) 
0.017 (0.003) 
0.011 (0.001) 
0.002 (0.001) 

1.27 (0.05) 
0.9 (0.2) 

1.08 (0.04) 
1.2 (0.1) 

 6.8 (0.3) 
9 (3) 

11.4 (0.7) 
15 (2) 

 nm  nm 
24    9 (3) 

11 (1) 
6 (1) 

 0.3 (0.4) 
0.9 (0.3) 
8 (1.0) 

96     
910     

 Co  Ni Cu  Zn  As  Se 

3 0.037 (0.002) 
0.028 (0.008) 

0.05 (0.03) 
0.036 (0.003) 

 0.05 (0.04) 
0.03 (0.01) 

0.027 (0.001) 
0.034 (0.003) 

0.82 (0.04) 
0.8 (0.2) 
1.1 (0.1) 
1.2 (0.1) 

 30 (1) 
25 (4) 
27 (1) 
29 (3) 

 0.016 (0.003) 
0.003 (0.001) 
0.022 (0.003) 
0.050 (0.006) 

 0.15 (0.03) 
0.40 (0.04) 
0.15 (0.01) 
0.14 (0.02) 

24     
96     

910     
 Mo  Ag Cd  Sn  Sb  Ba 

3  0.001 (0.001) 
0.007 (0.001) 

<DL 
0.000 (0.000) 

 <DL 
<DL 
<DL 
<DL 

0.053 (0.002) 
0.04 (0.01) 

0.048 (0.002) 
0.05 (0.01) 

 <DL 
<DL 
<DL 
<DL 

 <DL 
<DL 
<DL 
<DL 

 <DL 
24      0.012 (0.003) 

<DL 
0.0011(0.0003) 

96      
910      

 Pb  F- Cl-  NO2
-  Br-  NO3

- 

3  <DL  0.9 (0.1) 
0.6 (0.4) 

0.61 (0.01) 
0.24 (0.04) 

56 (25) 
20 (3) 
17 (3) 
20 (4) 

 0.9 (0.4) 
0.61 (0.02) 

0.6 (0.3) 
0.29 (0.01) 

 0.9 (0.4) 
0.61 (0.02) 

10 (13) 
0.29 (0.01) 

 0.60 (0.04) 
0.4 (0.3) 
0.9 (0.6) 
0.3 (0.1) 

24  0.004 (0.001) 
0.001 (0.001) 

    
96      

910  <DL     
 PO4

3-  SO4
2- TOC  TN  pH  EC 

3 0.9 (0.4) 
0.61 (0.02) 

0.6 (0.3) 
0.29 (0.01) 

 15 (9) 
26 (3) 

22.2 (0.4) 
25 (3) 

45 (2) 
64 (1) 
88 (6) 
89 (2) 

 0.5 (0.1) 
3 (1) 
2 (1) 
2 (1) 

 3.10 (0.05) 
3.07 (0.04) 
3.06 (0.03) 
3.11 (0.02) 

 4.5 (0.2) 
4.4 (0.3) 

9 (1) 
5.5 (0.5) 

24     
96     

910     

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 10. Chemical characterization of pore waters from oxic non-irradiated tailings treated with DOM in batch mode in mmol kg-1 unless 

otherwise noted 

Time (h) Be  Na Mg  Al  K Ca 

3 0.006 (0.001) 
0.020 (0.010) 
0.001 (0.001) 
0.006 (0.001) 

 70 (4) 
120 (66) 

73 (4) 
64 (3) 

52 (1) 
73 (27) 
51 (1) 
46 (1) 

 69 (4) 
97 (37) 
69 (5) 
66 (3) 

 69 (4) 
97 (37) 
69 (5) 
66 (3) 

 309 (33) 
488 (197) 
339 (28) 
231 (22) 

24     
96     

910     
 V  Cr Mn  Fe(total)  Fe 2+  Fe 3+ 

3 0.05 (0.01) 
0.09 (0.05) 

0.031 (0.003) 
0.020 (0.004) 

 0.03 (0.01) 
0.01 (0.01) 

0.016 (0.001) 
0.010 (0.001) 

1.04 (0.04) 
1.5 (0.6) 

1.08 (0.04) 
1.03 (0.01) 

 12.7 (0.3) 
17 (6) 
13 (1) 

2.2 (0.2) 

 nm 
nm 
nm 

 nm 
nm 
nm 

24     
96     

910    1.14 (0.01)  1.1 (0.20) 
 Co  Ni Cu  Zn  As  Se 

3 0.028 (0.002) 
0.04 (0.02) 

0.029 (0.003) 
0.033 (0.001) 

 0.024 (0.003) 
0.04 (0.02) 

0.025 (0.002) 
0.029 (0.000) 

0.70 (0.03) 
1.1 (0.6) 

0.74 (0.02) 
0.78 (0.03) 

 27 (1) 
38 (15) 
27 (1) 

24.4 (0.2) 

 0.04 (0.02) 
0.01 (0.01) 

0.013 (0.002) 
0.021 (0.001) 

 0.18 (0.03) 
0.28 (0.07) 
0.14 (0.03) 

0.090 (0.004) 

24     
96     

910     
 Mo  Ag Cd  Sn  Sb  Ba 

3  0.0022 (0.0003) 
0.02 (0.02) 

0.0017 (0.0003) 

 <DL 0.0470 (0.0007) 
0.07 (0.03) 

0.0490 (0.0003) 
0.0465 (0.0008) 

 <DL 
<DL 
<DL 
<DL 

 <DL 
<DL 
<DL 
<DL 

 0.0005 (0.0003) 
0.002 (0.001) 
0.001 (0.001) 

<DL 

24   0.0017 (0.0003) 
0.002 (0.001) 

   
96      

910  <DL  <DL    
 Pb  F- Cl-  NO2

-  Br-  NO3
- 

3  0.0028 (0.0004) 
0.003 (0.003) 

0.0013 (0.0002) 
<DL 

 0.6 (0.1) 
0.6 (0.1) 

0.27 (0.02) 
0.5 (0.1) 

41 (5) 
16 (2) 
14 (2) 
18 (4) 

 0.57 (0.02) 
0.60 (0.05) 
0.27 (0.03) 

0.455 (0.003) 

 0.57 (0.02) 
0.60 (0.05) 
0.27 (0.03) 

0.455 (0.003) 

 0.57 (0.02) 
0.60 (0.05) 
0.27 (0.03) 

0.455 (0.003) 

24      
96      

910      
 PO4

3-  SO4
2- TOC  TN  pH  EC 

3 0.57 (0.02) 
0.60 (0.05) 
0.27 (0.03) 

0.455 (0.003) 

 21 (3) 
26 (5) 
21 (1) 
23 (2) 

45 (2) 
64 (1) 
88 (6) 
89 (2) 

 0.06 (0.01) 
1.1 (0.1) 
1.0 (0.1) 

1 (1) 

 3.38 (0.02) 
3.35 (0.02) 
3.24 (0.02) 
2.81 (0.04) 

 3.9 (0.2) 
4.1 (0.2) 
4.9 (0.2) 
5.1 (0.2) 

24     
96     

910     

Values are the average of triplicate measurements, standard deviation is noted in parentheses, EC measured in mS cm-1, nm = not measured, 

<DL= Below Detection Limit 
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Table 11 Column Experiment Irradiated Tailings with Electrolyte Solution in μmol L-1 

PV pH Be Na Mg Al K Ca 

1.9 (0.4) 
2.9 (0.3) 

23.0 (0.4) 
35 (1) 
73 (1) 
90 (2) 

173 (4) 
851 (1) 
852 (1) 
861 (1) 

2.59 (0.39) 
2.78 (0.04) 
3.41 (0.02) 
3.55 (0.02) 
3.74 (0.26) 
3.57 (0.02) 
4.05 (0.03) 
3.31 (0.03) 

3.280 (0.001) 
3.29 (0.00) 

0.598 (0.52) 
3.543 (2.50) 
0.048 (0.03) 

0.0226 (0.002) 
0.017 (0.01) 
0.007 (0.01) 

0.00271 (0.0004) 
0.0026 (0.004) 

0.007 (0.01) 
0.009 (0.00) 

2383 (3114) 
34457 (24968) 

113625 (18662) 
111651 (18841) 
108377 (10717) 
115858 (21950) 
115711 (16631) 
116616 (13280) 
115442 (13226) 
110589 (9711) 

10716 (10255) 
49309 (34870) 

412 (552) 
22 (3) 
14 (6) 
6 (1) 
2 (1) 
2 (1) 

223 (32) 
1.9 (0.3) 

14652 (14030) 
76753 (54281) 

701 (925) 
32.4 (0.2) 

19 (3) 
14 (2) 
3 (1) 
9 (2) 

98 (7) 
17 (3) 

280 (241) 
39966 (29006) 

187156 (32542) 
184130 (33391) 
187352 (32172) 
192736 (39269) 
192469 (30174) 
192857 (25325) 
190052 (23591) 
182104 (18365) 

1435 (1391) 
8883 (6290) 

37904 (3298) 
36704 (5656) 
16655 (516) 
5926 (2610) 

73 (11) 
57 (9) 

321 (41) 
12 (2) 

PV V Cr Mn Fe Co Ni Cu 

1.9 (0.4) 
2.9 (0.3) 

23.0 (0.4) 
35 (1) 
73 (1) 
90 (2) 

173 (4) 
851 (1) 
852 (1) 
861 (1) 

0.13 (0.09) 
0.67 (0.47) 
0.19 (0.22) 
0.20 (0.20) 
0.27 (0.32) 
0.17 (0.19) 
0.16 (0.17) 
0.15 (0.16) 
0.23 (0.08) 
0.16 (0.16) 

0.35 (0.34) 
2.85 (2.02) 
0.16 (0.08) 
0.14 (0.10) 
0.21 (0.17) 
0.16 (0.11) 
0.13 (0.09) 
0.14 (0.08) 
0.11 (0.06) 
0.11 (0.06) 

246.9 (237.1) 
1142.4 (808.2) 

11.5 (13.0) 
2.4 (0.5) 
1.2 (0.3) 
0.5 (0.2) 

0.11 (0.04) 
0.11 (0.03) 

3.4 (0.6) 
<DL 

616 (688) 
3956 (2852) 

73 (68) 
25 (19) 
23 (15) 
20 (14) 
16 (12) 
17 (8) 

143 (50) 
12 (5) 

6.83 (6.31) 
38.89 (27.50) 

0.36 (0.41) 
0.10 (0.04) 
0.05 (0.02) 
0.02 (0.01) 

0.001 (0.001) 
0.003 (0.001) 

0.09 (0.01) 
>DL 

5 (4) 
26 (18) 

0.7 (0.3) 
0.5 (0.2) 

0.25 (0.05) 
0.11 (0.05) 
0.03 (0.02) 

0.1 (0.1) 
0.3 (0.2) 

0.04 (0.01) 

141 (131) 
714 (505) 

8 (8) 
1.9 (0.1) 
1.5 (0.1) 
1.0 (0.2) 
0.3 (0.1) 

0.19 (0.05) 
1.2 (0.3) 
0.9 (0.3) 

PV Zn As Se Mo Ag Cd Sn 

1.9 (0.4) 
2.9 (0.3) 

23.0 (0.4) 
35 (1) 
73 (1) 
90 (2) 

173 (4) 
851 (1) 
852 (1) 
861 (1) 

5511 (5421) 
25506 (18058) 
200.44 (266.5) 

10.63 (1.0) 
6.84 (2.4) 
3.96 (1.1) 
0.98 (0.4) 
0.47 (0.2) 

23.50 (3.6) 
0.41 (0.2) 

5 (4) 
3 (2) 

0.3 (0.2) 
0.5 (0.3) 
0.6 (0.6) 
0.2 (0.1) 
0.2 (0.1) 
0.2 (0.1) 
0.3 (0.2) 
0.4 (0.2) 

0.50 (0.25) 
1.74 (1.13) 
2.23 (0.61) 
1.79 (1.03) 
2.35 (1.44) 
1.89 (0.90) 
1.92 (0.54) 
1.77 (0.46) 
1.76 (0.44) 
1.69 (0.34) 

0.01 (0.00) 
0.01 (0.01) 
0.01 (0.01) 
0.02 (0.01) 
0.03 (0.01) 

0.011 (0.003) 
0.010 (0.004) 
0.009 (0.003) 
0.009 (0.004) 
0.005(0.004) 

0.003 (0.003) 
0.01 (0.01) 

0.004 (0.001) 
0.004 (0.002) 

1.93 (2.72) 
0.004 (0.001) 

0.06 (0.08) 
0.002 (0.001) 
0.004 (0.001) 
0.005 (0.001) 

8 (7) 
44 (31) 

0.6 (0.4) 
0.28 (0.02) 
0.14 (0.05) 
0.07 (0.02) 

0.013 (0.004) 
0.001 (0.001) 

0.08 (0.02) 
0.001 (0.001) 

0.002 (0.001) 
0.002 (0.001) 

0.0016 (0.0004) 
0.0015 (0.0003) 
0.0014 (0.0005) 
0.0017 (0.0002) 
0.0018 (0.0005) 
0.0019 (0.0004) 
0.0018 (0.0001) 
0.0020 (0.0002) 
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Table 11 Continued 

PV Sb Ba Pb F- Cl- NO2
- Br- 

1.9 (0.4) 
2.9 (0.3) 

23.0 (0.4) 
35 (1) 
73 (1) 
90 (2) 

173 (4) 
851 (1) 
852 (1) 
861 (1) 

0.03 (0.02) 
0.05 (0.03) 
0.02 (0.01) 
0.02 (0.01) 

0.014 (0.004) 
0.007 (0.002) 
0.008 (0.005) 
0.010 (0.001) 
0.010 (0.003) 
0.011 (0.002) 

0.04 (0.01) 
0.02 (0.01) 
0.08 (0.01) 
0.19 (0.01) 

4 (5) 
0.83 (0.15) 
0.50 (0.10) 
0.06 (0.01) 
0.08 (0.02) 
0.10 (0.05) 

0.04 (0.01) 
0.01 (0.00) 
0.06 (0.01) 
0.04 (0.01) 

0.3 (0.1) 
0.6 (0.1) 

0.19 (0.01) 
0.33 (0.05) 
0.17 (0.01) 
0.14 (0.02) 

0.68 (0.15) 
1.56 (0.84) 

0.1292 (0.0003) 
0.11 (0.03) 
0.11 (0.03) 
0.11 (0.04) 
0.10 (0.04) 
0.11 (0.03) 
0.09 (0.02) 
0.09 (0.03) 

7 (2) 
130 (99) 

474 (128) 
442 (108) 
460 (134) 
390 (12) 
392 (75) 
384 (28) 
366 (9) 

354 (11) 

0.795 (0.002) 
0.906 (0.19) 

0.129 (0.000) 
0.130 (0.001) 
0.131 (0.002) 
0.130 (0.001) 
0.131 (0.003) 
0.129 (0.001) 
0.131 (0.002) 
0.132 (0.002) 

0.795 (0.002) 
0.9 (0.2) 

0.129 (0.000) 
0.130 (0.001) 
0.131 (0.002) 
0.130 (0.001) 
0.131 (0.003) 
0.129 (0.001) 
0.131 (0.002) 
0.132 (0.002) 

PV NO3
- PO4

3- SO4
2- TOC TN 

1.9 (0.4) 
2.9 (0.3) 

23.0 (0.4) 
35 (1) 
73 (1) 
90 (2) 

173 (4) 
851 (1) 
852 (1) 
861 (1) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

63 (67) 
491 (38) 
47 (12) 
39 (12) 

<DL 
10 (6) 
4 (3) 

0.10 (0.01) 
0.06 (0.05) 
0.08 (0.03) 

0.4 (0.3) 
0.4 (0.6) 

1 (1) 
<DL 

0.6 (0.8) 
0.34 (0.48) 

<DL 
1.84 (2.60) 

<DL 
1.06 (0.80) 

0.6 (0.4) 
1.1 (0.8) 
2.5 (2.5) 

<DL 
<DL 

0.6 (0.9) 
0.8 (1.1) 
4.2 (3.9) 

<DL 
1.0 (0.2) 

Values are the average of triplicate measurements, standard deviation is noted in parentheses, <DL= Below Detection Limit 
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Table 12. Column Experiment Non-irradiated Tailings with Electrolyte Solution 

PV pH Be Na Mg Al K 

2.5 (0.8) 
4 (1) 

32 (4) 
45 (4) 
81 (5) 
98 (4) 

179 (5) 
838 (20) 
840 (20) 
847 (19) 

2.2 (0.7) 
2.8 (0.1) 

3.40 (0.01) 
3.5 (0.01) 
3.5 (0.02) 
3.6 (0.03) 
4.1 (0.03) 
3.3 (0.01) 
3.3 (0.05) 
3.3 (0.02) 

0.6 (0.4) 
6.8 (0.7) 

0.1 (0.01) 
0.037 (0.003) 
0.025 (0.004) 
0.012 (0.004) 
0.007 (0.003) 
0.004 (0.003) 

0.02 (0.02) 
0.02 (0.01) 

452 (202) 
62169 (3402) 

129121 (9988) 
126431 (11332) 
134097 (3699) 
120875 (7495) 
124227 (2150) 
123758 (1168) 
124402 (2453) 
121086 (2206) 

9463 (6746) 
88336 (10689) 

91 (75) 
93 (88) 
27 (26) 

3 (1) 
18 (22) 
12 (14) 
262 (7) 

4 (2) 

10063 (7072) 
124141 (14939) 

66 (12) 
44 (7) 
20 (2) 

10.7 (0.4) 
3.1 (0.4) 
8.6 (0.8) 

96 (5) 
20 (2) 

6986 (9678) 
63151 (8184) 

210742 (22121) 
205752 (25290) 
219913 (8890) 

197534 (16393) 
203641 (5695) 
204733 (4155) 
210227 (4739) 
205093 (3925) 

PV Ca V Cr Mn Fe Co 

2.5 (0.8) 
4 (1) 

32 (4) 
45 (4) 
81 (5) 
98 (4) 

179 (5) 
838 (20) 
840 (20) 
847 (19) 

1087 (893) 
17903 (2434) 
37985 (6333) 
36692 (7447) 
9310 (2363) 

612 (468) 
64 (44) 

344 (422) 
263 (45) 

0.3 (0.2) 
3 (2) 

0.50 (0.03) 
0.48 (0.01) 
0.43 (0.05) 

0.4 (0.1) 
0.4 (0.1) 
0.4 (0.1) 
0.4 (0.2) 
0.4 (0.1) 

0.4 (0.1) 
5 (1) 

0.3 (0.1) 
0.3 (0.1) 
0.2 (0.1) 
0.2 (0.1) 
0.2 (0.1) 
0.2 (0.1) 
0.3 (0.2) 

0.18 (0.03) 

204 (143) 
2018 (245) 

2.8 (0.4) 
2.4 (0.4) 
0.7 (0.2) 

0.17 (0.04) 
0.10 (0.02) 
0.05 (0.01) 
3.87 (0.02) 
0.04 (0.05) 

3252 (2132) 
6862 (3962) 

112 (48) 
104 (42) 
80 (37) 
48 (32) 
22 (5) 

36 (21) 
217 (46) 
39 (21) 

6 (4) 
68 (8) 

0.16 (0.01) 
0.150 (0.004) 

0.04 (0.01) 
0.006 (0.003) 
0.004 (0.002) 
0.003 (0.001) 
0.095 (0.004) 
0.009 (0.002) 19 (7) 

PV Ni Cu Zn As Se Mo 

2.5 (0.8) 
4 (1) 

32 (4) 
45 (4) 
81 (5) 
98 (4) 

179 (5) 
838 (20) 
840 (20) 
847 (19) 

4 (3) 
48 (6) 

0.7 (0.1) 
0.7 (0.1) 

0.20 (0.01) 
0.10 (0.01) 

<DL 
0.10 (0.01) 
0.22 (0.01) 

0.1 (0.0) 

139 (98) 
1443 (164) 

3.8 (0.6) 
3.0 (0.4) 
1.8 (0.3) 
0.9 (0.1) 

0.27 (0.04) 
0.2 (0.1) 
0.9 (0.4) 
0.6 (0.3) 

5078 (3623) 
47566 (5564) 

17 (4) 
13 (2) 
5 (1) 

2.8 (0.4) 
1.0 (0.3) 
0.5 (0.2) 

25 (1) 
0.8 (0.1) 

5 (5) 
16 (16) 

1 (1) 
1 (1) 

0.5 (0.2) 
0.3 (0.1) 
0.4 (0.1) 
0.8 (0.6) 

1 (1) 
1 (1) 

0.5 (0.4) 
3 (1) 

2.3 (1.0) 
2.4 (1.0) 
2.1 (0.9) 
1.7 (0.6) 
1.6 (0.6) 
1.5 (0.6) 
1.8 (0.1) 
1.7 (0.1) 

0.036 (0.024) 
0.014 (0.011) 
0.005 (0.002) 
0.006 (0.001) 
0.001 (0.001) 
0.006 (0.004) 
0.004 (0.002) 
0.005 (0.002) 
0.007 (0.002) 
0.006 (0.004) 
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Table 12 Continued 

PV Ag Cd Sn Sb Ba Pb F- 

2.5 (0.8) 
4 (1) 

32 (4) 
45 (4) 
81 (5) 
98 (4) 

179 (5) 
838 (20) 
840 (20) 
847 (19) 

0.1 (0.1) 
0.1 (0.0) 

0.01 (0.00) 
0.01 (0.01) 

0.008 (0.003) 
0.006 (0.003) 

0.1 (0.1) 
0.003 (0.002) 

0.1 (0.1) 
0.010 (0.001) 

7 (5) 
83 (9) 

0.45 (0.04) 
0.36 (0.05) 
0.10 (0.02) 

0.049 (0.004) 
0.014 (0.001) 
0.003 (0.002) 
0.092 (0.001) 
0.004 (0.002) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.1 (0.1) 
0.1 (0.1) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.1 (0.1) 
>DL 

0.13 (0.00) 
0.36 (0.01) 

0.9 (0.1) 
0.9 (0.1) 
0.6 (0.1) 

0.05 (0.01) 
0.08 (0.02) 
0.05 (0.01) 

0.2 (0.1) 
0.04 (0.01) 
0.03 (0.01) 

0.1 (0.1) 
0.51 (0.04) 

0.5 (0.1) 
0.15 (0.03) 
0.29 (0.03) 

0.2 (0.1) 
0.1 (0.1) 

2 (2) 
3 (1) 
2 (2) 
2 (2) 
<DL 
<DL 
<DL 
2 (2) 
<DL 
<DL 

PV Cl- NO2
- Br- NO3

- PO4
3- SO4

2- TOC TN 

2.5 (0.8) 
4 (1) 

32 (4) 
45 (4) 
81 (5) 
98 (4) 

179 (5) 
838 (20) 
840 (20) 
847 (19) 

20 (16) 
148 (80) 

250 (145) 
252 (146) 
246 (141) 
274 (157) 
251 (138) 
262 (158) 
374 (46) 
367 (42) 

2 (2) 
2 (2) 
2 (2) 
2 (2) 
<DL 
<DL 
<DL 
2 (2) 
<DL 
<DL 

2 (2) 
2 (2) 
2 (2) 
2 (2) 
<DL 
<DL 
<DL 
2 (2) 
<DL 
<DL 

0.4 (0.3) 
0.4 (0.3) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

63 (12) 
468 (71) 
24 (13) 
23 (14) 

5 (3) 
0.6 (0.5) 

0.07 (0.01) 
0.10 (0.05) 

0.1 (0.1) 
0.02 (0.01) 

0.1 (0.1) 
0.3 (0.4) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.3 (0.4) 
<DL 

0.4 (0.3) 
0.8 (0.6) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

Values are the average of triplicate measurements, standard deviation is noted in parentheses, <DL= Below Detection Limit 
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Table 13. Column Experiment Irradiated Tailings with DOM 
PV pH Be Na Mg Al K 

2.3 (0.1) 
3.6 (0.2) 

25 (1) 
38 (1) 
89 (2) 

105 (2) 
177 (2) 
842 (4) 
844 (4) 
851 (3) 

2.9 (0.1) 
2.8 (0.03) 

3.127 (0.005) 
3.197 (0.005) 
3.263 (0.005) 

3.28 (0.01) 
3.19 (0.01) 

3.370 (0.005) 
3.183 (0.005) 
3.193 (0.005) 

1.16 (0.49) 
3.89 (0.87) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 

4109 (336) 
4050 (271) 
4070 (300) 
4970 (861) 
4124 (225) 
1739 (242) 
2213 (547) 
1571 (56) 

16042 (4783) 
59325 (8949) 

393 (32) 
400 (47) 
389 (39) 
407 (48) 
435 (24) 
169 (75) 

265 (153) 
169 (21) 

20644 (7877) 
87299 (13550) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 

8327 (1179) 
8318 (1001) 
8574 (1053) 
8629 (1052) 
8490 (676) 
1566 (908) 

2940 (1564) 
1237 (107) 

PV Ca V Cr Mn Fe Co 

2.3 (0.1) 
3.6 (0.2) 

25 (1) 
38 (1) 
89 (2) 

105 (2) 
177 (2) 
842 (4) 
844 (4) 
851 (3) 

1832 (247) 
12749 (757) 
21983 (849) 
21829 (498) 

21480 (2083) 
21066 (902) 

1164 (51) 
354 (112) 
512 (168) 
251 (28) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.5 (0.5) 
2.9 (0.5) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.03 (0.29) 
0.003(0.020) 

402 (101) 
1382 (208) 

1.2 (0.2) 
1.1 (0.2) 
1.0 (0.2) 
1.1 (0.2) 

0.25 (0.05) 
<DL 
<DL 
<DL 

2085 (192) 
2216 (247) 

228 (9) 
215 (6) 
107 (5) 
113 (3) 
91 (8) 

14 (16) 
34 (34) 
18 (5) 

15 (6) 
51 (6) 

0.09 (0.01) 
0.12 (0.01) 
0.12 (0.01) 
0.14 (0.01) 

0.144 (0.005) 
0.09 90.01) 
0.11 (0.08) 
0.12 (0.04) 

PV Ni Cu Zn As Se Mo 

2.3 (0.1) 
3.6 (0.2) 

25 (1) 
38 (1) 
89 (2) 

105 (2) 
177 (2) 
842 (4) 
844 (4) 
851 (3) 

10 (4.31) 
34 (3.67) 

0.40 (0.02) 
0.44 (0.02) 
0.51 (0.01) 

0.530 (0.001) 
0.47 (0.05) 
0.08 (0.01) 
0.16 (3.76) 
0.14 (0.04) 

156 (62) 
327 (130) 

<DL 
<DL 
<DL 
<DL 
<DL 
2 (1) 
3 (1) 

1.2 (0.3) 

9592 (2696) 
33391 (4973) 

6.1 (0.3) 
4.6 (0.2) 
3.2 (0.3) 

4 (2) 
<DL 
<DL 
<DL 
<DL 

10 (14) 
17 (15) 

2.4 (0.1) 
3.7 (0.3) 

49 (1) 
48 (1) 
31 (3) 
6 (3) 

10 (3) 
9 (1) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.09 (0.04) 
0.10 (0.03) 
0.14 (0.08) 
0.03 (0.03) 
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Table 13 Continued 

PV Ag Cd Sn Sb Ba Pb F- Cl- 
2.3 (0.1) 
3.6 (0.2) 

25 (1) 
38 (1) 
89 (2) 

105 (2) 
177 (2) 
842 (4) 
844 (4) 
851 (3) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

16 (7) 
56 (6) 

0.194 (0.003) 
0.161 (0.004) 
0.122 (0.003) 
0.123 (0.003) 
0.012 (0.001) 
0.003 (0.049) 
0.035 (0.004) 

<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.09 (0.11) 
0.09 (0.06) 

0.080 (0.001) 
0.100 (0.002) 
0.130 (0.001) 
0.130 (0.001) 

0.12 (0.01) 
0.04 (0.04) 
0.11 (0.07) 
0.07 (0.01) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.05 (0.07) 
<DL 
<DL 
<DL 

0.7 (0.3) 
11 (4) 

0.4 (0.3) 
0.4 (0.3) 

0.11 (0.04) 
0.11 (0.04) 
0.12 (0.03) 
0.10 (0.05) 
0.11 (0.04) 
0.14 (0.01) 

1.5 (0.4) 
40 (21) 
14 (14) 
13 (11) 
37 (2) 
35 (3) 
36 (2) 
24 (1) 
25 (1) 
25 (1) 

PV NO2
- Br- NO3

- PO4
3- SO4

2- TOC TN 

2.3 (0.1) 
3.6 (0.2) 

25 (1) 
38 (1) 
89 (2) 

105 (2) 
177 (2) 
842 (4) 
844 (4) 
851 (3) 

0.79 (0.02) 
1.7 (0.2) 
0.4 (0.3) 
0.4 (0.3) 

0.138 (0.001) 
0.136 (0.003) 
0.133 (0.005) 
0.133 (0.004) 
0.133 (0.004) 

0.14 (0.01) 

0.79 (0.02) 
10.8 (0.3) 
0.4 (0.3) 
0.4 (0.3) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

1.0 (0.3) 
25 (9) 
1 (1) 
1 (1) 

0.9 (0.1) 
0.9 (0.1) 
1.1 (0.1) 
0.7 (0.1) 

0.72 (0.02) 
0.7 (0.1) 

<DL 
<DL 
<DL 
<DL 

0.35 (0.04) 
0.38 (0.02) 
0.47 (0.02) 
0.40 (0.02) 
0.41 (0.01) 
0.41 (0.01) 

63 (24) 
238 (35) 

7 (7) 
7 (7) 

20 (1) 
19 (2) 

3.0 (0.2) 
2.50 (0.07) 
2.57 (0.09) 

2.5 (0.1) 

1 (1) 
5 (1) 

37 (2) 
46 (3) 
50 (9) 
50 (2) 
52 (4) 
43 (4) 
49 (2) 

44.0 (0.1) 

0.2 (0.1) 
2 (0.11) 
5 (0.23) 
5 (0.98) 
6 (1.12) 
5 (1.56) 
5 (0.68) 
4 (1.13) 
5 (0.84) 
4 (0.15) 

Values are the average of triplicate measurements, standard deviation is noted in parentheses, <DL= Below Detection Limit 
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Table 14. Column Experiment Non-Irradiated Tailings with DOM 

PV pH Be Na Mg Al K 

2.8 (0.3) 
3.9 (0.4) 

25 (1) 
37 (2) 
89 (5) 

104 (6) 
166 (10) 
791 (39) 
792 (39) 
800 (40) 

2.97 (0.02) 
2.84 (0.03) 
3.13 (0.02) 
3.20 (0.02) 

3.257 (0.005) 
3.24 (0.01) 
3.18 (0.01) 
3.55 (0.01) 
3.24 (0.05) 
3.30 (0.03) 

1.94 (0.39) 
2.42 (0.60) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 

3567 (734) 
3883 (1001) 
3785 (890) 
3684 (869) 

3993 (1031) 
1606 (897) 

2079 (1129) 
2247 (1456) 

26040 (4325) 
27834 (6767) 

365 (102) 
407 (132) 
402 (114) 
400 (121) 
487 (140) 
183 (117) 
397 (196) 
183 (119) 

33272 (7517) 
38629 (11051) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL (241) 
<DL (8451) 

7609 (2592) 
8745 (3412) 
8545 (3184) 
8394 (3040) 
9490 (3847) 
2205 (3045) 
3348 (3702) 
3098 (3745) 

PV Ca V Cr Mn Fe Co 

2.8 (0.3) 
3.9 (0.4) 

25 (1) 
37 (2) 
89 (5) 

104 (6) 
166 (10) 
791 (39) 
792 (39) 
800 (40) 

2308 (1191) 
7159 (5020) 

19266 (3619) 
19717 (3822) 
18275 (3234) 
7598 (1628) 

860 (307) 
180 (277) 
369 (437) 
90 (341) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

1.14 (0.61) 
1.35 (0.58) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

605 (90) 
648 (165) 
0.9 (0.5) 
1.2 (0.7) 
0.9 (0.5) 
0.5 (0.6) 
0.6 (0.6) 

<DL 
<DL 
<DL 

3240 (2907) 
3256 (2493) 

250 (44) 
248 (44) 
112 (22) 
134 (37) 
76 (22) 
8 (25) 

62 (43) 
12 (23) 

19 (4) 
20 (4) 

0.11 (0.04) 
0.15 (0.05) 
0.17 (0.06) 
0.16 (0.05) 
0.20 (0.05) 
0.09 (0.03) 
0.11 (0.06) 
0.09 (0.03) 

PV Ni Cu Zn As Se Mo 

2.8 (0.3) 
3.9 (0.4) 

25 (1) 
37 (2) 
89 (5) 

104 (6) 
166 (10) 
791 (39) 
792 (39) 
800 (40) 

13 (3) 
15 (3) 

0.51 (0.12) 
0.60 (0.17) 
0.69 (0.17) 
0.73 (0.26) 
0.60 (0.12) 
0.2 (0.06) 

1 (0.9) 
0.12 (0.06) 

196 (102) 
699 (637) 

<DL 
<DL 
<DL 
<DL 

0.39 (0.94) 
3.03 (1.20) 
2.36 (1.12) 
1.28 (0.78) 

14424 (2246) 
15378 (3958) 

5 (1) 
4 (2) 
2 (1) 
1 (1) 

0.2 (1.0) 
<DL 
1 (2) 
<DL 

11.9 (6.23) 
10.3 (10.18) 

2.0 (0.34) 
3.0 (0.57) 

47.5 (4.09) 
44.2 (4.63) 
15.9 (0.44) 
6.6 (2.68) 

17.6 (5.12) 
8.1 (2.30) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.40 (0.13) 
0.15 (0.09) 

0.1 (0.1) 
0.1 (0.1) 
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Table 14 Continued 

PV Ag Cd Sn Sb Ba Pb F- 

2.8 (0.3) 
3.9 (0.4) 

25 (1) 
37 (2) 
89 (5) 

104 (6) 
166 (10) 
791 (39) 
792 (39) 
800 (40) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

23 (5) 
26 (6) 

0.21 (0.02) 
0.19 (0.03) 
0.12 (0.01) 
0.07 (0.01) 

0.011 (0.005) 
<DL 

0.01 (0.01) 
<DL 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.33 (0.39) 
0.06 (0.02) 
0.08 (0.01) 
0.10 (0.01) 
0.13 (0.01) 
0.14 (0.02) 
0.09 (0.01) 
0.05 (0.02) 
0.29 (0.10) 
0.07 (0.04) 

<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 
<DL 

0.07 (0.43) 
<DL 
<DL 
<DL 
<DL 

0.18 (0.03) 
0.00 (0.01) 

<DL 
<DL 
<DL 

1.24 (0.52) 
1.29 (0.31) 
0.12 (0.02) 
0.11 (0.03) 
0.11 (0.04) 
0.12 (0.03) 
0.08 (0.04) 
0.11 (0.03) 
0.13 (0.07) 
0.14 (0.07) 

PV Cl- NO2
- Br- NO3

- PO4
3- SO4

2- TOC TN 

2.8 (0.3) 
3.9 (0.4) 

25 (1) 
37 (2) 
89 (5) 

104 (6) 
166 (10) 
791 (39) 
792 (39) 
800 (40) 

4 (1) 
18 (11) 

38.1 (0.1) 
38 (2) 
39 (1) 
40 (1) 

40.1 (0.1) 
27 (3) 
29 (1) 
30 (3) 

0.79 (0.01) 
1.3 (0.8) 

0.135 (0.002) 
0.135 (0.001) 
0.136 (0.001) 
0.134 (0.002) 
0.135 (0.003) 
0.132 (0.001) 

0.16 (0.04) 
0.17 (0.04) 

0.79 (0.01) 
0.65 (0.17) 

0.135 (0.002) 
0.135 (0.001) 
0.136 (0.001) 
0.134 (0.002) 
0.135 (0.003) 
0.132 (0.001) 

0.16 (0.04) 
0.16 (0.05) 

0.6 (0.2) 
0.7 (0.2) 

0.86 (0.03) 
0.87 (0.03) 
0.88 (0.02) 
0.92 (0.02) 
0.91 (0.02) 
0.55 (0.03) 
0.70 (0.03) 
0.66 (0.06) 

<DL 
<DL 
<DL 
<DL 

0.22 (0.12) 
0.26 (0.14) 
0.29 (0.14) 
0.24 (0.11) 
0.26 (0.12) 
0.28 (0.12) 

104 (14) 
112 (20) 

21 (1) 
21 (1) 
20 (1) 
10 (2) 

3.26 (0.05) 
2.8 (0.2) 
3.2 (0.2) 
2.8 (0.1) 

5 (3) 
16 (15) 
51 (18) 
38 (10) 
40 (7) 
47 (7) 

58 (17) 
40 (8) 

43 (10) 
49 (14) 

<DL 
2.1 (0.1) 

6 (1) 
54 (66) 

9 (3) 
5 (3) 
6 (4) 
4(2) 
4 (3) 
3 (2) 

Values are the average of triplicate measurements, standard deviation is noted in parentheses, <DL= Below Detection Limit 


