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Abstract 

Research is presented that evaluates a semi-passive treatment system for remediation of 

contaminated groundwater with elevated dissolved metal concentrations, including selenium and 

sulphate, at the Wolverine Mine, Yukon.  Laboratory up-flow columns were used to treat 

simulated mine impacted waters.  Five columns were filled with varying compositions of gravel 

and creek substrate organics, and were un-amended or amended with manure, sewage sludge, 

zero-valent iron, or wood chips and alfalfa.  Selenium, sulphate and other parameters of concern 

were lowered in column effluents, most effectively by the control column and by the columns 

amended with sewage sludge.  Column effluent metal and sulphate concentrations provided 

evidence that co-precipitation, adsorption and microbially mediated redox reactions were the 

predominant biogeochemical mechanisms operating within the columns.  Based on this research, 

recommendations are made to further the design of a semi-passive treatment system that may be 

installed at the mine site upon closure.   
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Chapter One: Introduction 

This document presents research conducted to evaluate a semi-passive groundwater 

treatment system proposed to remediate potentially contaminated groundwater, upon closure of 

the Wolverine underground mine in southeast Yukon.  Predictions for the ultimate chemistry of 

the groundwater coming into contact with the closed mine indicate the potential for elevated 

concentrations of sulphate, aluminum, arsenic, cadmium, selenium and zinc.  If left untreated, 

contaminated groundwater could discharge to surface water courses and negatively affect the 

downstream receiving environment.  The research results from the laboratory scale experiment 

summarized herein examined various organic and chemical amendments to the proposed 

treatment system for their effectiveness at contaminant removal.   

The research involved construction and operation of five columns containing native creek 

bed substrate and gravel, one as a control with no amendments, and the remaining four amended 

with various amounts of organic and chemical additions known to assist in the biological and 

chemical remediation of contaminated water.  Experimental results will guide development of a 

pilot scale treatment system to be tested at the mine site to determine the suitability of installing 

a full scale system.  The following chapter summarizes the background of the in situ 

environment at the mine site, the proposed semi-passive groundwater treatment system for mine 

closure, the research focus, and the research and experimental objectives.  
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Background 

Yukon Zinc Corporation’s (YZC) Wolverine Mine, located in southeast Yukon, Canada, 

is a zinc-silver-lead-copper-gold underground mining project that will mill up to  

1,700 tonnes/day of diluted ore.  The mine produces zinc, lead and copper concentrates that are 

trucked to Stewart, BC, and subsequently shipped to Asia for smelting.  The mine began 

operations in early 2011, and will operate for approximately 10 years (see Figure 1 for mine 

location).   

 

Figure 1.  Wolverine Mine location, nearby water bodies and access road route.  From 
Wolverine, Yukon, Unorganized, YT Y0A, Canada, by Google, 2010.  Copyright [2010] Google. 
Reprinted with permission.  
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The Wolverine ore body is a polymetallic volcanic massive sulphide deposit, and the 

underground mining method is drift and fill, meaning that as ore is extracted, the mined out 

stopes are filled with paste backfill (a mixture of cement and tailings) and waste rock, with the 

next lift being mined on top of the previous lift (YZC, 2010).  While mining activities may result 

in the exposure of high metal and sulphide containing rock to oxygen, the paste backfill has the 

potential to act as a calcium carbonate buffer to neutralize acidic mine drainage occurring from 

the oxidation of these sulphidic materials.   

Mining infrastructure is located at the headwaters of the Go Creek watershed and the 

Wolverine Creek watershed.  Wolverine Creek is located down slope of the mine support 

infrastructure, and is a small creek (e.g., wetted width ~0.75 m over a roughly 2 km length) that 

flows north to the Little Wolverine Lake-Wolverine Lake system (Figure 1).  Wolverine Lake 

and Little Wolverine Lake are designated “Conservation Waters” (Yukon Environment & 

Fisheries and Oceans Canada, 2009), meaning they are protected from anthropological effects.  

Wolverine Creek is primarily fed from shallow groundwater recharge (including that which 

flows through the ore body), with some influence from surface runoff.  Metal concentrations are 

naturally elevated at the headwaters of the creek, and generally decrease with distance 

downstream as the creek reaches the confluence with Little Wolverine Lake, indicating a strong 

influence of the ore body on creek chemistry at the headwaters, and dilution by non-mineralized 

influenced water further downstream.   

Background concentrations of metals and nutrients in Wolverine Creek for samples taken 

1996 – 2008 inclusively, are in the ranges outlined in Table 1.  Near the mine site, at both the 

headwaters of Wolverine Creek and at the confluence with Little Wolverine Lake, relatively high 
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concentrations of dissolved metals naturally occur, notably selenium and zinc (i.e., equal to or 

higher than water quality guidelines, as indicated in Table 1 by bold values).   

 Table 1  
Wolverine Creek Baseline Water Quality Average Concentrations, Compared to CCME, US EPA 
and BC Water Quality Guidelines (from YZC, 2010a)  

Parameter (mg/L) 
Water Quality 

Guideline1 
(mg/L)

Headwaters of 
Wolverine Creek 

(mg/L)

Confluence of Little 
Wolverine Lake 

(mg/L) 
Sulphate 100 25 29 
Ammonia 0.914 0.019 0.01 
Nitrate 2.9 0.299 0.186 
Nitrite 0.06 0.003 0.003 
Dissolved Aluminum 0.1 0.00985 0.00743 
Dissolved Arsenic 0.005 0.00016 0.00029 
Dissolved Cadmium 0.00025A 0.00011 0.00013 
Dissolved Iron 0.3 0.047 0.022 
Dissolved Manganese - 0.087 0.00175 
Dissolved Selenium 0.002B 0.002 0.003 
Dissolved Zinc 0.03 0.157 0.126 

1.  Guideline value is CCME (CCME, 2007) unless otherwise noted. 

A.  US EPA hardness dependent chronic guideline for cadmium assuming a hardness of 100 mg/L. 

B.  British Columbia 30 day average guideline for protection of aquatic life.   

Throughout the operation of the mine, groundwater recharge entering the workings will 

be pumped from the mine for use in the process plant and therefore, contaminated groundwater 

will not discharge into Wolverine Creek during the operations period.  Subsequent to closure, 

when the mine is backfilled with paste cement, it is predicted that groundwater pathways will 

eventually return to the pathways evident pre-mining.  If post-closure groundwater has high 

metal and sulphate concentrations, the Wolverine Creek receiving environment may be affected 

by metal loadings and acidic drainage.   

Water quality predictions for groundwater coming into contact with the backfilled 

underground mine (i.e., at the end of mine life), were prepared for YZC’s Type A Water Use 
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Licence Application (YZC, 2007).  The water quality predictions provide an estimate for 

parameters of concern that could potentially affect the downstream aquatic ecosystem (Table 2).  

Predictions are for a base case with pH 8.7 (the average underground test mine water pH for 

samples taken in 2005), and a more acidic option with pH 6.0.  The water quality predictions at 

pH 8.7 indicate the possibility for higher concentrations (e.g., orders of magnitude greater than 

baseline creek concentrations) of sulphate, arsenic, cadmium, iron, selenium (as selenite – 

selenate concentrations were negligible) and zinc.  Based on slightly acidic waters (pH = 6.0), 

concentrations of cadmium, iron and zinc are predicted to increase by at least one order of 

magnitude compared to the base case simulation.  Actual creek concentrations will likely be 

diluted by non-mine influenced groundwater and surface runoff, and/or may decrease with 

natural attenuation.   

Table 2  
Underground Mine Water Quality Predictions for Select Parameters of Concern (from YZC, 
2007, p.  H-6) 

  Simulation 
Parameter Species Base Case (pH = 8.7) pH = 6.0

    (mg/L) (mg/L) 
Sulphate SO4

-2 266 393
Aluminum Al+3 0.006 0.003 
Arsenic As(V) 0.04 - 
 As(III) 0.0156 0.0554 
Cadmium Cd+2 0.055 0.225 
Iron Fe(II) 0.0001 0.475 
Selenium Se(IV) 0.458 0.458 
Zinc Zn+2 0.3 8.04 
‘-‘ Indicates a parameter was found in negligible amounts (i.e., <0.0001 mg/L) 

Upon closure of mining projects, the Yukon Government has a stated goal to “fully 

protect public and environmental health and safety and ensure that any potential discharges 
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during mine operation and following mine closure will be managed to prevent harm to the 

receiving environment or to the public” (YTG Energy, Mines & Resources, 2006, p. 3).  As such, 

the Yukon Government requires Yukon mine sites provide a detailed reclamation and closure 

plan, which includes “methods for protection of water resources during and after mine closure” 

(YTG Energy, Mines & Resources, 2006, p. 9), where “reliance on long term active treatment is 

not considered acceptable for reclamation and closure planning” (YTG Energy, Mines & 

Resources, 2006, p. 4).  Based on these Yukon regulatory requirements, YZC’s reclamation and 

closure plan (YZC, 2010b) includes a conceptual design for a semi-passive biological treatment 

channel (biopass) to be installed in the headwaters of Wolverine Creek, a cross-section 

schematic of which is presented in Figure 2.   

 

Figure 2.  Biopass preliminary design. From Wolverine Project Reclamation and Closure Plan 
Version 2009-03 (p. 28), by Yukon Zinc Corporation, 2010, Vancouver.  Reprinted with 
permission.  
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Research Focus 

The focus of the research summarized herein was to evaluate various amendments in a 

laboratory modeled biopass system for their potential to remediate contaminated groundwater.  

Traditional passive treatment systems often fail in the long term, caused by the depletion of the 

reactive component of the system, decline of the reactive surfaces resulting from mineral 

precipitation, clogging or channelling within the system, low seasonal temperatures, seasonal 

fluctuations in nutrient availability, instable oxidation/reduction potential (ORP), and/or low 

influent pH values (Logan, Reardon, Figueroa, McLain, & Ahmann, 2005).  To avoid failure in 

the long term operation of the biopass, bench scale test work and pilot scale test work is required 

to determine the most effective composition of the full scale biopass system.   

A column experiment was conducted to evaluate the contaminant removal efficiency of 

the treatment system by comparing influent contaminant concentrations to effluent levels at the 

column discharge by replicating the biopass up flow treatment pathways.  Chemical and 

microbial contaminant removal mechanisms were evaluated through literature reviews of similar 

experiments, which also dictated the types of amendments considered for addition to the creek 

substrate.     

Research Objectives 

The objectives of this thesis research work included: 

1. Establishing target effluent concentrations for the column experiment and parameters of 

concern based on pre-mining water quality in Wolverine Creek. 
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2. Designing an experiment with representative parameters and various organic and chemical 

amendments to determine best column performance. 

3. Evaluating remedial effectiveness of various amendments and discussing possible 

mechanisms of contaminant removal. 

4. Summarizing the implications for biopass design. 

These objectives were met through achievement of the following tasks, the results of 

which are summarized in this document: 

1. Establish target effluent water quality concentrations. 

2. Identify parameters of concern. 

3. Conduct literature review to determine column components and evaluate other passive 

bioreactor systems in comparison with the experiment conducted. 

4. Design and construct the column experiment to represent anticipated biopass conditions. 

5. Sample influent and effluent water chemistry. 

6. Compare influent chemistry to closure predictions. 

7. Measure physical parameters from column effluent to determine reducing conditions and 

microbial activity. 

8. Measure microbial activity using plate count and sulphate reducing bacteria tester methods. 

9. Evaluate available nutrient ratios from column material samples post-experiment. 

10. Evaluate and discuss processes that affect the concentrations of parameters of concern. 

11. Assess the implications of column experiment results on biopass design and proposed field 

test. 

12. Summarize recommendations for improvements to this experiment and for future work. 
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Chapter Two: Literature Review 

Passive Water Treatment Systems 

Traditional methods of minimizing the effect of contaminated mine water includes 

removing the contaminant source or pumping and treating using a variety of treatment methods 

(Blowes, Ptacek, Benner, McRae, Bennett, & Puls, 2000).  Alternatively, passive treatment 

methods may be used which allow for the implementation of a treatment system within the water 

pathway itself, they do not require power or daily operation and maintenance, and they are less 

expensive than their active counterparts (U.S. Department of the Interior, 2003).  Selection and 

design of an effective passive system is based on water chemistry, flow rate, local topography, 

and site characteristics (Ziemkiewicz, Skousen, & Simmons, 2003); the primary types of passive 

treatment technologies, based on design criteria, are summarized in Figure 3.    
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Figure 3.  Diagram of primary treatment technologies for passive mine water treatment.   
From “Long-term performance of passive acid mine drainage treatment systems,” by P.  
Ziemkiewicz, J. Skousen and J. Simmons, 2003, Mine Water and the Environment, 22, p. 2. 
Copyright [2003] J. Skousen. Reprinted with permission.  
 
 

The primary types of passive treatment technologies (Figure 3) can be classified as either 

biological or chemical treatment systems.  Biological treatment systems include aerobic and 

anaerobic wetlands, sulphate reducing bioreactors and vertical flow wetlands (Ziemkiewicz et 
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al., 2003).  Chemical treatment systems include anoxic limestone drains, limestone leach beds, 

slag leach beds, and open limestone channels (Ziemkiewicz et al., 2003).  Some systems 

combine both chemical and biological treatment (e.g., permeable reactive barriers, not outlined 

in Figure 3).   

Prior to biological treatment for metal removal, limestone treatment systems utilize lime 

to neutralize acidity and treat mine water drainage.  However, this is not effective for mine 

drainage with high concentrations of oxygen, ferrous iron (Fe3+) and aluminum (Al3+), as there is 

a high potential for hydroxide precipitation and subsequent clogging of the limestone drains 

(Ziemkiewicz et al., 2003).   

Biological treatment systems take advantage of microbes that facilitate either oxidation 

(aerobic systems) or reduction (anaerobic systems) reactions to precipitate metals as sulphides or 

hydroxides (Ziemkiewicz et al., 2003).  Other mechanisms of metal removal acting in biological 

passive treatment systems include the formation of organic complexes, uptake by living plants, 

neutralization by carbonates, attachment to substrate materials and filtration, algal adsorption and 

exchange of metals, and microbial dissimilatory reduction (Skousen, 1997).   

 While the above systems are effective at removing a suite of metals and sulphate, a 

specific parameter of concern at the Wolverine Mine is selenium, and many of the above 

treatment systems (e.g., limestone systems), notably at circum-neutral pH, are not able to remove 

selenium to acceptable concentrations without appropriate biological selenium reducing 

microbes (Sheoran & Sheoran, 2006).  The mine-affected groundwater at the Wolverine Mine is 

not expected to be acidic, hence limestone treatment was not considered in advance of biological 

treatment in the treatment system.  For net alkaline water (e.g., pH > 6), aerobic wetlands are the 
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primary suggested treatment type (Figure 3).  These biological systems can be quite effective at 

removing selenium; however, in wetlands, selenium is removed through reduction to insoluble 

forms, which then deposit in sediments, accumulate in plant tissues, and volatilize into the 

atmosphere (Drainage Water Treatment Technical Committee, 1999).  Selenium in sediments 

and aquatic biota can bioaccumulate readily with concentration factors of 1,000 or higher 

(Drainage Water Treatment Technical Committee, 1999).  The Wolverine Creek biopass system 

was designed to minimize selenium bioavailability, and also considered the fact that a surface 

wetland system would treat surface in addition to the potentially contaminated groundwater flow 

in Wolverine Creek.  Consequently, to minimize the size of the treatment system, selenium 

bioaccumulation, and aquatic habitat disturbance, the principles and processes for building a 

wetland system were adapted to allow for a subsurface bioreactor independent of surface 

interactions, yet comparable to traditional sulphate reducing bioreactors.  Sulphate reducing 

bioreactors collect water that drains into an anoxic chamber containing organic matter and 

sulphate reducing bacteria (SRB), to increase alkalinity, reduce sulphate and precipitate metals 

(Doshi, 2006).   

Many experiments have been conducted to test sulphate reducing bioreactor systems at a 

bench scale level (Gibert et al., 2002; Kawaja, Morin, & Gould, 2005; Koren, Gould, & Bedard, 

2000; Logan et al., 2005; Luo et al., 2008; McCauley et al., 2009), and have contained varying 

amounts of organic substrates, over a wide range of chemical conditions and contaminant 

concentrations.  Reviews of these experiments on sulphate reducing bacteria and selenium 

bioreactors have been conducted by, amongst others, Neculita, et al. (2007), Gusek, Conroy and 

Rutkowski (2008), and Sobolewski (2005).  These reviews provide the basis for comparison to 
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the results for the experiment described herein.  Also, a comprehensive review specific to 

permeable reactive barriers was conducted by Blowes, et al. (2000), and is further discussed in 

Chapter Five.   

Since sulphate is analogous to selenate, sulphate reducing bioreactors operate in a similar 

manner to selenium reducing bioreactors, and operating conditions for successful sulphate 

removal can be applied to selenium removal as well. As stated by Neculita, et al. (2007), 

successful sulphate reducing systems are controlled by the sulphate reducing bacteria population 

within a system. The population is further controlled by the composition of the reactive mixture 

contained within the treatment systems.   

The passive bioreactor system reviewed by Sobolewski (2005) consisted of a gravel and 

cow manure mixture that treated upwelling effluent for cyanide, nitrate, mercury and selenium. 

Sobolewski stated that typical materials in passive bioreactors include alfalfa, manure, 

mushroom compost, sawdust, and/or straw, and consequently the bioreactors which have the 

potential to operate indefinitely at low flows. The passive experimental system reviewed by 

Gusek, et al. (2008), which was able to remove selenium up to 94%,  consisted of varying 

amounts of sawdust, hay, wood chips, agricultural limestone, zero valent iron and cow manure. 

A key principle underlying the removal of contaminants in the above treatment systems 

reviewed by Neculita, et al. (2007), Gusek, et al. (2008), and Sobolewski (2005) is the ability of 

a system to achieve reducing conditions with low oxidation/reduction potential and low 

dissolved oxygen conditions. Also essential to the successful treatment of mine affected effluents 

are sources of microbes, nutrients to fuel the microbes, and adsorption sites to support the 
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mechanisms operating in these passive systems. The mechanisms operating in sulphate reducing 

bioreactors are further discussed below.  

Treatment Mechanisms 

The main reaction mechanisms operating in sulphate reducing bioreactors include 

biologically mediated transformations, metal sulphide precipitation, adsorption and co-

precipitation (Neculita, Zagury & Kulnieks, 2007; Blowes et al., 2000).  The mechanisms often 

change over the life of the bioreactor.  At the beginning, metals may be removed primarily 

through adsorption to organic matter, and in an oxidized or slightly reducing environment, can 

precipitate as hydroxides and carbonates.  When a reducing environment has been achieved 

sulphide co-precipitation dominates, and under very reducing conditions iron sulphides and the 

associated co-precipitates form (Neculita et al., 2007).  

Biological oxidation/reduction reactions. 

The major mechanism of remediation in sulphate reducing bioreactors is sulphate 

reduction via sulphate reducing bacteria (SRB).  SRB are obligate anaerobes that, during the 

respiratory process, oxidize organic compounds to produce sulphide and bicarbonate ions 

(Cohen, 2006), as shown in the following reaction from Kawaja, Morin & Gould (2005): 

[1]     SO 2CH O S 2HCO  2H  

Or, alternatively, from Benner et al. (1999), with the reduction of sulphate by lactate: 

[2]    2CH CHOHCOO 3SO 2H 3H S 6HCO  

Sulphate reducing conditions are evidenced by lowered ORP values, and the generation 

of alkalinity (the HCO3
- in equations [1] and [2]) and hydrogen sulphide (H2S) (Waybrant et al., 
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1998). Obligate anaerobes require a pH of 5 to 8 (Cohen, 2006), which is why systems receiving 

acidic influent are often paired with limestone beds for alkalinity generation prior to biological 

treatment.  Sulphate reducing bacteria also require simple carbon molecules, as well as sufficient 

sulphate, nitrogen, and phosphorus (Logan, et al., 2005).  A redox potential of less than -100 mV 

also contributes to optimal growth of SRB (MSE Technology Applications, Inc., 2008).  Manure 

and compost are considered valuable sources of naturally occurring SRB (McCauley, O'Sullivan, 

Milke, Weber, & Trumm, 2009); however, a range of organic materials have been used in SRBs, 

including hay, alfalfa, sawdust, paper, woodchips, bark, walnuts, compost, manure and sewage 

sludge (McCauley, et al., 2009) for the purposes of providing both short and long-term organic 

carbon sources.  Cellulolytic and fermentative microbes are also required to break down the 

organic substrates from their more complex forms, to simpler compounds that are available to 

SRB (Logan et al., 2005).  Both the sulphide (S2-) and bicarbonate (HCO3
-) ions are further 

utilized in sulphate reducing bioreactors during co-precipitation processes, as discussed below.   

Selenium is analogous to sulphur, and generally occurs in four oxidation states: elemental 

selenium (Se0), selenide (Se2-), selenite (Se4+) and selenate (Se6+).  Selenium has been shown to 

be effectively removed using biological methods, both actively (MSE Technology Applications, 

Inc., 2001) and passively (Gusek, Conroy, & Rutkowski, 2008).  Analogous to how sulphate 

reducing systems use sulphate as an electron acceptor, selenium reducing systems use selenium 

as an electron acceptor (Gusek et al., 2008) and reduce selenate to selenite and ultimately 

precipitates elemental selenium (Luo, Tsukamoto, Zamzow, & Miller, 2008) via the following 

equation from Rutkowski et al.  (2010): 

  [3]   SeO Organic Carbon SeO Organic Carbon Se CO H O 
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Sulphate has been shown to be a less favourable electron acceptor than selenate, but 

reduction of both species can occur concurrently as long as sufficient carbon is available 

(Rutkowski et al., 2010).  Highly effective selenium reducing bioreactors have been developed 

with the additions of easily broken down carbon sources such as ethanol (Luo et al., 2008), 

methanol and acetate (Sobolewski, 2005).  Selenium removal in passive bioreactors has been 

shown require minimum carbon compared to that required for effective sulphate removal.  For 

example, in experiments run by Luo et al. (2008) where dry horse manure was used as an 

inoculum, and ethanol was fed to two of the three reactors as a carbon source and electron donor, 

removal of selenium was most effective in the control column that had no ethanol, while sulphate 

removal in the control column was poor.   

The removal of selenium in passive bioreactors is typically through dissimilatory 

reduction (where selenate is used as a terminal electron acceptor as shown in equation [3], and 

the resulting Se0 is stored externally to the cell) , although it can also occur through assimilatory 

reduction (where selenate and selenite are incorporated into the cell) (Dungan & Frankenberger, 

1999).  Selenate, as a substitute for sulphate, can also be incorporated into the cell via 

assimilatory reduction, where selenate passes through the sulphate permeases.  Selenite is 

transported into the cell through different permeases; both species, once in the cell, are reduced 

to selenide (Se2-) and incorporated into amino acids (Dungan & Frankenberger, 1999).  

Assimilatory reduction is not considered to be a primary mechanism for selenium reduction in 

bioreactors, as it would cease once all amino acids were established within the microbial 

population.  
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Selenium reduction can occur via microbes that also use nitrate and nitrite or sulphate or 

only selenium as a terminal electron acceptor (Losi & Frankenberger Jr., 1997; Gusek, Conroy, 

& Rutkowski, 2008; Dungan & Frankenberger, 1999).   Iron can also act as both a catalyst and 

reductant (electron donor) for the biological reduction of selenium.   

While selenium removal in anoxic sediments is primarily conducted by selenate 

respiration via dissimilatory reduction (Oremland, et al., 1989), selenium speciation is also 

mostly controlled by the redox state of the environment, with selenate occurring in well-aerated 

soils, selenite occurring at moderate redox potentials, and Se0 occurring at more reducing 

environments. As shown in Figure 4, elemental selenium can occur at a variety of pH values, 

over a range of redox potentials. Although the Pourbaix diagram in Figure 4 indicates that 

elemental selenium would occur at a redox of 0 to -100 mV over the pH range of the experiment, 

a similar Pourbaix diagram provided by Ralston, Unrine & Wallschlager (2008) shows that 

elemental selenium occurs over a redox range of 250 mV to -250 mV over a pH of 5 to 7 units. 

Obviously the speciation of selenium is extremely dependent on the underlying conditions of the 

environment being analyzed, and the speciation occurring in a given system can only be proven 

through analytical techniques (e.g., scanning electron microscopy).   
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Figure 4.  Pourbaix diagram of redox speciation of selenium. From Review of available 

technologies for the removal of selenium from water – final report (p. 2-4), by North 
American Metals Council, 2010. Copyright [2010] North American Metals Council. 
Reprinted with permission. 

 

Co-precipitation. 

The sulphur reducing respiration process (equation [1]) produces sulphide (S2-), which in 

turn promotes metal-sulphide precipitation (Lindsay, et al., 2011) as per the following equation 

from Waybrant, Blowes, & Ptacek (1998) for metals (Me) such as Cd, Fe, Ni, Cu, Co and Zn 

(Neculita, Zagury, & Bussiere, 2007): 

[4]    Me S MeS 

Sulphide precipitates appear as black precipitates in sampling tubes of experimental 

sulphate bioreactors (Benner et al., 1999). 
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The bicarbonate ions (HCO3
-) released in sulphate reduction (equation [1]) increase pH, 

and promote the precipitation of metals, such as Fe, Al, As and Cr, as metal hydroxides (Cohen, 

2006).  Metal hydroxides are effectively formed through the following reaction from Duan & 

Gregory (2003): 

[5]    Me 3OH M OH  

Hydroxides generally form in more oxidized conditions, and consequently hydroxide 

precipitation and sulphate reduction tend to be mutually exclusive under strictly reducing 

conditions (MSE Technology Applications, Inc., 2008).  In experiments by Neculita, Zagury and 

Bussiere (2007), metal removal at ORP between 50 mV and -177 mV was attributed to 

precipitation of metal oxyhydroxides and carbonate minerals.  Selenite attenuation by iron 

hydroxides may result from the co-precipitation of ferric oxide with ferric selenite (Neal, 

Sposito, Holtzclaw, & Trama, 1987).   

Iron addition can be a strong mechanism to facilitate co-precipitation.  Iron co-

precipitation occurs under more reduced environments than Cd, Ni, Cu, Co and Zn precipitates, 

and results in more stable ferric precipitates that in turn generate acidity (i.e., increased protons, 

H+), as per the following from Benner et al. (1999),: 

[6]    H S Fe FeS 2H  

Subsequently, other metals interact with FeS through the following equation, from Hao et 

al. (1996), with an order of preference of Cu > Zn > Pb > Cd: 

[7]    Me FeS MeS Fe  

Mn can also co-precipitate with FeS, or as its own Mn sulphide phase as shown in an 

experimental permeable reactive barrier by Benner et al. (1999). In an experiment by Waybrant 
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et al. (1998), Mn precipitated as Mn carbonate (MnCO3).  Arsenic is also co-precipitated with 

FeS (Tsukamoto & Miller, 1999) or can precipitate as arsenic sulphide (AsS or As2S3) (Kadlec & 

Wallace, 2009) 

Adsorption. 

Adsorption to column materials can also account for a portion of metal removal in 

sulphate reducing bioreactors.  Metal ions can be bound by organic matter through adsorption 

onto humic matter (i.e., the organic constituents of soil) through the following equations (from 

MSE Technology Applications, Inc., 2008), where R is a complex organic and M is a divalent 

metal:  

[8]    RCOOH RCOO‐ H  

[9]    2RCOO‐ M2 M RCOO 2 H  

Adsorption is pH dependent and different metals have different capabilities for 

adsorption, depending on their oxidation state (MSE Technology Applications, Inc., 2008). The 

pH range for successful adsorption is 4-6 (Gazea, Adam, & Kontopoulos, 1996).  iron, Cu and 

Zn preferentially adsorb before Mn to humic materials (such as mushroom compost) (Machemer 

& Wildeman, 1992), whereas Cd preferentially adsorbs over Zn (Willow & Cohen, 2003).  Zn 

and Mn may be released back into solution as the amount of adsorption sites in the humic acids 

are depleted (MSE Technology Applications, Inc., 2008).  Once surfaces are consumed by 

adsorption of the various metals, this mechanism is no longer a viable method for removal of 
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metals from influent water.  Additionally, metals can re-suspend in solution should the physical 

parameters (such as pH and temperature) of the solution change.  

Adsorption can be chemically assisted through the introduction of zero-valent iron (ZVI).  

ZVI has been shown to be effective at removing arsenic (Ott, 2000) and sulphate (Waybrant et 

al., 1998) from very high concentrations.  Removal of arsenic is via arsenate binding through 

surface precipitation to iron filings.  When reducing conditions are present (i.e., when Eh<0 mV) 

and iron concentrations are high in effluent, adsorption of sulphate decrease due to the reduction 

of ferric oxyhydroxides through reductive dissolution reactions (Waybrant et al., 1998). 

Adsorption of selenite to iron is also a commonly used method of passive treatment for selenium 

contaminated water (Martin, Jones, & Buckwalter-Davis, 2009).   

Adsorption and co-precipitation are strongly dependent on redox potential (Eh) and pH, 

and vary with the solubility constant of the metal in question.  The less soluble a compound, the 

more readily it precipitates out of solution.  The metal concentrations (or solubility) for metals 

vary with pH, and if they are precipitated as metal sulphides or metal hydroxides (Figure 5).   

Aluminum solubility varies with pH (see Figure 6) and mine waters with a pH<4 can 

contain high concentrations of Al3+ (Kadlec & Wallace, 2009). If the pH is raised, aluminum 

subsequently precipitates out as Al(OH)3 (gibbsite).  Aluminum can also precipitate as a 

hydroxysulphate in the presence of dissolved sulphate (Kadlec & Wallace, 2009). Generally, 

aluminum is highly insoluble as Al(OH)3 in circum-neutral pH and is unaffected by bacterial 

activity (Watzlaf, et al., 2001), but will solubilise again as the pH increases (Alt in Figure 6). 
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Figure 5.  Metal solubilities for metal hydroxides and sulphides (EPA, 1980, p. 3). 
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Figure 6.  The solubility of Al in equilibrium with Al(OH)3. From “The Chemistry of Aluminum 
in the Environment,” by C.T. Driscoll and W.D. Schecher, 1990, Environmental Geochemistry 
and Health, 12, p. 38.  Copyright [1990] C.T. Driscoll.  Reprinted with permission.  

The oxidation state of a metal (i.e., the number of oxygen atoms bound to an element) 

also affects its ability to adsorb or co-precipitate within sulphate reducing bioreactors.  Oxidation 

state predictions can be made for metals at chemical equilibrium, and are represented by 

Pourbaix diagrams, similar to that shown in Figure 4 for selenium.  The oxidation state depends 

on the various compounds and elements also present in the solution, as well as environmental 

conditions (e.g., temperature).  These variables may move the range of the metal oxidation state 

up or down the Eh
 axis, or left or right of neutral on the pH axis.  The benefit of the Pourbaix 

diagram is to demonstrate the desired pH and Eh range for effective metal precipitation.  

However, when metal speciation is controlled by microbial behaviour, as is often the case in 
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sulphate reducing bioreactors, predictive equilibrium approaches are not always reliable 

(Whitehead, et al., 2005).    

The overall ability of the experimental columns to maintain reducing conditions (e.g., Eh 

< -100 V) is a significant element of this experiment.  Reducing conditions are desired for 

microbes to effectively reduce sulphate to produce sulphides, which subsequently precipitate 

metals.  Reducing conditions are also required for metal-reducing microbes (e.g., selenium-

reducing) to effectively utilize metals as electron donors as opposed to the more biologically 

available oxygen. 
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Chapter Three: Methodology 

The sections below summarize the methods of Wolverine Creek water quality sampling; 

selection of parameters of concern; design and set-up of experimental columns; column 

operation, including experimental water quality analysis and microbial test work; and methods of 

assessment for water quality analytical results.   

Wolverine Creek Water Quality Sampling 

Target water quality concentrations for the effluent from the columns was set to 

background concentrations of nutrients and dissolved metals in Wolverine Creek.  To determine 

these concentrations, Wolverine Creek water quality samples were collected in April, June and 

November 2009, and March 2010 prior to the commencement of mining operations.  The 

sampling locations in Wolverine Creek, which are proximal to the ore body and active mine site 

areas, are shown in Figure 7.  Samples were collected directly from the creek into 120 mL plastic 

bottles.  For dissolved metals, the samples were immediately filtered by a syringe-type 45 µm 

filter, and preserved using 1 mL nitric acid.  Samples analyzed for sulphate, ammonia, nitrate 

and nitrite were not preserved prior to shipment to the laboratory, as per standard sampling 

protocols.  Samples were stored at 4°C until receipt at the laboratory for analysis.  Water quality 

samples were analyzed for the anions, nutrients and dissolved metals via the methods outlined in 

Table 3.  
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Figure 7.  Location of water quality sampling sites in Wolverine Creek. 

Table 3  
Listing of Parameters Analyzed and Analytical Method Used for Water Quality Analysis for 
Wolverine Creek Samples 

Parameter Units Analytical Method Reference Method 
Relative 

Accuracy 
Anions and Nutrients 

Ammonia mg/L 
Automated 

Phenate 
Colorimetric 

Based on EPA Method 350.1  
(EPA, 1983) 

±0.26 

Nitrate, Nitrite mg/L 
Colorimetric, 

automated 
cadmium reduction 

Based on EPA Method 353.2  
(EPA, 1983) 

±0.003 

Sulphate mg/L Turbidimetric 
Based on EPA Method 375.4  
(EPA, 1983) 

±0.8 

Dissolved Metals 

Na, K, Ca, Mg mg/L 

Collision/reaction 
cell Inductively 

coupled plasma – 
mass spectrometry 

Based on EPA Method 200.8  
(EPA, 1994)  
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Al, Sb, As, Cd, Cr, Co, 
Cu, Fe, Pb, Mg, Mn, Hg, 
Mo, Ni, P, Se, Si, Ag, St, 
Th, V, Zn 

mg/L 
Inductively 

coupled plasma – 
mass spectrometry 

Based on EPA Method 200.8  
(EPA, 1994) 

Mn ±0.04   
Fe  ±1.4 

 

Selection of Parameters of Concern 

Key water chemistry parameters were established from samples taken during the 

Wolverine Mine environmental assessment and licensing process.  Of those key parameters, 

select parameters of concern were chosen as being pertinent to the biopass research, based on the 

underground water quality modelling predictions undertaken for the purposes of water use 

licensing.  Modelling and selection of key water quality parameters were conducted by others 

prior to initiation of the present research.  The modelling identified sulphate, Al, As, Cd, Cu, Fe, 

Pb, Mo, Ni, Se, Ag and Zn as key parameters, and subsequently sulphate, Al, As, Cd, Fe, Se and 

Zn were predicted to be elevated in the water quality model predictions (YZC, 2007).  

Consequently, the biopass research work has focused on those parameters predicted to be 

elevated in the groundwater, plus ammonia, nitrate and nitrite, as elevated concentrations of 

these parameters have implications for eco-toxicity as well as being a requirement for microbial 

growth.  Finally, manganese was also included in the evaluation process, as changes in 

manganese, as well as iron, are indicative of redox conditions.  The suite of parameters of 

concern is outlined in Table 4. 
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Table 4  
Parameters of Concern for Biopass Experimental Test Work, Including Symbols, Detection 
Limits and Units of Measurement 

Parameter of Concern Symbol Detection Limit (mg/L) 
Sulphate        SO4 0.5 
Ammonia Nitrogen         N 0.005 
Nitrate Nitrogen            N 0.005 
Nitrite Nitrogen            N 0.001 
Dissolved Aluminum    Al 0.001 
Dissolved Arsenic      As 0.0001 
Dissolved Cadmium      Cd 0.000017 
Dissolved Iron         Fe 0.005 
Dissolved Manganese   Mn 0.001 
Dissolved Selenium     Se 0.0005 
Dissolved Zinc         Zn 0.001 

Design and Set-up of Experimental Columns 

Column construction. 

The sizing and operation of the experimental columns was based on the preliminary 

design provided in Figure 2.  The height of the experimental columns was chosen to represent 

biopass design depth (2.5 m), to minimize variability between the proposed final field 

installation and the laboratory experiment in the “z” direction.   

The column diameter was based on the rule of thumb for the “representative elementary 

volume” (REV), where a REV has the same volume, shape and orientation, regardless of 

location within the column (Baveye & Sposito, 1984).  From R. Beckie (personal 

communication, May 11, 2010), the REV can be 40 – 100 grain diameters, with experiments for 

chemistry and microbiology requiring smaller REVs than flow experiments. 

Therefore, the calculation of the diameter of the column required to accurately depict the 

biopass is as follows: 
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Grain size diameter ≈ ¼” gravel 

REV = 40 (for a microbiological experiment) 

Column diameter = ¼” x 40 = 10” diameter column (0.25 m) 

The columns were operated to simulate the upwelling vertical flow within the biopass 

system.  With the variation in the z-axis between the field installation and the laboratory 

experiment minimized, calculations of flow required through the column were possible by first 

comparing the surface area of the biopass to the surface area of the column (length of biopass is 

not shown in Figure 2, but is proposed to be 400 m from YZC (2007)), and width assumed to be 

3 m: 

 3  400 1200  

 0.127 0.051  

 
 

1200
0.051

23,682 

The experimental flow rate was calculated by applying the above ratio to the known 

volumetric flow rate of groundwater into Wolverine Creek, which is 0.5 L/s (from YZC, 2007): 

 
 

0.5 /
23,682 

 
0.5 
23,682

0.0000211 1.27  

Based on the above calculations, five columns were constructed following the design in 

Figure 8, with the influent to each of the columns coming from the same 220 L barrel to ensure 

consistency in the feed water quality.  The columns discharged into individual 20 L buckets 
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which were emptied weekly. Samples were taken from the outlet of the ¼” tubing prior to 

entering the 20 L bucket. 

 

Figure 8.  Diagram for biopass experimental columns.   

Column composition. 

The composition of the columns was based on a review of similar experiments contained 

in literature, with organic and chemical amendments selected as described below.  The five 

experimental columns (columns 1-5) each contained gravel and organic substrate taken from 

Wolverine Creek.  In addition to substrate and gravel, columns 2 through 5 were amended with 

manure, treated sewage effluent, zero-valent iron (in the form of steel wool), alfalfa or wood 

chips, or combinations of these, in the volumes outlined in Table 5.  The start dates of are also 

provided in Table 5, as are the days in operation for each of the columns (the date of completion 

of the experiment was December 20, 2010 for all columns).   
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Table 5  
Experimental Column 2010 Start Dates, Days in Operation and Column Composition by 
Percentage Volume  

 Column 1 Column 2 Column 3 Column 4 Column 5 

Column Start Date August 13 August 17 September 30 October 1 October 1 
Days in Operation 129 125 81 80 80 

 Column Composition (% volume) 

Substrate 56% 44% 45% 37% 30% 

Gravel 44% 31% 42% 43% 7% 

Manure - 25% - - - 

Sewage - - 13% 20% 16% 

Steel Wool - - - 4 pads - 

Alfalfa - - - - 30% 

Wood Chips - - - - 17% 

 The organic substrate from the creek, which was a black humus material, was taken from 

the area shown in Figure 9.  This section of the creek is shallow, has low flows and is marshy, 

thus providing good growth conditions for microbes.  This area is known to contain selenium 

reducing bacteria, based on past research conducted by YZC.   Creek sediment has been used in 

other experiments (Neculita, Zagury, & Bussiere, 2007) to serve as a source of bacterial 

inoculum.  

 

Figure 9.  Wolverine Creek substrate sampling site. 
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The 1/4” gravel used in the columns was sourced from a supplier in Vancouver, BC.  The 

purpose of the gravel was to create more uniform flow to prevent the development of preferential 

flow paths through the columns.  In the biopass, gravel will improve permeability to encourage 

groundwater to flow upwards through the biopass instead of through the adjacent ground.  

Although gravel is often rinsed with nitric acid and distilled water prior to use in experimental 

columns (Luo et al., 2008), this was not performed as it was decided that in a “real-world” trial 

(e.g., at the mine site), rinsing gravel with nitric acid and distilled water is not likely to happen.  

In addition to mixing the gravel in with the other column components, a 2” layer of gravel was 

placed at the top and bottom of each column to ensure even flow distribution into and out of the 

columns (Figure 8).   

Manure is a common source of microbial inoculum (Luo, et al., 2008; Gibert, de Paulo, 

Cortina, & Ayora, 2002; Tsukamoto, Killion, & Miller, 2004; Tabak, Scharp, Burckle, 

Kawahara, & Govind, 2003), and mushroom manure (a combination of horse manure, wheat 

straw, peat moss and lime) was sourced from a supplier in Vancouver, BC and was added to 

column 2.  Sewage sludge is an alternative source of microbes (Gibert, et al., 2002; Kashiwa, 

Ike, Mihara, Esaki, & Fujita, 2001) that can contain considerable amounts of microbes, including 

bacteria, viruses and parasites (Eriksen, Andreasen, & Ilsoe, 1995), as well as plant nutrients and 

organic matter that is beneficial to microbial productivity (Fliessbach, Martens, & Reber, 1994).  

As there is a sewage treatment plant on-site at the Wolverine Mine, it was decided that the sludge 

would be a readily available, cost-effective source of microbes that could increase the 

remediation of the contaminated groundwater, and hence was added to columns 3, 4 and 5.   
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Steel wool was added to column 4 as a source of zero-valent iron to encourage iron based 

reactions as described in Chapter Two.    

Alfalfa and wood chips are common nutrient sources/organic matter used to stimulate 

bacterial activity (Tabak, et al., 2003; Gibert, et al., 2002; Rutkowski et al., 2010).  They also 

contribute a cellulosic component, which, in a batch experiment by Neculita et al., (2007) was 

found to be the most effective at removing sulphate and metals compared to other test systems 

that contained very little cellulose.  Hence, alfalfa and wood chips were added to column 5 in 

lieu of some of the gravel (see Table 5). 

Column influent. 

To simulate the mine water quality at closure, water was sourced from the Wolverine 

Mine to provide influent to the experimental columns.  Influent water used for the experiment 

was initially obtained from runoff collected from the on-site waste rock pad.  The waste rock pad 

is a lined storage area containing waste rock and ore generated during test mining in 2005 and 

from pre-production mining in 2009-2010.  Surface runoff from the pad drains to a sump, and 

water taken from this sump (Phase 1).   

Once freezing temperatures were reached on-site, and water from the waste rock pad 

collection sump was no longer available, water stored in the tailings facility was used (comprised 

mainly of underground mine water and precipitation, with minor contributions from tailings 

supernatant).  The tailings facility water was mixed 1:1 with Vancouver tap water, as the 

concentrations of aluminum and selenium in the tailings facility water without dilution were 

much higher than the predicted underground mine water quality (Phase 3).  During the period 

when the tailings facility water was being shipped to the experiment location, and influent water 
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was in short supply, water from the effluent buckets from all five columns was mixed together 

and recycled back as influent.  This occurred on October 13. For the rest of October 1:1 

tailings:tap water was added to the barrel with the recycled effluent for influent (Phase 2).  In 

early November, the influent barrel was rinsed with tap water and re-filled with diluted tailings 

facility water, to eliminate traces of the recycled effluent.   

Column Operation 

Water quality sample collection and analysis. 

Samples were taken from the experimental columns weekly and analyzed by Maxxam 

Analytics Inc. for the parameters outlined in Table 3.  The analytical methods and reference 

methods for the various parameters are also outlined in Table 3.  Samples were collected from 

the end of the ¼” polyvinyl tubing by inserting the tubing directly into the 120 mL sample bottle.  

For dissolved metals, the samples were immediately filtered by a syringe-type 45 µm filter, and 

preserved using 1 mL nitric acid.  Samples being analyzed for sulphate, ammonia, nitrate and 

nitrite were not preserved prior to shipment to the laboratory, as per standard sampling protocols.  

Samples were stored at 4°C until receipt at the laboratory for analysis.   

The sample aliquot being analyzed for anions and nutrient parameters was also analyzed 

for in-situ monitoring parameters, including, pH, ORP, conductivity, dissolved oxygen and 

temperature, using the instrumentation outlined in Table 6.  ORP was measured first, to 

minimize the effect of exposure to oxygen, and temperature, pH, conductivity and dissolved 

oxygen were measured subsequently.  Measured ORP was via an Ag/AgCl probe, whereas 

typically results are presented using hydrogen electrode values. To calibrate the results from the 
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Ag/AgCl prove to the hydrogen electrode values, 200 mV were added to the measured ORP 

results, and are presented in Chapter 4 as such.  

Table 6  
List of In-Situ Monitoring Parameters Analyzed and Analytical Method Used for Water Quality 
Analysis of Column Experiment 

Parameter Units Analytical Method Reference Method 
Relative 

Accuracy 

In-Situ Monitoring Parameters 

pH pH units ORION Basic Bench top pH meter ±0.02pH 

ORP mV 
ORION Model 420A Simple 
pH/mV/ORP/Temperature meter (see Note) 

±0.2 mV 

Temperature °C Oakton ACORNTM Series CON 6 Conductivity/°C 
meter 

±0.5°C 

Conductivity µS/cm Oakton ACORNTM Series CON 6 Conductivity/°C 
meter 

±1% full 
scale 

Dissolved Oxygen mg/L Oakton ACORNTM Series DO 6 Dissolved Oxygen/°C 
meter 

 ±1.5% 
full scale 

Note: ORP was measured using an Ag/AgCl probe, and hence 200 mV has been added to the measured values to calibrate to standard 

hydrogen electrode values.   

Microbial analysis. 

Microbial analysis was conducted to evaluate the presence of selenium and sulphate 

reducing bacteria, and relative populations in the columns.  Samples were collected at the end of 

the experiment by removing the top flanges from the columns and taking samples of the 

soil/liquid material therein.  A portion of the material was analyzed for total metals and total 

carbon, nitrogen, phosphorus and sulphur by Maxxam Analytics Inc. by the methods outlined in 

Table 3.  The remaining portion was used for microbiological sample analysis, as detailed below.   

Selenium reducing bacteria. 

To test for selenium reducing bacteria, Petri plates were prepared and streaked with 

dilutions of the samples taken from the columns.  The plating procedure used was a standard 
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procedure using TrypticaseTM Soy Broth (TSB) and Agar, with an addition of filter sterilized 

sodium selenate (NaSeO4). The full procedure is outlined in Appendix A.  Selenium reducing 

bacteria appear as pink/red growth, caused by the selenium precipitation (Oremland, et al., 

1989), which would be visible to the naked eye.  Undiluted, 1:10 and 1:100 dilutions were 

prepared to determine the number of microbes present per milliliter of sample.  

 Plate counts were then conducted on the resulting growth using the viable plate count 

method.  This method assumes that a single microbe will multiply to form a colony visible to the 

naked eye; hence each colony on the plate is representative of an original single microbe.  This 

method counts only the microbes that are able to reproduce; dead cells are not measured.   

To conduct the viable plate count the total number of colonies that grew on the plates 

were counted, and the number was multiplied by the dilution factor to achieve a concentration of 

cells in the original sample.  For example, if the number of colonies on a 1:10 dilution plate was 

40, than the total concentration of cells in the original suspension would be 40 x 10 = 400 

cells/mL.  For statistical reasons, only plates with 30-300 visible colonies were used for viable 

plate counts.   

Sulphate reducing bacteria. 

 Testing for sulphate reducing bacteria (SRB) was completed using Droycon Bioconcepts 

Inc. SRB-BARTTM tests.  These tests are a self-contained apparatus that detect hydrogen 

sulphide (H2S).  If SRB activity is present in the tester, the H2S reacts with the ferrous iron in the 

tester to form black iron sulphide (Droycon Bioconcepts Inc., 2008).  The time until the black 

sulphide appears corresponds to the number of SRB in the sample.  One SRB-BARTTM test was 

completed for each of the five columns by pouring a soil/liquid volume into a tester.  The 
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sulphate reducing bacteria BARTTM testers were inoculated on December 22, and allowed to 

incubate at room temperature for 7 days.   

Evaluation of Water Quality Analytical Results 

To determine the remedial effectiveness of each of the experimental columns, the results 

from the weekly water quality analyses were compared between the influent and effluent and 

between columns.  The results are presented graphically by sampling date in Chapter Four.  
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Chapter Four: Results 

The following sections summarize the data acquired through the methods and research 

described in Chapter Three.  Results are presented for water samples collected from Wolverine 

Creek to set target effluent concentrations and influent and effluent water quality of the water 

passing through the experimental columns.  The results focus on nutrient concentrations, trace 

metals with a particular emphasis on selenium behavior, and microbe analyses from the solid 

material at the tops of the columns.   

Target Effluent Concentrations 

Full water quality results for samples taken in Wolverine Creek are provided in Appendix 

B.  Increases in metal concentrations were evident around site H, with a decrease in 

concentration with downstream distance from site H (as shown for dissolved zinc in Figure 10).  

From these concentration trends, it was determined that the stream reach around site H is likely 

where groundwater, that intercepts the known mineralized zone (ore body in Figure 10), 

discharges to Wolverine Creek.  The mean concentrations of samples taken in April and 

November 2009 for parameters of concern at site H are summarized in Table 7.  These results 

represent the background contaminant levels pre-mining (or natural concentrations).  The 

background concentrations establish the design water quality objectives for the biopass treatment 

system and are used to establish target effluent concentrations for the experimental columns.   
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Figure 10.  Dissolved zinc concentrations in Wolverine Creek – April and November 2009. 

Table 7  
Target Water Quality Concentrations for Parameters of Concern 

Parameter Concentration Data Range 
Target Concentration 

n=2 from Site H 

Sulphate 27.0 - 31.4 29.2

Ammonia 0.020 - 0.032 0.026 

Nitrate 0.258 - 0.273 0.266 

Nitrite 0.001 - 0.003 0.0021 

Dissolved Aluminum  0.0089 - 0.0103 0.0096 

Dissolved Arsenic  0.00011 - 0.00012 0.00012 

Dissolved Cadmium  0.00007 - 0.00135 0.00071 

Dissolved Iron  0.103 - 0.109 0.106 

Dissolved Manganese  0.126 - 0.198 0.160 

Dissolved Selenium 0.0023 - 0.0025 0.0023 

Dissolved Zinc  0.157 - 0.248 0.203 
Note.  Where a value was less than the reportable detection limit, it was taken to be at the detection limit, 

for the purposes of calculating the average concentration.   
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Influent Water Quality 

Influent water used in the column experiments was derived from three sources: waste 

rock pad drainage water, recycled effluent and diluted tailings water.  Water quality from the 

respective sources are averaged and compared in Table 8 to the predicted closure mine water 

quality (for the pH=6 prediction) for parameters of concern.  The full water quality results for the 

influent water quality are summarized in Appendix C.  Water quality results of the tailings water 

prior to dilution are also provided in Table 8. In the tailings water, concentrations of aluminum 

and selenium were an order of magnitude above the predicted groundwater quality expected to 

occur at closure of the Wolverine Mine.  To produce water more closely aligned with predicted 

groundwater concentrations requiring treatment, tailings water was diluted with laboratory tap 

water.  The dilution step was effective in reducing selenium concentrations to concentrations 

closer to the predicted values; although aluminum concentrations were largely unchanged.  In 

hindsight, it would have been preferable to dilute the tailings water with distilled-deionised water 

to achieve the desired dilutions.   

Influent water had, on average, higher concentrations than the closure prediction 

concentrations for sulphate and aluminum for water from the waste rock pad source, aluminum 

and iron in the recycled effluent, and for aluminum and selenium in the tailings and tap water 

(bold values in Table 8).  All other predicted parameters were less than the closure prediction 

water concentrations, but were nonetheless present in sufficient concentrations to test the 

effectiveness of the experimental columns.   

The waste rock pad water had the highest concentrations of sulphate, nitrate and zinc.  

The recycled effluent had the highest concentrations of ammonia, iron and manganese, while 
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cadmium concentrations in the recycled effluent were an order of magnitude less than the 

concentrations in the other two sources. The diluted tailings water had the highest concentrations 

of nitrite and selenium.  Aluminum and arsenic were comparable (i.e., same order of magnitude) 

over all three influent sources.  These differences between the concentrations of parameters of 

concern in the three influents affected the performance of the columns, and are further discussed 

in Chapter Five. 

Table 8   
Experimental Average Influent Water Quality, Compared to Closure Predictions (from YZC, 
2007) for Parameters of Concern  

 

Closure 
Prediction 

(from 
YZC, 
2007) 

Influent Water Quality  
(mg/L) 

 Phase 1 Phase 2  Phase 3 

 

 Waste 
Rock Pad  

Water 

Recycle 
Water  

Tailings 
Water 

 Diluted 
Tailings 
Water 

Parameter of Concern  pH = 6.0 n = 5 n = 3 n=1  n = 5 
Sulphate  393 895 333 200  162 
Ammonia  - 0.39 16.10 1.40  0.51 
Nitrate  - 6.07 0.04 1.21  0.10 
Nitrite  - 0.08 0.05 0.25  0.47 
Dissolved Aluminum  0.003 0.01 0.02 0.03  0.03 
Dissolved Arsenic  0.0554 0.0013 0.0019 0.0031  0.0040 
Dissolved Cadmium  0.225 0.003 0.0004 0.002  0.001 
Dissolved Iron  0.475 0.020 7.813 0.013  0.050 
Dissolved Manganese  - 0.16 3.80 0.03  0.02 
Dissolved Selenium  0.458 0.078 0.157 1.480  0.557 
Dissolved Zinc  8.04 0.22 0.06 0.09  0.07 

Note.  Concentrations that were less than the detection limit were taken to be equal to the 
detection limit in the calculation of the average values.  Bold values indicate concentrations of 
influent water that were greater than the closure predicted values. 
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Effluent Water Quality 

The water quality results of weekly influent and effluent sampling are provided in 

Appendix C for in-situ parameters (pH, oxidation-reduction potential (ORP), temperature, 

conductivity and dissolved oxygen), nutrients and dissolved metals.  ORP values were calibrated 

to a standard hydrogen electrode (i.e., 200 mV added to the measured value) and all tables and 

graphs reflect this calibration.  The results for the parameters of concern are summarized below 

and presented graphically compared to the target concentrations, and over the three phases of 

operation.  

Parameters of concern. 

Water quality results for influent and effluent from the five columns are summarized in 

Figures 13 – 23.  Sulphate, ammonia, nitrate and nitrite were not analyzed prior to late 

September, hence, measured concentrations are only shown in the figures thereafter.  Values 

below the reportable detection limit were taken to be equal to the detection limit for figure 

presentation.  Graph phases indicate the three sources of influent water used: waste rock pad 

runoff (Phase 1), recycled effluent/diluted tailings water (Phase 2) and diluted tailings water 

(Phase 3).   

Target concentrations for each parameter of concern are also shown on the figures.  A 

description of the results is provided below.  It is important to note that the results of the columns 

can only be compared relative to each other, as replicate columns were not constructed, nor were 

replicate samples taken, and therefore statistical relevance of the water quality results cannot be 

evaluated directly.  
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Figure 11.  Sulphate concentrations in the influent and effluent. 

The sulphate concentrations in the influent were higher in Phases 1 and 2 than in Phase 3 

(Figure 11) and ranged from 150 – 840 mg/L over the course of the experiment.  The sulphate in 

the effluent from column 1 was lowest (minimum concentration <0.5 mg/L in Phase 1), before 

increasing through Phase 2, and reaching a maximum of 260 mg/L on November 5, then 

decreasing through Phase 3 back down to <0.5 mg/L.  Sulphate concentrations were highest in 

effluent from columns 2, 3 and 5 and generally decreased as the experiment progressed.  By the 

end of the experiment, the effluent from all five columns had achieved the target concentration 

for sulphate. Column 4 achieved the lowest effluent concentrations of sulphate throughout the 

experiment, and was the only column to consistently achieve the target concentration.   
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Figure 12.  Ammonia concentrations in the influent and effluent. 

The ammonia concentrations in the influent were in the range of 0.3 - 0.6 mg/L during 

Phases 1 and 3, but reached a maximum when the effluent was recycled on October 13 (33 

mg/L) before decreasing back to 0.6 mg/L as the  recycled effluent was mixed with tailings and 

tap water.  Ammonia concentrations in the effluent from all five columns paralleled each other 

throughout the experiment, with a slight increasing trend through to December 9, when a spike in 

ammonia concentration occurred, followed by lower concentrations on December 20 (Figure 12).  

Column 5 had the highest effluent ammonia concentrations and column 1 the lowest throughout 

the experiment. Columns 2, 3 and 4 had relatively comparable concentrations.  The effluent 

concentrations were two orders of magnitude greater than the influent concentrations during 

Phases 1 and 3.  During Phase 2 influent and effluent concentrations were in a similar range on 

the day the recycled effluent was introduced, and then diverged as the recycled effluent was 
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mixed with tailings and tap water.  No concentrations were below the target for ammonia (0.026 

mg/L) at any point in the experiment.  

 
Figure 13.  Nitrate concentrations in the influent and effluent. 

Nitrate concentrations in the influent and effluent show few obvious trends with 

concentrations ranging from 0.003 – 6.1 mg/L (Figure 13).  The nitrate concentrations in the 

effluent were generally below the target concentration, except for column 2 effluent in Phases 1 

and 2.  
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Figure 14.  Nitrite concentrations in the influent and effluent. 

Nitrite concentrations in the effluents were also quite variable (Figure 14), despite the 

influent concentrations being relatively constant during Phase 3 (0.446 – 0.491 mg/L). Nitrite in 

the effluent ranged from 0.002 – 1.7 mg/L, and effluent concentrations were generally greater 

than the target concentration, with only a few sample points in the effluents from columns 1, 4 

and 5 being less than the target concentration.   
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Figure 15.  Dissolved aluminum concentrations in the influent and effluent. 

Dissolved influent aluminum concentrations increased during Phase 1.  Concentrations 

decreased when the tailings and tap water were mixed with the recycled effluent (Figure 15), and 

finally continued to increase over Phase 3 to reach a maximum concentration of 0.039 mg/L at 

the end of the experiment.  Dissolved aluminum concentrations in column 1 effluent were less 

than the influent over the entire experiment, and column 1 was the only column to consistently 

achieve the target effluent concentration (<0.001 – 0.009 mg/L).  Dissolved aluminum in column 

2 effluent was consistently greater than the influent with a noticeable spike when the effluent 

was recycled on October 13.  Otherwise, dissolved aluminum concentrations in column 2 

effluent were fairly consistent (0.038 – 0.069 mg/L).  Columns 3 and 4 effluent concentrations 

were higher during Phases 1 (column 3 and 4) and 2 (column 4 only) but less than the influent 

during Phase 3.  Columns 3 and 4 did achieve the target concentration during Phase 3 (final 
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concentrations 0.0043 mg/L and 0.0079 mg/L, respectively).  Dissolved aluminum in column 5 

effluent was initially high (0.291 mg/L) but decreased to below the influent by the end of the 

experiment (0.013 mg/L), although not to the point where it was less than the target 

concentration (Figure 15).   

 

Figure 16.  Dissolved arsenic concentrations in the influent and effluent. 

The change in water influent source did not appear to noticeably change the arsenic 

concentration in either the influent or the effluent (Figure 16).  Dissolved arsenic influent 

concentrations gradually increased over the duration of the experiment.  Dissolved arsenic 

concentrations in the effluents were generally higher than in the influent, although the 

concentrations in the effluents from columns 1, 3 and 4 were less than the influent during Phase 

3 and decreased over the experiment for columns 1, 2, 3 and 4.  Column 1 effluent had lower 

concentrations than any of the other columns.  Effluent dissolved arsenic was highest in Column 
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2 during Phase 1 and comparable to column 5 during phases 2 and 3.  Effluent dissolved arsenic 

in column 5 was higher than in the other 4 columns in Phases 2 and 3 and remained relatively 

constant (~0.02 mg/L).  Effluent arsenic concentrations were greater than the target 

concentration for all columns.   

 

Figure 17.  Dissolved cadmium concentrations in the influent and effluent. 

Dissolved cadmium concentrations in the influent were fairly constant during Phases 1 

and 3 (~0.001-0.002 mg/L), except for a spike on October 1 (0.009 mg/L); however, during 

Phase 2 concentrations were much lower (e.g., 0.00009 mg/L in the sample taken October 28) 

(Figure 17). The concentrations of dissolved cadmium in the effluents did not seem to be 

affected by the change in influent water.  The effluent from column 1 exhibited relatively 

consistent dissolved cadmium concentrations throughout the experiment (<0.00003 – 0.00007 

mg/L).  The concentrations in column 2 effluent were highest of the five columns, while the 
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concentrations in column 1 and 3 effluents were the lowest.  The effluent concentrations from 

columns 2-5 generally decreased as the experiment progressed, although there was a spike in 

cadmium in column 4 in the last sample point.  The effluent concentrations were below the target 

concentration for the duration of the experiment, except for one sample from column 2 taken on 

October 12 (0.002 mg/L). 

 

Figure 18.  Dissolved iron concentrations in the influent and effluent. 

During the early stages of the experiment in Phase 1, the influent dissolved iron 

concentrations were low and ranged between 0.005 to 0.009 mg/L (Figure 18).  Dissolved iron 

concentrations increased notably after this period by over three orders of magnitude when the 

effluent was recycled on October 13 (18.8 mg/L).  The influent dissolved iron concentrations 

then decreased as the recycled effluent was mixed with tailings and tap water (Phase 2).  During 

Phase 3, the influent concentrations gradually increased from 0.016 mg/L to 0.069 mg/L.   
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The concentrations of iron in the effluents were all greater than that in the influent, and 

appeared to be independent of changes in influent source.  Column 5 produced the highest 

concentrations of dissolved iron (~75 - 680 mg/L).  Columns 1, 3 and 4 followed similar 

concentrations trends during the three phases.  The concentrations in columns 1, 3 and 4 

decreased during Phase 3 of the experiment, although concentrations measured in the final 

sample on December 20 were observed to be higher than in the previous sample; it is unclear if 

these observations indicate a true increasing trend in dissolved iron concentrations.  The 

dissolved iron concentrations measured from column 2 were between those in column 5 and 

those in columns 1, 3 and 4, and were relatively constant throughout the experiment (~19-80 

mg/L).  None of the five columns produced effluent iron concentrations that were less than the 

target concentration of 0.106 mg/L.  

 

Figure 19.  Dissolved manganese concentrations in the influent and effluent. 
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The influent dissolved manganese concentrations varied over Phases 1 and 2 (9 – 47 

mg/L), but became more consistent during Phase 3 (2 - 4 mg/L) (Figure 19).  Dissolved 

manganese effluent concentrations appeared more or less linear throughout the experiment, 

compared to the fluctuations seen in the other parameters of concern.  The effluent manganese 

concentrations in the effluent ranged from 2 – 70 mg/L, and column 5 effluent had the highest 

dissolved manganese concentrations (18 – 70 mg/L), while column 2 effluent had the lowest 

concentrations (2 - 10 mg/L). Most of the effluents were at least one order of magnitude greater 

than the influent concentration, and no effluent achieved the target concentration.  

 

Figure 20.  Dissolved selenium concentrations in the influent and effluent. 

Influent dissolved selenium concentrations (Figure 20) were approximately 0.08 mg/L 

during Phase 1 and concentrations decreased when the effluent was recycled on October 13 (0.02 
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tap water (Phase 2).  The influent concentrations during Phase 3 were relatively constant at 

approximately 0.55 mg/L.  Despite observed increases in influent selenium concentrations, the 

column effluent selenium concentrations remained relatively constant throughout the 

experiments and were much lower than the influent concentrations. While the effluent from 

column 2 had slightly higher concentrations of dissolved selenium than the effluent from 

columns 1, 3, 4 and 5, all were within the 0.001 – 0.02 mg/L range during Phase 1, and a 

narrower range of 0.001 – 0.006 mg/L during Phase 3.  Only the effluent from column 4 was 

able to meet the target concentration for dissolved selenium of 0.0024 mg/L throughout the 

experiment; although effluent selenium concentrations from column 1 were below the target 

concentration for most of the time in all three phases.   

 

Figure 21.  Dissolved zinc concentrations in the influent and effluent. 
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The influent concentrations of dissolved zinc were relatively similar during Phase 1 and 3 

(0.044 – 0.070 mg/L and 0.053 – 0.11 mg/L, respectively), except for a spike on October 1 

(0.0862 mg/L), but were much lower during Phase 2 (0.009 – 0.015 mg/L) (Figure 21).  

Dissolved zinc effluent concentrations fluctuated throughout the experiment.  Overall the 

concentrations in column 1 effluent (0.001- 0.09 mg/L) were lower than all other effluents (0.002 

– 0.28 mg/L), although the concentrations at the beginning and the end of the experiment were 

the same (0.002 mg/L). Conversely, concentrations of dissolved zinc in the effluents from 

columns 2, 3, 4 and 5 generally decreased as the experiment progressed. Column 2 effluent 

concentrations (0.007 – 0.28 mg/L) were typically higher than that from the other four columns 

(0.001 – 0.045 mg/L). The effluent concentrations were almost all below the target 

concentration, except a sample from column 2 on November 5; however, the influent 

concentrations were also less than the target (except for one sample taken October 1).   

Oxidation-reduction potential. 

Measured ORP values are presented in Figure 22. Accurate ORP values are difficult to 

obtain, as ORP is quickly altered by atmospheric oxygen uptake into the sample.  Also, ORP in 

this experiment was measured from samples taken out of the effluent tubes, coming from the 

tops of the columns. The effluent tube from the top of the columns was exposed to the 

atmosphere, and consequently as soon as the effluent discharged from the top of the columns, 

oxygen was re-introduced.  Hence, ORP results in Figure 22 (which are all greater than the 

desired reducing range of <0 mV) do not appear to represent accurate measurements of the ORP 

in the columns, as is likely that (due to the low flow of the influent and the density of the column 

materials), the interior of the columns achieved reducing conditions in the micro-sites around the 
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organic material.  A more suitable measurement of ORP conditions within the columns may have 

been to install a sampling port along the length of the columns, to measure the ORP directly at a 

desired column location.  Consequently, the effluent ORP values presented herein are only 

representative of relative ORP conditions as measured.  More information on redox conditions 

can be garnered by examining iron, manganese and sulphate concentrations, which are discussed 

further in Chapter Five.   

 

Figure 22.  Oxidation-reduction potential in column influent and effluent over the span of the 
experiment. 

pH. 

As mentioned previously, in microbial sulphate reduction, bicarbonate ions are formed 
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microbial growth rates within the columns.  The pH values for the influent and the effluents of 

the five columns are summarized in Figure 23.  The influent pH decreased at the end of Phase 2 

and into Phase 3 with the use of tailings and tap water as influent.  In all three phases, the pH 

remained between 5 and 8 pH units, with the exception of the final measurement (3.86).  In 

general the pH in column 1 effluent decreased over the experiment (6.5 to 5.75).  The pH in 

column 2 effluent was relatively steady but also slightly decreasing (7.09 to 6.83).  The pHs of 

column 3, 4 and 5 effluents were slightly more variable, and ranged from 5.84 to 7.43. The shift 

in pH due to the change in influent water made it difficult to determine the pH changes via 

geochemical transformations.  Also, buffering of pH by the column amendments had an effect on 

effluent pH, which is discussed further in Chapter Five.  

 

Figure 23.  pH values in column influent and effluent over the span of the experiment. 
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Nutrients, Trace Metals and Microbes  

The results of available nutrient, mineral and trace metal concentrations in the material 

sampled from the top of each experimental column are summarized below. The results of 

sulphate reducing and selenium reducing bacterial tests are also provided.   

Nutrient, major elements and trace metal concentrations. 

The availability of nutrients (C, N, P, and S) is an important requirement for sustaining 

microbial cell growth. If growth is limited by carbon, cell growth is labelled “substrate-limited”, 

whereas if growth is limited by other nutrients and has an excess of carbon, the growth is said to 

be “substrate-sufficient” (Zeng & Deckwer, 1995). Microbes require nitrogen and phosphorus 

for metabolic function to achieve high sulphate-removal rates (Waybrant, Blowes, & Ptacek, 

1998; Zeng & Deckwer, 1995).   Based on average cellular composition, the favourable nutrient 

ratio of C:N:P:S is around 100:20:4:1 (Hiscock, Lloyd, & Lerner, 1991; Tangonayaki et al., 

2006). Various major elements (K, Na, Mg, Ca and Fe) and trace amounts of certain metals (Mn, 

Zn, Cu, Co and Mo) are also required (Hiscock et al., 1991).  To evaluate these parameters in the 

experimental columns, the samples taken from the top of the columns at the end of the 

experiment were analyzed for soluble sulphate, total organic carbon, nitrate, nitrite, available 

orthophosphate, soluble pH and total metals.  The results of these analyses are provided in 

Appendix D, and the concentrations of nutrients, major elements and trace metals, as well as a 

summary of the C:N:P:S ratios for the various columns are provided in Table 9.   

While a C/N ratio around 10 is generally considered suitable for biological degradation of 

complex organic substrates (Neculita, Zagury, & Bussiere, 2007), the C/N ratio in this 
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experiment was >100,000, which indicates there was far more carbon than nitrogen. As the 

nitrogen concentrations were close to or less than the reportable detection limits, nitrogen may 

have been limited in these columns.  While sulphate concentrations were below detection in 

columns 1, 3, and 5, the detection limit (50 mg/kg) was not low enough to conclude that sulphate 

was limited in these columns.  Phosphorus concentrations in the column materials were relatively 

similar (i.e., same order of magnitude) between the columns, and were four orders of magnitude 

less than the carbon concentrations.   

Table 9  
Nutrients, Major Elements and Trace Metals for Material Taken from the top of the 
Experimental Columns at the End of the Experiment (December 20, 2010). 

Station Name Column 1 Column 2 Column 3 Column 4 Column 5 

Nutrients (mg/kg) 
Sulphate <50 1190 <50 <50 110 
Carbon 190000 190000 210000 210000 210000 
Nitrogen <2 3 <2 <2 <2 
Phosphorus 16.3 70.2 16.6 27.7 23.1 

C:N:P:S ratio 3800:0.04:0.33:1 160:0.003:0.06:1 4200:0.04:0.34:1 4200:0.04:0.56:1 1910:0.019:0.21:1 
Major Elements (mg/kg) 

 Calcium (Ca) 13,800 46,100 19,200 14,100 9,310 
 Iron (Fe) 52,100 22,300 50,000 61,000 42,100 
 Potassium (K) 443 6430 1440 679 930 
 Sodium (Na) 273 692 317 259 447 
 Magnesium (Mg)   2420 3590 2400 2790 2210 

Trace Metals (mg/kg) 
 Manganese (Mn)   1680 749 1520 2030 1550 
 Zinc (Zn) 2530 962 2380 2500 1720 
 Copper (Cu) 118 86.1 128 141 90 
 Cobalt (Co) 7.9 3.7 6.3 8.2 6.5 
 Molybdenum (Mo)  1.8 2.8 2.0 2.0 1.4 

Microbial analysis results.  

The results of the microbial growth on the agar plates after 48 hours and the colony 

counts are provided in Appendix E.  The results of the BARTTM testers are also provided in 

Appendix E.  These microbial counts do not appear to be representative of the microbes 
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contained in the columns, as it would be expected that material with manure or sewage sludge 

should contain trillions of microbes, not thousands.   Therefore, these results are not useful 

indicators of the microbial populations or species contained in the columns, and while 

summarized in the appendices, are not further discussed.  
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Chapter Five: Discussion 

Amendment Remedial Effectiveness and Processes 

Remedial effectiveness differed in the experimental columns based on the various 

amendments to the creek substrate and gravel system.  Overall trends in effluent water quality 

were used to assess the effectiveness of the different amendments in reducing contaminant 

concentrations in mine-affected influent water with particular focus on selenium treatment. Good 

selenium removal was achieved in all five columns, including the control.  

The three different influent waters used in this experiment affected column operation and 

made evaluation of the amendment effectiveness difficult. The influent waters ranged in pH from 

7.4 to 3.8. The final influent pH of 3.8 is of concern, because a pH less than 5 can inhibit 

sulphate reduction and can increase metal sulphide solubility (Neculita et al., 2007).  The 

influent pH decrease (Figure 23) can be linked to the tailings facility water introduction and was 

likely due to the presence of thiosulphates.  Previous test work has indicated that tailings 

supernatant contains thiosulphates in concentrations of 400-600 mg/L (YZC, 2007, p. D.38-9).  

Thiosulphates are oxy-anions of sulphur (SnO6
2-, where n = 2, 3, 4....) and are produced in 

flotation mill effluents, which subsequently result in acidity (Rolia & Barbeau, 1980) through the 

following reactions (from Wasserlauf & Durizac, 1982): 

[10]         S3O6
2- + H2O→S2O3

2- + SO4
2- + 2H+ 

[11]   4S4O6
2- + 5H2O → 7S2O3

2- + 2SO4
2- + 10H+ 

Remedial effectiveness linked to different column amendments were observed in effluent 

water chemistry changes relative to influent concentrations.   Based on effluent water chemistry, 
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the main contaminant removal mechanisms were postulated to be: oxidation/reduction (redox) 

reactions; co-precipitation; and adsorption.  These mechanisms are further discussed for each of 

the columns in the sections below. 

Column 1 - Control column (without amendment). 

The control column effluent geochemistry indicates a gradual change within the column 

from oxic/suboxic to anoxic as the experiment progressed.  Sulphate removal (i.e., reduction of 

sulphate to sulphides) indicates that reducing conditions were achieved through microbially-

mediated processes.    

As the experiment progressed, the control column effluent met target concentrations for 

sulphate, nitrate, Al, Cd and Zn (the influent concentrations of zinc were already below the target 

concentration). The control column was one of two columns (along with the zero-valent iron 

column) to meet the effluent selenium concentration target throughout the experiment. All five 

columns achieved greater than 90% removal of selenium.  Conversely, the concentrations of 

ammonia, nitrite, arsenic, iron and manganese all exceeded target effluent concentrations.  The 

control column was also more sensitive to the changes in influent pH and ORP.   

Oxidation/reduction reactions. 

The presence of dissolved iron and manganese in the effluent is an indicator of reducing 

conditions within the columns.   Iron and manganese are thermodynamically favoured to be 

reduced from the insoluble Fe(III) and Mn(III/IV) to the more soluble Fe(II) and Mn(II) (Figure 

24 - where pE is proportional to Eh and inversely proportional to temperature) (Martin, 2005).  

The shaded areas in Figure 24 indicate conditions where iron and manganese are insoluble, and 
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the non-shaded areas indicate where iron and manganese are soluble. Sediments in the 

oxygenated waters of rivers and streams are coated with iron and manganese oxides (Thurman, 

1985) and when subjected to reducing conditions, they release the iron and manganese into 

solution.  This was also shown in an experiment by Reisman et al. (2003) investigating the 

operation of SRB and limestone cells.  This experiment indicated that as the SRBs became more 

active, iron was released into the effluent.  An experiment by Pareuil et al. (2008), studying 

various metal mobility over a range of redox potentials, found that in a series of soils at circum-

neutral pH, >40% of solid-phase iron and manganese present were released into solution at redox 

potentials between 0 mV and 300 mV.  At the Eh (Eh range in the columns = 10 - 695 mV which 

is comparable to pE = 0.2 - 12) and pH range (3.8 - 7.4) of the experimental columns, iron and 

manganese are highly soluble. This is further substantiated by the iron and manganese effluent 

concentrations, which were orders of magnitude greater than the influent concentrations.   

The amount of solid-phase iron and manganese in the five columns was measured by 

trace metals analysis (Table 9).  Columns 1, 3, 4 and 5 had similar manganese concentrations 

(1520 – 2030 mg/kg), whereas column 2 had less (749 mg/kg).  Similarly for iron, columns 1, 3, 

4 and 5 had higher concentrations (42,100 – 61,000 mg/kg) whereas column 2 had lower  

concentrations (22,300 mg/kg). Effluent manganese concentrations were comparable to those in 

the trace metal analysis, with column 2 effluent having the lowest concentration.  Conversely, 

the effluent iron concentrations were not obviously correlated to the trace metal concentrations.  

These trends may be due to the fact that Fe(II) is a strong reducing agent, and while some Fe(II) 

is solubilised, some may also be binding to the other ions in the columns and being either re-

adsorbed or precipitated from the effluent, perhaps as iron sulphides.      
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Figure 24.  pE-pH diagrams of Fe and Mn species (shaded areas show insoluble phases). From 
“Precipitation and dissolution of iron and manganese oxides,” by S. Martin, in V. Grassian (Ed.), 
Environmental Catalysis, 2005, Boca Raton: Taylor & Francis Group LLC - Books.  Copyright 
[2005] Taylor & Francis Group LLC - Books. Reprinted with permission via Copyright 
Clearance Centre.  

 

The column effluent sulphate concentrations are also generally indicative of whether or 

not reducing conditions were achieved (i.e., if appropriate conditions are present, sulphate will 

be reduced to sulphide and effluent sulphate will not be detected). The control column effluent 

sulphate concentration was initially very low (Figure 11), suggesting that sulphate-reducing 

conditions were pre-existing in the creek substrate. During Phase 2, when effluent was recycled 

as influent the effluent sulphate concentration increased. In Phase 3, effluent sulphate 

concentrations decreased, indicating that reducing conditions were achieved during this phase. 

Sulphate reduction to sulphide also increased the rate of metal sulphide co-precipitation, which is 

discussed further below.  Nitrate concentrations should also be generally indicative of reducing 

conditions. However, the nitrate concentrations were so variable (Figure 13) it is impossible to 

draw conclusions from them.  
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During Phase 3 the influent selenium concentrations of ~0.55 mg/L decreased to ~0.002 

mg/L in column 1 effluent. Similar to sulphate, reducing conditions must exist for selenate and 

selenite to be reduced to elemental selenium, as oxygen is the preferred electron acceptor over 

selenium.  From a treatment perspective, reduction of selenite and selenate to elemental selenium 

is desired as elemental selenium typically forms an insoluble precipitate.  Selenium reduction can 

occur via sulphate reducing bacteria as a substitution for sulphate (Losi & Frankenberger Jr., 

1997), or via selenium specific reducing bacteria.  It has been reported that nitrate (NO3) and 

nitrite (NO2) must be removed before selenium is reduced (Rutkowski, Walker, Gusek, & Baker, 

2010).  In this experiment, selenium removal was very effective throughout, and did not appear 

to be affected by redox conditions or sulphate or nitrogen concentrations.  Hence, it is proposed 

that selenium removal likely occurred through direct adsorption onto particulate surfaces and 

through microbial selenium reduction (e.g., selenium reducing bacteria, SeRB).  Additionally, 

the high selenium removal rate in the control column indicates that the SeRB could be native to 

the Wolverine Creek substrate.  Experiments by Knotek-Smith et al. (2006) indicated that areas 

examined with high selenium concentrations contained up to 27 different microorganisms 

capable of selenate reduction to elemental selenium.  These naturally occurring microbes were 

successfully utilized to remove selenium in column experiments (Knotek-Smith et al., 2006).  

While the microbiological test work did not conclusively identify SeRB, selenium removal in 

this experiment indicates that they could be present.  Sulphate reducing bacteria (SRB) are also 

believed to be naturally occurring in the creek substrate due to deep black colour of the creek 

substrate samples, often associated with SRB.   

Co-precipitation. 
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As described in Chapter Four, the main cadmium and zinc removal mechanism in 

sulphate reducing systems is via co-precipitation with sulphide (as CdS and ZnS). Following the 

production of sulphide through equation [1], amorphous zinc sulphide (sphalerite (ZnS)) is 

formed through equation 12 (from Gazea et al., 1996). Cd sulphides are formed through a similar 

reaction, with Cd2+ substituted for Zn2+.   

[12]   Zn2 H2S ZnS s 2H  

The sulphate removal rate, and correspondingly the sulphide precipitation rate, was 

examined by dividing the effluent concentration by the influent concentration, resulting in the 

effective removal ratio (C/C0) (Figure 25).  A C/Co ratio <1 indicates that the effluent 

concentration was less than the influent concentration.  The removal of cadmium and zinc in the 

control column was proportional to the apparent sulphide precipitation rate, more obviously 

during Phase 3.  These results are similar to those achieved by Kawaja et al. (2005) in an 

anaerobic bioreactor experiment.  Kawaja et al. (2005) indicated that when the influent passed 

through composted pulp mill sludge and industrial grade sand, the rate at which zinc and 

cadmium were removed from the influent increased by an order of magnitude from the rate at 

which they were removed during a limestone treatment phase. They attributed the rate change to 

metal sulphide precipitation.  Phase 2 and 3 cadmium and zinc removals are also comparable to 

experiments by Waybrant et al. (1998) where effluent stream Ni, Cd, Zn and Pb were effectively 

removed using a substrate that included leaf mulch, sheep manure, sawdust, wood chips and 

sewage sludge.   

The target effluent aluminum concentration was also reached in the control column.  

Removal of aluminum in sulphate reducing bioreactors has been previously attributed to the 
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formation of insoluble aluminum sulphides, as opposed to the aluminum hydroxide (Al(OH)3) 

typically seen in limestone treatment systems (Gusek & Wildeman, 2002).  However, aluminum 

sulphide formation in sulphate reducing bioreactors has been attributed to the pH increase from 

acidic to near neutral (Doshi, 2006).  Aluminum is hydrolysing, and relatively insoluble at 

neutral pH (pH = 6 to 8), which was the pH of the column effluent.  Consequently aluminum was 

expected to be insoluble in the columns as it was thermodynamically favoured to precipitate as 

Al(OH)3. Alternatively, aluminum removal may have been due to adsorption.  

 

Figure 25.  Control column C/C0 ratios for SO4, Cd and Zn   

Adsorption. 

Aluminum removal has also been attributed to adsorption on organic matter (MSE 

Technology Applications, Inc., 2002) and control column aluminum removal was better than in 

any other column. As a removal mechanism, adsorption is strongly dependent on pH (Razali, 
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Zhao, & Bruen, 2007), as the column material adsorption sites can be filled by OH- (produced as 

the pH increases) instead of effluent metals.  The adsorptive capacity of the control column 

material appeared to have increased as the influent pH decreased during Phase 3.  Additionally, 

selenate and selenite have been shown to adsorb to aluminum hydroxides (Ippolito, Scheckel, & 

Barbarick, 2009), and may be a secondary mechanism contributing to the selenium removal, if, 

as discussed above, Al(OH)3 was formed in the columns.   

Increases in parameters of concern. 

The control column effluent ammonia, iron and manganese concentrations were greater 

than in the influent, and all exceeded the target concentrations.  Effluent ammonia concentrations 

were expected to increase as the influent passed through the nitrogen-rich organic matter, as 

observed by others (MSE Technology Application, Inc., 2008; Zagury, Kulnieks & Neculita, 

2006; Cohen, 2006).  Sulphate reducing bioreactor experiments using poultry manure by Zagury, 

Kulnieks and Neculita (2006) found that the manure contributed >5 g of total ammonia nitrogen 

per gram of carbon source into the effluent. The contribution from the manure was orders of 

magnitude higher than the contribution from other carbon sources such as maple wood chips, 

sphagnum peat moss, leaf compost, conifer compost and conifer sawdust.  Although the control 

column did not contain manure or sewage sludge, the highly nutrient-rich creek substrate was 

apparently still a contributor of ammonia (Figure 12).   

There was a significant peak in ammonia on December 9th (Figure 12), which resulted in 

peak concentrations of Cd and Zn as well (Figures 19 and 23, respectively).  The ammonia peak 

occurred following increased influent oxidation conditions (Figure 22), which appear to have 

affected the control column’s ability to co-precipitate Cd and Zn.  Concurrent with increased 
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oxidation, the control column effluent had lower pH values than the other four columns (Figure 

23), and appears to have been the most sensitive to influent concentrations.  

Column 2 - Manure amendment. 

In the manure-amended column the effluent concentrations of sulphate, nitrate and nitrite 

decreased by orders of magnitude as the experiment progressed.  Effluent concentrations of As, 

Cd, Fe, Mn, Se and Zn also decreased, although less drastically.  The effluent concentrations did 

not seem to be greatly affected by the influent source changes, except for spikes in the cadmium 

and zinc concentrations on the days the influent source was changed (Figures 19 and 23). The 

manure column pH was highest of the five columns, and was the most consistent.  PH increases 

could indicate sulphate reduction (as per equation [1] and [2]) but sulphate removal was the least 

effective in the manure column.  Therefore the slightly higher pH in the manure column effluent 

was more likely due to the dissolution of organic matter, similar to experiments by Christian et 

al. (2010).   

The column 2 effluent concentrations of Al, As, Cd, Se and Zn were highest of the five 

effluents (Figures 17-19, 22, 23).  Overall, the manure column was the least effective column at 

removing parameters of concern during all experiment phases and increased ammonia, Al, As, 

Fe and Mn concentrations were observed. Target concentrations were only met for cadmium and 

zinc.   

Oxidation/reduction reactions. 

Column 2 effluent sulphate concentrations were generally decreasing, except for the 

spike on December 9th, indicating that sulphate reducing conditions were being gradually 
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achieved throughout the experiment. Sulphate reduction to sulphide was also evident by the 

black precipitate that formed on the effluent tubes and in the effluent bucket.   

The column 2 effluent selenium concentrations were slightly higher than the other four 

effluent concentrations and may have been due to the higher nitrate and nitrite concentrations in 

the manure column. As mentioned above, nitrate and nitrite may be preferentially reduced in lieu 

of selenate and selenite.  Additionally, sulphate removal was not as effective as in column 1, 

indicating that conditions were not as reducing, which could have also affected the selenium 

removal.  However, overall, the manure column still achieved quite effective removal of 

selenium.   

Co-precipitation. 

Similar to the control column, cadmium and zinc removal by the manure amended 

column was directly affected by the sulphate removal (or sulphide precipitation) rate, as shown 

by the relationships between the three parameters outlined in Figure 26.  Column 2 cadmium and 

zinc removal was the least effective of all the columns, again likely due to the less reducing 

conditions in column 2, compared to column 1.  Cadmium and zinc removal can also be 

attributed to adsorption to organics, discussed below.  
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Figure 26.  Manure column C/C0 ratios for SO4, Cd and Zn    

Adsorption.  

Adsorption to organic ligands has previously been attributed to the removal of cadmium, 

iron, zinc (Santamaria & Nairn, 2010), manganese (Willow & Cohen, 2002) and arsenic 

(Christian et al., 2010).  It is likely that adsorption of these metals occurred to some extent in the 

experimental columns.  While adsorption may have been a mechanism of removal for aluminum 

in the control column, aluminum effluent concentrations were higher than the influent 

concentrations.  Alternate positive ions (e.g., ammonium – NH3+) may have been responsible for 

displacing the Al3+ previously bound to the organics and were released into solution. This may 

explain why the columns amended with more complex organics (columns 2 (with manure) and 5 

(with wood chips and alfalfa)) had higher effluent aluminum concentrations.   
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Increases in parameters of concern.  

The manure column effluent nitrate and nitrite concentrations were slightly higher than 

for the other four columns (Figure 15 and 16, respectively), while the ammonia was very similar 

to that of the sewage sludge columns.  Similar to the control column, the manure amended 

column had an ammonia peak on December 9th (Figure 12).  However, unlike the control 

column, the manure amended column also saw a sulphate concentration increase on December 

9th.  Despite the increase in sulphate concentration, there was no corresponding increase in 

cadmium and zinc, again indicating that removal may have been due to adsorption and not 

sulphide co-precipitation.   

Nitrogen provides nutrients for decomposers present in columns (Doshi, 2006). In 

anaerobic systems, nitrite removal in the presence of ammonia has been demonstrated in a 

number of wastewater treatment plants (Kadlec & Wallace, 2009).  Nitrate (NO3) and nitrite 

(NO2) removal can occur in sulphate reducing bioreactors via denitrification, whereby NO3 and 

NO2 are reduced to N2 gas (Rutkowski et al., 2010).   

Column 2 effluent concentrations of Al, As, Fe and Mn were all greater than the influent 

concentrations and may indicate that the dissolution of organic matter is enabling the reduction 

of As, Fe and Mn to more soluble forms, increasing the concentrations in the column effluents. 

As stated previously, cation exchange of Al3+ with ammonium ions released from the manure 

likely explains the higher concentrations of aluminum observed in Column 2 effluent. 

Additionally, the manure column influent and effluent arsenic concentrations parallel the trends 

in iron during Phases 1 and 3 (Figure 27).  This additional release of arsenic is likely due to iron 

oxide dissolution under the column redox conditions.  Arsenic can be bound to the iron 
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associated with the column materials, and as columns become reducing associated arsenic 

becomes soluble.  A sulphate reducing bioreactor experiment by MSE Technology Applications, 

Inc. (2002) found that arsenic concentrations increased in the effluent of the bioreactors. The 

authors attributed this increase to arsenic being flushed from the organic matter used in the 

bioreactors as Fe(III) was reduced to Fe(II), thereby releasing the arsenic previously bound to the 

Fe(OH)3 in the organic material. Also, arsenic previously bound as Mn3(AsO4)2 can be released 

under reducing conditions as Mn (III/IV) is reduced to Mn(II) (Kadlec & Wallace, 2009).  

While column 2 and 5 effluent arsenic concentrations were higher than the influent 

concentrations throughout the experiment, the column 3 and 4 effluent arsenic concentrations 

were below the influent concentrations for the last three sample points (Figure 16).  These results 

indicate that iron-arsenic complexes were highest in the columns amended with the more 

complex carbon sources (e.g., manure and wood chips/alfalfa).  Additionally, columns 2 and 5 

had the highest effluent iron concentrations (Figure 18), further implying that the mechanism 

releasing the iron was also responsible for the release of arsenic.   

The addition of arsenic and iron observed in this experiment is similar to the results from 

Lindsay, Blowes, Ptacek and Condon (2011) who found that in a mine tailings column 

experiment with peat and spent brewing grain amendments, mobilization of Fe, As, Zn and Pb 

was proportional to the column organic content.  Lindsay et al. (2011) also found that with 

longer operating time, reducing conditions were achieved in the columns, and iron was 

subsequently removed via iron-sulphide precipitation, and consequently arsenic concentrations 

decreased due to co-precipitation or adsorption with the iron-sulphide minerals.  This could 
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support a longer experiment, to determine if reducing conditions could be improved to remove 

iron and arsenic.  

 

Figure 27.  Influent and column 2 As and Fe effluent concentrations.    

Columns 3, 4, and 5 - Sewage sludge amendment. 

Columns 3, 4 and 5 amended with sewage sludge (columns 4 and 5 were additionally 

amended with zero-valent iron and wood chips and alfalfa, respectively) achieved reducing 

conditions much more quickly than did columns 1 and 2.  The sewage sludge-containing 

columns were more effective at removing parameters of concern as more reducing conditions 

were achieved during Phase 3.  The sewage sludge appeared to be a more available source of 

electrons than the creek substrate, resulting in greater reduction of metals and a higher pH than in 

the control column.  The sewage-sludge column effluents reached the target concentrations for 

sulphate, nitrate, Al, Cd and Zn by the end of the experiment. Additionally, the effluent from 

column 4 achieved the selenium target concentration throughout the experiment. 

01 Sep  01 Oct  01 Nov  01 Dec  

A
rs

en
ic

 C
on

ce
nt

ra
tio

n 
(m

g/
L)

0.0001

0.001

0.01

0.1

1

Ir
on

 C
on

ce
nt

ra
tio

n 
(m

g/
L)

0.001

0.01

0.1

1

10

100

Colummn 2 As
Influent As
Column 2 Fe
Influent Fe

Phase 2 Phase 3 Phase 1 



Column Experiment for Groundwater Remediation    74 

 

Oxidation/reduction reactions. 

Similarly to columns 1 and 2, the iron and manganese concentrations in the columns 3, 4 

and 5 effluents were orders of magnitude greater than in the influent (except during Phase 2 

when recycled effluent was used as influent).  These increases indicate that the column redox 

conditions were in the iron and manganese solubility range (Figure 24), and that solid-phase iron 

and manganese oxides were undergoing reductive dissolution.   

The column 3 and 5 sulphate concentrations both decreased significantly (i.e., by two 

orders of magnitude) over the span of the experiment.  The sulphate concentration decrease is 

attributed to reduction to sulphide and subsequent precipitation. Sulphide precipitation was 

evident by the black precipitate that formed on the effluent tubes and in the effluent buckets. 

Similarities between column 3 and 5 sulphate concentrations indicate that the wood chips and 

alfalfa added to column 5 did not necessarily increase the sulphate reducing capability of the 

column over the short period of time that the experiment was run. Column 4 sulphate removal is 

attributed to co-precipitation with the zero-valent iron (ZVI), and is disused further in the next 

section.   

Because of inadequate decomposition time, the wood chips and alfalfa did not appear to 

increase the available nutrients (Table 9, column 5).  In addition, anaerobic degradation of 

complex organics tends to proceed at a much slower rate than aerobic degradation; hence the 

wood chips and alfalfa amendments may provide a viable long term carbon source, which would 

have to be established by a lengthier experiment, as well as more accurate microbial test work.  

Studies conducted by Neculita et al. (2007) and Waybrant et al. (1998) indicate that in both 

short-term and long-term experiments, the most effective system for metal removal contains a 
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mixture of organic carbon sources.  Additionally, an experiment by Bechard et al. (1994) found 

that alfalfa resulted in better metal removal than timothy hay or straw, hence wood chips and 

alfalfa should be carried forward in future studies.    

Column 3, 4 and 5 effluent selenium concentrations were also similar to those in column 

1 effluent, although slightly lower in the column 4 effluent, likely due to impacts of the ZVI and 

subsequent increased reduction by ferrous iron or adsorption onto the ZVI.  This implies that 

microbial selenium reduction was not affected significantly by the amendments to the creek 

substrate over the short duration of this experiment, but was generally effective in all five 

columns.   

Co-precipitation. 

Column 4 was also amended with zero-valent iron, which resulted in an effluent 

consistently low in sulphate (Figure 11).  The corrosion of iron in an anaerobic environment 

results in chemically reducing conditions and elevated pH, also, ZVI can sequester metals via 

surface complexation (Yabusaki, Cantrell, Sass, & Steefel, 2001).  Reduction and surface 

complexation mechanisms appeared to have increased the sulphate removal significantly and the 

selenium removal marginally over the control column.  While nitrate reduction would also be 

expected under the enhanced reducing conditions, experiments by Huang, Wang and Chiu (1998) 

found that chemical reduction of nitrate by ZVI tends to only occur at pH <4 under anaerobic 

conditions.  The high sulphate removal achieved by column 4 is relevant to the passive treatment 

of mine drainage, as increased sulphate production is associated with acid mine drainage 

(Ziemkiewicz, Skousen, & Simmons, 2003).  While the groundwater from the Wolverine mine 
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workings is not predicted to be acidic following closure, a treatment system with the ability to 

treat not only for selenium but also for high sulphate concentrations would be beneficial. 

Column effluent selenium removal could be attributed to the corrosion of the ZVI 

producing ferrous iron, which is a strong reducing agent, similar to the column experiments 

reviewed by Blowes et al. (2000).  Alternatively, as outlined by Blowes et al. (2000), selenate 

and selenite removal can be completed through adsorption with ferric oxyhydroxide on the ZVI 

surface.  If the ZVI had increased the reducing conditions of column 4, it is expected that the 

cadmium and zinc concentrations would have decreased with the sulphate concentrations.  As 

shown in Figure 29, this was not the case.  Hence, the removal of sulphate appears to be more 

likely via complexation with iron oxides, and not reduction by ferrous iron.  Sulphate has been 

shown to form surface complexes in experiments with groundwater in permeable reactive 

barriers (Su & Puls, 2004).  Su and Puls (2004) also describe how nitrate removal can be affected 

by the binding of sulphate to the iron oxides, affecting the reduction kinetics of nitrate.   

Conversely, the trends for cadmium and zinc removal in columns 3 and 5 did parallel the 

sulphate removal trend, with cadmium and zinc removal increasing during the third phase when 

more reducing conditions were achieved (Figure 28 and Figure 30) indicating a link to sulphide 

precipitation. The removal of cadmium and zinc was not quite as effective in column 5 as in 

column 3 during Phases 1 and 2, but were similar during Phase 3.  The removal of cadmium and 

zinc in column 3 was similar to the control, indicating that the sewage sludge did not greatly 

improve the efficiency of the columns for cadmium and zinc removal.     
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Figure 28.  Column 3 amended with sewage sludge C/C0 ratios for SO4, Cd and Zn   

 

Figure 29.  Column 4 amended with sewage sludge and ZVI C/C0 ratios for SO4, Cd and Zn   
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Figure 30.  Column 5 amended with sewage sludge, wood chips and alfalfa C/C0 ratios for SO4, 
Cd and Zn   
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mechanism of removal than adsorption by organic matter, which seems to be easily manipulated 

by changes in the effluent pH.  

Increases in parameters of concern.  

As mentioned above, effluent nitrogen concentrations increased, as expected in 

conjunction with the sewage sludge.  The sewage sludge increased the effluent ammonia 

concentrations more than those observed in the control column effluent but were comparable to 

those in the manure column effluent.  The addition of wood chips and alfalfa increased the 

effluent ammonia concentrations further. The specific additions of nitrate and nitrite by the 

sewage sludge amendment are difficult to determine due to the variability of the results.   

Similarly to column 2, the column 3, 4 and 5 effluent arsenic concentrations were greater 

than the influent for the majority of the experiment, with only the last three samples for columns 

3 and 4 being less than the influent.  The arsenic concentrations followed similar trends to the 

iron concentrations, indicating that the arsenic was released congruently with the iron, as 

described for column 2, due to the redox conditions in the columns.  

Implications for biopass design 

Achieving reducing conditions was an important condition for the successful removal of 

parameters of concern in the experimental columns.  Reducing conditions are necessary for 

sulphate reduction and subsequent removal of metals through co-precipitation with sulphide.  

While the control column eventually achieved reducing conditions, and actually achieved the 

best overall contaminant removal, the sewage sludge amendment increased the rate at which the 

columns became reducing.  While sewage sludge was effective at promoting reducing conditions 
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within the columns, the use of unsterilized sewage sludge raises some health concerns, and is not 

recommended moving forward.  Additionally, the use of zero valent iron further increased the 

removal of sulphate from the influent, although this is attributed to adsorption and not due to the 

ZVI stimulating increased reduction.  However, longer term operation may result in corrosion of 

the ZVI and subsequent release of ferrous iron, a strong reducing agent.  Selenium removal was 

high for all five columns, regardless of the apparent redox conditions, but with slight 

improvements with the addition of ZVI.  This is important for the treatment of the high selenium 

concentration Wolverine Mine water.  

While the columns effectively removed sulphate, Al, Cd, and Zn by the end of the 

experiment, the increases in the effluent of ammonia, arsenic, iron and manganese are of concern 

and indicate that further work is required.  Additionally, the oxidation-reduction potential 

achieved in the columns were not as low as would be expected from a system receiving 

groundwater, which is naturally low in dissolved oxygen. To better demonstrate the low 

dissolved oxygen conditions of groundwater in this experiment, the influent water could have 

been purged with nitrogen to remove the majority of the oxygen.  This may have also improved 

the reduction reaction kinetics in the columns, and may have provided a better correlation 

between the column experiment and what may occur in the biopass system. The use of low 

dissolved oxygen influent should be incorporated into future studies of the biopass system.  

Increased reducing conditions could also result in the sulphide precipitation of iron, and 

potentially the precipitation of arsenic as the insoluble As2S3(s) or AsS(s) (Luo et al., 2008).  

However, reducing conditions would not necessarily result in the precipitation of manganese.  In 

a sulphate reducing bioreactor experiment by Willow and Cohen (2002) with composted 
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livestock manure, manganese was removed, although it was attributed to adsorption and 

carbonate precipitation (MnCO3) as opposed to sulphide precipitation or iron co-precipitation. 

Future studies should evaluate if the attainment of reducing conditions would remove arsenic, 

iron and manganese effectively.  

If ammonia, arsenic, iron and manganese are not removed or immobilized with more 

reducing conditions, a further treatment step may have to be incorporated into future studies. In 

column 4, amended with ZVI, the ferrous iron precipitated as ferric hydroxide once the effluent 

was exposed to oxygen, as evidenced by the thick orange sludge that appeared in the outlet 

buckets.  This indicates that oxidation of the biopass effluent may result in rapid precipitation of 

metals as metal hydroxides once exposed to an aerated environment.  Of concern is that 

oxidation of Fe(II) to Fe(III) and subsequent precipitation of ferric oxyhydroxides can generate 

acidity, as per the following equation from Benner et al. (1999).  Hence a neutralization step may 

also be required (e.g., the addition of limestone). 

[13]    4Fe2 O2 10H2O 4Fe OH 3 s 8H  

Aerobic systems (e.g., constructed wetlands or open limestone channels) have been 

shown to effectively remove iron and manganese (Wolkersdorfer, 2008).  Oxidation of iron 

would have the added benefit of co-precipitating arsenic.  Aerated wetland systems have also 

been shown to be effective at removing nitrogen, although nitrogen removal in wetlands can be 

dependent on temperature, and are more effective in summer months (Kadlec & Wallace, 2009). 

An aerated wetland system with added limestone would have the added benefit of precipitating 

any Cd and Zn remaining in the effluent as carbonates (CdCO3 and ZnCO3, respectively) 

(Kadlec & Wallace, 2009).   
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As found by Doshi (2006), successful manganese removal requires a different type of 

treatment system than a sulphate reducing bioreactor, such as an aerobic rock filter, with 

additional algae and cattails.  Aerobic rock filters have the added benefit of removing BOD and 

fecal coliform bacteria, while restoring oxygen to the effluent (Doshi, 2006).  While oxidation 

alone has the potential to precipitate manganese, the pH of the water must be very high (e.g., 

>10, Figure 24), but if catalyzed by microbes, less supplied oxygen and lower pH is required 

(Chapnick, Moore, & Nealson, 1982). Aerobic microbes and fungi have been shown to oxidize 

manganese; the microbes use dissolved O2 as an electron donor, and carbon as an energy source 

and the precipitate is stored externally to the cell (Rose, Means, & Shah, 2003).  Bless et al. 

(2006) used 300 feet of cobbled corrugated pipe and a baffled limestone bed to remove 99% of 

manganese present in acid rock drainage from the Surething Mine.   

Aluminum is predicted to be an order of magnitude lower in the mine water discharge 

compared to that used for influent in this experiment; hence concentrations in the biopass 

effluent may not be as high as seen in this experiment.  However, it is still desirable to design a 

system with the ability to remove aluminum from a contaminated influent.  Aluminum 

concentrations have been shown to not be affected by redox state, but by the pH (Figueroa, 

Miller, Zaluski, & Bless, 2007).  Limestone addition to the aerated treatment wetland may 

precipitate the aluminum from the effluent of the biopass, by providing hydroxide ions to 

precipitate aluminum as Al(OH)3.  

Additional treatment steps will require further research and evaluation to determine 

which system will be the most appropriate for the biopass.  The results of future studies may 
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indicate that a secondary treatment is not even required. This evaluation should be conducted 

following the completion of future studies.   



Column Experiment for Groundwater Remediation    84 

 

Chapter Six: Conclusions 

The purpose of this work was to contribute to the greater body of knowledge concerned 

with passive treatment of metal mine effluent, specifically following closure of metal mines 

contaminated with selenium. The effective implementation of passive mitigation measures can 

minimize the potential for adverse environmental effects resulting from the discharge of 

groundwater from metal mines into surface water bodies.  This lab-based column experiment 

examined the passive treatment of contaminated effluent for the removal of selenium and other 

parameters of concern, including sulphate, ammonia, nitrate, nitrite, aluminum, arsenic, 

cadmium, iron, manganese and zinc.  

The results of this experiment indicate that reducing conditions and the successful 

removal of selenium and other contaminants of concern were achieved.  Selenium was 

effectively removed from the influent by all columns, at least somewhat independent of 

measured reducing conditions and amendment addition.  The effluent from the control column 

met selenium removal targets and had some of the lowest concentrations for the 11 parameters of 

concern.  The column amended with manure did not meet many of the target concentrations.  

The addition of sewage sludge greatly increased the rate at which the columns became reducing, 

thereby increasing sulphide precipitation and cadmium and zinc co-precipitation.  The addition 

of zero-valent iron increased the sulphate and selenium removal to almost 100%.  Finally, the 

addition of wood chips and alfalfa did not appear to greatly influence the removal mechanisms in 

the columns, but could affect the long-term success of a treatment system.  

All five columns saw increased concentrations of ammonia, arsenic, iron and manganese 

due to the same redox conditions that were responsible for the sulphate reduction.  Organic 



Column Experiment for Groundwater Remediation    85 

 

matter sorption/desorption reactions contributed to contaminant removal, but was also a factor in 

the higher concentrations of arsenic, aluminum, iron and manganese observed in column 

effluents.  Due to increased metal concentrations, an oxidation step addition to the end of the 

proposed passive treatment system and/or a limestone treatment step may be warranted.   

Based on the results of this experiment, it is recommended that further column test work 

be conducted to guide the design of the Wolverine Mine biopass system.  Additional test work 

should consider the following:  

 Comparison of a control (containing creek substrate and gravel) to a zero-

valent iron/wood chip/alfalfa amended column (an alternative control column 

containing only gravel could also be tested). 

 Replicate columns to allow for statistical analysis.   

 An influent with relatively constant concentrations of parameters of concern 

that has been oxygen depleted to better simulate contaminated groundwater.   

 A longer treatment time (e.g., >500 days) to examine the potential for 

increased reducing conditions and subsequent precipitation of iron and co-

precipitation of arsenic.  

 If increased treatment time does not achieve the desired water quality for all 

parameters, it may be necessary to test a secondary treatment mechanism.  

Together with the herein summarized column test work, these recommended studies, 

followed by a field trial, will allow for the design of a robust system for the long term treatment 

of potentially contaminated groundwater emanating from the Wolverine Mine.  
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Appendix A: Petri Plate Preparation Procedure 

The plates were prepared by adding 30 g of BBLTM TrypticaseTM Soy Broth (TSB) and 

15 g of Agar to double distilled water to form 1 L of solution.  The solution was autoclaved for 

one hour to remove impurities, and then the temperature of the solution brought down to 50°C 

using a water bath.  Approximately 100 mL of the resulting trypticase soy agar (TSA) was 

poured into five sterile Petri plates, and allowed to solidify around a Bunsen burner flame (to 

minimize contamination from air borne microbes).  To the remaining 900 mL TSA, 180 µL of 

filter sterilized 230,000 mg/L sodium selenate (NaSeO4) was added, to achieve a concentration 

of 35 mg/L selenate.  From this TSA and sodium selenate solution, 15 plates were poured and 

allowed to solidify around an open flame.  The purpose of plating the samples on trypticase soy 

agar, and on trypticase soy agar augmented with sodium selenate was to identify selenium 

reducing bacteria that presumably would only grow on the agar augmented with NaSeO4.  

Selenium reducing bacteria appear as pink/red growth, caused by the selenium precipitation 

(Oremland, et al., 1989), which would be visible to the naked eye. 

To inoculate the plates, 150 µL of undiluted sample from each experimental column was 

micro-pipetted into a 2 mL micro-tube.  10 µL from the undiluted sample was then placed in a 

second micro-tube, along with 90 µL of double distilled water to produce a 1:10 dilution.  Next 1 

µL from the undiluted sample was placed in a third micro-tube, along with 99 µL of double 

distilled water to produce a 1:100 dilution.  The volumes from each of the micro-tubes were then 

spread on the prepared TSA and sodium selenate plates using a rod spreader, and allowed to 

incubate upside down (to prevent condensation from forming and dripping on the samples) at 

room temperature.  100 µL of the undiluted sample was also added to the TSA only plates, to 
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provide a comparison of the growth of the undiluted samples between the TSA only and the TSA 

and sodium selenate plates.  The plates were sealed with paraffin and stored in sealed Ziploc 

bags to prevent air from entering the plates.  This procedure was repeated for each of the five 

experimental column samples.   
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Appendix B: Wolverine Creek Water Quality Results 

Station Name   SiteA SiteA SiteB SiteC SiteD SiteE SiteF Site G Site G Site H Site H Site H Site I Site I Site J Site J Site J Site K 

Collection Date  Units 28/06/09 18/03/10 28/06/09 04/04/09 04/04/09 28/06/09 28/06/09 04/04/09 11/11/09 04/04/09 11/11/09 18/03/10 27/06/09 11/11/09 21/03/09 27/06/09 11/11/09 11/11/09 

Sulphate (SO4) mg/L 15 15 15 22 24 15 17 25 27.9 27 31.4 29 19 32.0 30 20 31.9 33.9 

Ammonia (N) mg/L 0.033 <0.005 <0.005 0.006 0.036 <0.005 <0.005 0.028 0.128 0.032 0.0199 <0.005 <0.005 0.0170 0.023 <0.005 0.0140 0.0098 

Nitrate (N) mg/L 0.415 0.239 0.412 0.239 0.253 0.371 0.363 0.227 0.166 0.258 0.273 0.211 0.290 0.274 0.262 0.286 0.276 0.291 

Nitrite (N) mg/L 0.015 0.003 0.014 <0.002 0.003 0.013 0.012 0.003 0.0116 0.003 0.0011 0.004 0.008 0.0015 <0.002 0.011 <0.0010 <0.0010 

Dissolved Aluminum (Al) mg/L 0.0076 0.0092 0.0108 0.0047 0.007 0.0086 0.0068 0.0124 0.0025 0.0089 0.0103 0.0058 0.0159 0.0072 0.0074 0.0162 0.0069 0.0065 

Dissolved Antimony (Sb) mg/L 0.0002 0.00014 0.00021 0.00018 0.00017 0.00019 0.00018 0.00147 0.00020 0.00031 0.00021 0.00047 0.00024 0.00019 0.00024 0.00023 0.00019 0.00018 

Dissolved Arsenic (As) mg/L 0.00012 0.0001 0.00009 0.00013 0.0002 0.00011 0.00011 0.00505 0.00063 0.00011 0.00012 0.00043 0.00014 0.00011 0.00007 0.00008 <0.00010 <0.00010 

Dissolved Cadmium (Cd) mg/L 0.000272 0.00119 0.00027 0.000101 0.00033 0.000238 0.000184 0.000064 0.000186 0.000073 0.00135 0.000328 0.00104 0.000871 0.000824 0.00109 0.000806 0.000935 

Dissolved Calcium (Ca) mg/L 33.1 43.5 34.2 34.0 34.0 32.9 33.6 33.3 36.9 33.2 44.1 36.7 31.8 42.8 36.1 32.0 42.7 42.3 

Dissolved Chromium (Cr) mg/L <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.00050 <0.0001 <0.00050 <0.0001 0.0004 <0.00050 <0.0001 <0.0001 <0.00050 <0.00050 

Dissolved Cobalt (Co) mg/L 0.000101 0.000015 0.000109 0.000102 0.000204 0.000091 0.000077 0.000053 0.00065 0.000444 0.00101 0.000049 0.000181 0.00074 0.00031 0.000173 0.00066 0.00048 

Dissolved Copper (Cu) mg/L 0.00088 0.00043 0.00143 0.0004 0.00026 0.00083 0.00088 0.00023 0.00024 0.00071 0.00114 0.00043 0.00186 0.00071 0.00067 0.0017 0.00063 0.00072 

Dissolved Iron (Fe) mg/L 0.065 0.029 0.05 0.342 0.343 0.056 0.076 0.054 2.15 0.103 0.109 0.034 0.23 0.041 0.014 0.047 <0.030 <0.030 

Dissolved Lead (Pb) mg/L 0.000064 0.000034 0.000133 0.000134 0.000125 0.000045 0.000037 0.000134 <0.000050 0.000128 <0.000050 0.000043 0.000544 <0.000050 0.000073 0.000078 <0.000050 <0.000050 

Dissolved Magnesium (Mg) mg/L 3.05 4.31 3.27 3.61 3.59 3.29 3.39 4.43 4.44 4.47 4.89 4.74 3.57 4.83 4.60 3.70 4.82 4.74 

Dissolved Manganese (Mn) mg/L 0.029 0.028 0.0253 0.116 0.381 0.026 0.0271 0.0785 0.644 0.126 0.198 0.0897 0.0369 0.162 0.105 0.0391 0.147 0.123 

Dissolved Mercury (Hg) mg/L <0.00001 <0.00001 <0.00001 0.0001 0.00008 <0.00001 <0.00001 0.00005 <0.000010 <0.00005 <0.000010 <0.00001 <0.00001 <0.000010 <0.00001 <0.00001 <0.000010 <0.000010 

Dissolved Molybdenum (Mo) mg/L 0.0005 0.00041 0.00045 0.00036 0.00039 0.00044 0.00042 0.00745 0.000645 0.00053 0.000397 0.00072 0.00042 0.000384 0.00046 0.00048 0.000410 0.000384 

Dissolved Nickel (Ni) mg/L 0.00269 0.00118 0.00303 0.00264 0.00236 0.00321 0.00311 0.00165 0.00425 0.0118 0.0184 0.00383 0.0118 0.0171 0.0124 0.012 0.0161 0.0152 

Dissolved Phosphorus (P) mg/L 0.004 0.005 0.01 0.008 0.011 0.011 0.01 0.014 <0.30 0.015 <0.30 0.018 0.006 <0.30 0.008 0.006 <0.30 <0.30 

Dissolved Potassium (K) mg/L 1.09 1.39 1.12 1.41 1.45 1.03 1.04 1.27 <2.0 1.29 <2.0 2.68 0.93 <2.0 1.04 0.94 <2.0 <2.0 

Dissolved Selenium (Se) mg/L 0.00269 0.00284 0.00299 0.00231 0.00218 0.00289 0.00298 0.00316 0.00221 0.00232 0.00246 0.0034 0.0025 0.00217 0.00225 0.00244 0.00218 0.00235 

Dissolved Silicon (Si) mg/L 2.88 4.94 2.85 3.05 3.44 2.98 3.04 3.3 3.80 3.21 3.92 5.83 2.96 3.83 3.43 2.95 3.84 3.75 

Dissolved Silver (Ag) mg/L <0.000005 <0.000005 <0.000005 <0.000005 <0.000005 <0.000005 <0.000005 <0.000005 <0.000010 <0.000005 <0.000010 <0.000005 <0.000005 <0.000010 <0.000005 <0.000005 <0.000010 <0.000010 

Dissolved Sodium (Na) mg/L 1.17 1.21 1.27 1.02 1.00 1.16 1.18 1.10 <2.0 1.04 <2.0 1.33 1.09 <2.0 0.91 1.13 <2.0 <2.0 

Dissolved Strontium (Sr) mg/L 0.112 0.127 0.113 0.0971 0.0946 0.112 0.107 0.088 0.0839 0.0966 0.111 0.111 0.106 0.108 0.0985 0.105 0.107 0.107 

Dissolved Thallium (Tl) mg/L 0.000016 0.000003 0.000014 <0.000002 <0.000002 0.000011 0.000011 <0.000002 <0.00010 <0.000002 <0.00010 0.000009 0.000008 <0.00010 <0.000002 0.000008 <0.00010 <0.00010 

Dissolved Vanadium (V) mg/L <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 0.0015 <0.0010 <0.0002 <0.0010 <0.0002 <0.0002 <0.0010 <0.0002 <0.0002 <0.0010 <0.0010 

Dissolved Zinc (Zn) mg/L 0.0341 0.108 0.0401 0.0752 0.0656 0.042 0.0442 0.0321 0.0340 0.157 0.248 0.149 0.143 0.226 0.176 0.145 0.221 0.208 

 



Column Experiment for Groundwater Remediation    102 

 

Appendix C: Experimental Column Weekly Water Quality Sampling Results 

Station Name 
Units 

Influent Influent Influent Influent Influent Influent Influent Influent Influent Influent Influent Influent Influent 
Collection Date 01/09/2010 13/09/2010 20/09/2010 28/09/2010 01/10/2010 13/10/2010 20/10/2010 28/10/2010 05/11/2010 18/11/2010 03/12/2010 09/12/2010 20/12/2010 
pH  pH units 7.22 7.01 7.22 6.8 7.37 6.48 7.01 6.81 5.24 5.44 5.32 6.08 3.86 
ORP mV 504 700 495 729 590 166 220 315 89 437 737 675 712 
Conductivity µS 1651 1565 1547 1530 1825 2540 980 737 394 400 411 421 472 
Dissolved Oxygen mg/L 8.35 9.09 9.04 9.01  9.17 8.39 8.56 8.46 8.18 8.45 8.47 8.93 
Temperature °C 26 26 20.4 20.3 23.7 21 22.4 20.1 19 18.9 22.3 20.2 19.3 
Sulphate (SO4) mg/L    840 950 530 240 230 150 160 160 170 170 
Ammonia (N) mg/L    0.31 0.47 33 9.1 6.2 0.57 0.48 0.55 0.62 0.31 
Nitrate (N) mg/L    6.03 6.1 <0.02 <0.002 0.04 0.09 <0.002 0.055 0.089 0.159 
Nitrite (N) mg/L    0.104 0.051 <0.02 0.01 0.08 0.46 0.446 0.487 0.451 0.491 
Dissolved Aluminum (Al) mg/L 0.006 0.0128 0.0086 0.011 0.013 0.025 0.0129 0.0138 0.0232 0.0371 0.0382 0.036 0.0388 
Dissolved Antimony (Sb) mg/L 0.0104 0.0114 0.0115 0.0117 0.0057 0.003 0.0537 0.0447 0.0639 0.0631 0.0609 0.0598 0.064 
Dissolved Arsenic (As) mg/L 0.0013 0.00125 0.00134 0.00133 0.0011 0.0022 0.0014 0.00211 0.00198 0.00285 0.00283 0.00472 0.0078 
Dissolved Cadmium (Cd) mg/L 0.00158 0.00136 0.00117 0.00136 0.00955 0.00083 0.000319 0.000091 0.00139 0.00149 0.0014 0.0015 0.00162 
Dissolved Calcium (Ca) mg/L 289 291 291 299 329 267 113 88.3 46.8 45.6 44.2 44.2 50.9 
Dissolved Chromium (Cr) mg/L 0.0008 0.0011 0.0011 0.0011 <0.0005 0.0005 0.0002 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Dissolved Cobalt (Co) mg/L 0.00007 0.000026 0.000024 0.000043 0.00031 0.00433 0.000925 0.000576 0.000222 0.000205 0.000195 0.00023 0.000253 
Dissolved Copper (Cu) mg/L 0.0015 0.00174 0.00096 0.00243 0.0065 0.0017 0.00388 0.00242 0.108 0.132 0.137 0.234 0.234 
Dissolved Iron (Fe) mg/L 0.009 0.006 0.004 0.005 0.075 18.8 2.36 2.28 0.016 0.042 0.061 0.06 0.069 
Dissolved Lead (Pb) mg/L <0.00003 0.000014 <0.000005 0.000008 0.00007 0.00016 0.0195 0.0101 0.0317 0.0414 0.0436 0.0442 0.0515 
Dissolved Magnesium (Mg) mg/L 45.3 46.6 47.1 47.5 37.1 36.8 11.5 8.96 3.35 3.25 3.21 3.29 3.55 
Dissolved Manganese (Mn) mg/L 0.0662 0.0509 0.00426 0.0822 0.595 8.37 1.7 1.33 0.0219 0.0234 0.0235 0.0235 0.0241 
Dissolved Mercury (Hg) mg/L <0.00005 <0.00001 <0.00001 <0.00001 <0.00005 <0.00005 0.00002 <0.00001 0.00001 0.00001 0.00001 <0.00001 <0.00001 
Dissolved Molybdenum (Mo) mg/L 0.0064 0.00703 0.00711 0.00732 0.0025 0.0054 0.0162 0.0141 0.0178 0.0162 0.0166 0.0149 0.0142 
Dissolved Nickel (Ni) mg/L 0.0155 0.014 0.014 0.0164 0.0548 0.0519 0.0122 0.00703 0.00426 0.00333 0.00358 0.0102 0.00461 
Dissolved Phosphorus (P) mg/L <0.01 0.004 0.004 0.005 <0.01 0.226 0.033 0.024 0.003 0.007 0.004 <0.002 0.004 
Dissolved Potassium (K) mg/L 6.3 6.52 6.47 6.52 7.8 183 50.6 35.3 6.2 5.88 5.79 5.52 5.94 
Dissolved Selenium (Se) mg/L 0.092 0.0762 0.0869 0.0885 0.0458 0.0195 0.263 0.189 0.571 0.541 0.534 0.527 0.61 
Dissolved Silicon (Si) mg/L 1.89 2.22 2.18 2.28 2.71 9.76 4.31 3.61 1.79 1.7 1.6 1.6 1.7 
Dissolved Silver (Ag) mg/L <0.00003 <0.000005 <0.000005 <0.000005 <0.00003 <0.00003 0.000034 <0.000005 0.000535 0.000485 0.000334 0.000314 0.000346 
Dissolved Sodium (Na) mg/L 32.4 32.9 32.9 32.6 63.1 57.4 29.5 25.9 17.4 17.1 17.3 17.6 18.8 
Dissolved Strontium (Sr) mg/L 0.65 0.651 0.664 0.67 0.661 0.728 0.288 0.249 0.133 0.131 0.13 0.127 0.142 
Dissolved Thallium (Tl) mg/L 0.00036 0.000389 0.000377 0.000392 0.00036 <0.00001 0.000003 <0.000002 0.000324 0.000335 0.000336 0.000385 0.000379 
Dissolved Vanadium (V) mg/L <0.001 0.0003 0.0003 0.0003 <0.001 <0.001 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 0.0002 <0.0002 
Dissolved Zinc (Zn) mg/L 0.0707 0.0571 0.0435 0.0664 0.862 0.167 0.0155 0.0096 0.0527 0.0535 0.0542 0.11 0.0906 
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 Station Name 
Units 

C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent C1_Effluent 
Collection Date 01/09/2010 13/09/2010 30/09/2010 05/10/2010 12/10/2010 28/10/2010 05/11/2010 18/11/2010 03/12/2010 09/12/2010 20/12/2010 
pH  pH units 6.55 6.23 6.81 6.67 6.43 6.62 6.38 6.42 6.36 6.58 5.75 
ORP mV 695 497 581.5 588 145 75 74 75 180 175 231 
Conductivity µS 1313 1487 1539 1702 1700 1639.00 1643 400.00 1470 1332 1018 
Dissolved Oxygen mg/L 9.04 9.09   8.7 8.86 8.8 8.18 8.23 8.67 9.18 
Temperature °C 20.3 20.1  21.9 20.9 20.30 20.2 18.90 20.5 20.2 19.8 
Sulphate (SO4) mg/L   1.1 <0.5 23 200.00 260 56.00 23 4.5 <0.5 
Ammonia (N) mg/L   31 32 29 30.00 27.00 42.00 42 180 25 
Nitrate (N) mg/L   0.014 0.035 0.018 0.01 0.08 0.094 0.01 0.011 0.02 
Nitrite (N) mg/L   0.017 0.025 0.007 <0.002 0.02 0.02 0.011 <0.002 0.011 
Dissolved Aluminum (Al) mg/L <0.001 0.007 0.006 0.009 0.007 0.005 0.004 0.008 0.007 0.003 0.0025 
Dissolved Antimony (Sb) mg/L 0.0001 0.0001 0.0001 0.0001 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0002 0.0001 
Dissolved Arsenic (As) mg/L 0.001 0.0034 0.0011 0.0025 0.0042 0.0024 0.0005 0.0022 0.0005 0.0009 0.00066 
Dissolved Cadmium (Cd) mg/L 0.00004 0.00003 0.00007 <0.00003 0.00004 <0.00003 <0.00003 <0.00003 <0.00003 0.00005 0.000014 
Dissolved Calcium (Ca) mg/L 229 289 261 248 235 238 224 210 190 160 132 
Dissolved Chromium (Cr) mg/L <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0005 <0.0001 
Dissolved Cobalt (Co) mg/L 0.00133 0.00221 0.00137 0.00138 0.00111 0.00102 0.0007 0.00084 0.00078 0.00049 0.000544 
Dissolved Copper (Cu) mg/L 0.0006 0.0004 0.002 <0.0003 0.0005 <0.0003 <0.0003 <0.0003 0.0003 0.0011 0.00025 
Dissolved Iron (Fe) mg/L 0.261 45.6 7.63 77.5 59.8 75.1 1.05 66.3 0.111 0.183 0.424 
Dissolved Lead (Pb) mg/L <0.00003 0.00009 0.00008 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 0.00009 0.000005 
Dissolved Magnesium (Mg) mg/L 21.1 23.6 23.6 23.4 21.6 22.3 21.1 18 18.7 14 11 
Dissolved Manganese (Mn) mg/L 11.3 15.2 13.2 14.3 13.1 14.6 13.3 12.6 11.6 7.52 7.13 
Dissolved Mercury (Hg) mg/L <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00001 
Dissolved Molybdenum (Mo) mg/L 0.0054 0.0065 0.0055 0.0059 0.005 0.0043 0.0028 0.003 0.0031 0.0033 0.00367 
Dissolved Nickel (Ni) mg/L 0.0027 0.0028 0.0021 0.0025 0.002 0.0011 0.0007 0.0017 0.0018 0.002 0.00179 
Dissolved Phosphorus (P) mg/L 0.016 0.035 0.016 0.024 0.017 0.016 <0.01 0.02 0.01 <0.01 0.012 
Dissolved Potassium (K) mg/L 10.6 12 12.7 13.7 14.5 13.5 12.5 10.5 10.9 8.3 7.28 
Dissolved Selenium (Se) mg/L 0.0018 0.002 0.0019 0.0023 0.0021 0.0022 0.0021 0.002 0.0017 0.0034 0.00178 
Dissolved Silicon (Si) mg/L 13.9 21.3 15.4 17.1 17.9 18.1 14 19.7 15.6 13.1 14.8 
Dissolved Silver (Ag) mg/L <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 0.00004 0.000005 
Dissolved Sodium (Na) mg/L 4.1 4.8 6 8 13.2 26.6 31.3 38.8 44.7 39.6 30.9 
Dissolved Strontium (Sr) mg/L 0.731 0.856 0.814 0.877 0.799 0.808 0.742 0.691 0.652 0.509 0.437 
Dissolved Thallium (Tl) mg/L <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 0.00004 <0.000002 
Dissolved Vanadium (V) mg/L <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.0002 
Dissolved Zinc (Zn) mg/L 0.002 0.0054 0.0062 0.0032 0.0051 0.001 0.001 0.0026 0.0021 0.0091 0.0019 
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Station Name 
Units 

C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent C2_Effluent 
Collection Date 01/09/2010 13/09/2010 30/09/2010 05/10/2010 12/10/2010 20/10/2010 28/10/2010 05/11/2010 18/11/2010 03/12/2010 09/12/2010 20/12/2010 
pH  pH units 7.09 7.04 7.4 7.03 7.03 7.19 7.12 7.01 6.92 6.94 6.83  
ORP mV 452 224 440 197 149 460 170 87 100 154 168  
Conductivity µS 11900 11700 7050 6520 5630 4650.00 3700 3240.00 3400 3040 2200  
Dissolved Oxygen mg/L 9.06 9.02   8.83 8.27 8.88 8.74 8.38 8.96 9.25  
Temperature °C 20.2 20.3  21.9 20.9 23.10 20.3 20.00 19.9 20.6 19.3  
Sulphate (SO4) mg/L   1100 1100 610 520.00  190.00 <5 <5 150 8.2 
Ammonia (N) mg/L   130 140 110 100.00 87.00 96.00 84 89 250 56 
Nitrate (N) mg/L   3.2 <0.2 0.4 1.05 0.28 0.08 0.12 <0.02 0.10 <0.02 
Nitrite (N) mg/L   1.7 0.2 0.2 0.36 0.26 0.10 0.07 0.05 0.04 0.03 
Dissolved Aluminum (Al) mg/L 0.038 0.069 0.05 0.067 0.289 0.054 0.05 0.064 0.056 0.061 0.062 0.066 
Dissolved Antimony (Sb) mg/L 0.0013 0.0015 0.0007 0.0007 0.0006 0.0004 0.0003 0.0003 0.0003 0.0004 0.0004 0.0003 
Dissolved Arsenic (As) mg/L 0.0223 0.0333 0.0131 0.012 0.0163 0.0104 0.0101 0.0117 0.0115 0.0133 0.0121 0.0108 
Dissolved Cadmium (Cd) mg/L 0.00069 0.00028 0.0002 0.00018 0.00199 0.00013 0.0001 0.0002 0.00008 0.00012 0.00019 0.00019 
Dissolved Calcium (Ca) mg/L 574 765 313 265 244 184 166 172 149 155 138 115 
Dissolved Chromium (Cr) mg/L 0.004 0.004 0.002 0.003 0.0024 0.0021 0.0016 0.0019 0.0014 0.0014 0.0012 0.0012 
Dissolved Cobalt (Co) mg/L 0.00873 0.00898 0.0044 0.00598 0.00529 0.0036 0.00297 0.00265 0.00174 0.00207 0.00193 0.00177 
Dissolved Copper (Cu) mg/L 0.0168 0.0126 0.0056 0.0026 0.0109 0.0017 0.0012 0.0025 0.0012 0.0017 0.0016 0.0024 
Dissolved Iron (Fe) mg/L 45.9 58.7 33.4 27.3 79.8 22.5 19.3 21.4 32.6 37.6 26.8 29.8 
Dissolved Lead (Pb) mg/L 0.0011 0.00055 0.00031 0.0002 0.00158 0.00018 0.00013 0.00046 0.0001 0.00017 0.00046 0.00032 
Dissolved Magnesium (Mg) mg/L 162 222 92.0 75.7 64.0 53.3 49.6 47.1 44.3 44 41.8 31.4 
Dissolved Manganese (Mn) mg/L 9.18 10.4 4.87 4.65 4.76 3.28 2.95 2.63 2.92 3.12 2.63 2.25 
Dissolved Mercury (Hg) mg/L <0.0001 <0.0001 <0.0001 <0.0001 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 
Dissolved Molybdenum (Mo) mg/L 0.105 0.0659 0.0198 0.0152 0.0105 0.0068 0.0049 0.0038 0.0032 0.0034 0.0034 0.0027 
Dissolved Nickel (Ni) mg/L 0.0705 0.0575 0.0302 0.0341 0.0302 0.023 0.018 0.0187 0.0135 0.0135 0.0157 0.0132 
Dissolved Phosphorus (P) mg/L 3.29 6.37 4.09 4.36 22.8 6.66 6.28 6.32 10.3 9.87 8.42 10.7 
Dissolved Potassium (K) mg/L 2570 3140 1710 1370 1130 964 806 811 600 598 550 359 
Dissolved Selenium (Se) mg/L 0.0187 0.02 0.0173 0.0066 0.0065 0.0055 0.005 0.005 0.0051 0.0051 0.0058 0.0049 
Dissolved Silicon (Si) mg/L 22.1 33.1 28.7 28.5 30.9 30.8 30.7 31.4 30 29.9 28.2 28.0 
Dissolved Silver (Ag) mg/L <0.00005 <0.00005 <0.00005 <0.00005 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 
Dissolved Sodium (Na) mg/L 326 381 195 156 130 117 103 102 79.5 77.7 76.8 50.6 
Dissolved Strontium (Sr) mg/L 1.68 2.14 0.894 0.824 0.821 0.554 0.473 0.489 0.475 0.509 0.443 0.345 
Dissolved Thallium (Tl) mg/L <0.00002 <0.00002 <0.00002 <0.00002 0.00002 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 0.00002 <0.00001 
Dissolved Vanadium (V) mg/L 0.004 0.006 0.004 0.005 0.007 0.004 0.003 0.004 0.003 0.003 0.003 0.004 
Dissolved Zinc (Zn) mg/L 0.049 0.033 0.02 0.015 0.0822 0.0092 0.0086 0.278 0.0071 0.0092 0.0102 0.0097 
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Station Name 
Units 

C3-Effluent C3-Effluent C3-Effluent C3-Effluent C3-Effluent C3-Effluent C3-Effluent C3-Effluent C3-Effluent C3-Effluent 
Collection Date 30/09/2010 05/10/2010 12/10/2010 20/10/2010 28/10/2010 05/11/2010 18/11/2010 03/12/2010 09/12/2010 20/12/2010 
pH  pH units 6.71 6.78 6.7 6.94 7.43 6.95 6.85 6.87 6.79 6.58 
ORP mV 162 100 75 88 200 127 189 176 130 174 
Conductivity µS 2700 2820 3160 3460.00  2800.00 2300 2230 1973 1548 
Dissolved Oxygen mg/L   8.95 8.55  8.92 8.75 8.51 9.05 9.27 
Temperature °C  21.9 21 22.60  20.60 20.2 20.6 21.2 20 
Sulphate (SO4) mg/L 310 240 190 77.00  48.00 <5 <5 10 <0.5 
Ammonia (N) mg/L 100 81 86 100.00 81.00 81.00 86 88 230 53 
Nitrate (N) mg/L 0.02 <0.02 <0.02 <0.002 <0.002 0.03 0.012 0.066 0.112 0.015 
Nitrite (N) mg/L 0.04 0.05 <0.02 0.00 0.08 0.22 0.039 0.043 0.294 0.012 
Dissolved Aluminum (Al) mg/L 0.015 0.023 0.015 0.009 0.01 0.008 0.012 0.0064 0.0041 0.0043 
Dissolved Antimony (Sb) mg/L 0.0004 0.0004 0.0003 0.0002 0.0001 <0.0001 0.0002 0.00014 0.00014 0.00014 
Dissolved Arsenic (As) mg/L 0.0035 0.0065 0.0083 0.0045 0.0034 0.0024 0.0039 0.00223 0.00171 0.00148 
Dissolved Cadmium (Cd) mg/L 0.00013 0.00005 0.00005 0.00003 <0.00003 0.00003 0.00004 0.000028 0.000024 0.000017 
Dissolved Calcium (Ca) mg/L 168 179 201 233 193 188 150 172 141 129 
Dissolved Chromium (Cr) mg/L 0.0013 0.001 0.0007 <0.0005 0.0005 <0.0005 <0.0005 0.0002 0.0001 0.0002 
Dissolved Cobalt (Co) mg/L 0.00256 0.00119 0.00078 0.00119 0.0011 0.00105 0.00072 0.000738 0.000660 0.000608 
Dissolved Copper (Cu) mg/L 0.0023 0.0006 <0.0003 <0.0003 <0.0003 0.0007 <0.0003 0.00036 0.00019 0.00089 
Dissolved Iron (Fe) mg/L 9.33 43.9 62.2 41 7.92 3.1 21.9 0.854 0.643 0.849 
Dissolved Lead (Pb) mg/L 0.00051 0.00054 0.0001 0.00007 0.00007 0.00003 0.00003 0.000026 0.000016 0.000024 
Dissolved Magnesium (Mg) mg/L 22.1 24.4 27.8 32.9 27.8 26 22.5 25.2 24.3 19.4 
Dissolved Manganese (Mn) mg/L 6.66 8.01 9.06 10.6 8.35 9.12 7.21 7.51 6.47 4.77 
Dissolved Mercury (Hg) mg/L <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00005 <0.00001 <0.00001 <0.00001 
Dissolved Molybdenum (Mo) mg/L 0.0085 0.01 0.0102 0.0075 0.0076 0.0068 0.0053 0.00531 0.00403 0.00385 
Dissolved Nickel (Ni) mg/L 0.0154 0.0055 0.0058 0.0062 0.0055 0.0057 0.0039 0.00436 0.00424 0.00410 
Dissolved Phosphorus (P) mg/L 0.153 0.313 0.385 0.143 0.097 0.104 0.12 0.037 0.026 0.028 
Dissolved Potassium (K) mg/L 276 298 318 424 419 407 296 254 149 105 
Dissolved Selenium (Se) mg/L 0.0038 0.0024 0.0028 0.003 0.0031 0.0031 0.0033 0.00314 0.00270 0.00237 
Dissolved Silicon (Si) mg/L 15.4 18.2 19.3 19 18.8 17.1 19.7 19.6 16.0 18.5 
Dissolved Silver (Ag) mg/L <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 <0.00003 0.000006 <0.000005 <0.000005 
Dissolved Sodium (Na) mg/L 60.1 62.9 67.5 88.9 76.7 71.9 56 56.8 46.5 38.0 
Dissolved Strontium (Sr) mg/L 0.511 0.572 0.635 0.711 0.578 0.56 0.487 0.527 0.457 0.388 
Dissolved Thallium (Tl) mg/L <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 <0.000002 0.000007 <0.000002 
Dissolved Vanadium (V) mg/L <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.0002 <0.0002 <0.0002 
Dissolved Zinc (Zn) mg/L 0.013 0.0042 0.0051 0.0028 0.0018 0.0047 0.0026 0.004 0.0052 0.0060 
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Station Name 
Units 

C4_Effluent C4_Effluent C4_Effluent C4_Effluent C4_Effluent C4_Effluent C4_Effluent C4_Effluent C4_Effluent 
Collection Date 05/10/2010 12/10/2010 20/10/2010 28/10/2010 05/11/2010 18/11/2010 03/12/2010 09/12/2010 20/12/2010 
pH  pH units 6.55 6.35 6.80 6.84 6.89 6.85 6.86 6.89 6.53 
ORP mV 203 103 65 40 27 15 50 61 145 
Conductivity µS 966 1294 1519.00 1793.00 2030.00 2270 2150 2110 1653 
Dissolved Oxygen mg/L  9.05 8.50 8.96 8.97 8.72 7.4 8.98 9.21 
Temperature °C 22.1 21.1 22.80 20.70 21.10 20.3 21.6 21.2 20 
Sulphate (SO4) mg/L 4.7 5.4 0.60 1.20 0.60 1.6 <0.5 1.6 <0.5 
Ammonia (N) mg/L 33 45 70.00 80.00 94.00 120 130 250 74 
Nitrate (N) mg/L 0.006 0.06 <0.002 0.00 0.01 0.008 0.004 0.047 0.009 
Nitrite (N) mg/L 0.022 <0.02 0.00 <0.002 <0.002 0.003 0.033 0.006 0.003 
Dissolved Aluminum (Al) mg/L 0.0264 0.0384 0.0384 0.007 0.0043 0.008 0.003 <0.001 0.0079 
Dissolved Antimony (Sb) mg/L 0.00035 0.0003 0.00017 <0.0001 0.00014 0.0001 <0.0001 0.0001 0.00011 
Dissolved Arsenic (As) mg/L 0.00278 0.00488 0.00616 0.0061 0.00456 0.0075 0.0021 0.0016 0.00181 
Dissolved Cadmium (Cd) mg/L 0.00029 0.000435 0.000316 0.00006 0.00004 0.00004 <0.00003 <0.00003 0.000097 
Dissolved Calcium (Ca) mg/L 100 129 172 197 213 240 223 208 170 
Dissolved Chromium (Cr) mg/L 0.0007 0.0004 0.0003 <0.0005 <0.0001 <0.0005 <0.0005 <0.0005 <0.0001 
Dissolved Cobalt (Co) mg/L 0.00233 0.00194 0.00154 0.00147 0.00115 0.00124 0.00089 0.00080 0.000673 
Dissolved Copper (Cu) mg/L 0.0111 0.00707 0.0033 0.0012 0.00032 0.0004 <0.0003 <0.0003 0.00084 
Dissolved Iron (Fe) mg/L 9.34 29 40.1 53.9 30.2 93.3 2.33 0.351 8.80 
Dissolved Lead (Pb) mg/L 0.00225 0.00146 0.000759 0.00019 0.000053 0.00007 <0.00003 0.00035 0.000143 
Dissolved Magnesium (Mg) mg/L 8.65 11.1 13.9 17.5 19.1 21.9 20.9 19.8 14.9 
Dissolved Manganese (Mn) mg/L 6.2 8.21 10.3 13.3 9.01 16.8 14.3 12.0 8.39 
Dissolved Mercury (Hg) mg/L <0.00001 <0.00001 <0.00001 <0.00005 0.00001 <0.00005 <0.00005 <0.00005 <0.00001 
Dissolved Molybdenum (Mo) mg/L 0.00394 0.00508 0.00524 0.0051 0.00587 0.0051 0.005 0.0051 0.00577 
Dissolved Nickel (Ni) mg/L 0.00907 0.0066 0.00428 0.0038 0.00448 0.0032 0.0032 0.0035 0.00328 
Dissolved Phosphorus (P) mg/L 0.257 0.25 0.263 0.091 0.088 0.06 0.03 <0.01 0.082 
Dissolved Potassium (K) mg/L 17.4 20.7 24 27.3 26.4 27.3 27.7 27.4 26.5 
Dissolved Selenium (Se) mg/L 0.00129 0.00136 0.00145 0.002 0.00223 0.0021 0.0018 0.0021 0.00172 
Dissolved Silicon (Si) mg/L 10.9 11.4 13.5 13.6 13.5 15.4 11.7 10.7 12.0 
Dissolved Silver (Ag) mg/L 0.000031 0.000022 0.000016 <0.00003 <0.000005 <0.00003 <0.00003 <0.00003 <0.000005 
Dissolved Sodium (Na) mg/L 27.1 26.9 29.7 30.5 35.3 40.2 39 37.1 29.5 
Dissolved Strontium (Sr) mg/L 0.339 0.448 0.533 0.624 0.689 0.772 0.705 0.651 0.516 
Dissolved Thallium (Tl) mg/L 0.000003 0.000004 <0.000002 <0.00001 <0.000002 <0.00001 <0.00001 0.00001 <0.000002 
Dissolved Vanadium (V) mg/L 0.0002 0.0003 <0.0002 <0.001 <0.0002 <0.001 <0.001 <0.001 <0.0002 
Dissolved Zinc (Zn) mg/L 0.0233 0.0201 0.0145 0.0046 0.0021 0.0038 0.0019 0.0018 0.0052 
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Station Name 
Units 

C5_Effluent C5_Effluent C5_Effluent C5_Effluent C5_Effluent C5_Effluent C5_Effluent 
Collection Date 12/10/2010 28/10/2010 05/11/2010 18/11/2010 03/12/2010 09/12/2010 20/12/2010 
pH  pH units 5.84 6.61 6.71 6.7 6.75 6.74 6.5 
ORP mV 142 30 40 10 15 38 57 
Conductivity µS 5580 2000 5030 4720 4380 3840 3120 
Dissolved Oxygen mg/L 9.14 8.83 8.8 8.69 8.01 8.97 9.25 
Temperature °C 21 20.6 20.8 19.6 22 21.4 19.4 
Sulphate (SO4) mg/L <500 <50 <50 <5 170 <0.5 <0.5 
Ammonia (N) mg/L 120 150.00 170.00 170 190 300 110 
Nitrate (N) mg/L <0.02 0.01 <0.002 0.012 0.11 <0.002 0.005 
Nitrite (N) mg/L 0.11 0.04 0.04 0.026 0.004 0.006 <0.002 
Dissolved Aluminum (Al) mg/L 0.291 0.11 0.076 0.037 0.041 0.032 0.013 
Dissolved Antimony (Sb) mg/L 0.0007 <0.0004 <0.0004 0.0001 0.0002 0.0002 0.0002 
Dissolved Arsenic (As) mg/L 0.0086 0.0186 0.0203 0.0122 0.0168 0.0208 0.0151 
Dissolved Cadmium (Cd) mg/L 0.0005 <0.0001 0.0001 <0.00003 0.00004 <0.00003 <0.00003 
Dissolved Calcium (Ca) mg/L 540 617 557 349 395 334 229 
Dissolved Chromium (Cr) mg/L 0.002 <0.002 <0.002 <0.0005 <0.0005 <0.0005 <0.0005 
Dissolved Cobalt (Co) mg/L 0.0406 0.032 0.0184 0.00974 0.00805 0.00676 0.00518 
Dissolved Copper (Cu) mg/L 0.004 <0.001 0.006 <0.0003 <0.0003 <0.0003 0.0006 
Dissolved Iron (Fe) mg/L 592 679 561 73.9 308 322 174 
Dissolved Lead (Pb) mg/L 0.0009 0.0002 0.0006 <0.00003 0.00004 0.00003 <0.00003 
Dissolved Magnesium (Mg) mg/L 71 76 67 50.1 47.5 39.7 28.4 
Dissolved Manganese (Mn) mg/L 58.9 68.7 48.4 30.3 29.4 22.1 18.0 
Dissolved Mercury (Hg) mg/L <0.0002 <0.0002 <0.0002 <0.00005 <0.00005 <0.00005 <0.00005 
Dissolved Molybdenum (Mo) mg/L 0.001 0.002 0.002 0.0012 0.0019 0.0023 0.0019 
Dissolved Nickel (Ni) mg/L 0.283 0.0543 0.0347 0.0168 0.0186 0.0171 0.0131 
Dissolved Phosphorus (P) mg/L 1.9 0.477 0.423 0.09 0.15 0.19 0.08 
Dissolved Potassium (K) mg/L 208 213 186 131 127 103 77.8 
Dissolved Selenium (Se) mg/L 0.0041 0.0039 0.0038 0.0023 0.0029 0.0036 0.0028 
Dissolved Silicon (Si) mg/L 28.2 30.1 28.9 11.6 23 25.5 18.5 
Dissolved Silver (Ag) mg/L <0.0001 <0.0001 <0.0001 <0.00003 <0.00003 <0.00003 <0.00003 
Dissolved Sodium (Na) mg/L 55 65 66 55.7 54.5 49.5 37.9 
Dissolved Strontium (Sr) mg/L 2.03 2.2 1.91 1.05 1.31 1.16 0.818 
Dissolved Thallium (Tl) mg/L <0.00004 <0.00004 <0.00004 <0.00001 <0.00001 0.00001 <0.00001 
Dissolved Vanadium (V) mg/L <0.004 <0.004 <0.004 <0.001 <0.001 <0.001 <0.001 
Dissolved Zinc (Zn) mg/L 0.045 0.013 0.011 0.0024 0.0104 0.0037 0.0018 
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Appendix D: Soil Quality Results 

Station Name 
Units 

Column 1 Column 2 Column 3 Column 4 Column 5 

Collection Date December 20, 2010 

Nutrients 

Soluble (5:1) Sulphate (SO4) mg/kg <50 1190 <50 <50 110 

Total Organic Carbon mg/kg 190000 190000 210000 210000 210000 

Nitrate plus Nitrite (N) µg/g <2 3 <2 <2 <2 

Available (KCl) Orthophosphate (P) µg/g 16.3 70.2 16.6 27.7 23.1 

Physical Properties 

Soluble (2:1) pH pH Units 6.30 8.27 6.77 6.56 6.50 

Total Metals by ICPMS 

Total Aluminum (Al) mg/kg 7220 3500 6140 7040 4940 

Total Antimony (Sb) mg/kg 1.3 0.6 1.9 1.8 1.2 

Total Arsenic (As) mg/kg 16.7 7.4 16.0 16.1 11.0 

Total Barium (Ba) mg/kg 431 341 409 485 480 

Total Beryllium (Be) mg/kg 0.3 0.1 0.2 0.3 0.2 

Total Bismuth (Bi) mg/kg 0.3 0.1 0.5 0.6 0.4 

Total Cadmium (Cd) mg/kg 66.4 25.1 68.2 67.9 48.9 

Total Calcium (Ca) mg/kg 13800 46100 19200 14100 9310 

Total Chromium (Cr) mg/kg 17 10 15 18 14 

Total Cobalt (Co) mg/kg 7.9 3.7 6.3 8.2 6.5 

Total Copper (Cu) mg/kg 118 86.1 128 141 90 

Total Iron (Fe) mg/kg 52100 22300 50000 61000 42100 

Total Lead (Pb) mg/kg 39.8 14.9 44.2 50.9 30.7 

Total Magnesium (Mg) mg/kg 2420 3590 2400 2790 2210 

Total Manganese (Mn) mg/kg 1680 749 1520 2030 1550 

Total Mercury (Hg) mg/kg 0.31 0.12 0.29 0.32 0.22 

Total Molybdenum (Mo) mg/kg 1.8 2.8 2.0 2.0 1.4 

Total Nickel (Ni) mg/kg 71.1 28.3 61.0 77.5 52.9 

Total Phosphorus (P) mg/kg 2900 4810 3570 2920 2120 

Total Potassium (K) mg/kg 443 6430 1440 679 930 

Total Selenium (Se) mg/kg 26.8 10.3 26.8 23.4 15.3 

Total Silver (Ag) mg/kg 0.61 0.24 0.94 1.15 0.63 

Total Sodium (Na) mg/kg 273 692 317 259 447 

Total Strontium (Sr) mg/kg 51.2 145 64.7 48.9 36.9 

Total Thallium (Tl) mg/kg 0.16 0.08 0.14 0.18 0.14 

Total Tin (Sn) mg/kg 0.1 0.1 0.3 0.7 0.4 

Total Titanium (Ti) mg/kg 128 23 73 99 102 

Total Vanadium (V) mg/kg 19 11 16 19 14 

Total Zinc (Zn) mg/kg 2530 962 2380 2500 1720 

Total Zirconium (Zr) mg/kg 1.0 <0.5 0.5 1.1 0.6 
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Appendix E: Microbiological Plate Test Results and BARTTM results 

TSA Only 
No dilution 

TSA + NaSeO4 
No dilution 

TSA + NaSeO4 
10:1 dilution 

TSA + NaSeO4 
100:1 dilution 
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 Viable Plate Count Results on Trypticase Soy Agar, and Trypticase Soy and Sodium Selenate 
Agar with Undiluted, 10:1 Dilution and 100:1 Dilution Samples. 

Plate content 
and dilution 

TSA Only  TSA + NaSeO4 
No dilution  No dilution 10:1 dilution 100:1 dilution Final Colony Count 

 Colony counts (cfu/mL) 

Column 1 ~40 colonies  Note 1 Note 1 
No visible 

growth not measurable 
Column 2 Note 2  Note 2 Note 2 ~232 colonies 23,200 
Column 3 Note 2  Note 2 Note 2 ~120 colonies 12,000 
Column 4 ~132 colonies  ~100 colonies 7 colonies 0 colonies 100 
Column 5 Note 2   Note 2 ~252 colonies 0 colonies 2,520 

One colony represents multiplication of one cell; colony counts are equivalent to cell counts.   

Note 1.  no individual colonies countable; just a smear of growth  Note 2.  too many colonies to count 

 

     

Column 1 Column 2 Column 3 Column 4 Column 5 

Sulphate reducing bacteria BARTTM tester results for the five columns.   

Turbidity in columns 2, 3 and 5 is due to organics in the sample, not bacterial growth.   

 

 Sulphate Reducing Bacteria BARTTM Tester Results 

Column  Time to 
growth 
appearance 

Bacteria 
Count1 
(cfu/mL) 

Column 1 – Control  5 days ~5,000 
Column 2 – Manure amendment  3 days ~335,000  
Column 3 – Sewage sludge amendment  2 days ~700,000  
Column 4 – Sewage sludge and zero-valent iron amendment  3 days ~335,000  
Column 5 – Sewage sludge, wood chips and alfalfa amendment  3 days ~335,000 
1. The approximate SRB population from (Droycon Bioconcepts Inc., 2008).  The 3 day count was extrapolated graphically from the day 2, 4, 5, 

6, 8 and 9 counts provided by Droycon.   

 


