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ABSTRACT 

 
Manganese oxides are well-known scavengers of metals in the environment and are also 

chemically active, with changes in pH or redox leading to dissolution or precipitation.  These 

properties can be both beneficial, allowing for treatment of toxic metals through control of 

manganese, and harmful, as changing geochemical conditions can lead to unintended release of 

manganese and associated metals.  This research focuses on three aspects of manganese in 

mining-impacted environments.  

First, manganese-rich sludge from a mine water treatment plant was evaluated for use in 

removing molybdenum from mine water.  Batch tests showed that over 90% of molybdenum was 

removed from solution by sorption onto the sludge at pH 6 and below. Sorption was found to be 

sensitive to mine water composition and pH.  Impurities in the sludge sorbent did not reduce 

sorption relative to pure-phase manganese oxide; a finding which broadens the range of 

applicable sorbents and potential for reuse of manganese-rich materials onsite.   

Second, the role of manganese oxides in controlling metals mobility was evaluated for 

waste rock from a 100+ year old pile. Although manganese was found to be a small fraction of 

the waste rock (1.3% by mass), sequential extraction tests demonstrated that approximately one-

third of the extractable copper, lead, and zinc is associated with manganese oxides.  During 

reclamation, metals associated with the oxides can be released if organic carbon amendments 

cause geochemically reducing conditions.   

Lastly, electrolytic methods were evaluated for manganese removal from mine water at 

low pH.  Manganese concentrations in pH 3 mine water were reduced from approximately 40 

mg/L to 2 mg/L in batch and flow-through tests with applied voltages of 3.5 V.  Electrolytic 

treatment of manganese has potential to reduce chemical addition and sludge mass compared to 
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conventional treatment methods, which precipitate manganese hydroxides at pH 10, followed by 

neutralization prior to discharge.  

Collectively, these studies demonstrate the wide range of properties of manganese oxides 

and their ability to act as a sink for metals in the environment.  Manganese oxides have potential 

to be used in water treatment applications; however, due to the wide range of characteristics, 

site-specific studies are necessary.     
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CHAPTER 1 

 

INTRODUCTION 

 

Manganese is an abundant transition metal, whose oxide phases are well known 

scavengers of metals in the environment.  Metals including zinc, lead, cadmium, cobalt, nickel, 

arsenic, molybdenum, and selenium, are known to associate with manganese oxides through 

coprecipitation and/or sorption (Balistrieri and Chao 1990; Casentini et al. 2019; Murray 1975; 

Gadde and Laitinen 1974; Sanchez-España and Yusta 2019).  Manganese is also chemically 

active and changes in pH or redox may lead to precipitation or dissolution of manganese-

containing phases.  These properties of manganese can be beneficial for water treatment, 

allowing for control of trace metals through control of manganese.  However, these properties 

can also be detrimental in site reclamations, as changes in geochemical conditions can lead to 

unintended mobilization of manganese and its associated toxic metals.  This research focuses on 

the role of manganese in mining-impacted environments, including both beneficial uses of 

manganese for treatment of mining-impacted water, as well as environmental risks associated 

mobilization of manganese oxides during reclamation of mine waste rock piles. 

Mining areas often have naturally high contents of manganese-containing minerals, of 

which the most common are oxides, followed by carbonates (Cannon et al. 2017; Maynard 

2013).   The stability of these minerals is shown in Figure 1.1 for a range of redox and pH 

conditions.  Manganese forms a wide variety of oxides and oxyhydroxides due to the range of 

valance states possible (+2, +3, +4 in natural oxides), many potential structures, and ability to 

incorporate other elements (Post 1999).  Nominally, this group of manganese minerals is referred 

to as oxides, however, the average valence state for manganese is often less than 4.  Manganese 
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oxides remain immobile in oxidizing conditions and circumneutral to alkaline pH, as shown in 

the mineral stability diagram (Figure 1.1).  However, in mining-impacted waters, manganese can 

be mobilized from acid rock drainage (ARD) caused by oxidation of pyrite or other metal 

sulfides.  Manganese concentrations in ARD are typically in the range of 1 to 50 mg/L, but can 

be over 100 mg/L (Duarte and Ladeira 2011; Holm and Crouse 2009).   

 

Figure 1.1 Mineral stability diagram for manganese oxides and carbonate; Conditions modeled: 
1000 mg/L sulfate, 100 mg/L bicarbonate, 40 mg/L Mn at 25 degrees Celsius and 1 atm.  Dashed 
lines indicate limits of water stability.  Diagram created using GWB Community (Bethke et al. 
2021) and Thermochimie database (Thermochimie Partners 2018).  Alabandite (MnS) has 
suppressed because it is a scarce mineral (Hem 1963). 
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Once manganese is mobilized, dissolved Mn2+ can reprecipitate if the pH is neutral to 

alkaline and conditions are oxidizing.  However, oxidation of manganese and subsequent 

precipitation of manganese oxides is slow, and manganese may remain dissolved for long 

periods of time (i.e., weeks) in pH-neutral aerated waters (Hallberg and Johnson 2005; Handa 

1969).  Due to slow kinetics at neutral pH, active treatment is typically accomplished by raising 

the pH to 10 to precipitate manganese hydroxides.  The high pH is required specifically for 

manganese removal, as other metals common to ARD (such as cadmium, zinc, copper, and lead) 

can be removed at lower, circumneutral pH ranges (Wei et al. 2005; Park et al. 2015).   

At mine sites, high-density sludge (HDS) process is often used to remove metals as 

hydroxides by raising the pH (Coulton et al. 2004).  A key component of HDS systems is the 

recirculation of a portion of the precipitated sludge from the thickener, back to the reactor to 

promote metals precipitation.  For mine waters with manganese, the recirculation of sludge 

allows time for newly formed manganese hydroxides to age to form more oxidized phases such 

as hausmannite (Mn3O4), manganite (MnOOH), and pyrolusite (MnO2) (Murray et al. 1985).  In 

mine waters with high concentrations of manganese, sludge from the HDS thickeners may 

contain manganese solids with capacity for sorption.  Repurposing of manganese-rich sludge as a 

sorbent for other water treatment applications may be possible and beneficial from a 

sustainability perspective.  However, sludge sorption properties are likely complex and site-

specific due to the amorphous nature of the sludge, various oxidation states of manganese solids, 

and presence of other precipitates.  Therefore, testing of site-specific sludge is necessary to 

determine the feasibility of its use as a sorbent. 

Chapter 2 evaluates the potential to remove molybdenum from mining-impacted water by 

sorption onto manganese-rich sludge.  Molybdenum in mine waters is predominantly present as 
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the oxyanion molybdate, which is problematic in mine water treatment because it is not removed 

by conventional alkaline-addition treatment. The typical treatment strategy for molybdenum is 

sorption and coprecipitation with ferric oxides.  However, this study investigates a sustainable 

alternative for mine water with low iron content and high manganese.  Manganese-rich sludge 

from an HDS mine water treatment system was investigated for use as a sorbent for molybdenum 

treatment.  Sorption of molybdate is known to occur on manganese oxides and has been 

demonstrated in numerous laboratory studies using pure, laboratory-synthesized manganese 

oxides (Balistrieri and Chao 1990; Cui et al. 2021; Matern and Mansfeldt 2015).  However, this 

study is unique in that it investigates the use of amorphous sludge with significant impurities.  In 

addition, this molybdenum treatment approach is desirable because it aligns with sustainable 

development goal 12 of the United Nations, which aims for responsible consumption and 

production (United Nations 2015).  Sustainable approaches like these are needed not only to 

reduce treatment costs, but also to reduce the carbon footprint associated with construction and 

transportation of equipment and chemicals to mine sites, especially for mine sites located in 

remote areas. 

Chapter 3 evaluates manganese oxides from the perspective of environmental risks, rather 

than beneficial uses.  The risk of mobilizing metals associated with manganese oxides is 

evaluated for a mine waste rock pile that is over 100 years old.  Weathering of the waste rock has 

transformed metals from their original sulfide phases, including galena, sphalerite, and 

chalcopyrite, to other forms such as sulfates, carbonates, and phases associated with manganese 

and iron oxides.  This chapter quantifies the amounts of lead, copper, and zinc that are associated 

with manganese oxides.  In particular, the work highlights the risk of applying organic cover 
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amendments to waste rock that has a large fraction of toxic metals associated with manganese 

oxides.   

Chapter 4 address the difficulty of manganese water treatment and evaluates electrolysis 

as a method for removing manganese from mining-impacted water.   The conventional treatment 

method for mine water is to raise the pH to 10 to precipitate manganese hydroxide.  Electrolysis 

allows for manganese oxidation at low pH due to high electrical potential at the anode.  

Following electrolytic treatment, the mine water pH would only need to be adjusted to neutral to 

remove residual metals prior to discharge.  Treatment in this manner could reduce the need for 

pH-adjusting reagents.   
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CHAPTER 2 

 

REMOVAL OF MOLYBDENUM FROM MINING-IMPACTED WATER BY SORPTION 

ONTO MANGANESE-RICH SLUDGE 

 

Abstract 

Molybdenum (Mo) concentrations in mining-impacted water can be orders of magnitude 

higher than health-based values for drinking water.  Mo in oxidized mine waters is 

predominantly present as the oxyanion molybdate, which is problematic in mine water treatment 

because it is not removed by conventional alkaline-addition treatment methods and requires 

separate Mo-specific treatment methods.  Mo removal by sorption to ferric oxides is the typical 

treatment strategy.  This study investigates a sustainable alternative for a mine water with low-

iron content and high manganese.  The potential for Mo removal by sorption is evaluated for a 

manganese-rich sludge from a mine water treatment plant that uses lime to remove metals at pH 

10.  In laboratory sorption batch tests with initial Mo concentration of 10 mg/L in a sodium 

chloride solution, over 90% of Mo was removed onto the sludge at pH 6 and below (up to 34 mg 

Mo/g manganese).  Sorption was sensitive to pH, with sharp decreases in sorption levels from 

pH 6 to 8.  Sorption was also impacted by matrix composition of mine water samples, for which 

lower Mo sorption levels are attributed to competitive sorption from other ions in the mine water.  

Manganese-rich sludge from an alkaline treatment stage has the potential to be used as a sorbent 

for Mo removal.   Use of site manganese for water treatment provides a more sustainable 

treatment approach; however, additional knowledge is required to understand the effects of site-

specific complexities. 
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2.1 Introduction 

Molybdenum (Mo) is an important nutrient for humans and animals, but it can be toxic at 

high concentrations (ATSDR 2020; CCME 1999).  In drinking water sources, Mo levels are 

typically well below those of health concern (Smedley et al. 2014; WHO 2017) and regulations 

vary widely by jurisdiction.  The U.S. Environmental Protection Agency (USEPA) has not set an 

enforceable standard for Mo in drinking water but has established a drinking water equivalent 

level of 0.2 mg/L (USEPA 2018).  Canada currently has an interim guideline of 0.073 mg/L for 

the protection of freshwater aquatic life (CCME 1999).  Water quality targets for discharge are 

site specific. 

Water impacted by mining and mineralized areas can have Mo concentrations that are 

two orders of magnitude above these health and aquatic level guideline levels, particularly in 

waters impacted by copper, Mo, and uranium mining.  At Antamina, a copper-zinc-Mo mine in 

Peru, drainage from waste rock test piles was found to contain up to 4.7 mg/L Mo and up to 13.9 

mg/L Mo in drainage from field barrels (Skierszkan et al. 2016).  At the Brenda mine site, a 

former copper-molybdenum mine in British Columbia, Canada, drainage from tailings and waste 

rock contains 3 mg/L Mo on average (Aubé and Stroiazzo 2000).  At a former uranium ore 

milling site in Colorado, U.S., impacted groundwater contained 4.8 mg/L Mo on average 

(Morrison et al. 2006).  Concentrations in mining-impacted water are typically below 10 mg/L.  

Mo concentrations may be limited by solubility, particularly for mining impacted waters 

containing lead or calcium, which may precipitate Mo as wulfenite (PbMoO4) or powellite 

(CaMoO4), respectively (Conlan 2009). 

Mo chemistry is complex due to the range of oxidation states possible (2+ to 6+), and 

detailed reviews of its aqueous geochemistry can be found in Smedley and Kinniburgh (2017) 
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and Xu et al. (2013).  In oxidized mine waters with pH greater than 4, Mo is present 

predominantly as the oxyanion molybdate (MoO4
2-).   Molybdate is problematic in mine water 

treatment because it is not removed by conventional alkaline-addition treatment methods, which 

aim to remove metals from mining-impacted water through precipitation of metal hydroxides.  

The alkaline and oxic conditions created during conventional treatment are ideal for molybdate 

to remain in the aqueous phase (Smedley and Kinniburgh 2017).  For stream water impacted by 

mining, LeGendre and Runnells (1975) proposed removing Mo with ferric precipitates at low pH 

(3 to 4), although the exact mechanism of removal could not be identified (coprecipitation with 

ferric oxyhydroxides, adsorption, or precipitation of an iron-molybdenum compound).  Ferric 

iron has since been used to remove Mo from mine water at the Golden Giant Mine in Ontario, 

Canada (Sencza 2013), Brenda mine site in British Columbia, Canada (Aubé and Stroiazzo 

2000), and El Teniente mine in Chile (Aubé and Vergara 2010).  Both El Teniente and Brenda 

mine site used an iron to Mo mass ratio of 10:1 at low pH (pH 4.5 at Brenda Mines and pH 4.7 at 

El Teniente).   

In addition to ferric iron precipitates, manganese oxides also have potential to remove Mo 

from the aqueous phase.  Due to high surface area and high chemical activity, manganese oxides 

are well known scavengers of both metal cations and anions in the environment, with anion 

sorption dominating at low pH when the oxide surface has a net positive charge (Balistrieri and 

Chao 1990; Murray 1975; Post 1999; Smith 1999).  Balistrieri and Chao (1990) compared 

sorption of several anions onto both amorphous iron oxyhydroxide and manganese dioxide and 

found that at pH 7, Mo sorption levels were about the same for the two oxides.  Cui et al. (2021) 

and Matern and Mansfeldt (2015) also evaluated Mo sorption onto manganese oxides; at pH 7 

the extent of sorption ranged from 30 to 95% depending on experimental conditions. However, 



 

11 
 

these Mo sorption studies used pure laboratory-synthesized manganese oxides, which may differ 

in their sorption properties from manganese solids formed in mine-impacted waters.  

We investigate the potential for Mo to be removed from a low-iron mine water by 

sorption onto manganese-rich sludge from a high-density sludge (HDS) mine water treatment 

plant (WTP).  For this study, the effects of sorption are isolated from coprecipitation because the 

sorbent used in the study (sludge) had already formed at a mine WTP.  Sludge from the WTP 

formed by raising the pH of the mine water to 10 with lime, which removes metals as 

hydroxides.  In HDS treatment systems, a fraction of the sludge from the thickener is recirculated 

to the reactor to promote metals precipitation.  As sludge is recirculated, newly formed 

manganese hydroxides age to form more oxidized forms, such as Mn3O4, MnOOH, and MnO2 

(Murray et al. 1985).  The evaluation of WTP sludge as a sorbent is unique due to the amorphous 

characteristics of the sludge, various oxidation states of manganese solids, and presence of other 

precipitates.    Analyses of aged sludges by Zinck et al. (1999), suggests that precipitates in the 

sludge may include gypsum, calcite, and hydrotalcite-like phases.   

Compared to Mo treatment by ferric iron addition, removal of Mo onto manganese-rich 

sludge provides a more environmentally sustainable approach at sites where manganese is 

already present at high concentrations in mine water and/or a manganese-rich sorbent is readily 

available.  In addition, we investigate the potential to remove Mo at circumneutral pHs, thereby 

potentially reducing the need for pH-adjusting reagents when compared to treatment by ferric 

iron addition.  Using on-site manganese and reducing chemical use aligns with sustainable 

development goal 12 of the United Nations, which aims for responsible consumption and 

production (United Nations 2015).  Sustainable approaches like these are needed not only to 

reduce treatment costs, but also to reduce the carbon footprint associated with construction and 
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transportation of equipment and chemicals to mine sites, especially for sites located in remote 

areas. 

 2.2 Materials and Methods 

Water Treatment Plant Sludge 

Sorption tests were conducted using sludge from an HDS mine WTP, which removes 

metals (primarily manganese) by raising the pH to 10 with lime.  Sludge was collected from the 

WTP thickeners at the mine site and then sent to the Colorado School of Mines laboratory. The 

sludge was vacuum filtered prior to use in the sorption batch tests.  The solids content of 

vacuum-filtered sludge was measured by drying two 6-g sludge samples at 40 degrees Celsius 

for a total of 48 hours, after which the mass was constant (change of less than 1% in 24 hours).  

The metals content of the sludge was analyzed by microwave digesting dried sludge in nitric acid 

(Method 3051a from USEPA 2007), followed by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) analysis.  Table 2.1 summarizes the properties of the vacuum-filtered 

sludge used in the batch sorption tests. 

 
Table 2.1 Properties of vacuum-filtered sludge used in batch tests  
 

Percent 
solids 

Elemental Content (% by mass solids) 
Al Ca Fe Mg Mn S Si Zn 

54% 2.1 15 0.91 3.9 11 1.7 0.17 0.33 

 
Notes: Values are averages of duplicates.  Arsenic, cadmium, copper, selenium, and nickel were 
also detected, but at concentrations less than 500 ppm (content of less than 0.05% by mass of 
solids). 
 

Sorption Batch Test Methods 

The general method for batch sorption tests consisted of mixing vacuum-filtered sludge 

with 40 mL of Mo-spiked solutions.  The sludge and Mo solutions were mixed in 50 mL tubes 
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on an end-over-end mixer for 24 hours, followed by analysis of the final solution.  Mo-spiked 

solutions were prepared from both NaCl and WTP influent collected from the mine. A sample of 

WTP influent from the mine was analyzed by ICP-AES and ion chromatography (IC) for metals 

and anions, respectively.  Chemical composition of the WTP influent is summarized in Table 

2.2.  All batch tests were conducted in duplicate.  Additional details of batch test methods are 

provided in the following paragraphs. 

 
Table 2.2 Chemical composition of WTP influent used in batch tests  
 

pH Sulfate1  F  Al Ca Mg Na K Fe Mn Mo Si Zn 
6.2 960 14 1.2 320 31 18 36 <0.0003 10 0.13 2.0 0.20 

 
Notes: Concentrations are mg/L, except for pH in su; 1Sulfate concentration calculated by charge 
balance. 
 

pH Tests 

Initial batch tests were conducted to evaluate the effect of pH on sorption.  These tests 

were conducted using Mo-spiked solutions prepared from 0.1 M sodium chloride (NaCl) and 

WTP influent from the mine.  For tests with NaCl solutions, 0.2 g of vacuum-filtered sludge was 

mixed with 39 mL of a mixture of 0.1 M NaCl and 0.1 M HCl (volumes of 0.1 M HCl ranged 

from 0 to 15 mL, with the remainder comprised of 0.1 M NaCl).  For tests with WTP influent, 1 

g of vacuum-filtered sludge was mixed with 33 mL of WTP influent and 6 mL of a mixture of 

HCl/NaCl (volumes of 1 M HCl ranged from 0.5 mL to 5 mL, with the remainder comprised of 

0.1 M NaCl).  The sludge and solution mixtures were allowed to equilibrate until the pH 

stabilized (approximately 1 hr).  The solutions were then spiked with 1 mL of a 400 mg/L Mo 

solution prepared from sodium molybdate, to achieve an initial concentration of 10 mg/L Mo.  

The initial pH values of the mixtures were measured and ranged from approximately 2 to 10.  
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After mixing for 24 hours, the final pH was measured, and an aliquot was filtered using a 0.45-

micron filter and analyzed for Mo using spectrophotometric methods (Hach Company 2019).   

Additional Batch Tests with WTP Influent 

Additional sorption batch tests were conducted using Mo-spiked solutions prepared from 

WTP influent to evaluate the effect of initial Mo concentration and matrix composition on 

sorption.  Conditions for these tests are summarized in Table 2.3.  For each test, sludge was first 

mixed with WTP influent and 1 M HCl.  The mixture was allowed to equilibrate until the pH 

stabilized (approximately 1hr).  The mixture was then spiked with Mo solutions to obtain the 

desired initial concentration (1.1 mg/L, 2.6 mg/L, or 10 mg/L) and the initial pH was measured.  

After 24 hours of mixing, the final pH was measured, and an aliquot was filtered using a 0.45-

micron filter.  Filtrate was acidified, diluted, and analyzed for metals and sulfur using ICP-AES. 

 
Table 2.3 Batch test conditions  
 

Description Sludge 
Mass1 

Initial Solution Composition 

pH WTP Influent 
Volume 

HCl (1 M) 
Volume 

Mo Solution (40,100, 
or 400 mg/L) Volume 

Low pH; low sludge mass 1 g 5.5 35 mL 4 mL 1 mL 

Low pH; high sludge mass 4 g 5.8 33 mL 6 mL 1 mL 

High pH; low sludge mass 1 g 6.7 38.4 mL 0.6 mL 1 mL 

High pH; high sludge mass 4 g 7.0 37.5 mL 1.5 mL 1 mL 

 
Notes: 1Sludge masses are for vacuum-filtered sludge, which is 54% solids. 
 

An additional test was conducted to evaluate sorption of anions from the WTP influent 

onto the sludge, in which 1 g of vacuum filtered sludge was mixed with 39.4 mL WTP influent 

and 0.6 mL 1 M HCl for 1 hr.  After mixing, two aliquots were collected.  Both aliquots were 
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filtered using a 0.45-micron filter, one was also diluted, and both were analyzed by IC for 

fluoride. 

2.3 Results and Discussion 

Effect of pH 

Figure 2.1 presents results for the batch tests conducted to evaluate the effect of pH on 

sorption. Tests were conducted with initial Mo concentrations of 10 mg/L, and results show 

decreases in dissolved Mo concentrations, which are attributed to sorption of Mo onto the 

manganese-rich sludge from the WTP.  Maximum sorption (over 90% removal of dissolved Mo) 

occurs in solutions with pH near 6 and below.  From approximately pH 6 to pH 8, Mo sorption 

decreases, with approximately 20% of dissolved Mo removed from the sodium chloride solutions 

at pH 8.  Although maximum sorption onto the WTP sludge occurs at pH less than 6, results 

indicate that Mo sorption still occurs to a lesser extent at neutral to alkaline pH.  For example, 

52% of Mo was removed from solutions of Mo-spiked WTP influent with an initial pH of 6.8 

(final pH of 7.7).  These results are consistent with other laboratory studies of Mo sorption onto 

manganese oxides.  Matern and Mansfeldt (2015) found that maximum sorption occurred at pH 3 

with approximately 95% of Mo sorbed, but also report 10% of Mo sorbed at pH 9.  Similarly, 

Cui et al. (2021) observed maximum sorption at pH 4, but also report over 30% of Mo sorbed at 

pH 8.  Balistrieri and Chao (1990) also report that over 30% of Mo was sorbed at pH near 7.5. 
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Figure 2.1 Results of pH batch tests.  Initial Mo concentration was 10 mg/L.  NaCl solutions 
were mixed with 0.2 g vacuum-filtered sludge (0.11 g dried sludge).  WTP influent solutions 
were mixed with 1 g vacuum-filtered sludge (0.54 g dried sludge). 

 

The observed trends with pH are expected and are typical for sorption of oxyanions on 

metal oxides (Smith 1999).  At pH values less than the point of zero charge (PZC), the metal 

oxide surface will have a net positive charge, which favors sorption of anions.  Results from the 

batch tests suggest that the PZC for the manganese-rich sludge is near 7, the approximate 

inflection point of the sorption/pH curve (Figure 2.1).  This PZC is higher than values typically 

reported for manganese oxides/hydroxides.  Kosmulski (2009) reviewed literature-reported 

values and found that for manganese dioxides, the median PZC was 4.6 with a standard deviation 

of 1.3, based on a review of 21 values for synthetic manganese minerals (nominally referred to as 

MnO2, but often with manganese oxidation states lower than 4).   However, manganese solids 
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exhibit a wide range of characteristics due to three valence states (+2, +3, +4), numerous 

structures, and potential to incorporate other metal cations (Post 1999).  Circumneutral PZCs 

have been reported by several authors, including Matern and Mansfeldt (2015; 7.3 for synthetic 

birnessite); Della Puppa et al. (2013; 8.3 for synthetic manganese oxide); and Kung (1989; 7 for 

Mn(OH)2).  The presence of impurities in the sludge may also change the PZC relative to studies 

with pure-phase Mn minerals.  Adsorbed metal cations, such as zinc, may shift the PZC to a 

higher pH (Hohl et al. 1980; Stumm and Morgan 1996). 

 

Figure 2.2 Mass Mo sorbed as a function of both initial and final solution pH.  Values are 
averages of duplicate tests.  Mass sorbed is per mass of Mn in dried sludge.  Arrows indicate the 
direction of change in pH that occurred after 24 hours.  Error bars indicate the range of values for 
final pH.  Initial pH had low variability between duplicates (<=0.05 pH units) and is therefore 
not shown. 
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Sorption Mechanisms 

Figure 2.2 shows the change in pH for tests using NaCl solutions.  Increases in pH are 

attributed primarily to molybdate sorption onto metal oxides/hydroxides and provide further 

evidence for this mechanism of Mo removal.  Slow dissolution reactions with the sludge may 

also cause pH increases; however, the effect of this was minimized during testing by 

equilibrating the sludge with acid prior to adding Mo solutions.  Sorption of molybdate onto 

metal oxides, such as iron oxides, has been suggested to occur primarily through ligand exchange 

at low pH (Das and Hendry 2013; Davantès and Lefèvre 2015; Goldberg et al. 1998, 2008), 

which results in an increase in pH.  Equations 2.1 through 2.3 show potential ligand exchange 

reactions for surface “S” for monodentate and bidentate sorption, adapted from selenium 

sorption reactions presented by Balistrieri and Chao (1990).  

                           SOH + MoO4
2- + H+ → SMoO4

- + H2O (2.1) 

                           SOH + MoO4
2- + 2H+ → SHMoO4 + H2O (2.2) 

                           2SOH + MoO4
2- + 2H+ → S2MoO4 + 2H2O (2.3) 

At initial pHs greater than 7, Mo removal was accompanied by negligible change in pH 

and tests with initial pH greater than 9 had decreases in pH on average (Figure 2.2).  At these 

pHs, the sorbent surface would be expected to have a net negative charge and favor adsorption of 

metal cations.  Mo removal at high pH may be due to formation of ternary metal-anion 

complexes, involving co-sorption of a metal cation and molybdate ion.  At alkaline pHs, studies 

have suggested that ternary metal-anion complexes occur as “Type A”, in which the metal sorbs 

to the oxide surface and forms a bridge to the anion (Elzinga and Kretzschamer 2013; Yan et al. 

2022; Zaman et al. 2009;).  The presence of impurities in the sludge may increase anion sorption 

capacity.  Zhao et al. (2018) found that coprecipitation of zinc with manganese dioxide increased 
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the sorption capacity, affinity, and kinetics of anions (phosphate and arsenate), compared to 

sorption onto pure manganese dioxide.  Equation 2.4 presents a proposed simplified reaction for 

formation of a metal-anion complex, with zinc as an example, as adapted from studies involving 

other metal-anion surface complexes (Schindler and Stumm 1987; Zaman et al. 2009).    

Sorption of metal cations and formation of a cation-bridged ternary complex, as shown in 

Equation 4, would decrease pH and could contribute to the decreases in pH observed in several 

of the sorption tests conducted at alkaline pHs. 

                           SOH + MoO4
2- + Zn2+ → SOZn-MoO4

- + H+  (2.4) 

Other Potential Mechanisms of Removal 

In addition to sorption onto manganese solids, other potential mechanisms of Mo removal 

were evaluated, but determined to have minimal impact on Mo removal in the batch tests.  

Sorption onto layered double hydroxides (LDHs) were considered, as well as precipitation of 

powellite (CaMoO4).  LDHs, also referred to as hydrotalcite-like compounds, consist of layers of 

positively charged metal hydroxides that are charge-balanced by interlayered anions.  LDHs may 

remove anions from solution by exchange with anions in the interlayer or by surface adsorption.  

Zhang and Reardon (2003) used hydrocalumite to reduce Mo concentrations in fly-ash leachate 

from 9.8 mg/L to less than 0.08 mg/L.  Ardau et al. (2012) used a zinc-aluminum sulfate LDH to 

reduce Mo concentrations in synthetic solutions at neutral pH.   

LDHs may be present in the sludge collected at the mine site and used in this study, 

thereby providing additional capacity to remove Mo from solution.  Chemical speciation of the 

WTP influent (Table 2.2) indicates that hydrotalcite (Mg4Al2(OH)14∙3H2O) is oversaturated at 

pHs greater than 8, when using a solubility constant of logKsp 73.74, as defined by Atkins et al. 

(1992) in the ThermoChimie thermodynamic database (ThermoChimie Partners 2018).  

Hydrotalcite-like compounds also were found to potentially exist in sludge formed by lime 
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treatment in a study of sludge aging (Zinck et al. 1999).  The major phase found in most of their 

aged sludge samples was a non-homogeneous, poorly crystalline Ca-Mg-Fe sulfate hydroxide 

hydrate, which the authors presume to be a member of the hydrotalcite group.  LDHs have also 

been reported as secondary minerals in net-alkaline mine drainage at the Baccu Locci mine in 

Sardinia, specifically zinc-copper-aluminum sulfate LDHs (Ardau et al. 2011).   

The potential presence of LDHs in the sludge is estimated to contribute to less than 10% 

of the Mo removed at neutral to alkaline pHs.  Zhang and Reardon (2003) report approximately 

0.4 mg Mo removed per gram of hydrocalumite.  Assuming WTP sludge is up to 10% 

hydrotalcite by mass (based on aluminum content), and similar sorption affinities to 

hydrocalumite, estimated Mo removal onto hydrotalcite would be approximately 0.04 mg Mo/g 

dried sludge.  For comparison, tests in this study have Mo removal rates of 0.4 to 0.8 mg Mo/g 

dried sludge at neutral to alkaline pH.    

Precipitation of powellite (CaMoO4) was also evaluated as a potential mechanism of Mo 

removal in the batch tests.  Initial batch test solutions are oversaturated with respect to powellite, 

with saturation indices ranging from 0.3 to 1.3 for initial solutions with 320 mg/L calcium and 

Mo concentrations from 1.1 to 10 mg/L, respectively, when using a logKsp of -8.05 for powellite 

(Essington 1990).  In a study by Conlan et al. (2012), waste rock from Antamina was found to 

contain a secondary mineral phase with transitional composition close to powellite.  However, 

Conlan et al. (2012) also found that powellite formation was kinetically limited in laboratory 

batch tests.  In tests using high initial concentrations of 600 mg/L calcium and 200 mg/L Mo, 

they fit their early-time data using a second-order rate constant of 1.4 L/(mol∙d) for powellite 

precipitation and logKsp of -8.05 from Essington (1990).  However, as conditions approached 

equilibrium, precipitation was overpredicted and a revised logKsp of -6.40 was used to fit the 
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data.  For the 24-hour batch tests described here, initial Mo concentrations are low relative to 

Conlan et al. (2012) and solutions are near equilibrium with respect to powellite.  Powellite 

precipitation would therefore be expected to be kinetically limited.  Furthermore, initial batch 

test solutions are undersaturated if the revised logKsp of -6.40 from Conlan et al. (2012) is used 

to predict equilibrium conditions, with saturation indices ranging from -1.3 to -0.3, suggesting 

that precipitation of powellite would not occur.  

Degree of Sorption 

Figure 2.3 shows the mass of Mo sorbed, as a function of end-of-test Mo concentration 

for test using solutions prepared from WTP influent.  Initial Mo concentrations ranged from 1.1 

to 10 mg/L Mo, which was selected to target the concentration range most likely encountered in 

mining impacted waters requiring Mo treatment.  For an end-test-concentration of 0.3 mg/L, a 

reasonable target for water treatment, Mo sorption is 6.7 mg Mo/g Mn for tests with an initial pH 

of 5.5 (final pH of 6).  Sorption is reduced to 0.4 mg Mo/g Mn for tests with an initial pH of 6.7 

(final pH of 7.8).   Balistrieri and Chao (1990) and Cui et al. (2021) found similar levels of Mo 

sorption in batch tests with manganese oxides prepared in the lab.  In kinetic sorption tests, data 

from Cui et al. (2021) show sorption of approximately 3 mg Mo/g Mn and 1 mg Mo/g Mn after 

24 hours in tests with initial concentrations of 1 mg/L Mo and initial pH values of 6 and 8, 

respectively.  Balistrieri and Chao (1990) report approximately 70% removal of Mo by sorption 

at pH 7.2 for a solution with an initial concentration of 1 mg/L and 100 mg/L manganese dioxide 

(sorption of 11 mg Mo/g Mn).  These two studies used manganese dioxide solids formed in the 

laboratory from permanganate solutions, which allowed for formation of relatively pure-phase 

minerals.  In contrast, the sorbent in our study was WTP sludge with a high manganese content 

of approximately 11% by mass and containing numerous trace metals (See Table 2.1).  The 
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similar degrees of sorption, as measured in mg Mo/g Mn, suggest that impurities in the sorbent 

do not significantly impact the sorption properties and pure phase manganese dioxide minerals 

are not needed for Mo sorption to occur. 

 
 

Figure 2.3 Mo sorption as a function of end-of-test Mo concentration for tests using WTP 
influent.  WTP influent was mixed with either 1 g or 4 g of vacuum-filtered sludge (dried sludge 
mass of 0.54 g or 2.2 g, respectively).  Values shown are average of duplicate tests.   
 

Matrix Effects 

In tests using WTP influent, Mo sorption levels are lower than in the pH sorption tests 

using sodium chloride solutions.  For tests with final pH near 6 and initial Mo concentration of 

10 mg/L, Mo sorption averaged 28 mg Mo/g Mn in tests using sodium chloride solutions, 
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compared to 7 mg Mo/g Mn in tests using WTP influent.  Similarly, for final pH near 7.8, Mo 

sorption averaged 8.3 mg Mo/g Mn for sodium chloride solutions, compared to 3.8 mg Mo/g Mn 

for WTP influent.  Lower levels of Mo sorption in solutions prepared from WTP influent are 

attributed to competitive sorption from other anions in WTP influent.  To evaluate which anions 

are sorbing to the sludge, the chemical composition of WTP influent was compared before and 

after mixing with acidified sludge (1 g vacuum-filtered sludge mixed with 39.4 mL WTP 

influent and 0.6 mL 1 M HCl for 1 hr).  Fluoride concentrations were reduced from 14 mg/L to 

an average of 8.4 mg/L (+/- 0.5 mg/L) when the WTP influent was mixed with sludge, 

suggesting sorption of fluoride onto the sludge.  Lower levels of sorption with WTP influent 

compared to sodium chloride solutions are therefore attributed at least in part to the presence of 

fluoride in the WTP influent.  Concentrations of phosphate, arsenate, and selenate are low in the 

WTP influent (<0.04 mg/L), and these anions are therefore expected to have negligible effect on 

molybdate sorption.  The effects of both sulfate and silicate could not be evaluated because 

sulfur and silicon concentrations increased during the batch tests.  Sulfate concentrations in the 

WTP influent are high (∼1000 mg/L); however, Matern and Mansfeldt (2015) observed that 

sulfate enhanced Mo adsorption to manganese dioxides.   

Balistrieri and Chao (1990) evaluated the effect of competitive anions (fluoride, 

molybdate, sulfate, phosphate) on selenite sorption onto both iron and manganese oxides.  They 

found that when equimolar anion concentrations were tested at pH 7, the sorption affinity on 

manganese oxide was highest for molybdate, followed by phosphate, and silicate.  Sulfate and 

fluoride were found to not influence selenite adsorption on the oxides, except at the highest anion 

to selenite ratios studied (100,000 times higher molar concentrations).  Results from our study 

suggest that fluoride sorption may be more significant in competing with molybdate for sorption 
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sites.  In one hour of mixing with the sludge, fluoride sorption was 0.21 mmol F/g Mn, which is 

a similar magnitude to the highest 24-hour Mo sorption in this study (0.34 mmol Mo/g Mn).  

These results suggest that fluoride has potential to occupy a large fraction of the available anion 

sorption sites.  Sorption competition from fluoride is also an important consideration for 

molybdate treatment because fluorine is often present (commonly above 1%) in porphyry Mo 

deposits (Ludington and Plumlee 2009). 

2.4 Implications for Treatment 

Results of laboratory batch tests support alternative approaches for Mo removal onto 

manganese-rich sludge and the feasibility of the approaches depends on site-specific 

characteristics, including manganese-to-molybdenum ratios during treatment and the required 

post-treatment concentration.  The highest extent of Mo removal would require that the pH-10 

sludge from the initial stage of treatment be acidified to pH 5.5 for use as a sorbent for Mo in a 

second treatment stage.  At an initial pH of 5.5, Mo removal in batch tests was above 90%, with 

sorption of 32 mg Mo/g Mn (see Figures 2.1 and 2.2).  In the absence of competing ions, an 

influent Mo concentration of 2 mg/L could be treated to 0.2 mg/L (the USEPA drinking water 

equivalent for Mo; USEPA 2018) in the presence of 0.5 g/L sludge (56  mg/L manganese).  If 

lower Mo removal rates are sufficient to meet treatment objectives, then sludge could be 

acidified to circumneutral for use as a sorbent in a second stage treatment.  

Additional research is recommended prior to pilot testing.  Previous sorption studies have 

shown that Mo sorption on manganese oxides is initially fast (minutes) and decreases over time 

(Matern and Mansfeldt 2015; Zhao et al. 2009); however, additional kinetic tests would be 

needed to determine process hydraulic residence times for using WTP sludge.  Additional 

laboratory testing is also recommended to evaluate simultaneous removal Mo and manganese at 
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neutral to acidic pHs, which may allow for Mo removal through both sorption and 

coprecipitation mechanisms.   At neutral pH, Aguiar et al. (2013) demonstrated that manganese 

oxide residue from zinc electrowinning could be used as a catalyst to reduce manganese 

concentrations in mine water from approximately 100 mg/L to less than 1 mg/L.   The addition 

of manganese oxide would also be beneficial for Mo removal, as it would provide additional 

sorption sites.   Permanganate could also be used to simultaneously remove manganese and Mo 

and would also provide additional manganese for sorption.  Freitas et al. (2013) demonstrated 

potassium permanganate to remove manganese from mine waters at pHs ranging from 3 to 7.  

Their work suggests that the treatment pH could be optimized for Mo sorption.   

2.5 Summary 

Manganese-rich sludge from a mine water treatment plant was used to remove Mo from 

solution, with sorption levels up to 34 mg Mo/g Mn.  Sorption was found to strongly depend on 

pH, with highest Mo removal (over 90%) found in tests with final pH values from 3 to 6, and 

then decreasing above pH 6.  Mo sorption onto the sludge, as measured in Mo mass sorbed per 

mass of manganese, was similar in magnitude to sorption reported in studies using laboratory-

synthesized manganese dioxides (Balistrieri and Chao 1990; Cui et al. 2021).  Our results 

demonstrate that pure-phase, manganese dioxides are not necessary for sorption.  Mo sorption 

can occur onto non-crystalline solids with large content of impurities and manganese likely 

present in a range of oxidation states.  This finding may lead to more opportunities to remove Mo 

by sorption by broadening the range of applicable sorbents which may be used to remove Mo 

from mining-impacted water.   

Results of this study underscore the importance of using site-specific, rather than 

synthetic or laboratory-generated materials in evaluations of treatment feasibility.   Unique 
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characteristics of site materials and water composition may act to either enhance or decrease 

treatment effectiveness.  In the case of this study, impurities in the sludge did not reduce Mo 

sorption relative to pure-phase manganese oxides, and the composition of the mine water 

reduced Mo sorption relative to a salt solution.  In practice, other factors may also affect Mo 

removal.  This study used pre-formed sludge; however, in-situ formation of manganese dioxides 

would likely remove more Mo through coprecipitation.  In addition, microbial and catalytic 

factors would influence the in-situ formation of manganese dioxides.  Use of site manganese for 

water treatment provides a more sustainable treatment approach; however, additional knowledge 

is required to understand the effects of site-specific complexities.  
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CHAPTER 3 

 

GEOCHEMICAL CONTROLS ON MOBILIZATION OF METALS FROM A 100-YEAR-

OLD WASTE ROCK PILE AND IMPLICATIONS FOR SELECTION OF COVER 

AMENDMENTS 

 

3.1 Introduction 

Reclamation of mine waste rock piles is often achieved using a vegetated cover to reduce 

erosion, reduce infiltration into the waste rock, and limit direct exposure of the waste to 

atmospheric conditions.  For vegetation to grow on the cover, amendments are needed to 

improve soil characteristics such as water-holding capacity, organic matter content, and nutrient 

availability.  Common amendments include bark or wood chips, composts, manures, saw dust, 

and sewage sludge, limestone, and fertilizers (Lwin et al. 2018; USEPA 2007a).  Amendments 

can be applied either to the surface of the waste or incorporated into the waste, typically within 

the top 12 inches, and several amendments may be blended to achieve site-specific goals.   

Although amendments improve conditions for vegetation, they may also alter the 

geochemical conditions within the waste rock pile and lead to unintended consequences.  Redox 

and pH changes brought about by the cover may result in metals mobilization due to desorption 

and/or mineral dissolution. In studies of soil contaminated with smelting slag, Navarro (2012) 

found that sewage sludge amendment mobilized selenium and arsenic due to an increase in pH, 

which caused desorption of oxyanions, and a decrease in redox conditions, which led to 

reductive dissolution of metal oxides on which the selenium and arsenic were adsorbed.  

Similarly, in metal-contaminated soil amended with biochar, Ahmad et al. (2017) found that 

antimony and arsenic were mobilized due to pH increase.  Amendments also introduce new 
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chemical compounds that can alter the mobility of metals.  The presence of dissolved organic 

matter has potential to enhance mobilization of metals by forming stable aqueous metal-organic 

complexes.  In studies of mine tailings and metal-contaminated soil, increased leaching of metals 

including lead, cadmium, zinc, and copper, corresponded to increases in organic carbon leaching, 

when organic amendments were added (Schwab et al. 2007; Hardwood 1987; Navarro and 

Martínez 2008; Clemente et al. 2006).  Other amendments, such as phosphate fertilizers can also 

have unintended results.  In a study of mine tailings amended with phosphate, Munksgaard and 

Lottermoser (2012) found that both arsenic and antimony were mobilized due to ligand exchange 

with phosphate.   

The extent to which these various mechanisms can mobilize metals depends on the metal 

phases present in the waste rock.  In sulfidic waste rock piles that were recently mined, the 

mineralogy is often well characterized and relatively simple.  Reclamation may aim to 

immobilize metals by minimizing oxidation of metal sulfides.  However, reclamation of 

historical waste rock piles presents a challenge because mineralogy is often complex as primary 

sulfide minerals have weathered to form numerous secondary minerals.  For example, in 

oxidizing conditions, galena (PbS) weathers to form secondary phases which may include 

anglesite (PbSO4), cerussite (PbCO3), and several lead phosphate minerals (Frau et al. 2009; 

Ramos Arroyo and Siebe 2007; Ruby et al. 1994).  In addition, metals from oxidation of metal 

sulfides may be sorbed onto metal oxides or coprecipitated with other phases.  Achieving 

geochemical stability during reclamation may be difficult because the geochemical controls for 

the new metal phases may differ from one another and from the primary metal sulfides 

remaining in the pile.  Furthermore, common characterization tools such as X-ray diffraction 

(XRD) may be ineffective at identifying metal phases due to low content (less than a few 
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percent) and poorly crystalline properties that are typical for secondary phases in mine waste 

(Jamieson et al. 2015).   

This study evaluates the potential for common soil amendments to mobilize metals in 

mine waste rock pile.   The waste rock has high metals content and was originally placed in the 

late 1800s and early 1900s. In planning for reclamation, a better understanding of the metal 

phases present in the pile is needed to avoid unintentional mobilization of metals when the waste 

rock is covered and revegetated.  Sequential extractions were used to evaluate metal phases in 

the pile.  Additionally, common soil amendments were evaluated for their potential to leach 

metals.  This work demonstrates the risk of applying cover amendments to waste rock when 

there is limited knowledge of the metal phases present, which is particularly relevant to historical 

waste rock piles and other weathered waste rock. 

3.2 Methods 

Site Description 

Waste rock for this study was obtained from a historical waste rock pile located near 

Silverton, Colorado.  Waste rock in the pile originated from a complex sulfide deposit that was 

mined for lead, copper, silver, and gold in the late 1800s and early 1900s (Varnes 1963; 

Ransome 1901).  Common minerals of the mine consisted of galena (PbS), sphalerite (ZnS), 

chalcopyrite (CuFeS2), pyrite (FeS2), tetrahedrite (Cu,Fe,Zn,Ag)12Sb4S13), and a little native 

silver and gangue was quartz, often with chlorite and considerable amounts of green fluorite 

(Ransome 1901).  Waste rock from a separate pile located 400 meters away was analyzed by 

XRD in an unpublished study and was found to have major phases of quartz (40%), mica/illite 

(32%) and chlorite (22%).  These major phases are expected to also be present in the waste rock 



 

34 
 

evaluated here.  The waste rock pile is uncovered and appears to be unaltered since its initial 

placement over 100 years ago.  No voluntary vegetation is growing on the waste rock.   

The acid-generating properties of the waste rock were characterized in a previous 

unpublished study and are summarized in Table 3.1.  Although acid-base accounting indicates 

uncertain potential for acid-generation for the rock, the rock is considered non-acid generating 

based on results of surface water sampling, mineralogy from historical documents (Ransome 

1901; Varnes 1963), and net-acid generation (NAG) testing.  Several sulfide minerals present at 

the mine (galena, chalcopyrite, and sphalerite) do not generate acidity from oxidation by oxygen 

and their presence can lead to errors in interpretation of ABA results.  These minerals can be 

partially extracted with pyritic sulfur, leading to overestimates of the pyritic (acid-generating) 

sulfur content and errors in acid-base accounting (Jennings and Dollhopf 1995).   Due to these 

limitations, NAG tests were also conducted using methods described in AMIRA (2002). NAG 

test results suggest the waste rock is non-acid generating, with NAG pH values of 6.2 and 6.6 

(NAG pH<4.5 is considered acid generating).  Surface water samples collected downgradient of 

the pile have neutral pH (Ramboll 2018), providing further evidence that the pile is non-acid 

generating.  

Table 3.1 Acid-generating properties of two composite waste rock samples  
 

Paste 
pH 

Total 
S % 

Sulfate
-S % 

Pyritic-
S % 

Residual 
S % 

Acid-
generating 
potential 

tCaCO3/kt 

Acid-
neutralization 

potential 

tCaCO3/kt 

Net-
neutralization 

potential 

tCaCO3/kt 

NAGpH 

5.7 0.57 0.29 0.22 0.06 6.9 9.0 2.1 6.2 

5.8 0.72 0.12 0.54 0.06 16.9 9.0 -7.9 6.6 

 
Notes: Acid-base accounting and sulfur forms by modified Sobek method of Lawrence (1990).  
NAG test using methods described in AMIRA (2002).  Paste pH by method in Sobek et al. 
(1978), Section 3.2.2.  Data from an unpublished study.   
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Waste Rock Characterization 

Samples were collected from the top 6 inches of the pile, composited, and sent to 

Colorado School of Mines laboratory.  At the laboratory, waste rock was sieved to obtain the less 

than 2 mm fraction which was used for analyses in this study.  

Metals content of the waste rock was analyzed by ICP-AES following a microwave-

assisted nitric acid digestion (Method 3051a from USEPA 2007b).   Waste rock was also 

analyzed by sequential extractions to evaluate metals present in the exchangeable fraction, the 

fraction bound to carbonates, the fraction bound to iron and manganese oxides, and the residual.  

Extractions were conducted using a modified method of the procedure developed by Tessier et 

al. (1979).  The original procedure by Tessier et al. (1979) included an extraction for the fraction 

bound to organic matter, which was omitted because the waste rock does not contain organic 

matter.  In summary, 1 g of <2 mm waste rock was extracted sequentially with the following: 

Fraction 1) 8 mL of 1 M magnesium chloride for 1 hour at room temperature; Fraction 2) 8 mL 

of 1 M sodium acetate adjusted to pH 5 with acetic acid, continuously agitated at room 

temperature for 5 hours; Fraction 3) 20 mL of 0.04 M hydroxylamine hydrochloride in 25% (v/v) 

acetic acid, occasionally agitated for 5 hours at 96+/- 3 degrees C.  The extractions were 

conducted in 50 mL centrifuge tubes.  After each extraction, samples were centrifuged at 10,000 

rpm for 30 minutes.  The supernatant was filtered through a 0.45-micron disposable filter, 

diluted, acidified with nitric acid, and analyzed by ICP-AES.  The residue was washed with 8mL 

of deionized water, centrifuged for 30 minutes, followed by removal and disposal of the 

supernatant solution.  The residue was then extracted with the next solution.   
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Leach Tests with Cover Amendment Solutions 

Cover materials evaluated in this study are summarized in Table 3.2.  Except for the soil 

media, amendments are not intended as stand-alone amendments and they would need to be 

combined with other soil amendments during field application.  Batch leach tests were conducted 

by mixing 1 g of waste rock with 20 mL of extraction solutions prepared from various cover 

amendments, as summarized in Table 3.2.  Waste rock and amendment solutions were mixed in 

50 mL tubes for 1 hour on an end-over-end mixer, followed by settling for 10 minutes.  After 

settling, the pH was measured and an aliquot of solution was removed, filtered through a 0.45-

micron disposable filter, acidified, and analyzed for metals by ICP-AES.   

 
Table 3.2 Amendment solutions used in batch leach tests  
 

Amendment(s) Source Solution Description Initial pH 

None -- Deionized Water (DI) -- 

Topsoil EarthGro Topsoil  Extraction* 7.1 

Spent Brewery Grain Green Mountain Beer 
Company, Lakewood, CO 

Extraction* 3.8 

Biochar Biochar Solutions, 
Lafayette, CO 

Extraction* 9.1 

Compost (75% virgin wood fiber; 25% 
manure by volume) 

3XM Grinding & 
Compost, Olathe, CO 

Extraction* 8.4 

Compost/Biochar Biochar Solutions and 
3XM Grinding & Compost 

Extraction* 8.5 

Soil Media (Proprietary blend, see note) ProganicsTM Biotic Soil 
Media (Profile 2020) 

Extraction* 6.8 

Phosphate Calcium phosphate 
monobasic monohydrate  

4 mmol P/L 5.7 

 
Notes:*Solids dried for 48 hr at 40°C, followed by extraction with DI water for 48 hr at room 
temperature and constant mixing; Soil media is ProganicsTM Biotic Soil Media, produced by 
Profile Products.  Blend is 89% thermally processed bark and wood fibers, and 11% proprietary 
blend of polysaccharide polymers, biochar, seaweed extract, humic acid, endomycorrhizae, and 
beneficial bacteria. 
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Extraction of Blended Waste Rock and Amendments 

Waste rock was mixed with selected amendments and then extracted to determine the 

exchangeable fraction.  The amendments tested were spent brewery grain, soil media, and a mix 

of compost and biochar.   Extractions were conducted using 1 g of waste rock and 0.5 g of 

amendments.  For the mixture of compost and biochar, 1 g waste rock was mixed with 0.4 g 

compost and 0.1 g biochar.  The rock and amendments were extracted with 12 mL of 1 M 

magnesium chloride in 50 mL centrifuge tubes for 1 hour at room temperature with continuous 

mixing on an end-over-end mixed.  After mixing, samples were centrifuged at 10,000 rpm for 30 

minutes.  The supernatant was filtered through a 0.45-micron disposable filter, diluted, acidified 

with nitric acid, and analyzed by ICP-AES.  Methods are similar to the initial extraction 

conducted on the waste rock; however, 12 mL of extraction solution were needed to provide 

sufficient volume for analysis, in contrast to the 8 mL used on extractions of waste rock without 

amendments.   

3.3 Results and Discussion 

Waste Rock Elemental Composition 

Waste rock has high content of lead (3.5%), copper (0.75%), and zinc (0.80%), 

suggesting a risk to downgradient bodies of water should these metals mobilize because of 

changing geochemical conditions. Table 3.3 presents results of elemental analysis by ICP-AES 

after acid-digestion.  Mobilization of even a small fraction of these metals could result in 

aqueous concentrations that are greater than local hardness-based aquatic life standards.  

Assuming a 20:1 water to rock ratio, mobilization of 1% of the lead would result in a 

concentration of 1.8 mg/L, compared to a chronic aquatic life standard of 0.01 mg/L (for surface 
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water with a hardness of 400 mg/L according to the Colorado Code of Regulations (2001; 5 CCR 

1002-34).    

Table 3.3 Elemental composition of waste rock (% by mass)  
    

Al Ca Cu Fe K Mg Mn P Pb S Zn 

1.3 
0.95-1.8 

2.5 
1.6-3.6 

0.75 
0.36-1.2 

4.4 
3.3-5.6 

0.45 
0.39-0.55 

0.33 
0.28-0.42 

1.3 
1.1-1.8 

0.12 
0.08-0.14 

3.5 
2.2-5.0 

1.0 
0.35-1.7 

0.80 
0.34-1.1 

 
Notes: Microwave-assisted nitric acid digestion (USEPA 2007b; Method 3051a), followed by 
ICP-AES analysis; Results are averages of triplicate composite waste rock samples.  Range 
shown in italics. 
 

Waste Rock Sequential Extractions 

Sequential extractions show the degree of metals mobilization under various geochemical 

conditions, from which the metal phases of the rock can be inferred.  The extractions are useful 

in characterizing metals that are of environmental concern even at low contents, such as less than 

a few percent.  Other analytical methods such as XRD may be unable to identify these phases, 

due low content and poorly crystalline phases (Jamieson et al. 2015).  Figure 3.1 presents the 

weight percentage of each element mobilized by the extractions and Figure 3.2 presents the 

millimoles mobilized per kg of rock.  Results of the sequential extractions indicate that an 

average of 60% of the lead by weight and approximately 30% of the zinc and copper were 

mobilized during the extractions.   The non-extracted (residual) is attributed to unweathered 

sulfide minerals in the pile.   

Fraction 1 was extracted with 1M magnesium chloride solution and is commonly referred 

to as the exchangeable fraction.  Metals may be released by dissolution and/or desorption of 

weakly sorbed phases.  In Fraction 1, 4.5% of the lead was extracted (7.6 mmol/kg), 1.7% of the 

zinc (2.0 mmol/kg), and 0.4% of the copper (0.50 mmol/kg).  As shown in Figure 3.2, a similar 

magnitude of sulfur was also extracted (13 mmol/kg), suggesting dissolution of metal sulfates.  
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Lead in Fraction 1 may be present in the rock as anglesite (PbSO4).  Anglesite is relatively 

insoluble sulfate phase, yet its dissolution in Fraction 1 of Tessier extractions has been 

demonstrated by Scheckel et al. (2003), who conducted extractions on lab-grade mineral 

samples.  Calcium (7.8 mmol/kg) and phosphorus (1.1 mmol/kg) were also extracted in Fraction 

1.  However, phases associated with these elements could not be identified from the sequential 

extraction data.    

 

 
 
Figure 3.1 Sequential extraction results as percentage of total content in waste rock. Results are 
averages of two replicate extractions.    
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Figure 3.2 Sequential extraction results in mmoles per kg of rock: (A) Fraction 1 – exchangeable 
fraction; (B) Fraction 2 – bound to carbonates; (C) Fraction 3 – bound to iron and manganese 
oxides; and (D) residual fraction.  Bars are average values for two replicate extractions.  Error 
bars show the range for the two extractions. 
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Fraction 2 was extracted with a pH 5 sodium acetate solution and is intended to dissolve 

carbonates and release associated metals.  As shown in Figure 3.2, no sulfur was detected in the 

extracted solution, which provides evidence that the extraction method for Fraction 2 performed 

as intended and did not extract sulfate or sulfide mineral phases.  The primary elements extracted 

in Fraction 2 are lead (19%; 32 mmol/kg) and copper (8%; 9.5 mmol/kg), suggesting the 

presence of cerussite (PbCO3) and copper carbonate secondary minerals, such as malachite.  The 

presence of lead carbonate is of concern not only due to its potential to mobilize in low pH 

conditions, but also due to its potential bioavailability from ingestion.   In a study of lead 

absorption by swine, Casteel et al. (2006) found that cerussite had the highest relative 

bioavailability compared to other lead phases including galena, anglesite, lead phosphates, and 

lead with manganese/iron oxides.  

Fraction 3 was extracted with a hydroxylamine hydrochloride solution, which is a 

reducing agent intended to reductively dissolve iron and manganese oxides and release metals 

bound to them from either coprecipitation or sorption.  This step extracted high amounts of iron 

and manganese and no detectable sulfur, suggesting that the extraction method performed as 

intended.  Of the three extractions performed, Fraction 3 extracted the largest percent of metals 

from the waste rock (37% of lead [63 mmol/kg], 22% of copper [25 mmol/kg], and 26% of zinc 

[32 mmol/kg]).  Aluminum was also extracted (33 mmol/kg), likely due to its coprecipitation 

with iron oxides (Bazilevskaya et al. 2011).  Metals associated with Fraction 3 may be mobilized 

from the waste rock pile if reducing conditions occur from cover placement.  Ribet et al. (1995) 

noted similar findings in a study of sulfidic tailings that had weathered for several decades.  

Through a series of extractions, they found that metal content was highest in the reducible 

fraction.  Covering the tailings with an organic-rich cover was therefore identified as an 
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environmental risk due to the potential for metals release from reductive dissolution of ferric 

(oxy)hydroxides (Ribet et al. 1995).    

Cover Amendment Evaluation 

The potential for cover amendments to mobilize metals in the waste rock was evaluated 

through two different tests:  1) leach tests in which waste rock was leached with solutions 

prepared from the amendments (see Table 3.2); and 2) extractions with 1 M MgCl to determine 

the exchangeable fraction for mixtures of waste rock and solid amendments.  The leach tests 

were done to simulate conditions in which cover material is placed over the waste rock and water 

flows through the cover and into the waste rock.  The exchangeable fraction extraction simulates 

conditions in which waste rock and cover materials are blended in the cover.  Figure 3.3 presents 

results of the leach tests and Figure 3.4 presents results of the extractions with waste rock and 

amendments. 
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Figure 3.3 Leached metal concentrations and pH after leach tests with amendment solutions (1 g 
waste rock and 20 mL of solutions prepared from various amendments, according to Table 1). 
Results are average of duplicate tests and error bars show range of values.  Note that leached 
concentrations for (A) and (B) are log-scale.   
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Figure 3.4 Metals extracted from mixture of waste rock and amendments using 1 M MgCl 
solution.  Results are averages of duplicate tests.   
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of freshly deposited, pyrite-rich tailings at the Greens Creek Mine in Alaska (Lindsay et al. 

2011).  At Greens Creek Mine, use of spent brewery grain as an amendment led to sulfate 

reduction and metals immobilization in a three-year field study (Lindsay et al. 2011).  Although 

geochemically reducing conditions are not likely to develop over the short-term (1 hr) laboratory 

tests conducted here, results of the sequential extraction tests provide insight into potential 

effects should such conditions occur in the field.  For the weathered waste rock evaluated in this 

study, the reducible content averages 1,700 mg/kg copper, 13,000 mg/kg lead, and 2,100 mg/kg 

zinc.  Mobilization of these metals presents a high risk for water quality issues in drainage from 

the pile and receiving water bodies.  

In the case of the short-term laboratory tests conducted in this study, mobilization of 

metals is attributed to low pH of the spent brewery grain (pH of 4) and the resulting mineral 

dissolution and desorption of metals.  Results of chemical speciation modeling (Figure 3.5), 

show near-saturation conditions for both cerussite and lead phosphates (PbHPO4; Pb3(PO4)2) in 

leach tests using solution prepared from spent brewery grain, suggesting that dissolution these 

mineral phases may control leached lead concentrations.  Cerussite in the waste rock is estimated 

to account for an average of 19% of lead by weight, as estimated from sequential extraction tests.  

The presence of lead phosphate in the waste rock is suspected based on both elemental content of 

phosphorus in the waste rock (0.12% by weight) and the presence of phosphorus at 0.42 mg/L in 

leachate from tests in which waste rock is mixed with deionized water.  Solubility of both 

cerussite and lead phosphates decreases with pH and dissolution would be expected at pH 4 for 

the leached solution (Sauvé et al. 1998; Bethke et al. 2021).  At pH 4, desorption of metals from 

iron and manganese oxides may also occur.  Assuming sorption is reversible and not kinetically 
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limited, a decrease from pH 7 to pH 4 would desorb zinc, copper, and the majority of the lead 

(Dzombak and Morel 1990). 

 

 
 
Figure 3.5 Saturation indices for leach test solutions; A) anglesite and cerussite; B) lead 
phosphates; Phosphate solution is estimated to have negligible carbonate alkalinity and cerussite 
is therefore not graphed. Saturation Index for Pb3(PO4)2 is >3 for DI water, Compost Solution, 
and Compost+Biochar Solution.    Water chemistries used to generate saturation indices are 
presented in Appendix Table A.1.  Carbonate alkalinity was estimated based on charge balance 
error from solution chemistries.   
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Increased metal concentrations in tests with spent brewery grain may also be due in part 

to the presence of organic matter.  Decomposition of organic matter releases organic acids, 

which are known to form stable aqueous metal-organic complexes (Misra and Pande 1974).  

Laboratory studies using specific low molecular weight organic acids (LMWOAs) have 

demonstrated that oxalic, malic, and citric acids have ability to mobilize lead, zinc, and cadmium 

from contaminated soils and coal waste rock (Chen et al. 2016; Qin et al.2018; Nworie et al. 

2017).  In studies with oxidized Pb-Zn tailings, Wang and Mulligan (2013) found that low 

molecular weight organic acids increased mobilization of Cu, Pb and Zn at pHs above 7 due to 

formation of soluble aqueous organic complexes.    

To qualitatively evaluate the effect of organic acids on metals mobility from the waste 

rock, metal solubility/predominance diagrams were created for leachate solutions both in the 

absence and presence of 10 mM oxalate (Figure 3.6).  Diagrams were created using the visual 

MINTEQ database, formatted for Geochemist’s Workbench (Bethke et al. 2021).  Oxalate was 

selected at this concentration based on a study by Baziramakenga and Simard (1998).  They 

evaluated extractable organic acid concentrations from a variety of composted organic wastes 

and found oxalate to be one of the most prevalent LMWOAs, with an average water-extracted 

concentration of 9.7 mmol/kg.    

The diagrams serve as a qualitative example of the effects of organic acids on metal 

solubility.  Actual concentrations will depend on numerous unknown factors such as the specific 

organic compounds present, concentration of those compounds, reaction kinetics, effects of 

adsorption, and concentration of other aqueous species.  Despite these limitations, the diagrams 

are useful in understanding the degree to which organic acids could affect metal concentrations.   
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Figure 3.6 Solubility diagrams showing mineral stability and predominance for Pb, Cu, and Zn 
with and without 10 mM oxalate.  Conditions modeled: 25 degrees Celsius, 0.5V Eh, 81 mg/L as 
CaCO3, and 66 mg/L sulfate.   
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For lead at pH 5.7, solubility controls would be expected to limit the equilibrium aqueous 

lead concentration near 3 mg/L, at which anglesite or cerussite would begin to precipitation.  

However, in the presence of 10 mM oxalate, equilibrium lead concentration increases an order of 

magnitude, to near 30 mg/L, due to formation of stable aqueous Pb-(Oxalate)2
2-.   For 

comparison, the average leached lead concentration is 67 mg/L for tests using spent brewery 

grain solution.   

In the case of copper and zinc, aqueous metal-oxalate complexes are more stable than 

those for lead, resulting in higher aqueous concentrations.  Formation of copper-organic 

complexes may be responsible for the elevated copper leaching in tests using compost solutions.  

Compost solutions leached twice as much copper as the DI leach, despite the compost solution 

having a pH of 7.6, which would be expected to limit copper carbonate dissolution and 

desorption of copper (See Figure 3.3).  Without oxalate, equilibrium copper concentration at pH 

7.6 is expected to be 0.02 mg/L, compared to 2.2 mg/L measured for the compost leach tests.  

The discrepancy is attributed to formation of aqueous copper-organic complexes in the leach 

tests.   

Decrease in Metals Mobilization      

In leach tests using biochar solution, decreases in leaching of zinc, copper, and lead were 

observed compared to concentrations leached with deionized water (Figure 3.3).  Leaching of 

lead decreased the most (93%), with a leached concentration of 7.0 mg/L for deionized water and 

0.46 mg/L for biochar solution.  Decreases in leaching with biochar solution are attributed to 

both to sorption onto suspended solids in the extracted biochar solution and the high pH of the 

initial solution (pH 9.1; Table 3.2).  High pH of the biochar solution may occur from dissolution 

of oxides, hydroxides and carbonates from the biochar (Houben and Sonnet 2015).  Ahmad et al. 
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(2017) found that the increase in pH from biochar caused lead hydroxide precipitation.  

Similarly, Ippolito et al. (2017) found that biochar addition to mine land soil decreased 

bioavailability of lead by forming lead oxyhydroxides.  In the case of the leach tests, the initial 

biochar solution had low conductivity (80 uS/cm) and solution pH decreased from 9.1 to 5.4 

after mixing with the waste rock, suggesting a limited capacity for precipitation of lead 

hydroxides.  

Decreases in the exchangeable metal fraction were also observed for waste rock blended 

with biochar and compost (Figure 3.4).  Mixtures of biochar, compost, and waste rock decreased 

exchangeable lead by 94%, copper by 76%, and zinc by 90%, relative to waste rock without 

amendments.  These reductions are greater than those observed in leach test using 

biochar/compost solutions.  Biochar/compost solutions reduced leaching by 47% for lead, 64% 

for zinc and increased copper leaching by 45%, when compared to leach tests with deionized 

water (Figure 3.3).  For mixtures of biochar, compost, and waste rock, the additional metals 

attenuation is attributed to sorption onto the biochar.  Results suggest that incorporating biochar 

into the waste rock would provide greater metal attenuation than a cover constructed as a 

separate layer on top of the waste rock.   

The largest reduction in lead leaching occurred in leach tests using 4 mM phosphate 

solution, in which leaching decreased by 96%, from 7.0 mg/L for deionized water to 0.29 mg/L 

for the phosphate solution.  Phosphate is known to form stable lead phosphate minerals, such as 

pyromorphite and hydroxypyromorphite (Ruby et al. 1994; Weber et al. 2015).  Previous 

laboratory studies have demonstrated that lead phosphate minerals precipitate rapidly (less than 

10 minutes; Ma 1993; Xu and Schwartz 1994) and formation of these minerals would be 

expected to occur within the 1-hour leach tests.  Phosphate is not intended to be a stand-alone 
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amendment and in field application, it would be added with other amendments.  Alkaline 

amendments would be needed to counteract acidity and organic amendments would also be 

needed.  In combination with lime, phosphate has been demonstrated to immobilize metals in 

mine waste by forming a rind of Ca- and P- minerals (apatites and metal phosphates) around 

metal mineral surfaces (Eusden et al. 2002).   

Although the phosphate solution reduced lead leaching by 96%, results suggest there may 

be drawbacks to its use at field scale.  In leach tests with phosphate solution, copper and zinc 

concentrations increased by 59% and 37%, respectively, relative to deionized water.  The 

increase in leaching may be due to a slight decrease in leachate pH (5.7 for deionized water, 

compared to 5.4 for phosphate solution), which highlights the sensitivity of the waste rock to 

small decreases in pH and the need for alkaline amendment.  In addition to zinc and copper, 

arsenic concentrations may also increase from phosphate amendment.  Arsenic leached up to 

0.12 mg/L in leach tests with phosphate solution, despite low arsenic content in the waste rock 

(56 mg/kg) and below detection concentrations in other leach tests (less than 0.08 mg/L).  

Addition of phosphate is known to release arsenic, due to ligand exchange with arsenic 

oxyanions (Peryea and Kammereck 1997; Munksgaard and Lottermoser 2012).   

The positive benefits of phosphate addition may also be diminished in the presence of 

organic matter, which is a requirement for vegetation growth on mine waste rock.   Studies have 

demonstrated that the presence of organic matter can both inhibit formation of lead phosphates 

and enhance dissolution of already-existing lead phosphates.  Debela et al. 2013 found that 

formation of lead phosphates decreased from 37% to 3% of the total Pb in the presence of oxalic 

acid with 1% phosphorus.   Similarly, McBride et al. (2019) found that oxalate increased lead 

solubility up to 250-fold at acidic pHs.  In studies of lead phosphate dissolution, Martinez et al. 
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(2004) found that humic acid increased dissolution of lead phosphate (beta-Pb9(PO4)6), resulting 

in a lead concentration near 100mg/L Pb, a concentration well above levels predicted by 

solubility constants for lead phosphate phases.  Given these studies, it is likely that use of 

phosphate in organic covers may prove ineffective at immobilizing lead as lead phosphates and 

the results of the field leach tests may not be reproducible in field applications.   

3.4 Conclusions  

Waste rock from a 100+ year old pile was characterized to identify geochemical controls 

on metal phases and the potential for soil amendments to mobilize metals in the waste rock 

during reclamation.  Laboratory tests showed that metal sulfide minerals initially present in the 

waste rock (galena, sphalerite, chalcopyrite) had weathered to form numerous phases, including 

metal sulfates, phosphates, carbonates, and phases associated with manganese/iron oxides.  

Sequential extraction test demonstrated that the largest extractable fraction of metals is 

associated with iron and manganese oxides (37% of lead by weight, 22% of copper, and 26% of 

zinc), followed by carbonate-bound phases (19% of lead, 8% of copper, 2% of zinc).  Lead 

phosphate minerals are also thought to be present in the waste rock, as suggested by geochemical 

speciation modeling and presence of phosphorus in leachates.  Results of characterization 

suggest that the largest risk is the mobilization of metals from development of geochemical 

reducing conditions.  These conditions could occur with amendments having high organic carbon 

content, but also due to physical barriers to oxygen entry into the pile, as may occur with fine-

grained covers.   

The following cover materials were tested with waste rock to evaluate their potential to 

leach metals: commercially available topsoil, spent brewery grain, biochar, compost (wood 

fiber/manure), a commercial soil media, and phosphate.  Leach tests were conducted with 
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solutions extracted from solid phase amendments to simulate leaching through the waste rock 

from overlying cover materials.  Waste rock was also blended with amendments and extracted 

with magnesium chloride solution to evaluate the exchangeable fraction.  Spent brewery grain 

leached the highest metal concentrations, which is attributed to the low pH and high labile 

organic content of the spent grain.  Low pH may have caused dissolution of metal carbonates and 

phosphates.  Presence of dissolved organic matter may have led to formation of stable metal-

organic complexes.  Formation of metal-organic complexes is also suspected to increase 

mobilization of copper from leach tests with compost solutions.  Tests using biochar had the 

greatest reduction in lead, copper, and zinc leaching compared to controls. 

3.5 Implications for Reclamation of Waste Rock Piles 

Results of this study demonstrate the importance of identifying metal phases present in a 

waste rock pile prior to selecting cover amendments.  Common characterization methods such as 

XRD may be unable to identify important phases due to poorly crystallinity or low contents; yet 

mobilization of a metal present at a low content (such as 1%) has potential to impact 

downgradient surface water.  Sequential extraction tests were effective at characterizing metal 

phases with low contents in the waste rock.  The additional knowledge gained from the 

sequential extractions will allow for more targeted field studies and minimize costs associated 

with testing amendments that are likely problematic.    

Organic amendments with high labile/soluble carbon, such as spent brewery grain, 

present the greatest risk for reclamation of weathered rock due to many possible mechanisms of 

mobilization.  These amendments may cause geochemically reducing conditions which release 

metals associated with iron and manganese oxides.  They may also result in decreased pH from 

organic acids, leading to dissolution of carbonate phases and desorption of metals.  Lastly, 
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introduction of dissolved organic matter may increase aqueous metal content by formation of 

stable metal-organic complexes.  Formation of stable complexes may also undermine the 

effectiveness of other measures taken to immobilize metals, such as the addition of phosphate to 

form lead phosphates.  Additional research is recommended to develop characterization methods 

for organic amendments so that formation of metal-organic complexes can be minimized in 

settings deemed high risk based on metal phases present.      
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CHAPTER 4 

 

ELECTROLYTIC MANGANESE REMOVAL FROM ACID ROCK DRAINAGE 

 

Abstract 

Manganese is a common, yet difficult to remove pollutant in acid rock drainage.  

Removal of dissolved manganese is typically accomplished by pH adjustment to 10 to form 

manganese solids, followed by neutralization before discharge.  This study presents an 

electrolytic method for manganese removal at low pH and formation of a manganese solids.   At 

applied voltages of 3.5 and 5 V, manganese was removed from pH 3 mine water.  Over 90 

percent manganese was removed from solution in 12 hours, with concentrations reduced from 

approximately 40 mg/L to 2 mg/L.  Manganese removal using an electrolytic approach has the 

potential to reduce chemical addition and sludge mass compared to the conventional alkaline 

precipitation approach. 

4.1 Introduction 

Acid rock drainage (ARD) is the most common cause of impacts to surface waters from 

mining.  Sulfide-containing minerals are exposed to atmospheric conditions during mining, 

leading to oxidation of the sulfides.  Sulfide oxidation generates acidity, causing mineral 

dissolution and release of metals.  Metals common in ARD include iron, copper, cadmium, zinc, 

and manganese, with the metal composition depending on site-specific mineralogy.  High 

manganese concentrations may occur in ARD from weathering of manganese-containing 

minerals such as oxides, carbonates, or iron minerals in which manganese substituted for iron 

(Neculita and Rosa 2019).  ARD manganese concentrations are frequently in the range of 1 to 50 
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mg/L, but can be over 100 mg/L, as in Gilson Gulch drainage, located within a historic mining 

area in Idaho Springs, Colorado (Holm and Crouse 2009).  

Effluent discharge limits set for manganese removal systems, are typically in the range of 

1 to 4 mg/L.  The U.S. Environmental Protection Agency set the total manganese effluent limit 

for coal mines at 4 mg/L (one-day limit) and 2 mg/L (30-day average) (U.S. CFR 2008).   

Surface water quality standards for manganese fall within a similar range.  For example, the state 

of Colorado set hardness-based standards for dissolved manganese, with limits ranging from near 

1 mg/L (chronic aquatic life standard for water with a low hardness of 25 mg/L as CaCO3) to 4.7 

mg/L (acute aquatic life standard for water with a high hardness of 400 mg/L as CaCO3) 

[Colorado Department of Public Health and Environment 2020].  These manganese limits are up 

to two orders of magnitude lower than concentrations found in ARD.   

The most common method to treat ARD is the addition of an alkaline reagent, such as 

lime or sodium hydroxide, to precipitate metal hydroxides and oxyhydroxides in a sludge.  

Metals are precipitated from solution as the pH increases, with most metals removed at 

circumneutral pH or below.  At neutral pH, oxidation of aqueous manganese (Mn2+) and 

precipitation of MnOOH and MnO2 is thermodynamically favored in oxidized waters, as shown 

in the mineral stability diagram (Figure 4.1).  However, kinetics of oxidation by oxygen are slow 

and manganese may remain dissolved for long periods of time  (i.e., weeks) in pH-neutral 

aerated waters (Hallberg and Johnson 2005; Handa 1969).  Therefore, active treatment of 

manganese-rich mine water is typically accomplished by raising the pH to 10 to precipitate 

manganese hydroxides, followed by neutralization prior to discharge.   

  Manganese oxidation reaction rates can increase by creating strong oxidizing 

conditions, typically accomplished by use of a chemical oxidant such as permanganate (Van 
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Benschoten et al. 1992).  Freitas et al. (2013) demonstrated that permanganate addition can 

remove manganese to less than 0.1 mg/L in 10 minutes for pH 7 water with an initial manganese 

concentration of 100 mg/L.  However, permanganate dosing requires close monitoring because 

coloration of discharge occurs if excess reagent is used.  Electrolysis creates strong oxidizing 

conditions at the anode, without the need for chemical oxidants.  Also, electrolysis allows for 

manganese removal by precipitation of manganese oxides at low pHs, as conceptually shown in 

Figure 4.1.  Treatment at low pH can reduce costs associated with pH adjustments required by 

pH-10 precipitation as manganese hydroxides.   

 

 
Figure 4.1 Conceptual approach for electrolytic manganese removal; Arrows show changes in Eh 
and pH for electrolytic removal of manganese and alkaline treatment, respectively.  Dashed lines 
show limits of water stability.  Tan shading indicates solid phases. Figure created using GWB 
Community (Bethke et al. 2021) and Thermochimie database (ThermoChimie Partners 2018).  
Conditions modeled: 40 mg/L Mn at 25 degrees Celsius at 1 atm.   



 

62 
 

Electrolytic removal of manganese consists of oxidizing Mn2+ at the anode to form 

manganese dioxide (MnO2), as shown in Reaction 4.1.  The corresponding reduction reactions at 

the cathode are reduction of aqueous metals in the ARD to their elemental form and reduction of 

water to hydrogen gas (Reactions 4.2 and 4.3).  Reaction 4.2 shows reduction of copper as an 

example.  

Mn2+ +2H2O  MnO2 + 4H+ + 2e-     (4.1) 

 

Cu2+ + 2e-  Cu0       (4.2) 

 

H+ +2e-  H2(g)       (4.3) 

 

Electrolytic removal of manganese from acidic and circumneutral mining-impacted water 

has been accomplished in a few previous laboratory studies, however, results demonstrate the 

need for additional research before methods can be applied efficiently at full scale.  Luptakova et 

al. (2012) and Ulbaldini et al. (2013) pre-treated synthetic ARD to pH 4 to remove both iron and 

aluminum, followed by electrolysis to remove manganese as MnO2 on the anode.   Manganese 

recovery was over 93 percent after 2 hours, however, electrolytic cells required heating and 

electrodes were platinum, which would be cost prohibitive at full scale.    Our work aims to 

improve upon previous research by reducing material and energy costs through use of low-cost 

carbon anodes and conducting treatment at room temperature.  Consistent with previous studies, 

our work assumes that iron is removed before electrolytic treatment to avoid a decrease in 

efficiency from iron redox cycling between ferric and ferrous states in the electrochemical cell.   

4.2 Methods 

Batch and flow-through laboratory experiments were conducted using an iron-free 

synthetic mine water generated from metal sulfates and deionized water.  Samples of the mine 



 

63 
 

water were filtered (<0.45 microns), acidified, and analyzed by ICP-AES.  Pre-treatment 

concentrations are presented in Table 4.1.  

Table 4.1 Initial concentrations in batch and flow-through tests 

Test Cadmium 
(mg/L) 

Copper 
(mg/L) 

Manganese 
(mg/L) 

Lead 
(mg/L) 

Zinc 
(mg/L) 

pH 
(pH units) 

Batch 0.31 11 44 0.11 33 2.8 

Flow-through 0.29 11 43 0.11 31 3.4 

 

Batch tests were conducted using two different applied voltages (3.5V and 5V) for the 

purpose of selecting an applied voltage for use in the flow-through experiments.  Tests were 

conducted in single-compartment reactors constructed of clear PVC (5.5 cm length, 7.7cm 

diameter), positioned horizontally with acrylic end plates, having a total capacity of 

approximately 250 mL.  Copper sheeting (5 cm by 5 cm square of 24-gauge, unpolished copper 

sheeting) was used as the cathode and carbon cloth (5 cm by 5 cm square, purchased from Fuel 

Cell Earth) was used as the anode.  Electrodes were positioned adjacent to the acrylic end plates, 

at opposite ends of the reactor.  The distance between the anode and cathode was maintained at 

approximately 5 cm.  Titanium wire (24 gauge) was used to connect the electrodes to electrical 

leads of a direct current power supply (Extech, model #382202).  Figure 4.2 presents a 

conceptual diagram of the batch test reactors.  Batch tests were run for a total of 72 hours at 

applied voltages of 5V and 3.5V.  Electrical current in the cell was measured with a handheld 

multimeter (Fluke, model #289).  Reactors were open to the atmosphere and stirred using a stir-

plate and magnetic stir bar throughout testing.  Samples of the treated water were collected 

periodically throughout treatment and at the end of testing.  A disposable polypropylene syringe 

was used to pull a sample from the center of the reactor through tubing (1/4-inch diameter low-
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density polyethylene tubing). Water samples were filtered (0.45 micron disposal filter), diluted, 

and acidified prior to analysis by ICP-AES.   

  

Figure 4.2 Conceptual diagram of batch rest reactor; not to scale. Me+ represents dissolved 
metals in the mine water.   
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Flow-through experiments were conducted in 500 mL beakers with 300 mL of synthetic 

mine water (Table 4.1).  Electrodes were suspended in solution at opposite sides of the beaker 

(approximately 6 cm apart).  Synthetic mine water was pumped into the bottom of the beaker and 

pumped out from within 0.5cm from the water surface at average rates of 28 mL/minute 

(hydraulic residence time of 10.7 hours).  The water was mixed using a stir plate and magnetic 

stir bar throughout testing.   Two tests were conducted using an applied voltage of 3.5V for 36 

hours.  Sample analyses, current measurement, electrode material, and electrode size were the 

same as for batch testing.  During the flow-through experiments, cathode potential was also 

measured using silver/silver chloride (Ag/AgCl) reference electrode (Hanna Instruments, model 

#HI5311).   

After testing, electrodes were analyzed using scanning electron microscopy (SEM), 

coupled with energy dispersive spectroscopy (EDS) to provide a qualitative analysis of elements 

present.  Solids that had formed on the cathode were scraped off the electrode surface and placed 

on carbon tape.  For the anode, a piece of carbon cloth was cut and placed on carbon tape.     

4.3 Results 

Manganese concentrations over time are shown in Figure 4.3 for the batch tests.  Over 

72-hours, manganese concentrations decreased from 44 mg/L to 0.30 mg/L for the 3.5 V batch 

test (over 99 percent removal) and to 1.1 mg/L for the 5 V batch test (98 percent removal).    

Manganese concentrations in the batch tests reached levels typical of effluent discharge limits (< 

2 mg/L) after approximately 12 hours.  Table 4.2 summarize concentrations in the batch tests 

through 12 hours.  Steady state concentrations for the flow-through tests are similar, with an 

average manganese concentration of 2.5 mg/L for tests having a hydraulic residence time of 10.7 

hours.  Data from the 3.5 V and 5 V tests were fit using first-order reaction rate constants of 0.24 
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hour-1 and 0.39  hour-1, respectively, with fits shown in Figure 4.3.  For the flow-through test, the 

first-order rate constant was calculated to be 1.5 hour-1.   

 

Figure 4.3 Manganese concentrations overtime for batch tests at 3.5 V and 5 V.  Dashed lines 
show fit for first-order reaction rates.    
 
 
Table 4.2 Concentrations in batch and flow-through tests  
 

Analyte 

Batch Tests Flow-through Tests 

Initial 
3.5V 

(12 hr) 
5V 

(12 hr) Initial 
3.5V 

(Steady State) 
3.5V Replicate 
(Steady State) 

Cadmium (mg/L) 0.31 0.024 0.020 0.29 0.14 0.15 

Copper (mg/L) 11 0.31 0.61 11 0.6 1.1 

Manganese (mg/L) 44 1.5 1.8 43 2.3 2.7 

Lead (mg/L) 0.11 <0.02 <0.02 0.11 0.009 0.023 

Zinc (mg/L) 33 38 15 31 33 34 

pH (s.u.) 2.8 3.1 2.8 3.4 2.8 3.0 
 

Notes: Concentrations for flow-through tests represent steady-state. Concentration is average for 
samples collected at 24 hours and 36 hours.   
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After testing, SEM-EDS analysis of the carbon cloth anode showed that a coating had 

formed on the fibers (Figure 4.4).  EDS indicated that the coating consists of manganese and 

oxygen, with no other elements present at detectable contents (above approximately 1% by 

mass).  Solids removed from the cathode were also analyzed by SEM-EDS and were found to 

include zinc, copper, and lead, but no manganese was detected in solids scraped from the 

cathode.   

 

 

 
 

Figure 4.4 SEM image of oxidized manganese coating on anode carbon cloth fibers.  

 

 

 

 



 

68 
 

Table 4.3 shows average currents measured for the flow-through tests and for the first 12 

hours of the batch tests.  Average currents were used to estimate the electrical energy 

requirements per kg of manganese removed during treatment.  Current efficiencies were also 

estimated for manganese, calculated as the electrons generated from oxidation of manganese 

divided by the total electrons (from electrical current and treatment time).   Efficiencies assume 

that manganese oxidation occurs at the anode by Reaction 4.1.   

 

Table 4.3 Summary of test conditions and electrical energy requirements for manganese removal 
 
Parameter Batch Tests 

(12 hours) 
Flow-through Tests 

(Average steady-state) 
Applied Voltage (V) 3.5 5.0 3.5 

Average Current (mA) 11 22 15 

Anode Area (cm2)* 25 25 25 

Average Anode Current Density (mA/cm2) 0.45 0.90 0.60 

Treatment Time (hour) 12 12 10.7** 

Average Electrolyte Volume (mL) 230 230 300 

Initial Mn Concentration (mg/L) 44 44 43 

Treated Mn Concentration (mg/L) 1.5 1.8 2.5 

Mn mass removed (mg) 9.8 9.8 12 

Energy Consumption (kWh/kg Mn)  48 138 46 

Current efficiency (%) 7% 4% 7% 

 

Notes: *Anode area is based on nominal area (5 cm x 5 cm carbon cloth) and assume that 
reactions occur on one side of anode; **Hydraulic residence time of flow-through test 
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4.4 Discussion 

Results presented in this study demonstrate that electrolytic methods are effective for 

removal of manganese from acidic mine water.  Manganese in pH 3 mine water was reduced 

from approximately 40 mg/L to levels near typical discharge limits (2 mg/L) after 12 hours of 

treatment in batch or with continuous flow stirred tank reactor (CSTR) having an anode area to 

solution volume of approximately 100 cm2/L.  This finding is significant because manganese 

removal from ARD is typically accomplished by alkaline adjustment to pH 10.   The high pH is 

required specifically for manganese removal, as other metals in ARD can be removed at lower, 

circumneutral pH ranges (Wei et al. 2005; Park et al. 2015).  Electrolytic removal of manganese 

at pH 3 could therefore reduce the use of pH-adjusting reagents because electrolytically-treated 

water would only need to be neutralized prior to discharge.  

Reaction Pathways 

Oxidized manganese solids were found to have formed on the carbon cloth anode during 

electrolytic tests (Figure 4.2).  The exact form of manganese oxide could not be identified by X-

ray diffraction because the solids did not have a crystalline structure.  However, anodic 

formation of manganese oxide has been demonstrated in other applications, including 

commercial production of manganese dioxide for use in batteries, and formation during copper 

and zinc electrowinning operations (Zhang and Cheng 2007a, 2007b), and numerous studies 

provide insight into the potential reaction pathways and types of solids formed (Vereecken and 

Winand 1972; Yu and O’Keefe 2002).  

Mn2+ may be oxidized to form Mn3+, an aqueous intermediate phase (Reaction 4.4).  

Mn3+ may then hydrolyze to form MnOOH, which is then oxidized to MnO2 (Reactions 4.5 and 
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4.6; Yu and O’Keefe 2002; Kao and Weibel 1992).   Another potential mechanism is by 

disproportionation of Mn3+ to MnO2 and Mn2+ by Reaction 4.7 (Yu and O’Keefe 2002)  

Mn2+  Mn3+ + e-       (4.4) 

Mn3+ + 2H2O  MnOOH + 3H+      (4.5) 

MnOOH  MnO2 + H+ + e-      (4.6) 

2Mn3+ + 2H2O  MnO2 + Mn2+ +4H+    (4.7) 

At higher electrical potentials, permanganate ions can form in the electrolyte (Vereecken 

and Winand 1972), which may oxidize Mn2+ ions by Reaction 4.8.  Mn3+ formed from this 

reaction may then disproportionate to MnO2 and Mn2+ (Reaction 4.7).  The overall reaction of 

permanganate and Mn2+ to form MnO2 is referred to as the Guyard reaction (Reaction 4.9).   

4Mn2+ +MnO4
- + 8H+  5Mn3+ + 4H2O     (4.8) 

2MnO4
- + 3Mn2+ +2H2O  5MnO2 + 4H+    (4.9) 

  During the electrolytic tests, the anode potential is estimated to be above 2 V (vs. 

Standard Hydrogen Electrode [SHE]), based on a minimum measured cathode potential of -1.2 V 

(vs. SHE) and applied voltage of 3.5 V.  At this anode potential, formation of permanganate is 

possible, based on both thermodynamics (see Figure 4.1), and formation in other laboratory 

studies (Vereecken and Winand (1972).   However, anode potential was not held constant during 

testing.  Therefore, multiple mechanisms are likely to have occurred and the manganese oxide on 

the anode likely contains a mix of valence states.   

Reaction Rates 

Batch test results fit first-order reaction kinetics, with an overall rate constant of 0.29 hr-1 

for aggregate data from the 3.5 V and 5V tests.  For the conditions of the flow-through test 

(initial concentration of 43 mg/L, volume of 300 mL, and flow rate of 28 mL/min), the expected 
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effluent concentration for a continuous-stirred tank reactor is approximately 10 mg/L based on 

the batch test derived first order rate constant.  However, the steady-state effluent concentrations 

from the flow-through test were lower (2.3 mg/L and 2.7 mg/L).   Higher than expected removal 

of manganese in the flow-through test is attributed primarily to more effective stirring in the 

beaker used for the flow-through test, than in the horizontal PVC pipe used to construct the batch 

reactor.   Mixing can increase manganese removal by both replenishing dissolved Mn2+ from the 

bulk solution to the reactive anode surface and moving newly oxidized permanganate away from 

the anode surface and into the bulk electrolyte.  Differences in electrode placement in the cells 

may have also contributed to higher reaction rates in the flow-through test.  In batch tests, 

electrodes were affixed to endplates on opposite sides of the cell, thereby limiting reactions to 

the side of the electrode facing the bulk solution.  In contrast, electrodes in the flow-through cell 

were submersed, but not affixed to the sides of the beaker, thereby increasing the reactive surface 

area of the electrodes.    

Need for Optimization 

Although electrowinning studies may provide insight into reaction pathways, it is 

important to note that metal concentrations, including manganese, may be over 100 times lower 

in ARD than in electrowinning solutions.  Lower concentrations will lead to a larger fraction of 

the current being used in competitive reactions, including oxidation and reduction of water at 

anode and cathode, respectively.  Formation of oxygen and hydrogen gas bubbles from water 

electrolysis will also increase resistance in the cell.  Optimization of electrolytic cell design is 

therefore critical to improve efficiencies and economic feasibility of this treatment method.   

Work presented here demonstrates the use of materials and methods that are more cost-

effective than used in previous studies.    Work was done at room temperature rather than heated 
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as in previous studies by Luptakova et al. (2012a; 2012b) in which the electrolyte was heated to 

35 degrees C and 95 degrees C, respectively.  For cost-effective scale-up, manganese solids 

ideally would form either as a precipitate or on the surface of a low-cost, easily replaceable 

anode.  Carbon cloth was specifically tested as anode material because of its low costs relative to 

platinum, which was used in previous studies (Luptakova et al. (2012a, 2012b) and Ulbaldini et 

al. (2013).   

Further refinements to operation of the electrolytic cell may be needed to promote 

formation of precipitates in the electrolyte, rather than on the anode surface.  Formation on the 

anode surface may reduce efficiency of the anode over time and require replacement anodes.  For 

longer periods of anode use, manganese solids may naturally begin to slough off the surface of 

the anode.  Once manganese oxide solids are in the electrolyte, their presence may lead to further 

oxidation and precipitation of manganese in the electrolyte due to the autocatalytic properties of 

manganese oxides (Hem 1963; Fuchida et al. 2002).   

Formation of precipitates in the electrolyte may be further enhanced by increasing the 

anode potential or improving mixing efficiency.   At high anode potentials, permanganate ions 

form and then can react with aqueous Mn2+ (Reaction 8).  Yu and O’Keefe (2002) suggest that 

reaction of permanganate ions with the electrolyte may have occurred in their tests in which 

MnO2 precipitates formed on the walls and bottom of the cell, rather than on the anode surface.  

Mixing may also further enhance manganese removal by bringing newly oxidized manganese 

ions (either permanganate or intermediate Mn3+) away from the anode surface and into the bulk 

electrolyte.  In metallurgical studies, Rodrigues and Dry (1990) reduced deposition of manganese 

dioxide on the anode by using an agitation system which moved Mn3+ ions away from the anode.     
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4.5 Summary and Implications of Work 

This study demonstrates that manganese can be removed from mining-impacted water 

using electrolytic methods at room temperature, low pH, and using low-cost materials.  

Manganese concentrations in pH 3 mine water were reduced from approximately 40 mg/L to less 

than 2 mg/L in batch tests with applied voltages of 3.5 V and 5 V after 12 hours of treatment.  

Steady state concentrations for the flow-through tests are similar, with an average manganese 

concentration of 2.5 mg/L for tests having a hydraulic residence time of 10.7 hours.  SEM-EDS 

analysis of the carbon cloth anodes show that manganese oxides coated the carbon cloth fibers.   

Additional work is needed to optimize the electrolytic cell design, which is critical to 

improve efficiencies and economic feasibility of this treatment method.  Efficient mixing is 

likely an important parameter in manganese oxidation and should be evaluated further, in 

addition to standard cell design considerations, such as electrode area and spacing.  Anode 

potentials should also continue to be evaluated. Although a higher anode potential may lead to 

permanganate formation, there may be tradeoffs, such as an increase in undesirable oxygen 

evolution at the anode.   

Following electrolytic treatment, the mine water pH would need to be brought to 

circumneutral to remove remaining metals and for discharge.  Unlike commonly used alkaline 

addition treatment methods, electrolytic removal does not require adjusting the pH to 10.  

Electrolytic treatment would therefore require less pH-adjusting chemicals and may also reduce 

sludge volumes.  Electrolytically formed manganese oxide may also have potential for reuse as a 

sorbent for other water treatment applications at mine sites (Koulouris 1996).  
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CHAPTER 5 

 

CONCLUDING REMARKS  

 

Results of this study demonstrate the importance of manganese oxides in controlling 

metal concentrations in mining-impacted water.  In Chapter 3, manganese oxides in waste rock 

were found to act as a sink for metal cations, likely through a combination of sorption and 

coprecipitation.  Although manganese was only a small fraction of the waste rock by mass 

(1.3%), its oxides played a large role in sequestering metals, with approximately 6000 mg/kg 

lead (17% of total lead content) and 1000 mg/kg  zinc (12% of total zinc) associated with 

manganese oxides.  Sorption onto manganese oxides is not limited to metal cations though.  As 

demonstrated in Chapter 2, molybdenum, present as the oxyanion molybdate, was removed from 

mine water by sorption onto a manganese-rich sludge.  Maximum sorption occurred at low pHs 

(6 and below), at which the surface charge of the manganese solid was likely positive.   

This study also highlights the wide range of characteristics of manganese phases, due in 

part to the range of valence states possible for manganese.   Manganese valence states 

encountered in this study ranged from 2+ in dissolved phases of natural waters and manganese 

hydroxides in the newly precipitated pH-10 sludge in Chapter 2, to 7+ in permanganate ions 

formed electrolytically in Chapter 4.   WTP sludge used in Chapter 2 was found to have a 

relatively high PZC compared to most manganese oxides.  Manganese oxides formed on the 

anode in Chapter 4 likely have high valence states, such as 4+ in MnO2.  These oxidized solids 

are also unique in that they may catalyze further oxidation of manganese.  Electrolytically-
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formed manganese oxides may also be effective scavengers of metals; however, their properties 

may differ from the WTP sludge, providing different opportunities for reuse.       

This study demonstrates that manganese oxides have potential to be used in water 

treatment applications.  However, the potential use as sorbents is site-specific due to the wide 

range of properties.  Reuse of onsite manganese phases may provide more sustainable options 

compared to conventional treatment approaches, but site-specific studies are needed to 

understand the extent of their potential.   
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APPENDIX  

 

LEACH TEST CONCENTRATIONS  

 

Table A.1 Concentrations Leached from Waste Rock with Amendment Solutions 

Analyte DI Water 
Topsoil 
Solution 

Grain 
Solution 

Biochar 
Solution 

Compost 
Solution 

Compost  + 
Biochar 
Solution 

Soil Media 
Solution 

Phosphate 
Solution 

pH 5.7 5.7 5.6 5.6 4.1 4.3 5.3 5.4 7.4 7.7 7.6 7.5 5.5 5.6 5.4 5.4 

Al 0.30 0.30 0.14 0.13 1.8 2.0 0.042 0.042 0.090 0.086 0.075 0.077 0.082 0.075 0.046 0.044 

Ca 3.0 2.9 2.4 2.3 11 12 1.0 1.0 6.7 6.9 5.1 5.4 5.9 6.0 48 47 

Cu 1.1 1.1 0.38 0.58 22 24 0.16 0.14 2.1 2.2 1.6 1.6 0.58 0.56 1.7 1.8 

Fe 0.003 0.003 0.039 0.023 0.038 0.036 0.003 0.003 0.35 0.36 0.25 0.26 0.080 0.083 0.003 0.003 

K 1.7 1.9 7.6 8.8 4.2 1.8 12 11 76 85 66 63 4.5 5.7 3.1 3.0 

Mg 0.42 0.39 0.39 0.39 4.8 4.8 0.39 0.39 1.2 1.3 0.98 1.0 0.55 0.71 0.78 0.69 

Mn 0.47 0.45 0.30 0.31 3.3 3.6 0.12 0.13 0.22 0.23 0.19 0.18 0.75 0.75 0.82 0.90 

Na 0.40 0.30 1.5 1.5 1.6 1.5 9.2 9.4 22 24 21 20 3.1 3.1 0.40 0.60 

Pb 7.0 7.0 1.9 2.0 65 70 0.50 0.40 4.5 4.6 3.8 3.6 4.0 3.8 0.20 0.30 

Zn 2.8 2.7 1.7 1.7 12 14 0.65 0.68 1.0 1.1 1.0 0.9 2.2 2.2 3.6 3.9 

P 0.47 0.36 0.27 0.29 1.6 1.6 0.38 0.37 0.34 0.37 0.23 0.27 0.18 0.37 62 67 

Sulfate 16 15 17 16 2.5 2.9 22 24 79 79 68 64 21 20 28 30 

Alkalinity as CaCO3 6.0 6.8 7.7 10 150 158 17 15 91 109 82 81 16 17 0 0 
 
Concentrations in mg/L, except for pH. 
Solutions modeled using pe of 7 and minteq.v4 database for PHREEQC 
Results shown for duplicates of each leach solution. 
Sulfate calculated from sulfur concentrations from ICP-AES; Alkalinity estimated based on charge balance error. 


