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ABSTRACT 

Darwin Lyew PhD (Agr. Biosys. Eng.) 

The treatment of acid mine drainage (AMD) by sulfate-reducing bacteria ( S M )  has been 

reported in the literature as a possible alternative to chernical treatment. The overall 

objective of this study was to implement such a treatment process at the mine site and 

specifically within the open mine pit itself. The first step of this study was to 

characterize process parameters. To accomplish this. a reactor was designed and built to 

simulate hydrodynamic conditions found in the mine pit. This reactor contained a 6" 

deep gravel bed in which a mixed population of SRB was inoculated. The operation of 

this reactor demonstrated that treatment of a continuous flow of AMD by SRI3 was 

possible, however, the response to changes in the composition of the AMD and to flow 

conditions was limited. The results indicated that further studies should be directed at the 

gravel bed itself since this was where the SRB are located and is the active site within 

the system. 

The role of various physical parameters of a gravei bed in the biological treatment 

of AMD by SRB was examined. This was accomplished by using gravel of different 

sizes (0.25" vs. 0.5") and composition (granite vs lirnestone) to form 12" beds in a series 

of column reactors. The difference in size results in variations in the totaI surface area, 

the void volume and various volume ratios within the system. The effect of potential 

geologicai buffering by limestone was examined by using and comparing with beds 

cornposed of granite. 

The gravel beds were inoculated with a mixed culture of SRB and overlaid with 

6 L of AMD. After the SRB were established, a series of experiments were performed 

in which 16.7%, 25%, 75% and I!N% of the water column was replaced with an equival- 

ent quantity of fresh AMD. Changes in pH. ORP, electric conductivity. and concentra- 

tions of metal and sulfate were monitored for at least 28 days. Sulfate and metal removal 

at days 7 and 28 of each experiment were compared. The SRB can tolerate a wide range 

of disturbances, however, an increase in the load of fresh AMD decreased the perform- 



ance of the system. The results indicated that the total surface area is of greater impon- 

ance than the void volume in the overall treatment process by SRB. 

A dimensioniess number was constructed to describe the relationships between the 

physical parameters of the gravel bed. A plot of the proportion of sulfate removed and 

this dimensionless number could provide essential information for the sizing of a gravel 

bed for the purposes of sulfate reduction. This was done for each type of gravel and 

comparison of the two curves indicated that there was no significant difference between 

the two gravels. 

The importance of the physical substrate for the SRI3 has been reported in the liiera- 

ture. However, no known attempt has been made to quantify the relationships between 

the physical parameters and the bioiogical activity. Such information would be useful for 

the sizing of wetlands and other passive treatment system that uses SRI3 activity for the 

purposes of treating AMD. This study is a step towards filling this void. 



Darwin Lyew PhD (Agr. Biosys. Eng.) 

Le traîtement des eaux de drainage minier acide (DMA) par des bactéries sulfato- 

reductrices (BRS) a été mentionné dans la littérature comme une alterative aux traîtements 

chimiques. Le principal objectif de cette étude était de réaliser ce procédé biologique in 

situ au cite minier at au puir à ciel ouvert. La première étape fut de caractériser les 

paramètres du procédé. Pour cela, un réacteur fut conçu et construit similant les 

conditions hydrodynamique de la mine. Le réacteur contenait une couche de gravier (d 

e 6" de profondeur) dans laquelle une population mixte de BSR fut inoculée. L'opération 

du réacteur montra que le traitement d'un flux de DMA par les BSR était possible. 

Toutefois, la reponse du système aux changements de composition et de flux de DMA 

était limitée. Les résultats indiquérent que des investigation ultèrieures devaient se 

concentrer sur la couche de gravier car les BSR se trouvaient à ce niveau. 

Le rôle de certains paramètres physiques de la couche de gravier impliquée dans 

le traîtement biologique du DMA par des BRS fut  étudié. Cela fut accompli en utilisant 

du gravier de différentes tailles (1/4" vs. 112") et de différentes compositions (granit vs. 

pierres à chaux). Ces graviers furent utilisés pour former des couches de 12" dans une 

série de réacteurs en colonne. La différence en grandeur donna des variations dans les 

superficies totales, les volumes morts et les rapports entre les différents volumes dans le 

système. Les couches de pierres à chaux furent utilisées pour examiner l'hypothèse 

d'effets tampons des couches géologiques. Les resultats obtenus avec la pierre à chaux 

furent comparés à ceux du granit. 

Les couches de graviers furent inoculées avec une culture mixte de BSR. 8 L de 

DMA ayant été ajoutés, dont 2 L se trouvait dans le volume mort et 6 L se trouvait dans 

la colonne d'eau au dessus de gravier). Une fois les BSR établis, 16.795, 25%. 75% et 

100% de la colonne de l'eau furent remplacés par du DMA frais lors une série des 

expériences. Les changements de pH, d'ORP, de conductivité électrique, et de 

concentrations en métaux et en sulfates furent suivis pendant 28 jours. Les resultats du 



7ième jour de chaque cycle hirent comparés. Les BSR purent tolérer de grandes 

pertubations dans le système. Toutefois une augmentation dans l'apport d'AMD frais 

entrainait une diminution dans la performance du système. Les résultats indiquèrent que 

l'influence de la superficie totale avait plus importance que celle du volume mort dans 

le traîtement Ies BSR. 

Des nombres sans dimensions furent établis pour décrire les rapports entre les 

différents paramétres physiques de la couche de gravier. Des représentations graphiques 

de la quantité et du taux d'enlevément de sulfate en fonction de ces nombres sans 

dimention fournit l'information essentielle pour la construction cf' un processus de 

traîtement à grande échelle. Les tracés furent réalisés pour chaque type of gravier et la 

comparaison montra l'absence de différences significatives entre ces deux types de 

gravier. 

L'importance du gravier les BSR a été décrite dans la littérature. Toutefois. nul 

n'a quantifié les rapports entre les paramètres physiques du gravier et I'activité des BSR. 

Ces renseignements seraient utiles pour déterminer la taille des systèmes maraicageux 

et autres traîtements passifs qui utilisent l'activité des SRI3 pour décontaminer les AMD. 

Cette étude a permis de remédier à ce manque. 
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1. INTRODUCTION 

1.1 Acid Mine Drainage 

A major concern currently facing mining industries around the world is the treatment of 

acid mine drainage (AMD). This effluent is also known as acid mine water and acid rock 

drainage (Am) since it cm occur at sites other than mines. The problem lies in the 

severe nature of the water. AMD is characterized by high acidity and high levels of 

metals (e.g. Al, Fe, Zn) and sulfate. Typically, the pH is less than 3 and the concentration 

of sulfate is greater than 3000 mg/L. 

AMD is generated wherever sulfide-bearing rock (e.g. pyrite) is exposed to oxygen 

and water such as in waste rock piles and on the wails of mine pits and shafts. The 

sulfide is oxidized to form sulfate in the form of sulfuric acid and the metals, initiaily 

complexed with the sulfide, are also mobilized. Water seeping through the rock piles or 

over the walls of the pit leaches out the sulfuric acid and metds, forming the AMD. 

The oxidation process is spontaneous and is relatively slow at the beginning. 

However. the process is positively reinforced by the formation of intermediate products 

that are capable of oxidizing other metal sulfides in the rock. Also, when the pH has 

decreased to 3, the activity of niiobacilli is stimulated and these bacteria speed the 

oxidation process even further. 

The problem is compounded by the large volumes of AMD produced, and by the 

continuing generation of potentially huge quantities of this effluent over 3 long period of 

time. In Canada, there is an estimated 12,000 to 15,000 hectares of acid generating sites 

containing 350 million tonnes of waste rock (Filion, Sirois, and Ferguson, 1990; C M  

Bulletin, 1993). This figure is an underestimation since it does not include gold mines, 

coal mines, uranium mines and abandoned mine sites that have reverted to the crown. 

In Ontario. 20 sites covering 830 hectares and containing 55 million tonnes of reactive 



sulfide tailings were identified in 1990 as having problems with acid mine drainage. In 

Quebec, 21 similar sites covering about 4,500 hectares have been identified but no 

estimation of the tonnage of reactor tailings was reponed. These numbers will probably 

increase since between 1990 and 1993, the number of reponed abandoned mines had 

mushroomed from 100 to 2000 in Ontario alone. Also it will be just a matter of rime 

before AMD generation will become manifest at many of these sites. 

The environmental impact of AMD is potentially enormous. Canadian and American 

govemment regulations demand that this water be collected and treated before it c m  be 

discharged into the environment. The water from rock piles is collected in lagoons and 

ponds and sometimes in the mine pit itself, if the mine is decommissioned. Because of 

the large volumes of AMD produced and because of the isolation of many mining sites, 

an inexpensive, low maintenance, on-site treatment process is greatly desired. 

1.2 Treatment of AMD 

The treatment of AMD c m  be defined as the elevation of the pH to at least 6 and 

removal of metals and sulfate to levels set by govemment regulations. Several physico- 

chemical techniques such as reverse osmosis and ion exchange are available (Barton, 

1978). However, because of the large quantities involved, most are too expensive to 

apply on a large scale. 

The standard method of treatment is a chemical one based on the use of lime 

(Ca(OH)2, Cao, CaCO,) (Barton, 1978). Lime is added directly to the AMD to neutralize 

the water. The Ca2+ complexes with the sulfate to form gypsum (CaSO,). As the pH 

increases, different metals are precipitated from the water as metal hydroxides at different 

pH ranges. This method is low cost and easy to do, however it results in the production 

of large volumes of sludge. This sludge is a mixture of gypsum and metal precipitates 

and is itself considered a hazardous waste and presents a disposa1 problem. The sludge 

is dewatered as much as possible and landfilled. Landfilling has become an expensive 

proposition in many cases and the sludge is difficult to dewater. The possible remobiliza- 

tion of metals in the sludge as a result of a decrease in pH is also a major concem. 



The use of biological processes has been considered as an alternative to chemical 

treatment. The most promising is based on the activity of a group of microorganisms 

called the sulfate-reducing bacteria (SRB). The SRB are known to play a critical role in 

the response of streams, lakes and wetlands to contamination by acid precipitation and 

mine drainage (Mills and Herlihy. 1985: Gylire et al, 1990). However, the specific use 

of these bacteria to treat AMD is not as simple as it would appear since this water is an 

extremely inhospitable environment for bacterial activity. 

1.3 The Sulfate-Reducing Bacteria 

The sulfate-reducing bacteria (SRB) is a grouping of bacteria from 7 different genera: 

Desulfovibrio, Desulfotomaculurn, Desulfobulbus. Desulfococcus, Desulfosurcina. 

Desulfobacter, and Desulfonema. These bacteria are anaerobic and are found in soil and 

sediment in both freshwater and marine environments. Desulfovibrio and DesulJo- 

tomaculurrz c m  be isolated from most soil and sediment samples (Postgate. 1984). 

These bacteria are grouped together because they reduce sulfate to sulfide by the 

metabolic pathway known as the "dissimilatory" reduction of sulfate (LeGall and Postgate, 

1973). It is described as "dissimilatory" since the reduction of sulfate occurs without the 

assimilation of the sulfur into the cell. Sulfate reduction occurs as part of the respiration 

of the bacteria. The SRB are obligate anaerobes. being unable to tolerate exposure to 

oxygen. Therefore. oxygen cannot be used as the final electron acceptor in respiration. 

Instead, the sulfur in the sulfate is used as the final electron acceptor and the sulfate is 

reduced to sulfide in the form of H2S. This is analogous to the reduction of oxygen to 

form HzO in aerobic organisms. 

The activity of the SRB is dependent on the supply of sulfate and nutrients in the 

environment. The nutritional requirements of these bacteria are cornplex. They cannot 

metabolize simple sugars such as glucose and fructose, requiring instead carbon in the 

form of short-chained fatty acids and carboxylic acids such as acetate, lactate, malate, 

succinate. and oxalate. SRB cannot utilize simple sugars because they do not possess al1 

the enzymes of glycolysis and the Kreb Cycle (Postgate, 1984). 



1.4 The SRB Process 

The treatment of AMD by the use of SRB is based upon the ability of SRB to produce 

sulfide from sulfate and to generate alkalinity. The sulfide generated binds rapidly and 

readily with most metais to form a metal sulfide precipitate. The reduction of sulfate 

consumes protons, thereby decreasing acidity. Furthemore. the metabolism of carbon 

nutrients results in the formation of CO2. The hydration of COZ produces carbonate 

which cm contribute towards increasing the alkalinity of the water. The overall increased 

alkalinity may result in the removal of metals (e.g. AI and Mn) that are not precipitated 

by sulfide. SRB activity cm. therefore, iower sulfate and metal concentrations and the 

acidity of the AMD. 

The formation of metal sulfides and specifically pyrite (FeS?) represents one of the 

advantages of the SRB process over liming. The formation of pyrite results in the stonge 

of sulfur and a removal of acidity in a stable form. Metal sulfides have much lower solu- 

bilities in water than metal hydroxides and will precipitate readily. Meta1 sulfides are 

stable as long as the environment remains anoxic and reduced. It would therefore. be best 

to leave the precipitate undisturbed. Another advantage is that the process is based upon 

the activity of bacteria found in the immediate environment and, therefore, lends itself to 

passive treatment. 

1.5 Passive vs Active Treatment 

The treatment of AMD by lime is described as "active" since treatment is accomplished 

by a process that is can only be maintained by a continuous intervention for the desired 

results to occur. These processes are not self-sustaining, requiring continuous input and 

maintenance. 

The use of SRB in reactor units is considered as active treatment, The utilization of 

SRB in unit processes to treat industrial effluents with high concentrations of sulfate has 

been studied and successfully implemented around the world. Such industrial effluents 

would include pulp mil1 spent sulfite liquor, metal extraction raffinate. spent sulfuric acid 



and acid mine drainage. 

The "passive" treatment of AMD that is encountered in systems such as wetlands, 

occur as a consequence of on-going processes in the environment. Passive treatment 

systems do not require much maintenance and are potentidly self-sustaining. Also. the 

end products of treatment require little or no further processing or disposal. Therefore. 

they are usually lower in cost and more desirable than an active treatment process. The 

objective of this project is to investigate the implernentation of SRB in a passive treat- 

ment process. 

1.6 The Feasibility of Using SRB to Treat AMD 

As mentioned previously, the SRB are strict anaerobes with complex nutritional re- 

quirements. In addition, the sulfate reducing activity of pure cultures of SRB such as 

Desulfovibrio desulfiricans occurs only when the ORP is less than -200 rnV and when 

the pH is greater than 5.5 (Postgate, 1984). The critical ORP for sulfate reduction in soi1 

was about -150 mV, while a pH in the 6.5 to 8.5 range was required (Conne11 and Patrick. 

Jr, 1968). 

These environmental conditions could be satisfied in reactor systerns where 

parameters can be controlled. The use of SRI3 to treat AMD in a passive system would, 

however. appear not to be feasible especially since the typical pH of AMD is in the 2 to 

3 range. Nevertheless, further investigation is warranted and is based in part on the 

following observations: 

i. Active SRB have been found in acidic environments where the pH was about 

3; i.e. much less than 5 (Satake, 1977; Gyure et al, 1990); 
. . 
1 1 .  Active SRB can be found in the oxygenated zones of soils and sedirnents 

(Jorgensen, 1977). 

These observations indicate that the bacteria were able to survive and be active in what 

would be considered adverse environmentai conditions. This may be a reflection of the 

fact that investigations on the conditions required for sulfate-reducing activity were per- 

fonned under laboratory conditions and that different variables were controlled. The key 



to an explanation may lie in a third observation. 

iii. SRB congregate on and around particlcs and organic matter (Wakao and 

Furusaka, 1976; Jorgensen, 1977). 

Microelectrodes that measured dissolved oxygen levels and oxidation-reduction 

potentials (ORP) over small distances were used to examine the environment at the 

surface of soi1 particles (Zausig et al, 1993). Steep gradients of these parameters were 

observed over distances of only several microns from the surface. The gradients were 

generated and maintained by the metabolism of the bactena around the particles. In 

essence. a microenvironment that was conducive to the growth and activity of the bacteria 

was being propagated on the particle by the bacteria themselves. The composition of 

these rnicroenvironments were very different from that of the bulk environment. 

Microscopic examination of particles by scanning electron microscopy demonstrated 

that bacteria were clustered in areas where surface features could harbour the bacteria 

(Weise and Rheinheimer, 1978; Meyer-Reil, 1994). The ability of bacteria to inhabit 

microniches on the surface of particles and propagate a microenvironment would there- 

fore, expiain the sumival of the bacteria in adverse environmental conditions. This may 

be the key as to how the SRI3 process can be implemented for the treatment of AMD. 

A bed of particulate matter such as gnvel should be provided as a physical substrate on 

which the SRB can establish themselves. Initial experiments have demonstrated the 

importance of having such a bed in a system for treatment of M D .  

The role of the bed of particulate material on the activity of SRB must be considered. 

Since the congregation of SRB on particles is important, is sulfate reducing activity and 

treatment of AMD related to the total surface area that the particles offered? Does the 

nature of the particles itself have any effect on SRB activity? What effects do other para- 

meters of the bed have on SRI3 activity and the overall treatment process? If the 

effective use of SRB in the treatrnent of AMD is to be accomplished, these questions 

must be answered. Currently, no work on this topic has been found in the literature. 



1.7 Objectives 

In cases where an open mine site has k e n  decommissioned, the open mine pit itself c m  

be used to collect and contain the AMD. The objective of this study was to provide 

information for the potential implement of the SRB process in the containment pit. This 

is desirable since no irnpoundment and treamient facilities need to be constructed. 

Towards this end. the general objectives of this study were to identify and character- 

ize the process parameters of a system for treating AMD compnsing a population of SRB 

established in a gravel bed. This information would be useful for the implementation and 

operation of such a process as part of an on-site passive treatment system for AMD. 

The specific objectives were: 

1. To design a reactor in which a continuous flow of AMD couid be easily 

maintained over a gravel bed; 

2. To characterize the hydrodynamic of the reactor in the absence of SRB; 

3. To establish a population of SRB in a gravel bed in the reactor; 

4. To identify the key process parameters under continuous flow conditions. 

The results of this work indicated that process parameters within the gravel bed itself 

demanded closer investigation since the gravel bed is the active site in the system. 

The set of objectives for this part of the study were: 

1. To design a reactor in which events occumng in the gravel bed could be easily 

monitored; 

2. To devise a series of experiments in which the effects of differences in physical 

parameters of the grave1 could be investigated: 

3. To characterize and quantify the effects of various physical parameters of a gravel 

bed on the sulfate-reducing activity of SRB. 

4. To characterize and quantify the relationship between the physical parameters of 

a gravel bed with respect to the sulfate-reducing activity of SRB. 

The information obtained will help to: 

1. Establish design criteria for constructing an AMD treatment system based on SRB. 

2. Establish a population of SM3 at the mine site for the purposes of treating AMD. 



2. LITERATURE REVIEW 

The literature review is divided into four main parts. The first is a short historicai 

perspective which describes various studies and observations leading to the use of SRB 

in the ireatment of AMD. The second and third parts examine the role of SRI3 in active 

and passive treatment systems respective1 y. The founh section discusses the question of 

nutrition which is an important consideration in this field of research. A shon 

encapsulation will conclude the literature review and provide the context in which the 

objectives of this study should be considered. 

While this review will present the activity of SRB as being beneficial and something 

to be encouraged and optimized, the deleterious effects of such activity should also be 

commented on, albeit briefly. The SRB play an important role in biocorrosion, biofoul- 

ing. plugging, the production of Sour gases. and in decreased crop yield in flooded fields 

(Senez, 1969; Postgate, 1984). In these cases, the activity of SRB is a nuisance to 

industry. entailing enomous economic losses. The curbing of SRB activity, if not the 

total eradication of a local SRB population, is the desired goal in these situations. 

2.1 Historical Perspective 

The literature on the use of SRI3 in the treatment of AMD and especially that on passive 

treatment. is sparse. This may be due to the fact that this process was deemed not to be 

economicall y feasible. considering the nutritional and environmental requ irements of the 

SRB. And it was only with the research into the use of wetlands over the last twenty 

years that a practical solution to this problem has become possible. 

A role for SRB in the treatment of AMD was fint documented by Tuttle et a1 (1969). 

This was a fomiitous development since this was not a directed attempt at specifically 

using SRB in the process. A pile of wood dust was placed across the path of a Stream 



heavily polluted with acid mine drainage. The dam caused pools to be formed before and 

after the pile. The quaiity of the water afier seeping through the wood dust pile was 

improved: the pH increased from 3.0 to 4.3. the sulfate concentration decreased from 10 

pmoles/mL to 3.825 pmolelml and the iron concentration also decreased from 1.4 pmoles 

to 0.68 1 pmoles/mL. A black precipitate was observed at the bottorn of the pool after the 

dam. Investigation of the wood dust pile and the effluent Stream revealed that a 

population of SRI3 had established itself in the wood dust and was the cause of the 

observed changes. 

The impact of this paper does not appear to have been immediate. The second paper 

of note was written ten yean later when a second group of investigators examined the 

potential use of SRB in the passive treatment of AMD (Wakao et al. 1979). The main 

focus of this study was on how the nutritional requirements of SRB could be met in a 

system such as that described by Tuttle. where wood was the main source of carbon. 

Wakao demonstrated in laboratory cultures that supplementing with glucose and fructose 

was not useful but the addition of peptone yielded good results. This will be further 

discussed in Section 2.3. 

This line of study was still not further pursued until the use of wetlands to treat AMD 

was being implemented in the 1980's. In the course of these studies. the critical role of 

SRI3 in the treatment of AMD by these ecosystems became evident. At this point 

attempts were made to specifically encourage the activity of these bacteria by providing 

the appropriate environment. This will be discussed in Section 2.2.2. 

2.2 Treatment Systems 

2.2.1 The Use of SRB in Unit Processes to Treat Emuents 

Much research has been done on the use of SRB in active treatment processes though not 

necessariIy only for AMD. SRB have been used in the treatment of a number of industri- 

al wastewaten that have high concentrations of sulfate and while this is outside of the 

scope of this study it is instructive to consider them. The use of SRB in active treatment 



processes should not be dismissed out of hand and should always be considered as a 

possible alternative to the passive treatment process depending on the circumstances. This 

is especially tme when the SRB process can be used to generate a product which can be 

marketed. 

Cork and Cusanovich (1978) designed a system for the removal of sulfate from 

industrial effluents to produce elemental sulfur. The process was based on the activity 

of two anaerobic bacteria of the sulfur cycle: Desulfovibrio desulfuricans and Chlorobium 

thiosulfatophilum. The system consisted of two air-tight anaerobic stirred reactors in 

series. In the first reactor, sulfate in the effluent was reduced to hydrogen sulfide by a 

culture of D. desulfuricans. The hydrogen sulfide was purged from this reactor by the 

sparging of an inert carier gas comprising 75% Ar and 2 5 2  CO, through the medium. 

This gas Stream was passed into the second reactor where it was bubbied through a 

culture of C. thiosulfatophilum. These bacteria oxidized the sulfide to eiemental sulfur 

which was recovered as a product. 

In subsequent developments, the system was operated on a continuous basis in which 

there was a constant flow of fresh medium into and spent medium out of both reactors 

(Cork and Cusanovich, 1979). Also nitrogen was used as a carrier gas instead of the Ar- 

CO2 mix though it is unclear how this would affect the growth of C. thiosulfatophilum 

since it would need a source of CO2. In these studies, well-defined laboratory media 

specific for the growth of the two different bacteria were used and lactic acid was the 

carbon source used for D. desrtlfuricans. No carbon source was needed for C. rhiosul- 

fatophilum because it is photosynthetic. The pH was adjusted to 7 in al1 cases. 

Hydrometallurgical solvent extraction effluents or raffinates containing high concen- 

trations of sulfate (646 mM) were used in one part of the study (Cork and Cusanovich. 

1978). The raffinate was supplemented with lactic acid and yeast extnct. The pH of the 

raffinate was not reported and it is unclear if the pH was adjusted. The raffinate was fed 

into the first reactor displacing the defined medium on which the DesuiJovibrio had been 

growing. The SRB were unable to grow in the raffinate unless it was diluted to at least 

25%. The daim that such a system could be used to treat AMI3 was not investigated. 



The work by Cork and Cusanovich served as the prototype or bais for processes 

proposed by future groups of researchers in this field. A similar two stage system was 

proposed by Maree and his colleagues to treat wastewaters containing high levels of 

sulfate such as pulp mil1 effluent and AMD (Maree and Strydom. 1985, 1987; Maree et 

al, 1987; Maree, Gerber and Hill. 1987). The basic concept of using Desulfovibrio and 

Chlorobium to consume sulfate and produce elemental suIfur is the sarne as that of Cork 

and Cusanovich. The difference lies in the use of (i) an upflow packed bed reactor for 

Desulfovibrio, and (ii) a recirculation loop on this reactor to optimize sulfate removal. 

A packed bed or solid medium was used in an attempt to increase the rate of sulfate 

reduction and decrease the retention time. 

Of interest to this dissertation was the investigation into the type of solid medium 

used in the bed. The substrates considered were: (i) 1 cm hard stone; (ii) crushed hard 

stone; (iii) 2 mm quartz sand; and (iv) plastic (Maree and Strydom, 1985). Unfortunately, 

no further information about the substrate was provided. The difference between the hard 

stone and crushed hard stone and the size and shape of the plastic were not discussed. 

No sulfate reduction was observed in the case of sand and plastic while 90% sulfate 

removal was obtained for the two stone media. This is to be compared to 40% sulfate 

removal for a sludge blanket reactor where no physical substrate is present. The poor 

performance of sand and plastic substrates was ascribed to a lack of trace minerais in 

these cases. In subsequent experiments dolomite pebbles with a diameter of 2 to 3 mm 

were used (Maree and Strydom, 1987). 

AMD supplemented with a carbon source and adjusted to pH 7 was used. A variety 

of carbon sources including sugar, sulphite pulp mill effluent and sewage sludge were 

tested. Al1 were shown to be capable of acting as carbon sources for the SRB and the 

use of molasses was decided upon since it contained a variety of sugars and was cheap. 

Good removal of sulfate and rnetals. especially lead and nickel was attained. 

Couillard et al (1988) investigated the use of a two stage and a single stage system 

for the biological treatment of spent sulphite liquor (SSL) from a pulp mill. In the 

pulping process lignin is removed from the pulp by using sulfite to sulphonate the lignin. 



This solubilizes the lignin and results in the formation of lignosulphonates which is dis- 

charged as part of the effluent frorn the pulp mill. In this study, D. desulfuricans was 

used to remove the sulfur from lignosulphonates to produce hydrogen sulfide and lignin. 

The hydrogen sulfide could be purged and sent to a sulphur bumer to be recycled for use 

in the pulping process and the lignin could be precipitated, collected and bumt to produce 

steam. 

A novel aspect of this study was the use of Lnctobacillus bulgaricus to ferment the 

sugars in the SSL to produce hydrogen and the lactic acid required as a carbon source by 

the SRB. A two stage system was designed in which the SSL was fint fed into a reactor 

containing the Luctobacillus. The effluent from this reactor containing the lactic acid was 

passed into the second reactor containing the Desulfovibrio. 

A single stage system in which both Loctobacillus and Desulfovibrio were present 

in the same reactor was also examined. This arrangement did not prove to be successful 

since the optimal pH ranges for the two bacteria were different. Aiso the Lactobacillus 

tends to acidify its environment which negatively affects the SRB. A constant manipula- 

tion of the pH was required. 

A full scale two stage system using SRB was implemented by Budelco in the 

Netherlands for the purpose of treating groundwater contarninated with sulfate and heavy 

metals from a zinc refinery (Barnes et al, 1992; Scheeren et al, 1992). Wells were 

situated in the flow path of groundwater from the refinery site to collect the contaminated 

water. About 5,000 m3/d were collected. The water had high levels of sulfate (1300 

m g L )  and zinc (135 mg/L) and has a pH of 4.5. Prior to the first stage, the pH of the 

water was adjusted and ethanol was added as a carbon source for the SRB. 

In the first stage, an upflow anaerobic sludge blanket (UASB) reactor was used to 

support a rnixed population of SRB. Sulfate in the influent is reduced and sulfide is 

produced. The sulfide can ( i )  precipitate the heavy metals in the water. ( i i )  escape into 

the head space and be trapped in the scrubbers, and (iii) remain in solution. The effluent 

from this reactor is passed into a second reactor which is a submerged fixed-film (Sm 

reactor packed with Pal1 rings. Aerobic bactena growing in this reactor oxidizes any 



hydrogen sulfide remaining in the water to produce sulfur. This system was designed to 

treat about 7.000 m3/d. The system was tested in two trail runs and the effluent met al1 

environmental standards for water discharge. 

Stucki et al (1993) proposed a system for treating spent sulfuric acid from chemical 

processing plants. This system was based on a fixed bed reactor with a recycle stream 

that was passed through a stripper in which the hydrogen sulfide generated by SRB 

activity is purged by a stream of N2. The influent stream entered the fixed bed reactor 

from the bottom. Acetate was used as a carbon source for the SRB and the pH of 

influent into the fixed bed reactor was adjusted. Three different types of packing were 

used: (i) porous glass spheres, (ii) lava beads, and (iii) polyurethane pellets. The types 

of packing used affected the diffusion of gas ihrough the system in the case of glas 

spheres and the lava beads. 

A recent novel development in the active treatment of AMD using SRB was the 

Biosulfide Process (Rowley et al, 1994). The reduction of sulfate by SRB and the 

precipitation of metals by hydrogen sulfide occurred in separate parts of the system rather 

than within the sarne unit. This was accomplished by passing the raw AMD through a 

series of three precipitators prior to its entry into the bioreactor where the SRB were 

situated. The metals were precipitated by the hydrogen sulfide generatrd by the SRB in 

the bioreactor. The hydrogen sulfide was stripped from the bioreactor by sparging the 

reactor with Nz and was directed to the precipitators. The rnetals can be selectively 

precipitated and the metal sulfides can be collected. 

By the time the AMD reached the bioreactor the metals have been removed and only 

high levels of sulfate were present. Consequently no metal sulfide precipitate occurred 

in the bioreactor. The effluent stream from the bioreactor can be either discharged or 

used to adjust the pH of the influent stream of AMD. Thus, the adjustment of pH was 

achieved by using the alkalinity generated in the bioreactor and did not require the 

addition of a chemical base. A 100 L pilot scale system was built and operated continu- 

ously for 75 hours with AMD and good results were obtained: the pH of the effluent was 

consistently over 7 and good metal and sulfate removals were achieved. 

The SRB have, therefore, an important role in treatment processes for effluents rich 



in sulfate. There are many feasible processes appropriate for a variety of conditions and 

applications. High rates of reduction of sulfate can be obtained under optimal envir- 

onmental conditions. The sulfide generated can either be used to precipitate metals or be 

converted to elemental sulfur. However. there are several disadvantages. First the pH 

must be adjusted. The Biosulfide Process does address this problem with success. 

Second, a source of carbon must be provided. Other problems are the removal of the 

metal precipitate or hydrogen sulfide and the cost of maintaining optima1 operating 

conditions. 

2.2.2 SRB in Passive Treatment Systems for AMD 

2.2-2.1 Wetlands 

Wetlands are areas where the soi1 or substrate is waterlogged at least periodically, and 

may be covered by shallow waters (Gorham et al, 1984). This simple definition belies 

the fact that there are several types of wetlands. A major division is whether or not the 

wetland is freshwater or marine. The vegetation, geology and climate around a wetland 

will affects its character and composition. The wetlands referred to in this section are 

freshwater wetlands such as bogs. fens, and marshes. 

Wetlands are known to affect the quality of water passing through them, acting as 

sinks for sulfate and nitrate (Bayley et al, 1986). This role of wetlands was of interest 

to researchers investigating the response of bodies of waters to acid precipitation. This 

focus widened to include the infiltration of acid mine drainage as a result of a study by 

Wieder and Lang (1 984). 

Wieder and Lang (1984) were investigating the effect of wetlands on water chemistry 

of streams draining sirnilar types of watersheds in West Virginia. The water chemistry 

of three streams were monitored and compared: the fint drained a forested area, the 

second drained a forested area containing a Sphagnum-dominated wetland, and the third 

stream drained a forested area containing an abandoned coal mine and a bog wetland. 

The third stream was contaminated with AMD from the coal mine. On cornparison of 

the data, they concluded that the presence of a wetland does have a significant effect on 



water chemistry and in the case of the AMD contarninated Stream, the wetland lowered 

the H+, ca2+, MC, Fe2+, and SO," levels in the water. These observations suggested that 

wetlands could be used to treat AMD contarninated waters. 

Several processes have been identified as being potentially involved in the treatment 

of AMD by wetlands. These are adsorption, ion exchange, bioaccumulation. bacteriai and 

abiotic oxidation, sedimentation, neutraiization, sulfate reduction and formation of carbon- 

ate materials (Kleinman and Hedin, 1989). Adsorption and ion exchange cm cause the 

pH of the water to decrease (Eger, 1994). The increased acidity is due to the exchange 

of protons for metds ions. As the pH decreases, the efficiency of the process decreases 

(Lapakko and Eger, 1988; Eger, 1994). Sirnilarly. the oxidation and hydrolysis of metals 

causes the release of protons leading to the acidification of the wetland (Brodie et al. 

1993). 

The major anaerobic process is sulfate reduction by the SRB. The SRB play an 

important role in the response of wetlands to infiltration by AMD and acid rain (Mills and 

Herlihy, 1985; Eger, 1994). Unlike the aerobic process, the activity of the SRI3 brings 

about not only the removal of metals but also the removal of acidity and the generation 

of alkalinity. The reduction of sulfate consumes protons and the carbon metabolism of the 

SRB leads to the production of carbonate alkalinity. Sulfate reduction has been docu- 

mented to be one of the major biological source of alkalinity in acidified lakes and 

wetlands. 

Other biological sources of alkalinity are the reduction of nitrate and the reduction 

of femc iron Fe(III)]. The biologically-mediated reduction of Fe(III) to Fe(I1) may in 

fact be the major generator of alkalinity in wetland rather than sulfate reduction per se 

(Vile and Wieder, 1993). However, this conclusion is not incompatible with the central 

role of SRB since the reduction of Fe(II1) may occur through the activity of the SRB. 

In the wetland ecosystem, a cycling between the reduced and oxidized forms of the 

sulfur is observed. This occurs as a result of changes in the oxypn levels when water 

levels fluctuate. When the water level is high, the substrate of the wetland is anaerobic 

and the metal sulfides are stable. However, when water levels drop, as can happen in late 

summer and in drought conditions, the substrate becomes oxygenated and the sulfide can 



be reoxidized to sulfate. When water levels increase, the sulfate is reduced again. This 

cycling has also been observed in lakes. Despite this cycling. a net reduction and 

rernovai of sulfate in the overall sulfur balance. is usually observed. 

A wetiand cm, therefore. act as a source of alkalinity and as a sink for metals and 

sulfate. That this does occur in wetlands is a result of several mechanisms, the foremost 

of which is the activity of SRB. Wetlands cm thus treat AMD. 

2.2.2.2 Constmcted Wetlands 

The use of wetlands to treat AMD is, however, not an acceptable practice since wetlands 

are important and valued ecosystems that are habitats for a wide variety of animal and 

plant life. The area of wetlands is rapidly shrinking as they are being drained and 

developed for either agricultural or urban use (Nichols, 1988). As a result, investigations 

in this field have been directed at the use of artificiai or constructed wetlands. The 

construction of wetlands for the treatment of AMD is a relatively new field, starting only 

in the 1980's. The bulk, if not d l ,  of the pioneenng work was done in the U.S.A. Such 

research is ongoing and is being done primariiy in the U.S.A.. Canada and Australia. 

Wetlands have been constructed for the treatment of not only AMD but also for a 

variety of industrial. municipal and agricultural wastewaters (Hammer, 1989: Moshiri. 

1993). Wetlands are being used to remove nitrates, phosphorus. and to lower the BOD 

in wastes such as municipal sewage, pulp and paper effluents. dais, effluents and waste 

from the petrochemical industry . The characteristics of AMD are, however, very different 

from these other effluents. AMD has very little organic content and low alkalinity. The 

high levels of metals and high acidity poses considerable problems to plant and aquatic 

life. The effect on wetlands receiving these waters can, therefore. be negative if the 

wetland is not designed properly. 

Initial atternpts were for the most part not successful. This was due primarily to a 

lack of basic information and experience. Consequently, al1 results. negative and positive, 

have been of value in helping to advance the knowledge base in the design and operation 

of constructed wetlands. However, conflicting results and unexplainable successes and 

failures stiI1 are features of this field of research. 



Observations indicate that fluctuations can occur in the performance of wetlands. 

There is some evidence that the monitoring protocol itself may play a role in such 

fluctuations (Wieder, 1994). The measurement of performance is done by taking samples 

at the points of influx and efflux. The difference in the water qualities of these sample 

is the ba is  for determining the degree of treatment attained. Also. samples are usually 

taken only once and usually during the day. An hourly sampling of water taken from the 

efflux point of wetlands indicated that there were large fluctuations in the iron content 

taken at night and during the day. This deserves more attention. 

Much of the initiai work was done on a small scale and had been designed in a 

number of different foms (barrels, trenches, ponds) for a variety of applications. Despite 

this, several general conclusions have emerged on how to build a wetland for the treat- 

ment of AMD. The most important being that the flow rate should be slow enough so 

that the residence or contact time of the AMD in the wetland is sufficient. 

The sizing and configuration of the wetlands have to take into account ( i )  the expect- 

ed arnounts of AMD to be treated, (ii) the flow rates that must be attained to allow for 

the appropriate residence or contact time for treatment to occur, (iii) the amount and types 

of biomass and substrate that rnust be present for treatment to be attained, (iv) seasonal 

fluctuations in water quantity and quality. 

Furthermore, since sustainability is a desired goal, a balanced ecosystem must be 

established in the wetland. The types of vegetation and substrate to be used in the con- 

structed wetland were the initial focus of much attention. The types of aquatic plants that 

could be used were limited since there are not many plants that are tolerant of metals and 

acidity. Attention centered on plants such as typha and sphagnum since they were found 

in waters contaminated with metals. Possible mechanisms involved in the treatment of 

AMD by these plants were bioaccumulation of metals and oxygenation of the sediment. 

However, while the plants were tolerant to relatively elevated levels of metals, there was 

a limit to the amount that could be tolerated and accumulated before the plants were 

adversely affected. The harvesting of these plants to remove the metals was not feasible 

since most of the metal was accumulated in the roots rather than in the Ieaves (Dunbabin 

and Bowmer, 1992). 



Peat and sphagnum have good adsorbent properties which would result in metal 

removal. However, metals sequestered by this mechanism are easily remobilized and the 

capacity for the adsorption of met& is finite. As mentioned in the previous section, the 

removai of metals by adsorption tended to acidify the environment which limits the 

efficiency of adsorption (Lapakko and Eger, 1988). The removal of metals by adsorption 

is limited and is only for the short terrn. 

The types of vegetation and substrate used in the wetlands do not seem to be 

important as there were no significant differences in treatment when different combina- 

tions of vegetation and substrates were used (Brodie et al. 1988). The role of plants is. 

therefore. primarily to: (i) oxygenate the substrate. (ii) provide buffering capacity, (i i i)  add 

organic matter to the system. and (iv) provide a root system to counter erosion (Brodie 

et al, 1988; Dunbabin and Bowmer, 1992). 

The main sink for metals and sulfate in wetlands is the sediment and not the plants 

(Dunbabin and Bowmer, 1992). Observations suggest that adsorption occurred first to 

bind the metal to the substrate, followed by precipitation with sulfide generated by SRB 

activity (Machemer and Wildeman. 1992). The removal of metals by this process does 

not contribute to increased acidity. As mentioned above, sulfate reduction is a major 

source of alkalinity in acidified lakes (Giblin et al, 1990; Schindler et al, 1986). 

Sulfate reduction was always identified as potentially playing a role in the 

remediation of AMD in constructed wetlands. However, initial wetlands were not 

designed to optimize the use of SRB activity. As mentioned earlier, the main focus had 

been on the types of vegetation and substrate to be used. The question of whether the 

flow should be surface or subsurface is therefore, an important consideration. Since an 

active SRB population is essential for both the long term removal and storage of sulfate 

and metals and for the generation of alkalinity, the flow of water should be directed to 

the sediment or substrate. 

2.2.2.3 SRI3 and Sediments 

As was described in Chapter 1,  the sediment is the habitat of the SRB and these bacteria 

are capable of surviving in what would be considered adverse conditions as a result of 



the formation of microenvironments by bactend activity on soi1 particles and other 

surfaces. The formation of the microenvironment is due to the propensity of bacteria to 

aggregate on and to colonize surfaces. The formation of the microenvironments has been 

described as follows: "Biomass accumulation in biofilms or aggregates can result in the 

developmen t of microenvironments. due to diffusional resistance of reactants w i thin the 

biomass layer" (Lens et al, 1995). The actual attachment of bacteria to the surface does 

not seem to be a pre-requisite for the formation of these micromilieus. 

Most microorganisms in nature (Le. out of the laboratory) are thought to exist as 

attached to suifaces rather than as free-swimming (Costerton, Irvin and Cheng, 198 1).  

This occurs even though the bacteria are mobile and such is the case of some SM such 

as Desu[fovibrio desulfun'cans. The standard use of liquid cultures in laboratones may. 

therefore. produce rnisleading artifacts that do not reflect the actual activity of bacteria 

in their natural environments. This would explain discrepancies between the required 

laboratory culture conditions necessary for the bacteria to grow and be active and the 

conditions under which bacteria are actually found in the environment. 

Why do bacteria tend to colonize surfaces? This may be due in large part to the 

tendency of nutrient molecules to accumulate on surfaces as a result of electrostatic 

forces. The sediment-water interface is, therefore, a nutrient rich zone. It would 

therefore, be in the interest of the microorganisms to maintain themselves in this niche. 

The surface may also provide some physical protection. 

The colonization of surfaces by bacteria can result in the formation of large structures 

called biofilms. The generation of biofilms is due to the activity of a group of bacteria. 

the primary colonizers. that are able to produce an extracellular polysaccharide which 

forms a large polymeric structure called the glycocalyx. The glycocalyx is a permeable 

matrix in which in the primary colonizers grow and reproduce. As new cells are formed. 

the older cells remain next to the solid surface. 

As the glycocalyx becomes more extensive. aerobic and anaerobic zones are estab- 

lished within the mat. The level of the biofilm closest to the surface becomes anaerobic 

due to both the metabolism of aerobic bacteria at and near the surface of the biofilm and 

to the ;!ow diffusion of oxygen into the biofilm. Anaerobic microorganisms are able to 



penetrate into the mat and establish themselves in these anoxic zones. Other aerobic 

bacteria may also colonize the biofilm. Consequently, a community or consortium of 

diverse microorganisrns including both aerobic and anaerobic microorganisms can be har- 

boured in the biofilm. The biofilm confers some physical protection, and can act as a 

bamer to biocidal agents such as antibiotics. accounting for the persistence of bacteria in 

spite of attempts to stenlize. The occurrence of SRB in biofilms was found to be 

independent of environmental conditions (Lens et al, 1995). 

The concept of the microenvironment has far-reaching consequences and implications 

for environmental scientists and engineers. The use of fixed-film and sludges in reactors 

rely in large part on the immobilization of bacteria on a surfaces and on particulate 

matter. 

2.2.2.4 Anoxic Limestone Drains 

A promising development in recent years has been the use of anoxic limestone drains 

(ALD) in conjunction with wetlands as proposed by Turner and McCoy in 1990 (Hedin 

et al, 1994). An underground drainage system to collect and drain the AMD from the 

waste rock pile was installed. A bed of limestone grave1 was buned and placed in the 

flow path of the drain before the AMD surfaces into the wetland. The bed or ALD 

served as a source of alkalinity. No precipitation of the metal occurred because of the 

anaerobic condition that exist within the drain. Consequently no arrnouring of the 

limestone occurred. Upon surfacing and contact with oxygen, the metals were oxidized 

and precipitated, and the alkalinity was consurned as a result of the liberation of protons 

in this process. Most of the Fe was removed at this stage. 

The effluent from the ALD was passed through a staged constructed wetland where 

further metal removal and generation of alkalinity occurred. The final stage of the wet- 

land can be a polishing pond in which SRB activity is high. Any remaining metals can 

be removed and the alkalinity of the water is increased prior to discharge. These passive 

treatment systems achieve high metal removal and neutralization of the acidity on a 

consistent basis. Several are presently in operation in the Pittsburgh area. These systems 

have only been constnicted in the last few yean and the long-term operation has yet to 



be seen. The lifetime of such an ALD-wetland system is estimated to be about 25 years. 

This depends in large part on the quantity of limestone present in the ALD. 

The use of ALDs should only be considered in cases where the alkalinity of the water 

is very low (~80 mg/L) and iron content is high (> 20 m@). Othenvise, a conventional 

constructed wetland should be used (Brodie et al. 1993). If the alkalinity is high. a 

constnicted wetland shouId be sufficient to treat the water. 

2.3 The Question of Nutrition 

The key to the economic feasibility and the self-sustaining aspect of using S M  to treat 

AMD centers on the question of nutrition. This is because AMD is an organic-poor 

environment and the SRB have specific nutritional requirernents. The SRB cannot utilize 

simple sugars such as glucose and fructose. instead more complex carbon compounds are 

needed. 

In active treatment processes where the SRB are the only bacteria present, they must 

be supplied with a carbon source that they can readily metabolize. As was described in 

section 2.2.1 on active treatment processes, pure chemical carbon sources such as lactic 

acid and rnethanol were used. These carbon sources cm be expensive and may render 

the process economical unfeasible, especially if large quantities of AMD are to be treated. 

With respect to passive treatment by SRB. the search for an inexpensive and readily 

available source of nutrition has been of concem from the beginning. The papers by 

Tuttle et a1 (1969) and Wakao et al (1979) are ultimately about the nutritional aspects of 

the treatment of AMD by SRB. 

These studies demonstrated that (i) the extent of SRB activity is restricted by carbon 

and nitrogen limitations, and (ii) the carbon and nitrogen requirements of the SRB can be 

provided by the metabolism of other microorganisms present in the immediate environ- 

ment in a commensal relationship. The first point suggests that a major constraint on 

SRB activity in nature is carbon and nitrogen limitation. 

The second point is important since it rneans that, in theory, it is not necessary to 

provide the SRB directly with a carbon source if the SRB are part of a consortium or 



comrnunity of different microorganisms (Tenika. 1966). This is more than likely how 

the SRB are sustained in nature. A self-sustaining process would depend on such a 

relationship. Consequently. a wider range of carbon sources such as wood. straw. hay and 

other waste organic materials can be considered. 

The possibility of using wood as proposed by Tuttle et al (1969) or other plant 

material such as straw and hay has been the bais of much study since they are plentiful 

and are considered as waste. The degradation of such materials to provide the carbon in 

an appropnate form for the SRB depends on the activity of aerobic microorganisms. 

The degradation of the cellulosic components of wood by aerobic bacteria and fungi 

was shown to result in a decrease in the acidity of the water (Jongejan, 1986). The 

activity of these microorganisms can prepare or condition the environment for the SRB 

to establish themselves by: (i) metabolizing and producing the required nutrients for SRB; 

( i i )  decreasing the acidity of the water, and (iii) depleting or lowering the oxygen as a 

resuit of their aerobic metabolism. The rate of degradation must be sufficiently fast to 

support the rates of sulfate-reduction required for successful treatment of AMD. 

Unfortunately, this is generally not the case and the ligno-cellulosic material must be 

supplemented with simple sugars such as sucrose (Bechard et al, 1994). 

Sewage sludge has been considered. The use of sewage sludge was originally 

investigated from the point of view of producing sulfur. The sludge was supplemented 

with sulfate to stimulate the activity of SRI3 present in the sludge. The sulfide that was 

generated could be collected and oxidized to produce sulfur (Butlin et al. 1956; Burgess 

and Wood, 1961). At the time of these studies, the demand and prices for sulfur was 

high. The sludge was. therefore, used as a source of both the bacteria and the nutrients. 

The sludge at the end of the process could be safely handled and disposed. since it was 

more easily dewatered and the effluent was of good quality. 

Simiiarly, the use of cattle manure as a supplement to AMD was investigated. In 

these studies, anaerobic digester slurry was found to be able to support sulfate-reducing 

activity (Ueki et al, 1986). Furthemore, the sluny and its supernatant were good sources 

of alkalinity and could be used to neutralize the AMD and precipitate metals. The 

addition of 5% (v/v) digester slurry to the neutralized AMD resulted in the reduction of 



sulfate at a maximum rate of 120 mg~- 'd- '  (Ueki et al. 1988). 

The use of sewage sludge as a carbon source for SRB activity to treat AMD is 

appealing since two different wastes can be used to treat each other. The AMD would 

take the place of the sulfate supplement and the sulfide generated would precipitate the 

metals in the AMD. However. this has not been pursued despite the fact that it has been 

mentioned as a possible carbon source in several publications. This may be due to (i) 

environmental concems about the use of sewage. and (ii) transportation problems of 

sewage sludge to outlying areas. 

Presently spent mushroom compost. a combination of straw and horse manure is the 

most common substrate used in constructed wetlands whenever SRBs are to be used. The 

question of nutrition is outside the scope of this study and is consequently not addressed 

here. 

2.4 Concluding Remarks 

The SRB occupy an important niche in the sulfur cycle in the environment which make 

them idealIy suited for the treatrnent of AMD. The activity of these bacteria can result 

in the removal of significant quantities of sulfate. metals. and acidity from AMD. to effec- 

tively treat the water. The active and passive treatment of AMD by SRB are feasible 

alternatives to chernical treatment. 

In active treatment processes, culture conditions are manipulated to provide optimal 

conditions for SRB activity. For exarnple. the pH of the AMD is usually adjusted to 

lower the acidity of the water prior to its contact with the SRB. Also an anaerobic 

environment and nutrition have to be provided and maintained. 

Direct intervention should be minimal in passive treatment processes. Such manipu- 

lations would add to expenditure and would indicate that the system is not operating well. 

In passive treatment systems. the SRB are not provided directly with the culture 

conditions required for their growth and activity. This should evolve from the systern 

itself. Constructed wetlands are being used to treat AMD, however, this field of research 

is still in its infancy. Most constructed wetlands are not more than a decade old and their 



long term performance have still to be ascertained. 

The key to the use of SRB in passive treatment systems is to provide a physical 

substrate on which the bacteria can establish and maintain an environment appropriate for 

their survival. A gravel bed can be used as a physical substrate. The specific goal of this 

study is to obtain data that would be useful for determining the size and composition of 

the gravel bed. This information can also be useful in the sizing of the substrate bed for 

wetlands. 



3. PRELIMINARY WORK 

When first conceived. the ultimate objective of this snidy was to establish a population 

of SRI3 in an open mine pit for the purpose of treating the AMD accumulating in it. To 

achieve this goal. a fundamentai understanding of key parameters operating in this system 

was required. Consequently a reactor was designed in an attempt to simulate conditions 

at an open mine pit. This reactor was used to determine the key physical and biological 

parameters and to study the behaviour of such a system under various conditions to help 

in the implementation at the site. 

As this work progressed. the importance of the grave1 bed and the lack of informa- 

tion about the role of the gravel bed in the system became evident. Attention in the 

literature has focused on the biological needs of the SRB, however. scant regard has been 

given to a description of the role of the physical environment on the activity of the SRB. 

Thus, the characterization of the physical parameters of the gravel bed became the main 

focus of this snidy and, as such. resulted in a redefinition of the objectives as presented 

in Section 1.7. Similarly, a different concept was achieved for the implementation of an 

AMD treatment system using SRB and this is discussed in Chapter 6. 

This initial work is presented in its entirety in this chapter despite the fact that it 

was not completed as originally intended. There experiments were. therefore, of a prelim- 

inary nature. However. the results do offer an insight into the development of the project 

as a whole and give some understanding of the limitations that might be encountered in 

the implementation of SRB in passive treatment systems. 

3.1 Reactor Design and Materials 

A reactor was designed primarily to simulate the treatment conditions that would occur 

at the mine site where a continuous fiow of AMD over a sediment containing SRB was 



expected. The hydrodynamics of the reactor were an important feature of this system. 

A gravel bed at the bottom of the reactor was used as a sediment. 

Considerations in the design of this reactor were: (i) the depth of the water 

colurnn. (ii) a continuous flow regime simulating the flow of water through a pit. and (iii) 

the localization of the active site for the bacteria at the bottom of the reactor. The depth 

of the water colurnn was considered to be an important parameter since a suffkient depth 

was believed to be important for the development of gradients of metais. sulfates. acidity 

and dissolved oxygen. 

The design and dimensions of the reactor are illustrated in Figure 3.1. The reactor 

was made of clear 0.635 cm (114") Plexiglas. Al1 fittings were 0.635 cm (1/4") except 

for the fittings in the bonorn plate of the shaft which were 1.27 cm (112"). The larger 

fittings in the bottom plate helped to facilitate rapid draining of the reactor. 

The reactor was composed of three parts: (i) a head tank, (ii) a shaft. and (iii) a 

side tank. The shaft was a column comprised of cylindricai units. The design allowed 

for the volume and depth of the water column to be varied depending on the number and 

size of cylindrical units composing the column. 

The head tank and the shaft opened directly into one another. The side tank was 

separated from the head tank and communicated only with the shaft via 1/4" latex tubing 

that connected spigots arranged at periodic intervals on the side of the shaft to fittings 

located in the bottom of the side tank. A 15.24 cm (6") layer of gravel was located at 

the bottom of the shaft. 

The shaft was composed of Plexiglas cylinder units. The individual cylinder units 

had an inner diameter of 15.24 cm (6") and a height of 45.72 cm ( 1 8"). The units were 

joined together using Ranges attached around the top and bonom of the unit. Viton O- 

rings (15.24 cm [6"] i.d. by 0.95 cm [318"] thick) were used to seal the joints between the 

cylindrical units and between the shaft and the head tank. A bottom plate covered the 

end of the shaft. A 1.27 cm (1/2") nipple was located at the center of the plate. to which 

was attached an elbow and a bal1 valve with a hose connector. The size of al1 fitting 

attached to the bottom plate were 1.27" and were used to drain the reactor. 

Two nipples were inserted dong one side of each unit. The first fitting was 



located 7.62 cm (3") from the top of the unit and the second was placed 15.24 cm (6") 

from the bottom. The two nipples were 22.86 cm (9") apart. As a result of this design. 

when the column units were joined together and attached to the head tank. the arrange- 

ment of the fittings was such that: (i) the nipples were spaced at 22.86 cm (9") intervals: 

(ii) the top-most nipple was 7.62 cm (3") from the bottom of the head tank; and (iii) the 

bottom-most nipple was 15.24 cm (6") fiom the bottom of the reactor and was flush with 

the top of the grave1 bed. 

Head Tank Side Tank 

Column 
Units 

Plate 

2-Way Valve shaR (Sampling Valve) 

Figure 3.1 Design of the continuous flow reactor; sideview. 
Not drawn to scale. 



A tee was attached to each of the nipples. A needle valve was connected to one 

arm of the tee, and a stopcock with a hose connector was placed on the other m. The 

stopcock was connected to a 0.635 cm (1/4") hose connector in the bottom of the side 

tank via 0.635 cm (1/4") latex tubing. The needle valve was used for taking water 

samples. The stopcock was used to regulate the flow of water to the side tank. The 

placement of the sampling needle valve before the stopcock allowed for water samples 

to be taken even if there was no flow to the side tank through that stopcock. 

The 0.635 cm (1/4") fittings on the side of the head and side tanks were for the 

influx and efflux of water from the system. Fresh water was pumped into the head tank 

using a peristaltic pump and water was displaced passively from the reactor due to the 

difference in hydrostatic head between the head and side tanks. Both 0.635 cm (1/4") 

fittings were placed 10.16 cm (4") from the bottom of the head and side tanks, therefore, 

this was the level to which the water could accumulate in the two tanks. This height 

could be increased by attaching a piece of tubing to the efflux fining and looping the 

tubing upwards before it descended to the collection bottle. Therefore, the height of the 

upward loop of the tubing determined the height of the water level within the two tanks. 

The reactor was designed in this configuration not to simulate the contours of the 

pit but to simulate gross flow conditions within the mine pit. Also, the design ensured 

that a constant level of AMD existed within the reactor and that this could be maintained 

by the use of only one pump. The configuration directed the flow of water through the 

reactor dong the following path: fresh AMD entered the system in the head tank, passed 

down into the shaft, over the grave1 bed, and up into the side tank. This simulated the 

flow of water into the pit and out by infiltration through the pit walls. 

The final configuration rhat was used throughout the investigation was that 

illustrated in Figure 3.1. A photograph of the constructed reactor in operation is shown 

in Figure 3.2. Using two cylindrical units resulted in a total volume of about 38 L. 

Uniess otherwise specified, only the bottom-most spigot was opened for the passage of 

AMD to the side tank. Not shown in Figures 3.1 and 3.2 is the cover constructed for the 

reactor. The cover had a mbber seal and could be secured onto the reactor by bolting 

ont0 the flange located around the top of the reactor. 



Figure 3.2 Sideview of the constructed operational reactor with a 15.24 cm (6") 
deep grave1 bed at the bottom of the shaft inoculated with SRB. 

A specid bottom plate was designed for the purposes of inserting a dissolved 

oxygen probe upwards into the shaft of the reactor. The probe was centrally located in 

the plate and allowed for the height of the probe in the reactor to be adjustable without 

(i) leakage, (ii) slippage, and (iii) having to dismantle the reactor. This was accomplished 

by a simple design that used two O-rings and a Plexiglas ring (tightening ring) which was 

tightened down ont0 the O-rings by three screws (Figure 3.3). The O-rings fitted snugly 

around the probe and the fiattening of the O-rings by the Plexiglas ring squeezed the 0- 



rings tighter against the probe effectively clamping the probe into place and ensuring a 

water-tight seal. 

Side View 

I /--a\ Tightening 
Ring 

/ \ 1/4" Thick 

Boftom View 

Figure 3 3  Design of the bottom-plate for dissolved oxygen 
probe. 



3.1.1 Gravel Bed 

Unsorted limestone p v e l  with a nominal size of 1/4" was used to form the gravel bed 

at the bottom of the column. It was not clear how much grave1 should be used. The 

main consideration was that the depth be sufficient for SRB to be established. however, 

a definition of "sufficient" was not available. Moreover. the height of the water column 

was thought to be a more important parameter than that of the grave1 bed. The decision 

to use a 6" gave1 bed was made with the understanding that this would be a starring 

point and that it could be changed. 

The gravel was washed to remove sand. clay, dust and other small particles and 

air dried. The dried p v e l  was introduced into the reacton up to the desired height The 

void volume was measured directly by pouring in water until the surface of the grave1 bed 

was reached. 

3.1.2 Measurements 

The pH was measured using a pH electrode with a double junction (Cole Palmer, Model 

No. 203). This type of electrode is less sensitive to sulfide poisoning. The ORP was 

measured using a platinurn band redox electrode (Cole Palmer, Model No. 207). The 

level of dissolved oxygen was measured using a 420 mm (16.5") polarographic dissolved 

oxygen (DO) probe (Cole Palmer) connected to a power supply and meter (Cole Palmer. 

Model No. 0197 1-00). 

Metal concentrations were measured by inductively-coupled plasma spectro- 

photometry (ICP) (Polyscan 61E Thermo Jarrell Ash) at the Noranda Technology Centre. 

Pointe Claire. Quebec. Water samples were acidified to 3% HC1 pnor to metai analysis 

by ICP. 

The concentration of sulfate in the water samples taken during the part of the 

study prior to the inoculation of the column with SRB was measured by a turbidometric 

method which is described in detailed in Appendix A (American Public Health Associa- 

tion, 1989). The sulfate concentration in water samples taken after the SRI3 were 



established in the reactor was calculated based on the S concentration measured by ICP. 

AI1 S present was assumed to be present in the form of sulfate. This assumption was 

made on the basis of the following arguments. Fiirst, sulfate is the major. if not the only 

sulfur-bearing solute in AMD. This is justifiable from what is known about the 

characteristics of AMD. Second, when sulfate is reduced by the SRB. the sulfur in the 

sulfate appears either in the precipitate as metal sulfide or as hydrogen sulfide gas. that 

is, the sulfur is no longer in solution. Therefore, sulfur was not likely to be found in any 

other form than sulfate in the water and a decrease in sulfur concentration was interpreted 

as a decrease in sulfate concentration. 

3.2 Experimental Design and Protocol 

3.2.1 Characterization of the Hydrodynamics of the Continuous Flow Reactor 

3.2.1.1 Sulfate 

The hydrodynamics of the reactor in the absence of SRI3 activity were investigated under 

different operating conditions. Sulfate was used as a tracer since it is the most abundant 

component of AMD and is essential for the activity of SRB. The use of sulfate in the 

form of sulfunc acid and sodium sulfate was investigated. 

The use of sulfuric acid as a tracer was abandoned after obsewing that the tap 

water had a buffering capacity. Attempts made to overcome or exhaust this buffering 

capacity by acidifying the water with HC1 in the reactor prior to the stan of the experi- 

ment proved to be impractical because of the amount of acid required and the low final 

pH attained. It was decided that it would be more practical to follow changes in the 

concentration of sulfate rather than protons (pH). 

The basic protocol followed for the characterization of the hydrodynarnics of the 

reactor was as follows. The reactor was filled with tap water and a 100 mL 0.1 M 

solution of sodium sulfate was pumped into the head tank. nie  addition of the sulfate 

solution was followed by either a continuous flow of fresh tap water into the reactor or 



by no funher influx of water (no-flow conditions). A flow rate of 3.8 &min gave a 

hydraulic retention time (HRT) of 7 d. The actual HRT that would be found in a mat- 

ment system at the mine site was unknown. A HRT of 7 d was used as a starting point, 

k i n g  not too long so as to be impractical for experimentation yet probably long enough 

for treatment to have occurred. 

During this study only the bottom spigot of the reactor was opened. all the other 

spigots were kept closed. Water samples were taken penodically from (i) the head tank 

near the entry point of water, (ii) the needle valve on the bottom spigot, and (iii) the side 

tank near the exit point of water from the reactor. The concentration of sulfate was 

measured. The concentration of sulfate in tap water was about 22 mgL and was taken 

into account in the calculation of sulfate concentrations. 

3.2.1.2 Temperature Gradient 

The effect of a temperature gradient on the hydrodynarnics of the reactor was investi- 

gated. Two scenarios were studied: (1) the top of the reactor was heated while the 

bottom was cooled, (2) the bottom was heated while the top was cooled. The f i t  case 

was exarnined under continuous flow and no-flow conditions while the second was 

examined only under no-flow conditions. 

The heating and cooling of the head tank and the grave1 bed at the bottom of the 

column was accomplished by the use of a glass coi1 immersed in the head tank and by 

a copper tubing coiled around the bottom of the cylinder. Glass was used because it was 

inen and resistant to the acidity of the AMD and had good thermal conductivity. 

Fiberglas insulation (2" thickness) was wrapped around the bottom of the reactor where 

the copper tubing was located. Heated water from a hot water-bath and cooled water 

from a refrigerated water-bath were circulated through the coils to heat or cool either the 

top or bottom of the reactor. 

3.2.1.3 Oxygen 

Since SRB are anaerobic and are not active when oxygen is present, the characterization 

of the distribution of dissolved oxygen (DO) in the reactor was a necessary step. 



The bottom plate was replaced with the specially designed bottom plate for the DO 

probe. The DO probe was insened with tip facing upwards into the shaft of the reactor. 

The height of the DO probe tip above the bottom of the reactor was 15.24 cm (6"). which 

corresponds to the height of the gravel bed. The water column was fmt  sparged with air 

and the DO probe was calibrated to 100% air saturation. The column was then sparged 

with N, gas and the DO probe was calibrated to 0%. This could not be achieved unless 

the reactor was covered. Once the DO probe was zeroed. the N2 gas was tumed off and 

the DO level was monitored continuously using a chan recorder under no-flow conditions 

over three different temperature ranges: (i) 12- U°C. (ii) 15- 16°C. and (iii) 1 8-20°C. 

3.2.1.4 Effect of Activity of Aerobic Bacteria on Oxygen Levels 

The activity of aerobic bacteria is thought to be important in providing SRB with 

numents. Also, the consumption of oxygen by the metabolism of these bacteria will 

deplete oxygen in the water. This would facilitate the generauon and maintenance of an 

anaerobic environment in the gravel bed. To test the effect of the aerobic bacterial 

metabolism on oxygen levels in the water. the following expenment was performed. 

A 15.24 cm (6") bed of limestone gravel was introduced around the DO probe 

such that the tip of the probe was just above the level of the gravel. The reactor was 

filled with Mattabi mine water and 94 g of organic material consisting of 13 g brewer's 

dried gain. 63 g wood pulp. and 18 g manure. The aerobic bacteria present on the 

organic material were the bacteria used in this expenment. This expenment was done 

under no-flow conditions. 

The DO p r ~ b e  was raised an additional 5.08 cm (2") to clear the surface of the 

layer of organic material. The settling of the organic material occurred slowly and the 

tip of the probe was cleared penodically of any debris that should happen to settle on it. 

The DO was monitored continuously and the pH was measured in water sarnples taken 

penodically from the bottom of the reactor. 



3.2.2 Establishment of an SRB Population 

The inoculation and establishment of a population of SRB in the grave1 bed of the reactor 

was accomplished in two stages. In the f i t  stage, the bottom unit of the reactor was 

detached and fitted with a cover. A 15.24 cm (6") gravel bed of Limestone (6.35 mm 

[1/4"] diameter) was deposited in the reactor and the void volume was rneasured. 

The gravel bed was inoculated with a mixed population of SRB that was isolated 

at the Noranda Technology Centre (Pointe Claire, Quebec) from sediment samples taken 

at the Brunswick Mine site near Bathurst. New Brunswick. AMD suppiemented with 4 

g/L sodium lactate (carbon source) and 0.5 gR. ammonium chlonde (nitrogen source) was 

introduced slowly until the unit was filled. These concentrations were those used in the 

isolation and enrichment medium of SRB from sediment samples (Gerhardt et al. 1981). 

The cover was put in place and bolted down. The filling and covering of the unit were 

measures taken to exclude as much air as possible from the system so as to allow for the 

establishment of an anaerobic environment. 

The establishment of the SRB was encouraged by the use of a centrifugai pump 

which continuously circulated AMD in the water column above the gave1 bed. The 

cnteria for "establishment" were when the water taken from the bottom spigot had a pH 

above 5.5 and an ORP of less than -100 mV. Other positive indicators of SRB activity 

were the presence of a black precipitate within the gravel bed and a sulfurous odour in 

the water sample. 

In the second stage, the unit was reattached to the main body of the reactor after 

the SRB population was established in the pave1 bed. The reactor was filled increment- 

ally with AMD from the Mattabi Mine site (Ignace, Ontario) over a penod of 16 days to 

a final volume of 38 L. The concentrations of rnetals and the pH of this water are given 

in Table 3.1. The AMD was supplemented with sodium lactate and ammonium chlonde 

in the concentrations given above. 

The filling of the reactor was followed by an acclimatization period of 18 days. 

In this period, the SRI3 reestablished a neutral pH and a reduced environment in the 

gravel bed under no-flow conditions. 



Table 3.1: pH and Composition of Mattabi Mine Water (determined by ICP) 
and Cornparison with Recommended Leveis in Water for Aquatic Life. 

Elements (mgL) 
Al ............ 56 131 
Cu ............ 17 45 
Fe ............ 18 209 
Mg ............ 122 203 
Mn ............ 20 37 
S ............ 933 1324 
Zn ............ 188 349 

Environment Canada. 1995. Recommendation on Water Quality. 

Recomrnended levels 
for aquatic lifel 

3.2.3 Continuous Flow Experïments 

The treatment of a continuous flow of AMD through the reactor was investigated in a 

series of experiments in which the rate of flow was varied. The basic protocol for these 

expenments was as follows. Fresh AMD was pumped into the head tank of the reactor 

using the penstaltic pump used in the previous expenments. The treated AMD was 

passively displaced into the side tank and out of the reactor. Water samples were taken 

periodically from the bottom spigot. The ORP and pH were measured immediately and 

the sarnple was stored and prepared for metal and sulfate analysis by ICP. 

Three flow rates were used. The flow rates and their corresponding hydraulic re- 

tention times were 3.8 mL/min (7 d), 3 mL/min (10 d), and 1.85 m m i n  (14 d). During 

the course of these expenmenü, the fnst barre1 of Mattabi water was depleted and a 

second barre1 of AMD was obtained. The compositions of both batches of AMD were 

given in Table 3.1. 



3.3 Results and Discussion 

33.1 Characterization of Hydrodynamic Behaviour in the Reactor 

A knowledge of the hydrodynamic behaviour of the system in the absence of SRI3 activity 

was important for a correct interpretation of results obtained in the presence of the SRB. 

This was especiaily important since a control colurnn where SRI3 are not present would 

not be available. The hydrodynarnics of the system were characterized under different 

operating conditions before the SRB were established in the reactor. This was done by 

observing the movement and distribution of sulfate over time. 

3.3.1.1 Tracer Experiments 

The use of 100 mL sulfate solutions with concentrations of 0.0 1, 0.1 and 1M were 

investigated. When a 1 M sulfate solution was used, the sulfate accumulated within 6 h 

at the bottom of the reactor (Figure 3.4). The results for 0.01 and the 0.1 M sulfate 

solutions were similar. Sulfate appeared sirnultaneously at the bottom of the reactor and 

in the side tank. 10-12 h after being introduced into the system. 

The rapid accumulation of sulfate at the bottom of the reactor in the case of the 

1 M sulfate solution was due to the high concentration of the sulfate making the solution 

denser than the water in the reactor. This conclusion was supported by the observation 

that at the point of entry of the 1 M sulfate solution. a Stream within the water column 

could be seen falling to the floor of the head tank. 

A 100 rnL solution of 0.1 M sodium sulfate was used in al1 subsequent experi- 

ments since it gave results similar to that of the 0.01 M solution and the sulfate was 

easier to detect. Furthemore, the concentration of sulfate in the AMD used in this study 

was about 0.03 M (3000 pprn). A 0.1 M sulfate solution was. therefore. representative 

of the strength of sulfate found in the AMD. 



TlME (h) 

Figure 3.4 Changes in sulfate concentrations over time at the 
bottom of the reactor under continuous flow (3.8 W m i n )  after 
the introduction of N+SO, solutions of different strengths into 
the head tank. 

The movement of sulfate through the reactor occurred in a time frarne that was 

much shorter than the hydraulic retention tirne: 10-12 h vs 7 d. This indicated that the 

rate of movernent of sulfate was not controlled by the rate of pumping. The movement 

or migration of sulfate through the reactor appeared to be affected more by density or 

concentration gradients rather than the bulk flow of the water. The presence of such a 

gradient should appear when the system is operational as a result of (i) SRB activity 

which would consume sulfate at the bottom of the reactor, and (ii) the localisation of the 

SRB in the grave1 bed. Consequently, this would favour the movement of sulfate to the 

active site regardless of the flow rate, and thereby facilitating the treatment process. 

3.3.1.2 Effect of Temperature Gradient 

The existence and effects of temperature gradients in shallow lakes has been well docu- 

mented. In summer, the top layer of water is warmer while the bottom is coder. This 

leads to a stratification of the lake water where there is a bottom layer of water which is 



very different in composition than that of the water colurnn above it. Exchange of solutes 

occurs at the interface between the two layers. In autumn and spring, the thermal gradi- 

ent is inverted and rnixing occurs between the layers. breaking the stratification in the 

body of water. The effect of temperature gradients on the movement of sulfate was 

investigated since such gradients may be important in the holding pit. 

The presence of a temperature gradient in the reactor had a dramatic effect on the 

movement and distribution of sulfate in the system. When the bottom was cooled and the 

top warmed, a temperature gradient of about 10°C could be produced and easily maintain- 

ed. However, when the bottom was heated and the top cooled, a temperature gradient of 

only about 1-2°C could be attained and was maintained with difficulty due to convection 

currents. In this case, there could be no flow of water through the system since this dis- 

rupted the temperature gradient. Therefore. this second scenario could be examined only 

under no-flow conditions. 

When the top was heated and the bottom was cooled and a continuous flow (3.8 

W m i n )  of water was in effect, a steady migration of sulfate from the head tank to the 

bottom was observed (Figure 3.5). The concentration of sulfate at the bottom of the 

reactor increased constantly from the start of the experirnent, peaked at 30 h, and deciined 

thereafter. The sulfate first appeared in the side tank after 15 h and increased steadily 

over time, and continued to do so as the sulfate concentration at the bottom decreased. 

This indicated that the sulfate wouid be eventually washed out of the system. 

When the experiment was perfonned under no-flow conditions, the behaviour was 

different (Figures 3.6). Most of the sulfate migrated to the bottom within 3-6 h, and 

remained there over the course of the experiment. Some sulfate remained in the head 

tank and some migrated into the side tank within 3-6 h. The levels of sulfate in the head 

and side tanks were similar. This distribution of sulfate was attained within 6-12 h and 

remained stable over the duration of the experiment. 

These results indicated that the temperature gradient induced a difference in the 

buoyancy or density of the water between the top and bottom of the reactor. The density 

of the sulfate solution becarne an important factor in determining the distribution and 

movement of sulfate through the system. The sulfate solution would accumulate in the 
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Figure 3.5 Distribution of sulfate in the presence of a 
temperature gradient: top heated, bottom cooled, and a 
continuous flow rate of 3.8 &min. 
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Figure 3.6 Changes in sulfate concentrations in different parts 
of the reactor with the top heated and the bottom cooled (tem- 
perature gradient of 10°C), and under no-flow conditions. 



part of the reactor where the density or buoyancy of the water was similar to iü own 

buoyancy. Consequently. the bonom acted as a sink for sulfate as was seen for boih 

continuous flow and no-flow operating conditions. The difference in the distribution of 

suIfate between the continuous flow and no-flow conditions was due to the flow regime 

itself. A continuous flow displaced sulfate through the system and little or no diffusion 

of sulfate back up into the head tank was observed. Under no-flow conditions. a dynamic 

equilibnum was attained in the diffusion of sulfate between the bottom and the other parts 

of the reactor. 

When the temperature gradient was inverted, the sulfate concentrations in the head 

tank and the bottom of the reactor became similar wiihin 3-6 h (Figure 3.7). Little or no 

sulfate was seen in the side tank. This should be compared with the previous experiment 

which was also performed under no-flow conditions. 

TlME (h) 

Figure 3.7 Changes in sulfate concentrations in different parts 
of the reactor with the top cooled and the bottom heated (tem- 
perature gradient of 2"C), and under no-flow conditions. 

The equilibration of sulfate levels between the top and bottom of the reactor was 

probably due to mixing induced by the temperature gradient and resulting convection 

currents. The cooled water at the top of the reactor would be less buoyant than the 



wamed water at the bottom of the reactor. Consequently, the cooled water would have 

a tendency to sink while the warmed water would rise. This would result in a mixing of 

the water in the reactor which explains not only why the sulfate became evenly distrib- 

uted between the head tank and column but also why the temperature gradient was diffi- 

cuit to attain and maintain under these conditions. The lack of movement of suifate to 

the side tank cannot be expIained. 

These results show that temperature gradients have an effect on the movement and 

distribution of sulfate through the system. In al1 cases, the movement of sulfate to the 

bottom of the reactor was not impeded. This is important since the active site of the 

system is located at the bottom of the reactor and ultimately the pit itself. 

3.3.1.3 Diffusion of Oxygen 

The effect of temperature on the rate of diffusion of dissolved oxygen to the bottom of 

the reactor is presented in Figure 3.8. The rates of diffusion of oxygen to the bottom of 

the reactor were about 2.5 times more rapid at 18-20°C than at 12- 13°C. 
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Figure 3.8 Effect of temperature on movement of dissolved 
oxygen to the bottom of the reactor 



This information was also to be used a part of the investigation on the effects of 

temperature on the treatment process. The slower rate of diffusion of oxygen at lower 

temperatures would suggest that aerobic digestion of organic materials may be diminished 

accordingly. and that an anerobic environment would be easier to maintain. However. the 

effect of temperature itself on both aerobic and anaerobic bacterial activity must also be 

taken into account since lowered temperature would result in decreased activity. 

3.3.1.4 Effect of Aerobic Bacterial Activity on Dissolved Oxygen Levels 

The influence of bacteria activity on dissolved oxygen levels at the top of the sediment 

was investigated in the presence of AMD and under no-flow conditions. The results are 

presented in Figure 3.9. After the introduction of 94 g organic material. the DO level 

decreased from 6570% of saturation to 0% within 4 days. After day 4. the DO levels 

rose and reached a plateau at 30-40% of saturation by day 7. The fact that the new level 

of DO was lower than the initial DO level may be due to continuing bacteriai activity. 
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Figure 3.9 Effect of aerobic bacterial activity on dissolved 
oxygen content at the bottom of the water column. The arrow 
indicates when the second batch of organic material was added 
to the reactor. 



Another 100 g of organic materiai was added on day 10. The DO content decreas- 

ed to 0% of saturation within 6 days and remained at this level for 3 weeks. This long 

period of low DO was probably due to sustained bacterial activity. At the end of the 3 

weeks, the DO level rose to about 20% of saturation. 

The pH was also monitored during the course of the experiment. After the 

introduction of the fust load of organic material the pH decreased from 4 to 3. Following 

the second addition of organic material, the pH increased from 3 to 4.8 during the 3 week 

period when the DO level was 0%. At the end of the 3 week penod. the pH decreased 

to 3.3 as the DO increased to about 20% of saturation. 

The concomitant changes in pH and DO can be attributed to the activity of bacter- 

ia present on the organic matenal. The decline in DO would indicate that these bacteria 

were aerobic and that their biological activity was sufficient to consume and deplete the 

oxygen in the water at the bottom of the reactor. 

The decline in DO levels after the fust load was introduced was probably due to 

a short flush of bacterial activity. The short duration of this drop in DO may be a result 

of either the rapid exhaustion of the readily available nutrients in the organic rnix or the 

acidity generated by the bacteria themselves. The readily available carbon fraction would 

be provided by the manure. The degradation of lignin and cellulose in the wood pulp and 

grain is a slow process. 

The second drop in DO was of a longer duration than the first one. The addition 

of a second load of oganic matenal may have increased the population of aerobes and 

boosted the activity of the aerobic bacteria already present. Also. the degradation of the 

ligno-cellulosic matenal from the first load of organic matenal may have become advanc- 

ed enough to start contributing to the nutrition of the aerobes. This conclusion was sup- 

poned by the fact that the pH increased during this period. Jongejan (1986) demonstrated 

that bacterial degradation of cellulose by aerobic bacteria resulted in an increase in pH. 



3.3.2 Establishment of SRB 

The establishment of a population of SRB in the gravel bed at the bonom of the column 

was accomplished in 4 to 5 weeks after inoculation. Zones of black precipitate were 

evident in the gravel bed within 3 weeks and these expanded and coalesced until the grav- 

el was completely black. The wails of the reactor around the water column became 

coated with a black precipitate. The pH and ORP attained at the bottom of the water 

column were 7.1 and -390 mV respectively (Figure 3.10). 

Time (d) 

Figure 3.10 Changes in pH and ORP over the Fil1 and Ac- 
climatization periods. Continuous flow was started on day 35. 

The reactor was slowly filled with AMD over 16 days. During this period, the 

pH decreased from 7.1 to 6.5 and the ORP increased from -390 mV to O mV. The sulfate 

concentration increased from about 120 ppm to 2 125 ppm by day 1 1. however the con- 

centration had decreased to about 1550 ppm by day 16. 

The system was allowed to acclimatize under no-flow conditions once the reactor 

was filled to the desired level. After a penod of 18 days, the pH had increased to 6.8 and 

the ORP had decreased to -300 mV. 



3.3.3 Treatment of AMD under Continuous Flow Conditions 

The treatment of a continuous flow of AMD through the reactor was investigated in a 

series of experiments using different flow rates. The pH and ORP were monitored over 

the length of the study. Metal and sulfate analyses were done on water samples taken 

from the surface of the grave1 bed. 

3.3.3.1 Changes in pH and ORP 

In the first experiment, a flow rate corresponding to a hydraulic retention time of 7 days 

was used since it was considered to be a reasonable length of time that would allow for 

sufficient contact between the water and the SRB for treatment to occur without detriment 

tc the bacteria. By day 3 the pH had decreased from 6.9 to 6.5 and the ORP had increas- 

ed from -300 rnV to - 100 mV (Experiment 1 in Figure 3.1 1). The flow was stopped at 

this time since the critical ORP for sulfate reduction to occur has been reported in the lit- 

erature as being -100 to - 150 mV. Subsequently. the pH increased to 6.8 and the ORP 

decreased to -330 mV within the next three days under stagnant conditions. 

A hydraulic retention time of 10 days was used in the next experiment. After 3 

days, the pH had decreased to 6.5 and to the ORP had risen to -70 mV (Experiment 2 in 

Figure 3.1 1). The flow was stopped, and the SRI3 culture recovered rapidly under no- 

flow conditions. The pH increased to 7 and the ORP decreased to -265 mV during the 

nest four days. 

A third experiment with a hydraulic retention time of 14 days was initiated. As 

had occurred on the previous two occasions there was a rapid decrease in pH and increase 

in ORP. By day 4, the pH had decreased from 7 to 6.4 and the ORP had increased from 

-265 mV to -1  10 mV (Experiment 3a in Figure 3.1 1). This time the flow was not 

stopped so as to investigate the possibility that the culture would recover after a period 

of adaptation. 

In the second week of Experiment 3a. the ORP peaked at O mV and the pH 

stabilized at 6.2-6.3. A layer of black precipitate had accumulated on top of the grave1 

bed and on the bonom of the head tank. Water samples taken from the bottom spigot 



were invariably black and had a strong sulfurous odour. The black colour was due to a 

precipitate which settled as a thin layer when the sample was allowed to stand. The water 

above the precipitate was clear and colourless. Water taken from the top spigot was 

cloudy. yeIlow and had no odour. 

Time (d) 

Figure 3.11 Changes in pH and ORP over the continuous flow 
experiments. 1: 7d hydraulic retention time (HRT); 2: IOd 
HRT; 3a,b: 146 HRT. The arrow indicates when new AMD 
was used (Day 80). 

Differences in the ORP and pH were observed between water samples taken from 

the top and the bottom of the water colurnn. The difference in ORP was about 200 mV: 

- 150 at the bottom vs. +50 mV at the top. The pH difference was about 0.05 to O. 1 pH 

unit: 6.3 at the bottom vs. 6.2 to 6.25 at the top. 

The effect of increasing the flow rate so as to decrease the hydraulic retention time 

from 14 days to 10 days was to be investigated in the next step. Pior to increasing the 

flow rate. it was decided to continue the present experiment until 3 reactor volumes had 

passed through the system before changing to a faster fiow rate. This should have 

allowed for a steady state to be achieved within the SRB culture. The general definition 

of a steady state is when no changes in culture conditions occur for a given time period. 



In the case of a continuous flow reactor with mixing, the definition of a steady state is 

when no change in biomass concentration occurs over a given tirne period. However, in 

a reactor without mixing, the biomass will tend to increase if the bacteria are attached to 

surfaces. The best indication of a steady state would, therefore. be when no further 

changes in bacterial activity as rneasured by pH, ORP and sulfate levels could be detected 

under the given operating conditions. The passage of 3 reactor volumes would assure that 

the replacement of the water column had occurred. 

During the course of the third reactor volume, the stock of AMD being used was 

depleted and a fresh batch of AMD was obtained from Mattabi Mines. The new batch 

of AMD was more acidic than that of the previous batch. The difference was of the 

magnitude of 1 pH unit, Le. the new batch was 10 times more acidic than the old batch. 

There were also differences in the concentrations of metals (Table 3.1). The new batch 

of AMD was used starting on day 80 (Figure 3.1 1). 

The SRI3 culture was affected by the change in AMD. Within 6 days of using the 

new AMD, the ORP increased rapidly from -250 rnV to +90 mV and the pH decreased 

from 6.45 to 5.7. The flow was stopped to allow the culture to recover and this occurred 

rapidly: after 7 days the ORP was -190 mV and the pH was 6.25. 

A continuous flow of AMD giving a 14 day hydraulic retention time as in the 

previous experiment was started again (Experiment 3b in Figure 3.1 1). The culture did 

not respond well: the pH decreased and the ORP increased sharply. The fiow of AMD 

was continued so as to investigate the possibility that the culture would stabilize after a 

period of adaptation, as had occurred before in expenment 3a. However. after 7 days the 

ORP had risen to +145 mV and the pH had decreased to 5.4. The fiow was stopped and 

the culture was allowed to recover. 

The source of the problem was probably the higher acidity of the new batch of 

AMD. Several strategies were considered to overcome this predicament. The first was 

to further decrease the flow rate, the second was to adjust the pH of the AMD, and the 

third was to add more grave1 to the reactor. A slower flow rate would increase the 

hydraulic retention time beyond 14 days. This approach would greatly increase the length 

of each experiment. Adjustment of the pH was not considered as a feasible alternative. 



It was decided to add 1" of fresh washed limestone gravel. The addition of fresh gravel 

should provide both buffering capacity to the system and more surface area on which the 

SRB could establish themselves. Buffenng could result fiom the dissolution of the 

limestone. The addition of a new layer of gravel could also provide a solution for what 

to do with the precipitate that accumulates at the bottom of the reactor. By covenng it 

with fresh p v e l  it will be less likely to be reoxidized and remobilized. 

Rior to the addition of fresh gravel, the culture was not recovenng as rapidly 

under no-flow conditions as on the previous occasions. The addition of 1" of fresh gravel 

to the reactor brought about a rapid response. The ORP was -235 mV and the pH was 

6.8 after 7 days under no-flow conditions. A flow was started with a hydraulic retention 

time of 14 days. The OFW increased to +105 mV and the pH decreased to 5.9 within 3 

days. The flow of AMD was allowed to continue to see whether or not the system would 

be able to acclimatize to the conditions being imposed. This did not occur, over the 

following two weeks the pH steadily declined to 5.0 and the ORP stabilized at about +125 

mV. The flow was stopped at this point. 

Another 3" of fresh washed gravel was added to the bed and the flow was staned 

again using the same retention time as before. The ORP decreased to -200 mV and the 

pH increased to about 6 over the fust 7 days. However, the ORP increased to +IO0 mV 

and the pH decreased to 4.5 between days 7 and 30. The experiment was stopped. 

3.3.3.2 Changes in Sulfate and Metal Concentrations 

Sulfate and metal concentrations were rneasured in water samples collected from the sur- 

face of the gravel bed using the bottom-most spigot on the side of the reactor. The 

sulfate and rnetals data were interpreted using the concentrations of sulfate and metals in 

the untreated AMD as the basis for cornparison. 

3.3.3.2A Sulfate 

Changes in sulfate concentration over experiments 1,2,3a and 3b are presented in Table 

3.2 and illustrated in Figure 3.12. 



Table 3.2: Suifate concentration (mg,&) and % Removal of sulfate (5% Rem) in 
water sarnples taken from the surface of the grave1 bed (measured by ICP). 

Ml' 

Expt 1 

Expt 2 

Expt 3a 

Interval 

Expt 3b 

End 

% Rernoval 

I First batch of Mattabi AMD; composition was used to calculate % removal for samples from day O to day 78. 
' Second batch of Mattabi AMD; composition was used to cdculate % removal for samples from day 80 to 104. 



Figure 3.12 Changes in sulfate concentration and pH at the 
surface of the grave1 bed over the course of the Fi11 (F) and 
Acclirnatization (A) periods and during runs 1, 2. 3a and 3b. 

Sulfate concentrations increased during expenments 1, 2 and 3a. This was caused by the 

influx of fresh AMD into the system. An increase in sulfate levels does not necessarily 

mean that the SRB were inactive. As stated at the beginning of this section, the analysis 

of sulfate data was done on the basis of the sulfate concentration in the untreated AMD. 

Therefore. despite the fact that sulfate concentrations increased during the expenments, 

the levels of sulfate were stili lower than in the initial AMD and a percent removal could 

be calculated. The amount of sulfate removed was sufficient to account for the arnounts 

of metais removed. 

In experiment 3a, a steady increase in sulfate concentration from about 2,000 

mgL to 2,400 mg/L occurred in the first two weeks and became constant ai about 2.400 

mgL during the third and fourth week of the experiment, just prior to the use of the new 

batch of AMD. This observation coupled with the steady pH measured in this period may 

indicate that a steady state with respect to one aspect of SRB activity had been achieved 

in the system dunng this period. This steady state results from a situation in which the 

reduction (consumption) of sulfate and the generation of alkalinity are in equilibrium with 



the influx of fresh sulfate and acidity into the system. 

3.33.2B Metals 

Changes in Al, Cd, Cu, Fe, Mn and Zn concentrations are presented in Table 3.3. The 

removal of Al, Cd, Cu. Fe and Zn was generally p a t e r  than 98% in expenments 1. 2 

and 3a. Little or no fluctuations in the percent removai were observed. The percent 

removal for Al, Cd, Fe and Zn decreased at the end of experiment 3b; AI and Fe were 

affected the most. Considerable variability was observed in the case of Mn, where 

removal ranged frorn 80% during expenment 1 to 0% at the end of expenment 3a and 

3b. The results indicated that metal removal from SRB activity works best for Cu and 

Zn followed by Al, Cd and Fe and least well for Mn. 

Following the use of the new batch of AMD, at the end of experiment 3a. sulfate 

and Mn removal were reduced to O%, and removal of Cd and Zn had decreased to 66% 

and 45% respectively. At the end of experiment 3b, the percent removal of al1 the metals 

listed in Table 3.3 had decreased considerably with the exception of Cu. The percent 

removal of Al, Fe and Zn were about 5.5. 1 and 0% respectively. 

The results presented here indicate that good removal of Al. Cd. Cu, Fe and Zn 

could be achieved by SRB activity under the flow and AMD conditions occuring in 

expenment 3a (Table 3.3). The removal of Mn appears to be affected by the acidity of 

the system. While it has been assumed that metal removal by SRB activity is due to the 

production of sulfide. the literature States that Al and Mn will be removed (by 

precipitation) prirnarily as either hydroxides or carbonates and not as sulfides. The 

removal of Al and Mn is, therefore, dependent on the alkalinity and acidity of the system. 

Consequently. the removal of metals by SRB activity is dependent on both the generation 

of sulfide and alkalinity. 



Table 33: Concentrations and Percent Removal of Metals 
Concentrations of metais (mg/L) measured by ICP in water samples taken 

€rom the surface of the grave1 bed and % removal of mefais. 

Day AI % 

Experiment 1 
34 0.56 983 
35 0.55 98.3 
36 0.38 98.8 
37 0.45 98.6 

Experiment 2 
40 0.32 99.0 
41 0.29 99.1 
42 0.42 98.7 
43 0.73 97.8 

Experiment 3 
47 0.28 99.1 
52 0.43 98.7 
57 0.41 98.7 
67 0.57 98.3 
78 0.42 98.7 

Experiment 3b 
93 0.25 99.2 
95 8.36 73.9 
97 15.4 52.7 
99 24 26.2 
100 30.7 5.6 

End 
104 0.56 98.3 

' First batch of Mattabi AMD. 
' Second batch of Mattabi AMD. 



Analyses of sulfate and metais concentrations of water sarnples, taken from the top 

and the bottom of the water column. showed that slight concentration gradients existed 

(Table 3.4). The concentrations were generally higher at the top than at the bonom. The 

observed gradients could act as driving forces for the diffusion of sulfate and metals to 

the gravel bed. This is desirable since the active site of the system is in the sediment. 

The percent removals of metals at the top of the water column were already quite 

high. The removal of metais from this location can be expiained by the presence of a 

black layer of precipitate that had accumulated on the floor of the head tank in which 

SRI3 can be present. This layer was about 2.5 cm thick. The activity of SRB at this 

Ievel of the reactor could account for the metal and sulfate removal far from the bottom 

of the reactor where the principal active site is located. The establishment of SRI3 in the 

precipitate in the top of the reactor could have been iniiiated during periods when the 

entire water column became anoxic which occurred when the flow was stopped. 

Table 3.4 

Sample 
Location' 

TOP 
Bottom 

=op 
Bottom 

TOP 
Bottom 

TOP 
Bottom 

Concentration of Sulfate and Metals at Different Depths 
in the Water Column. 

ORP pH Concentrations (mglL) 
(mv) S04 AI Fe Mn 

Top: a the surface of the water column; 
Bottom: at the surface of the gravel bed 



3.4 Summary and Conclusions 

This study was underiaken to identify and characterize the basic physical and biologicd 

parameters of a reactor systern using SRI3 so as to help predict and design the operating 

conditions in a large-scale in situ treatment system. The preliminary phase of this 

investigation was performed under c o n ~ u o u s  flow conditions over a 6" grave1 bed. 

Prior to the introduction of SRB into the reactor, a characterization of the 

hydrodynamics of the reactor was done. This would be of use in the interpretation of 

results obtained in the presence of AMD since there would be no conuol used during the 

course of this experiment. 

The charactenzation of the hydrodynamics of the reactor showed that the rate of 

movement of solutes within the reactor was not controlled by the rate of flow of water 

through the system. The movement of solutes through the system occurred within 48 h 

as compared to a 7 day hydraulic retention time. The migration of sulfate was affected 

by density gradients, thermal gradients, and convective rnixing. The distribution of sulfate 

was also influenced by density differences between the sulfate solution being added and 

the water in the tank. The role of density gradients in the water column in the distribu- 

tion and movement of solutes was accentuated when temperature gradients were imposed 

on the system. 

A population of SRB was established in a 6" deep limestone grave1 bed in the 

presence of AMD. The reactor was filled slowly with AMD over a penod of 16 days. 

This was followed by an acclimatization period under stagnant conditions. The acclirnati- 

zation penod lasted 18 days. at the end of which, the pH and ORP had reached levels 

suitable for SRB activity. 

The treatment of a continuous flow of AMD by SRB was exarnined. A flow rate 

resulting in a hydraulic retention time of 14 days was found to be compatible with 

sustaining SRB activity after a 7-day period of adaptation. Good removal (>950/0) of Al, 

Cd, Cu, Fe and Zn was achieved. The percent removal of sulfate was comparatively low 

(10- 11 %) and the concentration of sulfate was elevated (2400 m&), however, the amount 

of sulfate removed was sufficient to account for the amount of metals removed. 



Cornparison of results obtained in the absence and the presence of SRB indicated 

that SRB activity affected the migration and distribution of sulfate and oxyeen in the 

reactor. The characterization of the distribution of sulfate in the absence of SRB 

indicated that sulfate would readily and rapidly accumulate at the bottom of the reactor. 

However, in the presence of SRB the concentration of sulfate was higher at the top of the 

water column than at the bottom. This was due to SRB activity which reduced the sulfate 

at the bottom. The gradient established in the presence of SRB favoured the diffusion of 

this solute to the bottom of the reactor. Therefore. any concems about the transport of 

these solutes and especially sulfate to the sediment are not warranted. No sulfate limita- 

tion should occur at the bottorn of the pit since fresh AMD is denser than water that 

would accumulate in the pit. 

It is debatable that a steady state was achieved during any of the experiments. 

One definition of a steady state in a continuous flow reactor is when a constant biomass 

concentration occurs. However, this definition applies to a reactor that is well mixed. 

A definite conclusion could not be reached since it was difficult to monitor the amount 

of biomass in the system. This was due to the fact that the SRI3 are (i) anaerobic and ( i i )  

associated with particulate material. The bacteria were essentiaily immobilized in the 

grave1 bed. A steady state with respect to SRB activity could be considered since the 

ORP, pH and sulfate concentrations are indicators of SRB activity. A constant ORP or 

pH could be taken together with a constant sulfate concentration to be indicative of a 

steady state. Such a state was achieved dunng the latter part of experiment 3a. 

The system was unable to accornrnodate a change in the composition of the AMD 

being used. When a fresh batch of AMD from the Mattabi mines was introduced, the 

SRB could not sustain activity under the given operating conditions. It appeared that 

either a longer retention time or an increase in alkalinity was required. As an alternative 

to decreasing the flow rate, fresh limestone had been added to the system i n  an effort to 

increase both the aikalinity and the area of SRI3 activity in the system. This approach 

was not successful. 

This preliminary study underscored the limitations of the treatment system present- 

ed here. The inability of the system to accommodate changes in AMD composition sug- 



gested that this system was not flexible enough to tolerate such differences. and until 

these aspects are satisfactorily addressed. such a treatment system would have lirnited 

application. A reconsideration of the objectives of this study was necessary. 

Over the course of this work. it was apparent that there was a lack of information 

conceming the design of a physical support for the SRB population, Le. the mve l  bed. 

for the implementation of a practical matment system. A sediment or support on which 

the SRB cm be established is understood to be a necessmy feature, however, a character- 

ization of the relationship between the type of support and the performance of the system 

has not been done. Such information would be very useful in the design of passive 

treatment systerns using SRB. Furthemore, it was apparent that it would be useful to 

directly monitor changes occurring within the grave1 bed. 

A study on the characterization of the physical parameters of the grave1 bed with 

respect to SRB activity would necessitate a different approach using a senes of columns 

containing grave1 of different composition and different size classes. The experiments 

with the continuous flow reactors were, therefore. not continued and no investigation into 

the effect of temperature gradients on the treatment of AMD was done. 



4. MATERIALS AND METHODS 

4.1 Reactor Design and Materials 

The prime considerations in the design of these reacton were (i) depth of the gravel bed. 

(ii) in-situ measurement of pH and ORP at any level in the gravel bed, and (iii) the with- 

drawal of water samples h m  any depth in the gravel bed. 

The design and dimensions of one reactor are illustrated in Figure 4.1. The design 

was simple and the reactors were consûucted using 0.635 cm (1/4") Plexiglas. The col- 

urnn was composed of two identical cylinder units with an inner diameter of 14 cm (5.5") 

and a height of 45.7 cm (18"). The total height of the column was 91.4 cm (36"). The 

units were joined by flanges which were positioned at the top and bottom of the unit. 

The bottom of the column was covered by a bottom plate with a 1.27 cm (1/2") nipple 

in the centre. A 1.27 cm (ID") elbow and a 1.27 cm (1/2") bal1 valve with a hose fitting 

were attached to the nipple. Viton O-rings with an inner diameter of 15.24 cm (6") and 

a thickness of 0.95 cm (3/8") were used to seal the joints between the cylinder units and 

between the cyiinder unit and the bottom plate. 

A unique feature of the reactor system was a central PVC pipe with an inner 

diarneter of 2.54 cm (1") and a height of 91.4 cm (36"). The pipe was perforated with 

rows of srnall holes cirilied at 1.27 cm (l/?") intervals dong its length. The pipe was not 

attached to the reactor. and was held in place by the gravel bed. Either a pH or an  ORP 

electrode could be lowered down the pipe to measure pH and ORP at any level in the 

bed. Water samples were taken by lowering a tube in the pipe and pumping out a volume 

of semple from the desired depth using a variable speed peristaltic pump (Mastemex 

Mode1 7520-35. Cole Palmer Instrument Co.. Chicago, Ill.). Seven such reactor columns 

were constxucted. 



1 1  
1/4" FLANGES 

- PERFORATED 
1" i.d. PVC PIPE 

BOTTOM 
PLATE 

Figure 4.1 Design and picture of the column reactor, sideview. 
Not drawn to scale. 

4.2 Grave1 Bed 

The gravel bed in the continuous flow reactor was composed of a heterogeneous mix of 

limestone aggregates that was described as 114" gravel. The limestone and granite gravel 

used in the column reacton were sorted by American Standard Sieves into 1/4" ( 1/4-3/8"), 

112" (112-3/4"). and 3/4" size groups. The gravel was washed to remove sand, clay, dust 

and other small particles and air dried. Glass marbles with a diameter of 112" (1/2-3/4") 



were also used. 

The dried gravel was introduced into the reactors up to a height of 30.48 cm (12"). 

The void volume was measured directly by pouring in water until the surface of the 

gravel bed was reached. The volume within the central PVC pipe was taken into consid- 

eration by subtracting the calculated volume within a 12" length of the pipe from the 

measured void volume for the bed. It was this corrected void volume that was used in 

subsequent cdculations. 

4.3 Experimental Design and Prolocol 

4.3.1 Measurements 

The pH was measured using a pH electrode with a double junction (Cole Palmer, Model 

No. 203). This type of electrode is less sensitive to sulfide poisoning. The ORP was 

rneasured using a platinum band redox electrode (Cole Palmer, Model No. 207). The 

level of dissolved oxygen was measured using a 420 mm (16.5") Cole Palmer dissolved 

oxygen (DO) probe. 

Metal concentrations were measured by inductively-coupled plasma spectro- 

photometry (ICP) (Polyxan 61E Thermo Jarrell Ash) ai the Noranda Technology Centre, 

Pointe Claire, Quebec. Water samples were acidified to 3% HCl prior to metal analysis 

by ICP. A sulfate concentration was calculated based on the S concentration measured 

by ICP. Al1 S present was assumed to be present in the form of sulfate. This assumption 

was made on the basis of the following arguments. First. sulfate is the major. if not the 

only sulfur-beaing solute in AMD. This is justifiable from what is known about the 

characteristics of AMD. Second, when sulfate is reduced by the SRB. the sulfur in the 

sulfate appears either in the precipitate as metal sulfide or as hydrogen sulfide gas, that 

is, the sulfur is no longer in solution. Therefore, sulfur is no not likely to be found in any 

other form than sulfate in the water and a decrease in sulfur concentration is a decrease 

in sulfate concentration. 



Conductivity measurements were performed in two of the seven columns (indi- 

cated in Table 4.1) using 12 electrodes placed at 1" intervals starting from the top of the 

gravel bed down to a depth of 11" in the bed. The top electrode was flush with the 

surface of the gravel bed. These were attached with silicon glue to the wall of the 

reactor. The electrodes were made from 12 gauge (0.029 cm) stainless steel (302) wires 

and were coated with a thermoshrink plastic. The bottom 0.635 cm (1/4") of the 

electrode was left bare. An uncoated stainless steel wire was placed down the central 

pipe and served as the comrnon electrode. These electrodes were connected to a Hewlett 

Packard data acquisition/control unit (Mode1 No. 3421A) which was controlled by a 

Hewlett Packard 87X.M cornputer. 

The conductivity was measured in the following manner. The data acquisition unit 

measured a two-wire resistance on an hourly bais  in which readings were performed ten 

times in rapid succession and averaged. The average was converted to give the conducti- 

vity and recorded. In the initial phase of the study, when SRB were being established in 

the gravel beds, a gradual increase in conductivity in both experimental and control 

columns was observed. This phenornenon was due to a build up of a voltage between the 

electrodes as the effect was negated when the electrodes were depolarized. Consequently, 

it was necessary to depolarize the electrodes between readings and this was accomplished 

by prograrnming the data acquisition unit to leave the channels open during the quiescent 

period. 

4.3.2 Experimental Setup for the Column Reactors 

The initial and final setups for the columns are given in Table 4.1. Three sizes ( 1/4". 

1/2", 3/47 and types (granite, limestone, glass) of gravel were initially included. Over 

the course of the study, the setup changed and two sizes (114" and 113") and types 

(granite and iimestone) were used. The conductivity electrodes in columns 5 and 6 were 

installed prior to the introduction of the gravel bed. The appropriate gravel beds as 

described in Table 4.1 were placed in the corresponding colurnn around the central pipe 

to a height of 30.48 cm (12"). 



The bed volumes (V,) were calculated frorn the bed height and column diameter. 

The void volumes (V,) were measured directly and recorded (Table 4.2). The bed and 

void volumes were corrected for the volume in the central PVC pipe (0.154 L) and the 

corrected volumes were used in the calculation of other parameters. 

The total surface areas (tSA) of the gravel in the bed were calculated based on the 

assumption that the particles were sphericai by the following equation (Geankoplis. 1983): 

where: 

tSA = total surface area (m'). 

a = ratio of total surface area in the bed to total volume of the bed (m"). and 

Vb = bed volume (m3). 

The a was calculated by: 

where: 

a, = specific surface area of a spherical particle (m"), 

e = void fraction 

The void fraction, e, was calculated by (V,Nb). The specific surface area of the particle. 

a,. was the surface to volume ratio of the particle and was calculated by: 

where D, is the effective diameter of the particle, (m). 

The general and specific column parameters are given in Table 4.2. The tSA of 

the gravel bed containing 114" gravel was two times that of the 1/2" gravel. The differ- 

ence in tSA is only two times and not higher since, as shown in equation 3. the specific 

surface area was obtained by the ratio of the area of a sphere and the volume of a sphere 



and consequently, the relationship between a, and D is linear. 

The assumption of sphericity was not an accurate one as can be seen from the 

difference in the measured void volumes between the beds containing 1/2" grave1 and the 

bed containing 1/2" glas  balls (Table 4.2). However. since the results were used on a 

comparative basis and the assurnption was applied consistently throughout. the use of the 

assumption was valid. 

Table 4.1: Description of CoIumns 

A: INITIAL SETUP OF COLUMNS 

Column # Content 

1 1/4" granite 
2 114" granite 
3 114" limestone 

4 112" granite 
5 1/2" granite 
6 112" Iimestone 
7 112" glass 

8 314" granite 

Experimental S tatus 

Inocufated with SRB 
Control, no SN3 
Inoculated with SRl3 

Inoculated with SRB. conductivity 
Control, no SRB. conductivity 
Inocuiated with SRB 
Inoculated with SRB 

Inoculated with SRB 

B. FINAL SETUP OF COLUMNS 

Colurnn # Content Expenmental Statiis 

1 114" granite Inoculated with SRB 
7 - 1/4" granite Control, no SRB 
3 1/4" limestone Inoculated with SRB 
7 114" limestone Control, no SRB 

4 1/2" granite Inoculaied with S B ,  conductivity 
5 112" granite Control, no SRB, conduciivity 
6 1/2" Iirnestone Inoculated with SRB 



Table 4.2: Column Parameters 

A, GENERAL COLUMN DIMENSIONS 
D iame ter: 13.97 cm (5.5") 
Cross Section Area: 153.28 cm2 
Height of Grave1 Bed: 30.48 cm (12") 
Vol. of Grave1 Bed: 4.67 L 
Vol. of Centrai Pipe (1" i.d.): 0.154 L 
Vol. of Bed Corrected for Central Pipe: 4.52 L 

B. VOID VOLUMES AND SURFACE AREAS OF INITIAL COLUMN SETUP 
Col Description Measured Corrected Void To ta1 
# Void Vol Void Vol' Fraction S.A. 

(V">, L (Vv), L (E) m' 

1 1/4" Granite 2.10 1.95 0.43 1.95 
2 1/4" Granite 2.12 1.97 0.44 1.93 
3 1/4" Limestone 2.13 1.98 0.44 1.92 

4 1/2" Granite 2-35 2.20 0.49 0.877 
5 1/2" Granite 2.33 2.18 0.48 0.884 
6 1/2" Limestone 2.29 2.13 0.47 0.90 1 
7 1/2" Glass 2.06 1.91 0.42 0.986 

8 3/4" Granite 2.7 1 2.45 0.47 0.647 

C. VOID VOLUMES AND SURFACES AREAS OF FINAL COLUMN SETUP 
Col 
# 

1 
2 
3 
7 

4 
5 
6 

Description 

1/4" Granite 
1/4" Granite 
1/4" Limestone 
1/4" Limestone 

1/2" Granite 
1/2" Granite 
1/2" Limestone 

Measured 
Void Vol 

( V A  L 

2.10 
2.12 
2.13 
2.18 

2.35 
2.33 
2.29 

Corrected 
Void vol' 

(VVL L 

1.95 
1.96 
1.98 
2.03 

2.20 
2.18 
2.13 

Void 
Fraction 

(F-1 

0.43 
0.44 
0.44 
0.45 

0.40 
0.48 
0.47 

Total 
S.A. 
m' 

1.95 
1.93 
1.92 
1.88 

0.877 
0.884 
0.90 1 

Corrected for volume in the cenaal PVC pipe. 



4.3.3 The Establishment of SRI3 in the Columns 

Initially, columns 1. 3, 4, 6,  7 and 8 were each inoculated with 250 rnL of a mixed 

culture of S R B  talcen from the continuous flow reactor. The SRB culture was slowly 

poured into the grave1 bed. No SRB were added to colurnns 2 and 5. Al1 the columns 

were filled to the 8 L level with AMD. giving a volume of approximately 6 L in the 

water column above the p v e l  bed. The AMD was supplemented with 4 g/L sodium 

lactate and 0.5 g/L ammonium chloride and was diluted by one half with water to 

promote the establishment of the SRB. 

Because it was difficult to establish the SRB in the columns, the columns were 

inoculated several times. The columns were not covered and there was no circulation of 

the water column. Columns 7 (1/2" glass) and 8 (3/4" granite) were discontinued when 

no change in pH or ORP were observed in these columns. Colurnn 7 was used as a 1/4" 

limestone control as indicated in part B. Table 4.1. 

4.3.4 Colurnn Experiments 

After the bactena were established. part of the water column was "cycled". This term 

was used to descnbe the replacement of part of the 6 L of water column with fresh full 

strenph AMD. Volumes of 1, 2, 4 and 6 L of the water column were cycled in a series 

of expenments. The number of repetitions and the order in which the volumes were 

cycled are presented in Table 4.3: 

Table 4.3: Volumes Cycled (L) 

Column # Cycle # 
1-4 - - 5-7 - 8-9 

The protocol used was as follows. If we take as an example the case of the 2 L 

experiment, water was removed from the top of the water column by siphoning down to 



the 4 L mark. Two liters of fresh AMD were then poured slowly into the colurnn to 

bring the volume back to the 6 L mark. A total volume of 6 L was maintained. 

The fmt  three cycles were performed using AMD from the Mattabi mines and the 

composition of this water is given in Table 3.1 (Baml 2). The supply of Mattabi AMD 

was depleted after the third cycle and a synthetic AMD was used in al1 subsequent 

expenments. The composition of this water was based on the Mattabi AMD in barre1 2. 

The composition and the procedure for the preparation of this synthetic AMD are given 

in Appendix B. 

The response of the columns to this disturbance was monitored over 28 days under 

stagnant conditions. The pH and ORP were measured periodically by lowering the probes 

down the center pipe. The ORP readings were always obtained before the pH. Readings 

were taken at 1" intervals starting from the top (0") of the grave1 bed down to the boaom 

(12") of the bed. To prevent possible inoculation of the control columns with S M .  

measurements were always taken in the control columns before the colurnns containing 

SRB. The pH and ORP were measured pnor to and irnmediately after cycling was started 

(day O). Subsequent measurements were taken on day 1. 3, 5, 7, 14, 21, and 28. 

Water samples were withdrawn penodically using a peristaltic pump with the 

tubing lowered down the central pipe. Aliquots of about 35 mL were taken at 3" intervals 

starting from the top of the grave1 bed (O"). Day O samples were taken soon after a cycle 

was staned. Subsequent samples were taken at days 3, 7. 14. 21 and 28. Al1 sarnples 

were stored at 4OC. Selected water sarnples were prepared for metal analysis by ICP at 

the Noranda Technology Centre (Pointe Claire, Quebec). A 25 rnL pomon of the sample 

was acidified to a final concentration of 3% HCl. 

The electical conductivities in CoIumns 4 and 5 were monitored continuously over 

the course of each experiment. Conductivity measurements were performed and recorded 

automatically on an hourly basis using the data acquition/control unit and cornputer 

system described in Section 4.3.1. 



5. RESULTS AND DISCUSSION 

The design of the column reactors allowed for the measurement of pH and ORP at al1 

levels within the system without the need to take water samples. This was important 

since large numbers of readings were taken over the course of each experiment and the 

removal of a large number of water samples would have led to significant changes in the 

volume of the water column. Also. the in situ measurement of the ORP is better than 

measurement of the ORP of a water sarnple since the ORP is sensitive to disturbances. 

Consequently, the ORP was always measured prior to measuring the pH. 

The setup of the columns was based on the theory that differences in aggregate 

size and composition would affect SRB activity. 

5.1 Establishment of SRB in Grave1 Beds 

The establishment of the SRI3 in the gravel beds in the presence of AMD was difficult 

and took longer than the 18 days required in the continuous flow reactor. The beds had 

to be inoculated several times. The difference may have been due to the fact that the 

water in the water column was not circulated as had been done with the continuous flow 

reactor. Also. AMD with a differenr composition and lower pH was being used. 

The SRB were established in four of the six inoculated columns after a period of 

three months (TabIe 5.1). The SRB were considered to be established when the ORP was 

lower than -100 mV. the pH was greater than 5.5. a black precipitate was present, and a 

sulfurous odour was detectable in water samples. This occurred first in the limestone 

columns starting with the 1/4" size and then the 1/2" size gravel. The establishment of 

the SRB in the granite columns required an additional one to four weeks to be accom- 

plished. This would suggest that limestone was the preferred substrate with respect to the 

start-up of the systern. Neither black precipitate nor sulfurous odour were detected at any 

time in the control columns. 



Table 5.1: Establishment of SRB Populations in the Columas , . - 

1/4" Limestone 54 4.4 7.2 190 -380 

1/2" Limestone 103 4.3 7.3 210 -390 

I/4" Granite 110 4.25 7.1 220 -365 

1/2" Granite 134 4 6.3 230 -290 

'~er iod over which SRB were established in the columns after inoculation. 

No changes in ORP or pH indicating SRI3 activity were observed in the columns 

containing 1/2" g las  or 314" granite beds. These columns were discontinued after 145 

days. One column was subsequently used as a limestone control, and contained a 1/2" 

limestone gravel bed in which no SRB were inoculated. 

The bed containing IR" g l a s  balls had been used to investigate the assumption 

of sphericity that was made to calculate the total surface area of each gravel bed. The 

g l a s  balls gave a much better approximation of sphericity than the gravel and conse- 

quently, the surface area was more exactly calculated. Results from this column were to 

be compared with the results generated from the 112" granite and 112" limestone columns. 

Unfortunately, an SRI3 population could not be established in the bed of glass bah.  

The failure of SRB to be established in the 1/2" glass and 3/4" granite coiumns 

suggested that surface features were important and that either a critical minimum surface 

area or a critical maximum void volume exists. If, as in the case of the g las  balls, the 

surface was too smooth with no irregulaities in which the bactena could be lodged, then 

establishment of the SRB was difficult, if not impossible, under the culture conditions that 

were being used. 



5.2 Cycling of the Water Column 

The response of the columns to replacement or "cycling" of part of the water column with 

fresh AMD was studied under batch conditions rather than under continuous flow condi- 

tions. In effect, the columns were operated in a manner similar to a sequential batch 

reactor where the volume in the draw period was varied in a series of experiments. The 

implications of this mode of operation on the implementation of treatment processes that 

use SRB will be discussed in Chapter 6. The parameters that were used to rnonitor the 

status of the system were the ORP and pH. The reestablishment of the ORP and pH 

either to levels prior to the cycling, or to a steady state was the criterion used for 

termination of a cycle and the addition of fresh AMD. 

A batch mode of operation was also useful in facilitating the interpretation of the 

data. The interpretation and comparison of the final steady states of each cycle were less 

ambiguous under batch conditions than under continuous flow conditions since identifi- 

able and possible equivaient endpoints could be reached. To address the concern with the 

equivalency of the steady states obtained at the end of each cycle replications were 

performed of each experiment. 

The 2L cycle was repeated three times. The first three cycles used AMD from the 

second batch of Mattabi water. This batch of water was exhausted at this point. A 

decision was made to use a synthetic AMD with a composition and pH based on the 

second batch of Mattabi water instead of obtaining a new batch of Mattabi wüter. As 

previously observed, the composition and nature of a new batch of AMD from the 

Mattabi mine could be very different. The advantage of using synthetic AMD was that 

the composition of the water was constant from experiment to experirnent. This allowed 

for better comparison of the results obtained over the course of the study. The synthetic 

AMD was used in the third repetition of the 2L cycle. No difference was observed 

between this cycle and the previous cycle, therefore, the synthetic AMD was used in al1 

subsequent experirnents. 



5.2.1 Metal and Sulfate Removal 

5.2.1.1 Focus of Metal and Sulfate Analyses 

The fmt  step of the study was to determine the dismbution of bacterial activity within 

the grave1 bed and the changes occumng over time. This would indicate where the focus 

of the metal and sulfate analyses should be directed and the window of time in which 

most of these changes would be occming. Such information would circumvent the need 

for analyses of a large number of sarnples. The investigation was done during cycle 2 

on the IR" granite columns. These columns were chosen since they were thought to 

represent the case where SRB activity would be the poorest. Results from the lf2" 

granite bed would. therefore, be the best indicator of the limitations of the study. 

As mentioned in the Materials and Methods section. the concentration of sulfate 

in the water samples had been calculated on the assumption that al1 the S measured by 

ICP over the course of the study was in the form of sulfate. This assumption was made 

on the basis of the following arguments. First, only sulfate salts of metals were used in 

the preparation of the artificial AMD. Also, it is important to bea. in mind that sulfate 

is the major, if not the only solute containing sulfur in real AMD. Second. over the 

course of each experiment when sulfate is reduced by the SRB, the sulfur in the sulfate 

appears either in the precipitate as metal sulfide or as hydrogen sulfide gas. that is. the 

sulfur is no longer in solution. Sulfur was. therefore, unlikely to be found in any other 

form than sulfate in the water and a decrease in sulfur concentration was interpreted as 

a decrease in sulfate concentration. 

Measurements of metal and sulfate concentrations were done on samples taken at 

different penods and from different depths within the ln" granite gave1 beds. The 

results showed that most of the metd and sulfate removal occurred within the first 7 to 

14 days and that removals were greatest in the top 3 inches of the gravel (Tables 5.2 and 

5.3, Figures 5.1 to 5.4). The pH and ORP measurements also indicated that most of the 

changes were localized in the top 3 inches of the gravel (Section 5.4). Consequently, in 

order to provide meaningful cornparisons between the colurnns, the analysis of data 



presented here focuses on sarnples taken from the interface (O") at day 7 (unless otherwise 

indicated) and the duration of each cycle was at lest 28 days. 

Focusing on the gravel-water interface is logical since it is the area of exchange 

between the active site, Le, the sediment, and the water column. The literature also 

indicated that accumulation of nutnents and microorganisms occurs at the sediment-water 

interface and supports the decision reached here. 

Table 5.2: Changes in Metal and Sulfate Concentrations Over Time 
at the Top of the Grave1 Bed (O") when V, = 2L (Cycle 3). 

Time 1/2" Granite, inoculated with SRB 1/2" Granite, control 
(d) Concentrations (mg/L) Concentrations (mgII,) 

Al Fe Mn Zn SO, AI Fe Mn Zn SO, 

Table 5.3: Depth Profile of % Removal of Met& and Sulfate 
in 1/2" Granite Columns at day 28 and for V, = 2L (Cycle 2). 

Depth 1/2" Granite, inoculated with SRB V2" Granite, control 
("1 % Removal % Removal 

Al Fe Mn Zn SO, Al Fe Mn Zn SO, 



O 7 14 2 1 28 ' 

Time (d) 

Figure 5.1 Changes in metals and sulfate concentrations over 
time at the surface of the bed (0") in column containing 112" 
granite gravel inoculated with SRB. Cycle volume is 2L. 

I I I 2.500 
O 7 14 2 1 28 

Time (d) 

Figure 5 2  Changes in metals and sulfate concentrations over 
time at the surface of the bed (O") in control column (no SRB) 
containing 112" granite gravel. Cycle volume is 2L. 



Depth (in.) 

Figure 5 3  8 Metal removal as a function of depth (in.) in 
ln" granite column inoculated with SRB after 28 d. Cycle 

O 3 6 9 12 

Depth (in.) 

Fipre 5.4 8 Metal removal as a function of depth (in.) in 
control 112" granite column after 28 d. Cycle volume is 2L. 



5.2.1.2 Analysis of Metai and Sulfate Rernoval Data 

Al1 data for metal and sulfate concentrations are presented in Appendix C .  The 958  

confidence lirnits were calculated for sulfate concentrations on days O and 28 from al1 

experiments (Appendix D). The confidence interval gives the range within which the 

initial and final sulfate concentrations can be found. Overall. the vaiability in sulfate 

concentrations at day O was less than at day 28. In the case of the 1/4" gravel beds the 

confidence intervals were considerably larger for the 28 day data than for the O day data. 

whereas, differences between the size of the confidence intervals for O and 28 day were 

slight for the 112" gravel beds. This indicated that there was some bais  for assuming that 

the initial States of the cultures were comparable from expenment to experiment. 

The analysis of the results for the removal of Al, Fe, Mn, Zn and sulfate after 7 

days is presented in Table 5.4 and are the averages of at least two experiments. Removal 

is given in this table as "Proportion of Metal and Sulfate Removed" and is the difference 

between the initial and final concentrations divided by the initial concentration. This 

method of presenting the data was useful in overcoming the problem evident in Table 5.3 

where the initial concentrations of metals and sulfate in the column inoculated with SRB 

were much lower than that in the control colurnn. This was due to the fact that the metal 

removal had occurred in the experimental column while little or no removal had occurred 

in the control columns. Therefore, when part of the water column was replaced with 

fresh AMD, a dilution of this fresh AMD occurred in columns containing SRB while little 

or no dilution occurred in control columns. The effect of pH should also be taken into 

account. The higher pH of the receiving water in the columns containing SRB favoured 

the precipitation of metals as metal hydroxides. Such an event would cause a decrease 

in pH since this results in the release of protons. This does occur at the start of every 

cycle. however. this was assumed to be due to the acidity in the fresh AMD. The differ- 

ence in initial concentrations could also be overcome if the data were analysed as "rates 

of removal". This analysis was done and will be presented in Section 5.2.7.2. 

Presumably, these differences in the initial concentrations of metals and sulfates 

between the SRB and control columns would not occur if the entire water column (6L) 

was replaced with fresh AMD at the beginning of the cycle. However, this was not the 



case. When a cycle volume of 6L was used in columns 4. 5 and 6, the concentrations of 

metals were generally higher in the control colurnn than in the columns containing SRB. 

This could be due to the on-going production of sulfide by the SRB and to the fact that 

the void volume (2L) was not replaced. 

Table 5.4: Proportion of Metals and Sulfate Removed after Day 7 

G: granite; L: limestone; Exp: inoculated with SRB: Ctl: control, not inoculated with SRB 

Volume 
Cyclecl 
(L) 

1 
2 
4 
6 

1 
2 
4 
6 

1 
2 
4 
6 

1 
2 
4 
6 

1 
2 
4 
6 

1 
2 
4 
6 

l/4 " 
G G L L 

Exp Ctl Exp Ctl 

1/2" 
G G L 

Exp Ctl Exp 



The results show that good overd  removals of metal and sulfate were attained in 

a batch mode of operation within 7 days. The following observations c m  be made from 

examination of Table 5.4. 

1. 

. . 
11. 

.. . 
111. 

iv. 

v. 

vi. 

Good rernovai of Zn was attained in the columns containing 114" grave1 and in the 

column with ln" granite under ail conditions. Removal was highest (84 and 

97%) when a cycle volume of 2L was used. Comparatively low percent removais 

were observed in the 1/2" limestone column: only 34% and 67% removai occurred 

for cycle volumes of 2L and 4L. respectively. Little or no removai of Zn was 

observed in the control columns except in the 114" limestone conwl  column. 

Removal of Al and Fe was observed in al1 columns inoculated with SRB for al1 

volumes cycled. Comparative levels of removal of Al were also observed in the 

114" granite and limestone control colurnns but not the ln" granite control 

column. Similarly, high levels of Fe removal occurred in the 1/4" control columns 

after 7 days for the 1L and 2L cycles and 28 days for the 4L cycle. 

Good removal of Cu was observed, however, in several cases high removal was 

also observed in the control columns. The removal of Cu was observed to be 

better in the granite columns than in the limestone columns. 

The removal of Mn in columns inoculated witb SRI3 fluctuated depending on the 

quantity of water cycled. Higher proponions of Mn were removed when 1L and 

2L cycle volumes were used as compared to that for 4L and 6L. The highest 

rernoval occurred when the cycle volume was 2L, whereas no removal occurred 

when 6L were cycled. Little or no Mn removal was observed in the control 

columns, except for the 114" limestone control column. 

Good removal of sulfate was attained in columns with SRB when 2L and 4L were 

cycled. Poor removal was observed when 1L was cycled and little or no removal 

occurred when 6L were cycled. 

The performance of the granite beds with respect to metal and sulfate removal was 

qua1 to if not better than that of the limestone beds. 



5.2.1.3 Possible Mechanisms for Metal Rernoval 

Cornparison of the results from the experirnental colurnns containing SRB and the conml 

columns suggested that the removal of various metals from AMD could be accounted for 

by SRB activity. The SRB process would appear to be most effective in the removal of 

Zn from AMD. 

The results for Al and Fe showed that removai occurred in the control columns 

in the 1/4" grave1 columns when cycle volumes of 1L and 2L were used. However, no 

such removal was observed either in the ln" granite control column or when 4L was 

used. Similar results were obtained for Cu in the controls. however. hiph levels of 

removal were also observed when 4L was cycled. This was not due to contamination of 

the 1/4" control columns with SRB since no black precipitate occurred. no sulfurous 

odours were detected and sulfate levels remained elevated. This would indicate that Al, 

Cu, and Fe were removed by mechanisms other than sulfate reductionlsulfide production. 

Aluminium can be removed by complexing with hydroxide rather than with 

sulfide, and consequently, the pH and alkalinity of the water play important roles in the 

rernoval of Al. Cu and Fe can also be precipitated as an hydroxide (e.g. Cu(OH),, 

Fe(OH),). The pHs in the 114" control columns for both granite and lirnestone were 

consistently between 5 and 6 while the pH in the 1/2" control column for granite was 

around 4. The higher pH in the 1/4" control columns may account for the removal of Al. 

Cu and Fe observed in these columns as hydroxides. 

The formation of MnS is not comrnon and MnS is soluble in water. The removai 

of Mn occurs as a result of either oxidation or adsorption ont0 amorphous FeS (Arakakis 

and Morse, 1993; Stark et al, 1995). The oxidation of Mn is dependent on pH and ORP 

and results in the formation of M n 0  and MnCO,. Under reduced conditions. manganese 

is in solution, and if the pH is less than 6.0. ~ n "  is stable and will remain in solution 

regardless of the ORP (Stark et al, 1995). The removal of Mn can occur throuph the 

adsorption of Mn2+ ont0 amorphous FeS such as mackinawite to form an Fe-Mn-S 

complex (Arakakis and Morse. 1993). Funhermore, the amorphous FeS can be converted 

to pyrite. a stable form of FeS, trapping the Mn with it. The adsorption of Mn ont0 FeS 

would appear to be the most likely mechanism by which Mn is removed in the columns 



since the environment is highly reduced. So while the production of sulfide does not lead 

directly to the removal of Mn per se. the complexation of the sulfide with iron to form 

arnorphous FeS can eventually lead to Mn removal. 

The removal of Al and Mn in the presence of SRB would. therefore, be due to the 

generation of alkaiinity by the SRB while the removal of Fe could be due to complexa- 

tion with either sulfide or hydroxide. In ecosystems where sulfate levels are high and 

where sulfate reduction is an important source of alkalinity, the presence of Fe is essential 

for sulfate reduction to occur. Iron acts as a trap for the sulfide that is produced. 

removing the sulfide in a stable form that does not inhibit the funher activity of the SRB. 

5.2.1.4 Sul fate Removal 

Good removai of sulfate was obtained when cycle volumes of 2L and 4L were used. 

However, sulfate removal was lower when cycle volumes of 1L and 6L were used. These 

two volumes represented the exaemes of loading of AMD on the columns. Sulfate reduc- 

tion is stimulated by sulfate. A low load of sulfate as represented by a 1L cycle volume 

would. therefore. not evoke the same response as either a 2L or 4L volume, resulting in 

comparatively lower SRB activity. This would account for the poor response to a IL 

cycle volume despite the low load of metals and acidity on the system. In the case where 

a 6L cycle volume was used. the entire water column was replaced causing oxygenation, 

oxidation. and acidification in the bed. Consequently SRB activity was disrupted. 

resulting in the low degree of sulfate removal. 

The results did not support the expectation that the performance of SRB in the 

limestone beds would be superior to that in granite beds. The hypothesis was that lime- 

Stone could act as a source of alkalinity releasing carbonate as the limestone was dissolv- 

ed. Meanwhile. granite was considered to be comparatively inen and would not make 

any contributions to increasing the alkalinity of the system. The limestone beds should. 

therefore, have provided a more conducive environment with respect to pH for the SRB 

and SRB activity. However, such does not appear to have k e n  the case. Further 

analyses of the data will still consider the two types of gravel separately to determine the 

importance, if any, of gravel type in other aspects of the system. 



The correlation of bacterial activity and AMD treatment with other physical 

parameters of the systems was investigated next. 

5.22 Relationships Between System Parameters and SRB Activity 

Relationships between the total surface area (tSA), the void volume (V,) of the bed. the 

volume cycled (VJ and SRI3 activity were investigated. The analyses were done separ- 

ately for the granite and the limestone columns to ascenain whether or not the nature of 

the gravel was important in the overall process. 

A parameter that could be used as an indicator of SRI3 activity was required for 

such an analysis to take place. The best indicator of SRB activity would be the removal 

of sulfate rather than the removal of a metal or metals since suifate removal c m  be direct- 

ly related to the sulfate reducing activity of the SRB. This was supported by the data 

obtained from the control columns. where SRI3 were absent and where changes in sulfate 

levels were negligible yet metal removal occurred to sorne degree. Therefore. sulfate 

removal was used as an indicator or SRB activity. The removai of sulfate can be express- 

ed either as the total proportion of sulfate removed after a particular period of time, or 

as the average rate of sulfate removal. Both possibilities were investigated. 

5.2.2.1 Proportion of Sulfate Removed 

The proportion of sulfate removed is the fraction of sulfate removed and has no units. 

This was calculated as the amount of sulfate removed over a given penod of time 

(a(S0,J) divided by the initial concentration of sulfate ([SO,],). In this study, the period 

of time of interest was 7 days since, as was shown in Section 5.2.1, most rnetal removal 

occurred within the f i t  seven days. The proportions of sulfate removed for each cycle 

volume and for each column are given in Table 5.5. These values are the average of at 

least two experirnents under each condition. 

Plots of the proportion of sulfate removed against the total surface area and the 

void volume demonstrated the following general relationships: (i) sulfate removal increas- 

ed as the total surface area of the gravel increased (Figure 5.5) and, (ii) sulfate removal 

decreased as the void volume increased (Figure 5.6). The 6 values for the Iinear cor- 



relation between sulfate removal and tSA were 0.74 and 0.80 for granite and limestone. 

respectively. These results supported the basic assertion that SRI3 congregate on and in- 

habit the surfaces of particles. Consequently, the larger the surface area. the greater are 

the potential population of S R B  and the arnounü of sulfate being removed. 

Therefore, a system with a Iarge surface area and a srnall void volume would be 

desired for greater levels of sulfate reduction. This could be achieved by using smaller 

sized particles in the grave1 bed. Presurnably. the proportion of sulfate rernoved would 

approach 1 (within 7 days) as the surface area becomes very large and as the void volume 

becomes very small. However. the diffusion of sulfate and nutrients into the bed rnay be 

affected if the void volume is too small and the accumulation of metal sulfide precipitate 

in the void volume must be taken into account. 

Table 5.5: Sulfate Removal 

Column S A  V, Proportion of SO, Rate of S 0 ,  Removal 
(m2) (m3) Removed (7d) (ppmm 

Cycle Vol. 1L 2L 4L 6L 1L 2L 4L 6L 

G:  granite; L: limestone: Ctl: control: SA: total surface rirea; V,: void volume. 
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Figure 5.5 Sulfate removal as a function of total surface area 
(tSA) of the grave1 bed, day 7. Solid line: granite; dashed 
Iine: Iimestone; dotted line: controls. 

-- 
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+ Limeston 

* Ctl 

Figure 5.6 Sulfate removai as a function of the void volume 
(V,) of the grave1 bed. day 7. Solid line: granite; dashed line: 
limestone; dotted line: controls. 



As was shown in the previous section. sulfate removal was lower when the Vc was 

1L and 6L. This was attributed to decreased SRB activity due to low sulfate levels in the 

case of 1L and to aeration and increased acidity in the case of 6L. An analysis of the 

data without the 1L and 6L data was done. Stronger correlations between the proponion 

of sulfate removed and V, and tSA were obtained. The i values were 0.93 and 0.83 for 

p i t e  and limestone, respectively. 

Changes in Vc must, therefore, be taken into account in the analysis of the data. 

This could be accomplished by the use of ratios. The cycle volume to void volume ratio 

(V, IV,) and the cycle volume to total surface area ratio (VJtSA) were investigated. The 

V, /V, ratio can be interpreted as the amount of loading of fresh AMD on the void 

volume in the grave1 bed. Likewise, the V, /tSA ratio cm be interpreted as the arnount 

of loading of hesh AMD for a given total surface area of gave1 in the bed. 

The use of the Vc IV, ratio did not yield any useful information about relationships 

between the void volume and bacterial activity (Figure 5.7). However, a relationship was 

evident when the V, /tSA ratio was used (Figure 5.8). 

0 -3 - Granite 

l- Limestoni 

* Cil 

Figure 5.7 The proportion of sulfate removed as a function of 
V, /V,. Solid line: granite; dashed line: limestone; dotted line: 
controls. No correlation is evident. 
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Figure 5.8 The proportion of sulfate removed as a function of 
V, /tSA. Solid line: granite; dashed Line: limestone: dotted 
line: controls. 

The curves in Figure 5.8 were similar for both granite and limestone and both 

descnbed a range of values for the Vc /tSA ratio in which sulfate removal was optimal. 

This range was between 1 and 2 urn2 and the optimum level of sulfate removal achieved 

was 18 to 19%. This analysis &es into account the response of the culture to cycle 

volumes of 1 L and 6L in a manner which was not evident in Figures 5.5 and 5.6. 

5.2.2.2 The Rate of Sulfate Removal 

The analysis of the data usine rates of sulfate removai as a function of the Vc /V, and the 

Vc hSA ratios was done. The calculated rates are given in Table 5.5. The general 

observations were: (i) no clear relationship was seen between the rate of sulfate removal 

and the V, /V, ratio, however, there was an overall increase in the rate of sulfate removal 

as the Vc /V, ratio increased (Figure 5.9); and (ii) the relationship between rate of removal 

and the V, /tSA ratio followed a pattern similar to that observed for the proportion of 

sulfate removed (Figure 5.10); an optimum rate of removal occurred when the V, hSA 

ratio had a value between 1 to 2 L/m2. An abrupt decrease in the rate of removal was 



- Granite + Limestone * Ctl 

Figure 5.9 Rates of sulfate removal as a function of V, IV,. 
Solid line: granite; dashed line: limestone; dotted line: controls. 
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Figure 5.10 Rates of sulfate removal as a function of V, ItSA. 
Solid line: granite; dashed line: limestone; dotted line: controls. 



observed after the optimum which was not observed in the case when the proportion of 

sulfate removed was used in the anaiysis. 

The analysis of the data would be greatly facilitated by the use of an entity that 

encompassed and described the relationship between various bed parameters instead of 

using individual bed parameters. Dimensionless numbers were constructed to fulfil such 

a role. 

5.2.3 Construction and Evolution of a Dimensionless Number 

Dimensionless numbers were constructed to describe relationships among various para- 

meters of the systern that could be correlated with SRI3 activity based on the data on 

sulfate removai. Parameters to be considered and the arrangement of these parameters 

were decided upon in the following manner. 

The system was divided into the water column, the gravel bed and the interface. 

The parameters describing the water column were the total volume of the water column. 

V. which does not including the void volume, and the volume of the water column that 

was cycled (V'. ). The V, represented the load of sulfate. metals and acidity on the 

system. The parameters describing the grave1 bed were the particle size of the gravel 

(diameter), the total surface area of the gravel (tSA). the void volume (V,,) . and the depth 

of the bed. The interface between the two compartments was represented by the superfi- 

cial surface area (sSA) of the gravel bed and was the area over which exchange between 

the water column and the gravel bed occurred. The sSA was constant in this study and 

was assumed to be the same as the cross-sectional area of the column. Relationships had 

been observed between sulfate removal and the void volume (V,) and between sulfate 

removal and the total surface area (tSA) in the Section 5.2.2.1 .. 

Four parameters were used to describe the system: V, V ,  tSA and sSA. The 

particle size was not included directly but was present since it was used in the calculation 

of the tSA. The four possible dimensionless nurnbers comprised of these four variables 

were: 



The numbers were designated D. E, F, and G.  The construction of the numben was sirn- 

plistic since neither coefficients nor other mathematical manipulations were implemented. 

Dimensionless number E is the inverse of D and similarly G is the inverse of F. Despite 

the fact that the sSA is a constant in this study, it was included in the dimensionless 

nurnber since it  c m  vary from system to systern and has important practical implications. 

The numbers can best be interpreted in the following manner. The dimensionless 

numbers are composed of two ratios. If D is taken as an example. it can be presented as: 

The VJV, ratio represented the aniount or load of fresh AMD on the gravel bed. The 

sSA/tSA ratio was an aspect ratio which took into account the height of the gravel bed 

since a large s S M A  ratio implied a thin gravel layer while a small sSA/rSA ratio implied 

a thick gravel bed. Overall, this number represented a loading to suppon (substrate) ratio: 

US. which rnay be considered to be the name for this dimensionless number. 

The arrangement of parameters in D was such that the parameters describing the 

water column were grouped in the numerator while those describing the gravel bed were 

placed in the denominator. The difference between D and F was that the V/V, ratio was 

inverted in F. The arrangement of the variables in F reflected the observations made in 

the previous section that sulfate removal has a direct relationship with the total surface 

area in the gravel bed and an inverse relationship with the void volume. 



5.2.3.1 The Proportion of Sulfate Removed as a Function of D and E 

This analysis was done in two parts. In the first part only data from the 2L and 4L cycles 

were considered, and in the second part. data from al1 cycle volumes were used. This 

was done since this was the sequence of events that occurred during this study. The data 

obtained using 2L and 4L cycle volumes were obtained and analysed first. The results 

indicated that certain trends would occur. as shown in previous sections. This directly 

influenced the direction of the latter part of the study using cycle voiumes of IL and 6L. 

The inclusion of data obtained using 1L and 6L cycle volumes affected the trends predict- 

ed by the 2L and 4L data. This train of events is, therefore, presented here to both ex- 

plain the development of the work and to help understand the trends indicated by the data. 

The proportions of sulfate removed after 7 days when 2L and 4L volumes were 

cycled were plotted against D (Figure 5.1 1 ). For the purposes of cornparison. separate 

curves were drawn for the two types of gravel. The results from the two control columns 

were pooled together in one general curve. 
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Figure 5.11 Sulfate rernovai for 2L and 4L volumes cycled 
as a function of the dimensionless number D, day 7. Granite: 
soiid line; limestone: dashed tine; control: dotted line. 



The overall trend observed was that as the tSA increased and as the V,. decreased. 

the proportion of sulfate removed decreased. The curves in Figure 5.11 suggest that: ( i )  

higher sulfate removai would occur with lower values of D. and (ii) sulfate removal 

would continue to decrease with higher values of D. This implied that the maximum 

level of sulfate removal would occur when D = 0. 

D can equal O if either I;,. or sSA = O. When V, = O. no new sulfate is being 

introduced into the reactor. Any sulfate removal observed at this point would be due to 

sulfate already present in the systern and would be expected to be low. The only conceiv- 

able situation where sSA = O would be if the interface between the gravel bed and the 

water column should become covered or sealed such that there is no contact between the 

AMD and the SRB. However, this would be a situation where no sulfate removal would 

be expected to occur. 

D can approach O if either tSA or V,. approaches =, which means that the tSA and 

the V,  become very large. A large surface area should lead to increased SRB activity and 

to greater sulfate removal. However, an inverse relationship exists between the surface 

area and the void volume of a packed bed. If the total surface area becomes very large, 

the void volume would become very small. and vice versa. Any change in one of these 

two parameters would then be negated by a change in the other. Consequently, it is 

unlikely that D would approach O in these circumstances. 

The response of the system with respect to the removal of sulfate to higher and 

lower values of D was investigated in the subsequent series of experiments. In this study, 

Vt was varied to attain changes in D since changes in the other three parameters would 

necessitate changes in column and bed sizes. To obtain a lower value of D, a cycle 

volume of IL was used in the columns containing 1/4" gravel and to obtain a higher 

value of D. 6L was cycled in the columns containing 1/2" gravel. Since no new informa- 

tion would be obtained by cycling IL in the 112" columns and 6L in the 1/4" columns. 

these experiments were not performed. 

The accumulated data for sulfate removal for al1 cycles were plotted separately for 

limestone and granite against D (Figure 5.12). 
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Figure 5.12 Sulfate removal for al1 volumes cycled as a func- 
tion of the dimensionless number D, day 7. Granite: solid 
line; limestone: dashed line; control: dotted line. 

The curves were fitted to the data using the following equation: 

where a. b, and c are coefficients. The values of a. b, and c for the curve for granite 

were 26.38.0.967. and -65.7 17 respectively and for limestone the values were 35.38.0.92 

and -95 respectively. 

The trends observed in Figure 5.1 1 using the data from the 2L and 4L cycles had 

suggested that higher removaI of sulfate would occur at lower values of D. This was not 

the case; low sulfate removal occurred when a 1L cycle volume was used. The graph 

described a range of values for D from about 0.0075 to 0.015 in which sulfate rernoval 

was at an optimum. This behaviour was also predicted by the curve in Figure 5.10 where 

the proportion of sulfate removed was plotted as a function of VJtSA. 

The dilution of the IL of fresh AMD in the water column could also be an import- 

ant factor in this case. However, the dilution of the volume cycled in the water column 

was not taken into consideration in the analysis of the results since the actual response 



of the system to various loads of sulfate was being investigated. In either case. the sul- 

fate concentration at the level of the grave1 bed would not have stirnulated as much SRB 

activity as for the 2L and 4L cycles. 

The low sulfate removal was expected when a 6L cycle volume was used since 

it was predicted by the trends observed in Figures 5.8 and 5.12. This represented a severe 

stress on the system since the total volume of the water column was replaced with fresh 

AMD. It should be noted that the data refers to a 7-day treatment period and while the 

removai of sulfate was low at day 7, the system was able to eventually cope and recover 

by day 28 to 35 as indicated by the pH, ORP and conductivity data (Appendices E and 

F: Cycles 8 and 9 for Columns 4, 5 and 6). A longer time was, therefore. required for 

bacterial activity and treatment to occur. The curve also suggested that if larger cycle 

volumes were used, the performance of the colurnns inoculated with SRB would approach 

that of the control columns, i.e. SRB activity would not longer occur. 

An analysis of the data using dimensionless number E was done (Figure 5.13). 

As was observed for D, the resulting curve clearly defined a range for E in which sulfate 

0.25 
Granite 

+ Limestone 

Figure 5.13 Sulfate removal for ail volumes cycled as a func- 
tion of the dimensionless number E, day 7. Granite: solid line; 
limestone: dashed line; control: dotted line. 



removal was at an optimumThe curves were fitted using the following equation: 

where a, b, and c are coefficients. The values for a, b. and c for granite were -7.25 1 x 

10'~. 137.2, and -0.1893 respectively and for limestone the values were -8.5 14 x 1 O'". 

150.5, -0.2038 respectively. The proportion of sulfate removed increased steadily for both 

granite and limestone as the dimensionless number E increased. This trend occurred until 

E reached a value between 125 and 150, after which sulfate removal decreased. 

5.2.3.2 Granite vs Lirnestone 

A visual cornparison of the limestone and granite curves would seem to indicate that at 

low values of D the sulfate removal in the limestone columns was either similar or 

superior to that in the granite columns. As the value of D increased, sulfate removal in 

the limestone columns decreased below that of the granite columns. A student t-test with 

a confidence interval of 95% was done to statistically compare the limestone and granite 

data. The t-test indicated that there was no difference between the two gravel types with 

respect to sulfate removal. Consequently, the data for both types of gravel can be 

combined to constmct one curve for gravel in general (Figures 5.14 and 5.15). 

The curve in Figure 5.14 was drawn using Equation 1 where the values for coef 

cients a, b, and c were 19.59, 0.894 and -69.56, respectively. The curve in Figure 5.  

was drawn using Equation 2 where the values for coefficients a, 6, and c were -7.88 

1 o - ~ ,  144.4. and -0.1962, respectively. 
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Figure 5.14 General curve for gravel combining granite and 
limestone data as a function of dimensionless number D. 

0.25 
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Figure 5.15 General curve for gravel combining granite and 
limestone data as a function of dimensioniess number E. 



5.233 Proportion of Sulfate Removed as a Function of F and G 

No clear relationship was obtained when the sulfate removal data wa5 analyzed using 

dimensionless number F (Figure 5.16). Several maxima and minima were observed for 

both types of gravel. The 8 values were 0.1 15 and 0.047 gor granite and limestone 

respectively. Consequently, the use of dimensionless numbers F and G for analyzing the 

sulfate removal data was not further pursued. 

0.25 - 
+ Granite 

$- Limestone 

m- Ctl 

0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 

(V)V,)(sSA/tSA) (xl O-2) 

Figure 5.16 The removal of sulfate for granite limestone as 
a function of the dimensionless number F, d q  7. Granite: 
solid line; lirnestone: dashed line; control: dotted line. 

5.2.3.4 Rate of Sulfate Rernoval as a Function of D 

The possible existence of relationships between the rate of sulfate removal and the dimen- 

sionless numbers was investigated. The rates of sulfate removal were calculated as an 

average for the first 7 days since most of the metal removal occurred within this time as 

shown in Section 5.2.1. A plot of the rate of sulfate removal as a function of D is shown 

in Figure 5.17 and was very different from that obtained between the proportion of sulfate 

rernoved and D (Figure 5.12). No apparent relationships or overall trends were seen. The 

i values were 0.01 1 and 0.001 for granite and limestone respectively. 
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Figure 5.17 The rate of sulfate removal for granite and lime- 
Stone grave1 as a fùnction of dimenionless number D, day 7. 
Granite: solid line; limestone: dashed line; control: dotted line. 

This would suggest that with respect to rates of sulfate removal, the dimensionless 

number D was (i) not useful in that it does not aptly descnbe the relationships between 

the parameters involved and; (ii) not complete in that some other factor or parameter is 

involved and has not been included in its construction. 

5.2.3.5 Rate of Sulfate Removal as a Function of F 

A plot of the rate of sulfate removal and F resulted in a curve (Figure 5.18) in which the 

rate decreased smoothly as F increased (Le. as Vv increased and tSA decreased). This 

trend was observed for both limestone and granite. The line was fitted to the data using 

the following equation: 

where a, b and c are coefficients. The values of a, b, and c were 0.548, 0.843. and 9.15 

respectively for granite and 0.827, 0.728, and 4.98 respectively for limestone. 
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Figure 5.18 The rate of sulfate rernoval for granite and lime- 
Stone as a function of dimensionless number F. Granite: solid 
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Iine; limestone: dashed line; controI: dotted line. 
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Figure 5.19 General curve for grave1 combining granite and 
limestone data as a function of dimensionless nurnber F. 



A general curve can be drawn combining the data from both granite and limestone since 

the difference between the sets of data had been shown to be insignificant (Figure 5.19). 

The curve was fitted to the data using equation (3). The values of a. b. and c were 0.496. 

0.838, and 8.6 1 respectively. 

This was very different from what has been obtained when the proportion of SUI- 

fate removal data was used with F, the resulting graph had demonstrated a series of maxi- 

ma and minima (Figure 5.16). There was. therefore. a difference in how the proportion 

of sulfate removed data and the rate of removal data are best presented. Dimensionless 

number D gave a cogent representation of the proportion of sulfate removed data while 

F gave the best presentation of the rate of removal data. 

Why does this disparity between the two representation of the data exist and what 

does it mean? The only difference between D and F was that V,N,. was inverted. Exam- 

ination of the curves suggested that the rate of sulfate removal was directly related to the 

amount of sulfate (V,) introduced into the system while the amount of sulfate removed 

was related to the V,,. A possible explmation for this difference was that the rate of 

sulfate reduction was dependent on the amount of sulfate present while the amount of SUI- 

fate removed was dependent on the number of bacteria present. In the first case, the initial 

arnount of sulfate was important while in the second case, the total surface area of the 

gravel bed and access to this surface was the major consideration. In the latter case, the 

amount of sulfate present in the V,, was more critical than the initial amount of sulfate 

present in the system (V,). 

The distinction between the quantity of sulfate removed and the rate of sulfate 

removal is subtle but has important implications. Depending on both the physical para- 

meters of the gravel bed and the mode of operation, the rate of sulfate removal can be 

high while the actual arnount of sulfate removed can be low. Or conversely. the amount 

of sulfate removed c m  be high while the rate of removal can be Iow. 



5.2.3.6 Metal Removal vs Dimensioniess Numbers 

The analysis of the data presented in the previous sections was focused on the removal 

of sulfate since this, rather than metal rernoval, would be a direct measure of SRB act- 

ivity. The existence of possible relationships between the dimensionless numbers con- 

stnicted in the previous sections and metal removal is examined in this section. 

This analysis should consider the following factors. Cornparison of results from 

the expenmental and the control columns suggest that mechanisms for metal rernoval 

other than sulfide precipitation were also occumng since high metd removals were 

observed in some of the control columns. Sulfate removal appeared to be due almost 

entirely to SRB activity as can be seen by comparing the results from the expenmental 

and control columns (Table 5.5). 

Furthemore, the reactions of different metals with sulfide differ in their 

stoichiometries. For example, Cu, Fe. and Zn cm be precipitated as CuS (covellite), FeS 

(ferrous sulfide). and ZnS (sphalerite) respectively. binding only one sulfide. However. 

Cu$ (chalcocite) and Cu$, (digenite) can also be formed. Similarly. Fe can complex 

with S to fom either FeS, (pyrite) or Fe& (pyrrhotite) among others. Also. more than 

one metal may complex with sulfide at one time. Examples of this are Cu,FeS, (bomite) 

and CuFeS, (chalcopyrite). 

The use of a "total metal removal" parameter would help to overcome the need 

to account for these different factors. Nevertheless. the concept of "total metal rernoval" 

is nebulous since many metals are involved, including ones not considered in this analysis 

such as Ca, Mg, and Na. Also, it would be more informative to perform this analysis for 

individual metals, specifically AI. Cu. Fe. Mn, and Zn. to investigate the behaviour of 

each metal with respect to the physical parameters of the system. The data for the 

proportions of metal removed were presented in Table 5.4. The rates of metal rernoval 

are given in Table 5.6. Graphical representation of the relationships between the removal 

of individuai metals and dirnensionless number D and between the rates of metal removal 

and dimensionless number F are presented in Figures 5.20 to 5.29. 



Table 5.6 Rates of Metal Removal 

Volume Rate of Metal Removal (ppdd) 
Cycled Metal 114" 1/2" 
(L) G G L L G G L 

Exp Ctl Exp Ctl Exp Ctl Exp 

C: granite; L: limestone; Exp: inoculated with SRB: Ctl: conuol, not inoculated with SRB. 



* Granite i- Limestone * Control 

;t I 

Figure 5.20 Proportion of Al removed as a function of the 
dimensionless number D. Solid line: granite; dashed line: 
Iimestone; dotted line: control. 
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Figure 5.21 Rate of Ai removai as a function of the 
dimensionless number F. Solid line: granite; dashed line: 
Iirnestone; dotted line: controi. 



Figure 5.22 Proportion of Cu removed as a function of the 
dimensionless number D. Soiid line: granite: dashed line: 
limestone; dotted line: control. 
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Figure 5.23 Rate of Cu removd as a function of the 
dimensionless number F. Solid line: granite; dashed line: 
limestone; dotted line: control. 
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Figure 5.24 Proportion of Fe removed as a function of the 
dimensionless number D. Solid line: granite; dashed line: 
limestone; dotted line: control. 

Figure 5.25 Rate of Fe removal as a function of the 
dimensionless number F. Solid line: granite; dashed line: 
limestone; dotted line: control. 
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Figure 5.26 Proportion of Mn removed as a function of the 
dimensionless number D. Solid line: granite; dashed line: 
Iimestone; dotted line: control. 
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Figure 5.27 Rate of Mn removal as a function of the 
dimensionless number F. Solid line: granite; dashed line: 
limestone; dotted Iine: control. 
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Figure 5.28 Proportion of Zn removzd as a function of the 
dimensionless number D. Solid line: granite; dashed line: 
limestone; dotted line: control. 
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Figure 5.29 Rate of Zn removal as a function of 
dimensionless number F. Solid line: granite; dashed line: 
limestone; dotted line: controI. 



Two general trends can be discemed for relationships between the proportion of 

metd removed and the dimensionIess number D. The first trend was one in which the 

proportion of metal removed rernained relatively constant with some exceptions over a11 

values of D. This was the case for Al (Figure 5.20), Cu (Figure 5.22). and Zn (Figure 

5.28). The second was one in which a maximum level of removal occurred for values 

of D lower than 15 and which rapidly decreased to a lower level for values higher than 

15. Such was the case for Fe (Figure 5.24) and Mn (Figure 5.26). This second trend was 

similar to that observed for sulfate and reflects the close relationship between sulfate 

reduction and removal of Fe as iron sulfide and removal of Mn as a CO-precipitare with 

the iron sulfide. 

The plots demonstrated that little or no relationships were observed between the 

rate of metal removal and F, as had been seen for sulfate. This suggested that the rate 

of metal removal cano t  be appropriately described using F. However, when the graphs 

for al1 thr metals were examined together there was an overall pattern in which a mini- 

mum in the rate of removal occurred consistently for al1 metals and for both types of 

grave1 when F had a value between 6x  10" and 9x 10". This recumng pattern seemed to 

suggest that there was some underlying relationship between the rate of metal removal 

and the physical parameters of the bed which is not adequately described by the dimen- 

sionless nurnber. However, as was previously seen. F does present a cogent description 

of the rate of sulfate removai data. The difference is probably due to the fact that a 

number of mechanisms are involved in metal removal which are not involved in sulfate 

removal. Sulfate removal in the systern under study is a process that is dependent entirely 

on a biological process whereas metal removal is dependent on both biological and physi- 

cal processes. 



5.2.4 Conductivity, pH and ORP 

5.2.4. 1 Conductivity Measuremen ts 

The measurement of elecaical conductivity was investigated for its usefulness in monitor- 

ing SRB activity in the grave1 bed. The basis of this method was that bacterial activity 

caused a decrease in the impedance and an increase in the conductivity of the culture 

medium. This phenomenon was due to the metabolism of bactena which may ( i )  generate 

charged, mobile metabolites such as organic acids, and (ii) decompose large molecules 

into a number of smaller ones. Consequently. changes in impedance have k e n  correlated 

with bacterial activity and successfully applied in the medical field and in the food 

industry to detect and enumerate contaminant bactena (Firstenberg-Eden and Eden. 1984). 

The measurement of elecaical conductivity has also been used to detect for bacterial 

activity in soils (Silverman and Munoz. 1974). 

Impedance is the opposition to a current that is encountered specifically in an 

altemating current circuit and is composed of two parts. the resistance and the reactance. 

They are both forces that act against the flow of elecuons. however. resistance causes 

power to be dissipated. while reactance does not. Reactance is related to the capacitance 

and inductance in a circuit and varies with the frequency of the current. 

Conductivity is the inverse of the resistance and is the ease with which a current 

can be established when either a direct or altemating current is used as a power source. 

Conductivity measurements using a direct current power source would be preferred since. 

unlike impedance. there would be no need to account for reactance. 

The measurement of conductivity is advantageous since it is relatively simple. 

rapid, does not require the isolation of bacteria. and is non-destructive. This method 

could be especially useful in the case of anaerobes such as SRB since anaerobic tech- 

niques are not required. Also, when bactena either cluster around particles or grow on 

surfaces it is difficult to dislodge them to obtain an accurate enumeration. Consequently, 

it could be used as an on-line method of monitoring bacteriai activity. 

Measurement of changes in impedance had previously ken  used to detect SRI3 

activity in sediment (Oremland and Silverman. 1979) but not elecnical conductivity. In 



this study, the measurement of electricd conductivity was implemented as a relatively 

easy and non-intrusive method of detecting and monitoring bacterial activity at different 

depths in the gravel bed. The evaluaûon of this method was done on the basis of compar- 

ison with the pH. ORP and sulfate measurements. 

An increase in the conductivity was the expected behaviour of the system. how- 

ever. a second possible scenario was also considered prior to the start of the experiment. 

The aqueous milieu, the AMD, has high concentrations of ions such as protons. metals 

and sulfate, suggesting that initially, the conductivity would be elevated. The removal of 

these molecules by the activity of SRI3 could. therefore. result in a decrease rather than 

an increase in the conductivity. This would be contrary to the expected behaviour. 

However. this second scenario was not observed. In the establishment phase. the initial 

conductivities were low. No changes were observed until the SRB were established, after 

which the conductivity increased. The conductivity in the control colurnn remained Iow 

and relatively constant over this same time period and this was the case over the length 

of the entire study. 

The recorded conductivity measurements for each cycle are included in the 

Appendices (Appendix F). Changes in conductivity as a function of both the depth in the 

gravel bed and the time for each of the cycles are presented graphically in Figures 5.30 

to 5.38. Changes in conductivity measurements obtained in the control column for cycles 

1 and 8 are given in Figures 5.39 and 5.40. OnIy these two examples were given since. 

as stated previously. conductivity in the control column remained Iow and relativeIy 

constant over the course of the study. 

In the analysis of the conductivity data, the conductivity measured in the control 

column was subtracted from the corresponding conductivity measured in the SRB column. 

Ail conductivity data reported in Figures 5.30 to 5.38 have been treated in this manner. 

Comparison of changes in conductivity for each cycle dernonstrated a wide range of 

behaviour. however, several general trends were observed. 
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Figure 530 Changes in conductivity over tirne and depth in a bed 
composed of ln" granite, inoculated with SRB: Cycle 1.  V, = 4L. 
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Figure 5.31 Changes in conductivity over time and depth in a bed 
composed of IR" granite, inoculated with Sm: Cycle 2. V, = 4L. 
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Figure 5.32 Changes in conductivity over time and depth in a bed 
composed of ln" granite inoculated with SRB: Cycle 3. V, = 4L. 
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Figure 5.33 Changes in conductivity over time and depth in a bed 
composed of IR" granite inoculated with SRB: Cycle 4. V, = 4L. 
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Figure 5.34 Changes in conductivity over tirne and depth in a bed 
composed of IR" granite, inoculated with SRB. Cycle 5, V, = 2L. 

Conductivity 

Depth 

O Fme ( d )  

Figure 5.35 Changes in conductivity over time and depth in bed 
composed of 1/2" granite, inoculated with SRB: Cycle 6, V, = 2L. 
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Figure 5.36 Changes in conductivity over time and depth in a bed 
composed of IR" granite, inoculated with SRB: Cycle 7. V, = 2L. 
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Figure 5.37 Changes in conductivity over tirne and depth in a bed 
composed of 1/2" granite, inoculated with SRB: Cycle 8, V, = 6L. 
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Figure 538 Changes in conductivity over time and depth in a bed 
composed of 1/2" granite, inoculated with SRB: Cycle 9. V, = 6L. 
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Figure 5.39 Changes in conductivity over time and depth in a bed 
composed of ln" granite with no SRB: Cycle 1. V, = 4L. 
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Figure 5.40 Changes in conductivity over time and depth in a bed 
composed of 1/2" granite with no SRB: Cycle 8. V, = 6L. 

These trends were: 

i. Abrupt changes in conductivity throughout the gravel bed usually occurred at 

the beginning when the fresh AMD was first introduced into the system. The conductiv- 

ity usually decreased rapidly within the first day. nie conductivity started to increase 

after a lag period that varied from cycle to cycle. 

ii. Following this initial activity, there were two broad patterns of distribution of 

conductivity in the gravel bed. In the first case, peaks of activity were observed in the 

0-4" and the 9-1 1" layers. These peaks were separated by a region where the con- 

ductivity was lower. Cycles 1, 2, 3, 4 and 7 fa11 into this category. Cycle 3 is a good 

example. In the second case, activity became concentrated over time in the lower regions 

of the bed while little activity is evident in the top 0-1". Several peaks or zones of 

activity were observed and the most consistent peak or zone was in the bottom 7-1 1". 

Cycle 5 ,  6, 8, and 9 fa11 into this category. 

iii. These patterns broadly refiect the arnount of volume cycled. In cycles 1 to 4, 

the volume cycled was 2L, while in cycles 5 to 7 and in cycles 8 to 9, the volumes cycl- 



ed were 4L and 6L respectively. This would suggest that when the load of fresh AMD 

on the system was greater than 2L, SRB activity becarne localized in the lower regions 

of the gravel bed. The exception to this was cycle 7. 

The conductivity measurements indicated that the bottom of the bed was a second 

major site of SRI3 activity in the gravel bed. Water samples taken from the bottorn two 

to three inches always had a sulfurous odour and were black due to the presence of preci- 

pitates. This region acted as a reservoir of SRB. This may be due in pan to the fact that 

this region was the best suited for SRI3 activity since it would have been both the most 

reduced and most anaerobic region in the reactor. 

5.2.4.2 pH and ORP Measurements 

The pH and ORP measuremenis for each column and for al1 the cycles are given in 

Appendix E. Graphical representations of this data are also included in Appendix E. 

In columns inoculated with SRB. the general observation was that changes in pH 

and ORP were confined to the top three to four inches of the gravel bed while in the 

lower eight to nine inches the pH and ORP remained uniform, stable, and favourable for 

SRI3 activity. Little or no transition zones were observed between the two regions. 

While no pH or ORP gradients were seen in  the lower part of the bed. changes in con- 

ductivity were observed. Differences in pH and ORP between the top and bottom of the 

gravel bed disappeared by the end of each cycle. The exception to this trend was when 

a cycle volume of 6L was used. In this case, the pH and ORP were affected to a depth 

of 10 to I I  inches and differences were still evident at the end of the cycle (day 28). 

In the control columns where SRB were not inoculated, gradients in ORP and pH 

between the top and the bottorn of the bed were observed. However, no gradients or 

changes in conductivity were seen. This suggested that bacterial activity disrupted the 

formation of pH and ORP gradients in the bed and that the differences in pH, ORP and 

conductivity profiles in the gravel bed between the SRB and the control columns were 

due to SRB activity. The use of conductivity to g a u p  bacterial activity in the beds has, 

therefore, been dernonstrated to an important tool, especially when pH and ORP mesure- 

ments are not possible or when no gradients in pH and ORP are detected. 



6. STRATEGY FOR IMPLEMENTATION 

This chapter discusses potentid strategies for hplementation of the results of this study 

in the design of biological systems for the treatment of AMD. The original scenario for 

the on-site use of SRB in the treatment of AMD will be reviewed and an alternative 

approach will be proposed. 

6.1 Treatment of AMD Directly in the Open Mine Pit 

The specific circumstance considered at the beginning of the study was one where an 

open mine operation had been decornmissioned and the open mine pit was k i n g  used as 

a holding pit to accumulate the AMD king generated. The original objective of this 

study was to use SRB within the holding pit itself to ueat both the AMD already in it and 

any fresh AMD entenng the pit. This was to be accompiished pnor to the pit being fill- 

ed. after which it was anticipated that a flow of water out of the pit to a neighbouring 

sneam and lake would occur. The preliminary work presented in Chapter 3 was directed 

at the elucidation of such a system. The results demonstrated that the treatment of a 

continuous flow of AMD was possible under certain conditions. however. it was incapable 

of adapting to abrupt changes in water quality. The volume and strength of AMD k ing  

produced can fluctuate greatly over short penods of time since it is dependent in large 

part on the arnount of precipitation, and a robust ueatment system must be able to 

accommodate changes in the quantity and quality of AMD. 

Another problem was the lack of control over the process. Possible methods of 

regulating the exposure of the SRB to the AMD were not irnmediately apparent. This 

would make it difficult, if not impossible. to intervene and saivage the system should a 

cntical event arise. Consequently such an approach was not entirely satisfactory. 



6.2 Treatment of AMD Using a "Reactor" Pit 

Another strategy would be to use a separate and smaller pit in which the actual treatment 

process will take place (Figure 6.1). A population of SRB can be established in a ~ a v e l  

bed in this "reactor" pit without having to deal irnmediately with a large volume of AMD 

over a large area. Consequently. the establishment and acciimatization of the SRB can 

be accomplished easier in the absence of these factors. 

Open Mine Pit Reactor Dit Polishing 

Figure 6.1 Schematic of possible treatment system using a second 
or reactor pit in which treatment by SRI3 takes place. SRB would 
be found in the gravel bed at the boaom of the reactor pit and the 
polishing pond. Not drawn to scale. 

The open mine pit would serve as an equalization tank for the "reactor" pit. The 

amount of AMD pumped into the "reactor" pit can. therefore. be regulated. This 

approach gives some conaol over the treatment process and is. therefore. an improvement 

over the direct impiementation of the SRB in the holding pit. 

The size of the pit and the grave1 bed and the operation of the system will be 

discussed with respect to the data and experience obtained in the work discussed in 

Chapter 5. A sizing of the p v e l  bed can be done using the dimensionless numbers 

proposed in this thesis. 

6.2.1 Sizing of the Treatment System 

The dimensionless numbers were constmcted to describe the relationship between various 

physical parameters of the gravel bed and sulfate nmoved by SRB activity, in a form that 



would be useful for the sizing of a full scaie treatment system. The constraints were that 

the dynarnics and the operating conditions of the final system should be the same. The 

parameten used were the void volume. cycle volume. total surface area of grave1 in the 

bed and the superficial surface area. 

If the dimensionless numbers proposed in this thesis are used to size the grave1 

bed then a bed with parameters that yield a value for D in the range of 0.0075 to 0.015 

and a value for F of about 0.005 is desired with a treatment period of 7 days. The pro- 

portion of sulfate removed and the rate of sulfate removal were highest for these values 

of D and F respectively. The inclusion of the cycle volume in the dimensionless numbers 

takes into account the voiume of fresh AMD introduced into the system and this. along 

with any time constraints. will help to detennine the final capacity of the pit. 

6.2.2 Operation of the "Reactor" Pit 

The reactor pit c m  be operated as either a continuous flow reactor or a sequential batch 

reactor (SBR). Since these dimensionless numbers were obtained for a system operating 

in a batch mode, the operation of the reactor pit will be considered only fiom this point 

of view. In a SBR, at the end of the batch reaction, a portion of the water column is 

removed and replaced with fresh influent and the batch process occurs again. This proce- 

dure can be repeated for as long as necessary. This type of reactor has been successfully 

used to treat wastewaters from the agricultural and food processing industries (Lo et al.. 

1988: Hadjinicolaou, 1989; Fernandes and McKyes. 199 1). 

There are five stages. or periods. in each cycle of the operation of an SBR. These 

are "Fill", "React", "Settle", "Draw" and "Idle" Fresh wastewater is inaoduced into the 

reactor in the Fill period. In the React and Settle period. the treatment process occurs 

until completion and separation of biomass and water takes place. The treated water is 

removed from the reactor in the Draw penod and the sludge and biomass is left behind. 

The Idle period is the tirne between the Draw and rhe next Fil1 penod and may not exist. 

depending on the operation (hine. 1979). 

Mixing occurs in the fil1 period as the fresh wastewater effluent is introduced into 



the reactor. This facilitates the exchange ktween the active site and fresh AMD and 

nutrients. Mixing aiso causes aeration which could be detrimental to SRI3 activity since 

SRB are anaerobes. However. as was observed in the work presented in this thesis. the 

SRB are able to survive short exposure to aerobic conditions. 

The volume of the water column removed and replaced in the Draw and Fil1 stages 

would be 50 to 67% of the water column present in the reactor pit. The filling of the pit 

would be accomplished by a pump to move the AMD out of the mine pit and into the 

reactor pit (Figure 6.1). The removal of water from the reactor would probably also be 

done by a pump though it is possible that this could also be achieved by p v i t y .  

The React period would be 7 days since the dimensionless numbers were obtained 

from data obtained over the Fust 7 days of the process. The React period can be readily 

extended or shortened in the SBR mode of operation. This cm be controlled by on-line 

monitoring water conditions over the course of the React stage. The pH and ORP are 

parameters indicating water condition that can be easily measured and monitored. The 

use of electrical conductivity may be a more sensitive on-line monitoring method, but this 

remains to be investigated and developed further. The best monitoring of water quality 

would be a method for rapid on-line measurement of metal and sulfate concentrations. 

The length of the React period rnay depend ultimately on the desired level of sulfate 

concentration in the treated water. Although most of the metals have been precipitated 

and the acidity lowered, the sulfate is still relatively elevated at the end of 7 days. 

The Idle period could either be eliminated entirely or be used to remove precipi- 

tates if the accumulation of particulates should interfere with the functioning of the 

system. 

A number of pits in parallel could be used if the volume of water involved is great 

or if the window of time in which treatment must be accomplished for a given site is 

restricted. The efflux Stream from the pits could be discharged through a polishing pond 

containing SRB to scavenge and remove any metals left in the water (Figure 6.1). In any 

case. it would be useful to have at least two pits operating at the same time so that if one 

should fail the other would still be available. 



6.3 Concluding Remarks 

The use of a second smaller pit would permit for some controol over the aeatment process 

that would not be possible if the SRB process were to be implemented directly in the 

holding pit. The operation of the pit as a sequential batch reactor (SBR) rather than as 

a continuous flow reactor was proposed. The SBR mode of operation has several 

advantages which are: (i) no requirement for low flow rates allowing for sufficient contact 

time between the AMD and the SRB which now o c c m  under stagnant conditions in the 

React penod; (ii) little or no wash out of biomass from the system: (iii) the system 

possesses some adaptability with respect to contact time should there be any abrupt 

changes in the quality of the AMD. The flexibility of the system lies in the capacity to 

adjust the length of the React period to ensure that there is sufficient contact time. This 

is accomplished by either delaying or expediting the drawing of water from the pit and 

filling it with fresh AMD. 



7. CONCLUSIONS 

This study investigated the relationships between the physical parameters of the pave1 

bed and SRI3 activity in a sequential batch mode of operation. Several conclusions were 

reached. 

The initial phase was the inoculation of the gravel bed with a population of SRB. 

The results showed that the bacteria were able to establish and maintain themselves in the 

presence of AMD when the diameter of the puticles did not exceed ln" and if the 

particles were not smooth. SRB were not established in the beds composed of 3/4" 

granite gravel or of IR" glass balls. This suggested that a void volume to total surface 

area relationship and the nature of the p v e l  were key parameters affecting the ability of 

SRI3 to establish themselves successfully in the beds. 

The establishment of SRB occurred earlier in the limestone beds than in the p n -  

ite beds. However, no significant difference was observed with respect to the perform- 

ance of the different pave1 beds in the aeatment of AMD. This could be explained in 

the following rnanner. During the establishment phase. the conmbution of alkalinity to 

the system by the p v e l  itself may be important. however. once the SRB are established. 

SRB activity is the major source of alkalinity in the system and is no longer dependent 

on any contributions by the gravel itself. Also, the coating of the gave1 by the bacteria 

may physically interfere with and limit any further role of the grave1 as a source of alka- 

Iinity to the system. 

The investigation demonsuated clear relationships between p v e l  bed pararneters 

and SRB activity. Furthemore. the effects of varying loads of fresh AMD on the system 

could best be described using dimensionless numbers. These numbers are loading-to- 

sediment ratios (LIS). Two such numbers. D and F were consrmcted and proposed. D 

was useful for describing the relationships between gravel bed pararneters. AMD (sulfate) 

loading and bacterial activity with respect to the proportion of sulfate removal while F 



was useful with respect to the rate of sulfate removal. The ciifference appears to be relat- 

ed to the volume cycled to void volume ratio, (VJVJ), wherein, the proportion of sulfate 

removed was related to the V,, while the rate of sulfate removal was related to V,, the 

amount of sulfate inaoduced into the system. The relationships were that the arnount of 

sulfate removed increased as V,  increased. and the rate of sulfate removal increased as V,  

increased. The rate of sulfate reduction was, therefore, dependent on the amount of 

sulfate present while the amounr of sulfate removed was dependent on the number of 

bactena present. Consequently. with respect to the proportion of sulfate removed. the 

initial amount of sulfate was important while in the case of rate of sulfate removal. the 

total surface area of the gravel bed and access to this surface was the major consideration. 

Thus, for a gven combination of physical parameters of the gravel bed and operating 

conditions, the rate of sulfate removal cm be high while the amount of sulfate removed 

can be low, and conversely. the amount of sulfate removed can be high while the rate of 

removal can be low. The results indicated that a gravel bed with a D value of about 

1x10'~ to 1.5~10-~ provided the optimal conditions for sulfate removal over 7 days. The 

bed with an F value of 0.5~10'~ and lower would be desirable as the rates of sulfate 

removal were highest for this range of F values. 

The operaaon of the columns as sequential batch reactors eliminated the need for 

slow flow rates while allowing for sufficiendy long retention Urnes. Also. the use of a 

batchwise mode instead of a continuous mode simplified the interpretation of the data 

with respect to a steady state, and allowed for the cornparison of the results obtained from 

various cycles. The resulu of the study indicated that a draw volume that was two-thirds 

(67%) of the water column volume yielded good results with respect to sulfate removal 

with a hydraulic retention tirne of 7 days. The level of sdfate removal and elevation of 

pH attained in these 7 days were sufficient to remove greater than 90% of the metals. 

The removal of the treated water can be done rapidly as possible since it is 

unlikely to have an effect on the performance of the system. The introduction of the 

fresh AMD can be done rapidly since no adverse effects were observed as a result of such 

an action. The rapid addition of AMD would also provide some mixing. The Draw and 



Fill periods cm, therefore, be relatively short as compwd to the React period. 

The use of elecnical conductivity measurements to monitor bacterial activity in 

the p v e l  bed was shown to be possible and warrants further research. A correlauon 

between the changes in conductivity and the SRB activity was tentatively established. 

This was accompiished by the use of control columns where no SRB were introduced into 

the system. Little or no changes in conductivity measurements were observed in the 

control columns. However, further examination is required for the proper interpretation 

of the traces obtained in this study. This work is worth pursuing since it will allow for 

a rapid on-line method for monitoring bacterial activity in a gravel bed without disturbing 

the sediment for taking samples. 

Overail, the study demonstrated that relationships do exist between various physic- 

al aspects of a gravel bed and the biological activity of SRB in the system and that they 

can be quantifieci and described using dimensionless numbers. The use of the dimension- 

less numbers to size ~ a v e l  beds and pits in the field for the treatment of AMD by SRB 

has to be further investigated as the values for the dimensionless numbers may Vary under 

different operating and bed conditions. However, the basic relationships contained in the 

dimensionless numbers should remain applicable. 



8. RECOMMENDATIONS 

The colurnn leactors was operated with the knowledge that certain limitations existed in 

the system. Such limitations should be investigated in future studies since they may have 

important consequences on the dimensionless numbers. The limitations were: 

1. The assumption that numtional requirements are satisfied. 
. . 
II. The systems were operated only at room temperature. 

iü. The superficiai surface area was a constant. 

iv. The assumption that the void volume does not change over the course of 

the experiment. 

The results obtained in the study with the column reactors were obtained under 

conditions where they were not nument lirnited. The nutritional requirements of the SRB 

were met by using ammonium chlonde as a nitmgen source, and sodium lactate, an easily 

accessible carbon source. It is unlikely that such abundant concentrations of lactate would 

be found in AMD which is nutrient poor. However, the examination of nutrient limitation 

was considered to be outside the immediate scope of this study. Likewise. the operation 

of the reactors was only at room temperature whereas on site a wide range of tempera- 

tues will be experienced. This needs to be addressed in future studies. 

The dimensionless nurnber should be tested by varying the superficial surface area 

while rnaintaining a constant total surface area. This should provide more information 

on the limitations of the dimensionless number and more information for the proper sizing 

of the grave1 bed. Similarly. different geometries of the grave1 bed should be exarnined 

to see if this will have any affect on the relationships between the dimensionless numbers 

and sulfate removal. 

The effect of precipitate on the system has not been considered. This may have 

the effect of diminishing the void volume but it may aiso increase the total surface area 

on which the SRB c m  establish themselves. The question of what to do with the 

precipitate also needs to be addressed. Resently it would seem to be best to leave it 

undisturbed. 



The start-up period should be studied in more detail since any information 

obtained on this particuiar phase of the process would be of use in optimizing and 

facilitating the establishment of the SRB on site. 

The use of supports other than limestone which may contribute towards the alka- 

linity of the system should be examined and compared with the results obtained in this 

study. This should also c o n f h  the hypothesis that coating of the limestone results in 

the negation of any possible advantap offered by the limestone during the course of the 

run. 



9. ORIGINALITY AND CONTRIBUTIONS TO KNOWLEDGE 

The original aspects of this thesis and contributions to knowledge are: 

1. The design of a reactor system in which environmental conditions in the gravel 

bed and water column could be easily monitored in situ. This was achieved 

by usine a central perforated PVC pipe down which pH and ORP electrodes could 

be lowered to any depth and from which water sarnples could be withdrawn at any 

level in the reactor. The consequences of this design were that: (i) there was no 

need to withdraw a large number of water samples from the reactor. (ii) disturb- 

ances to the system were minimized, and (iii) only the minimum number of 

electrodes were required. 

2. The construction of dimensionless numbers to describe relationships between 

various physical parameters of the gravel bed reactor system. The dimension- 

less numbers basically descnbed the loading of sulfate (AMD) on a gravel bed 

with a specific configuration and cm. therefore. be considered to be L/S (Load- 

indsediment) ratios. The relationship between the dimensionless numbers and the 

arnount and rate of sulfate removal provides information about the sizing and 

implementaton of gravel beds for the ueatment of AMD by SRB. 

3. An investigation into the use of electrical conductivity to monitor SRB activity in 

a gravel bed. The SRB are anaerobic bacteria that tend to aggregate on surfaces 

which make them difficult to culture and enumerate. The measurement of elecmc 

conductivity may. therefore. provide a simple and rapid method of monitoring 

SRB activity in gravel beds. Previous attempts had been to use the measurement 

of impedance as a means of monitoring SRB activity in soi1 samples. 
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APPENDIX 



APPENDIX A 

Sulfate Analysis - Turbidometric Method 

The turbidometric method is that described in Standard Methods for the Examination of 
Wasteivater, 17th edition. 

1. Reagents 
1. Buffer Solution 

Ingredients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ouantity 
MgCl? 6Hz0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 g 

. . . . . . . . . . . . . . . . . . . . . . . . .  CH,COONa 3Hz0 5 g 
KNO, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  lp0 
Acetic Acid (99%) . . . . . . . . . . . . . . . . . . . . . . . . .  20 rnL 

Mix in 500 mL distilled -0 and make up to 1000 mL. 

2. Barium chloride crystds, 20-30 mesh 

3. Standard sulfate solutions (1.00 mL = 100 pg ~0, '~)  
1 )  10.4 mL 0.0200 N H2S0, in 100 rnL distilled H,O 
2) 0.1479 g N+S04 in 1000 rnL distilled H,O 

The working range of the sulfate analysis: 1-40 mg sulfatek. 

II. Procedure 
1. Put 100 mL of sample with an appropriate concentration in a 250 rnL Erlenmeyer 

flask. 
2. Add 20 rnL of the buffer solution. 
3. Mix and add a spoonful (0.2-0.3 rnL) Bac& and begin timing 60 s imrnediately 

while stimng at a constant speed. 
4. Pour solution into a cuvette and measure the turbidity at 420 nrn after 5 I 0.5 min. 

A standard curve was first constructed using samples with known concentrations of 
sulfate. 

This method was adapted for smaller volumes of samples and buffer solutions. All 
volumes were divided by 10. Standard curves were made using both the standard 
volumes as described above in the Procedure and with the smaller volumes. No 
difference wâs observed between the two curves. 

The slope of the standard curve was 0.01 1 and the y-intercept was -0.055. The equation 
of the line was therefore: y = 0.011~ - 0.055, where x is the concentration of sulfate and 
y is the absorbance at 420 nm. This equation was used to calculate the concentration of 
sulfate from the absorbance. 



APPENDIX B 

The Protocol for the Preparation of Synthetic AMD 

The desired quantity of distilled water was acidified using hydrochloric acid to a final pH 
of 3. The following metal salts were added to the water to obtain concentrations of 
rnetals sirnilar to that found in the second batch of Mattabi water. 

Chernical Desired 
Conc. of 
Metal 
(mg/L) 

131.1 

590.2 

45.2 

208.6 

203.1 

36.7 

348.6 

Amount required 
to rnake 1 L 

(mg) 

Amount Sulfate 
added 1 L 

(mg) 

Totai sulfate added 3934.17 

The pH of the water after addition of the metals was rneasuted and recorded. Sodium 
lactate (4 g/L) and ammonium chloride (0.5 g/L) were added and the pH was measured 
and recorded. 



APPENDIX C 

ELEMENTAL ANALYSIS DATA 



CYCLE 1 

Al1 samples are fmm O", surface of grave1 bed. 

Column 1: U4" granite, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Fe Mn Zn S 
1 33 110 19 6 685 
28 1 1 12 O 466 

Column 2: U4" granite, no SRB 
D W  Metai Concentrations (m@) 

Al Fe Mn Zn S 
1 21 103 26 164 8 10 
28 9 66 26 135 813 

Column 3: Y4" limestone, with SRB 
D ~ Y  Metai Concentrations (mgL) 

Al Fe Mn Zn S 
1 4 74 10 33 456 
28 O 1 O O 187 



CYCLE 1 

Al1 samples are from C, surface of grave1 bed. 

Column 4: î/2" granite, with SRB 
Day Depth Metal Concentrations (mg&) 

(") Al Fe Mn Zn S 
1 O 8 96 21 15 783 

3 9 105 22 14 795 
6 15 129 23 25 830 
9 24 151 23 44 867 
12 34 171 29 49 888 

Column 5: i/2" granite, no SRB 
Day Depth Metal Concentrations (mg/L) 

(") Al Fe M n  Zn S 
1 O 61 144 28 240 953 

3 64 152 28 244 972 
6 65 158 29 247 994 
9 68 163 29 25 1 1010 
12 69 166 29 253 1020 

Column 6: V2" limestone, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Fe fi Zn S 
1 12 6 13 2 583 
28 1 O 5 O 456 



CYCLE 2 

Al1 samples are from O", surface of grave1 bed. 

Column 1: Y4" granite, with SRI3 
Dar Metal Concentrations (mg&) 

Al Ca Fe M n  Zn S04  

Column 2: Y4" granite, no SRB 
D ~ Y  Metai Concentrationa (mfi) 

Al Ca Fe Mn Zn S04 

Column 3: Y4" limestone, with SRB 
D ~ Y  Metal Concentrations (mfi) 

Ai Ca Fe Mn Zn S04 



CYCLE 2 

AN samples are fmm O", surface of grave1 bed  

Column 4: Y2" granite, with SRB 
D ~ Y  Metal Concentrations (mgL) 

Al Ca Fe Mn Zn S 0 4  

Column 5: Y2" granite, no SRB 
D ~ Y  Metal Concentrations (mg@) 

Al Ca Fe Mn Zn S 0 4  

Column 6: i/2" limestone, with SRB 
D ~ Y  Metal Concentrations (mgL) 

Al Ca Fe Mn Zn S 0 4  



CYCLE 4 

Al1 samples are from O", the surface of the grave1 bed 

Column 1: î/4" granite, with SRB 
D ~ Y  Metal Concentrations (m&) 

Al Ca Cu Fe Mn Zn 

Column 2: Y4" granite, no SRB 
D ~ Y  Metal Concentrations (rnfi) 

Al Ca Cu Fe Mn Zn 

Column 3: Y4" limestone, with SRI3 
D ~ Y  Metai Concentrations (mgL) 

Al Ca Cu Fe Mn Zn 

Column 7: i/4" limestone, no SRB 
D ~ Y  Metal Concentrations (mg&) 

Ai Ca Cu Fe Mn Zn 



CYCLE 4 

Al1 samples are fmm O", the surface of the grave1 bed. 

Column 4: U4" granite, with SRB 
D ~ Y  Metal Concentrations (mg&) 

AI Ca Cu Fe Mn 

Column 5: U4" granite, no SRB 
D ~ Y  Metal Concentrations (w) 

AI Ca Cu Fe Mn 

Column 6: i/4" limestone, with SRB 
D ~ Y  Metai Concentrations (m&) 

AI Ca Cu Fe Mn 



CYCLE 5 

Ali samples are from O", the surfaœ of the grave1 bed. 

Column 1: Y4" granite, with SRB 
Dar Metai Concentrations (mg/L) 

Al Ca Cu Fe Mn 

Column 2: U4" granite, no SRB 
D ~ Y  Metal Concentrations (mg&) 

AI Ca Cu Fe Mn 

Column 3: U4" limestone, with SRB 
D ~ Y  Metal Concentrations (rnfi) 

At Ca Cu Fe Mn 

Column 7: U4" limestone, no SRB 
DW Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 



CYCLE 5 

Al1 sarnples are from O", the surface of the gravei beà. 

Column 4: 1/2" granite, with SRB 
D ~ Y  Metal Concentrations (mg&) 

Al Ca Cu Fe Mn 

Column 5: 1/2" granite, no SRB 
D ~ Y  Metal Concentrations (m&) 

Al Ca Cu Fe Mn 

Column 6: i/2" limestone, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 



CYCLE 6 

Column 1: U4" granite, with SRB 
D ~ Y  Metai Concentrations (mgL) 

Al Ca Cu Fe Mn 

Column 2: Y4" granite, no SRB 
D ~ Y  Metal Concentrations (m&) 

Al Ca Cu Fe Mn 

Column 3: U4" limestone, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 

Column 7: Y4" limestone, no SRB 
D ~ Y  Metai Concentrations (rngL) 

Al Ca Cu Fe Mn 



CYCLE 6 

All samples are from O", the surface of the grave1 bed. 

Column 4: l/2" granite, with SRB 
D ~ Y  Metal Concentrations (mg&) 

Ai Ca Cu Fe M n  

Column 5: Y2" granite, no SRI3 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe M n  

Column 6: UZ1' limestone, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 



Ail simples are from O", the surface of the grave1 bed. 

Column 1: l/4" granite, Witb SRB 
D ~ Y  Metal Concentrations (mg&) 

Al Ca Cu Fe Mn 

Cohmn 2: U4" granite, no SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 

Colurnn 3: U4" limestone, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 

Column 7: Y4" Iimestone, no SRB 
D ~ Y  Metal Concentrations (mg&) 

Al Ca Cu Fe Mn 



CYCLE 7 

Al1 samples are fmm O", the surface of the grave1 bed. 

Column 4: l/2" granite, with SRB 
D ~ Y  Metal Concentrations (m&) 

AI Ca Cu Fe Mn s 0 4  Zn 

Column 5: U2" granite, no SRB 
D ~ Y  Meta1 Concentrations (mg/L) 

Al Ca Cu Fe Mn so4 Zn 

Column 6: U2" limeatone, with SRB 
D ~ Y  Metai Concentrations (m&) 

Al Ca Cu Fe Mn so4 Zn 



CYCLE 8 

AI1 samples are from O", the surface of the grave1 bed. 

Column 1: i/4" granite, with SRB 
D ~ Y  Metal Concentrations (mg/L) 

Ai Ca Cu Fe Mn so4 

Column 2: 114" granite, no SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn so, 

Column 3: 1/4" limestone, with SRB 
D ~ Y  Metal Concentrations (mgL) 

Al Ca Cu Fe Mn so4 

Column 7: 1/4" limestone, no SRB 
D ~ Y  Metal Concentrations (mg&) 

AI Ca Cu Fe Mn so4 



CYCLE 8 

Al1 samples are from O", the surface of the grave1 bed. 

Column 4: l/2" granite, with SRB 
D ~ Y  Metal Concentrations (rngL) 

Al Ca Cu Fe Mn Zn 

Column 5: l/2" granite, no SRB 
D ~ Y  Metai Concentrations (mgL) 

Al Ca Cu Fe Mn Zn 

Column 6: l/2" limestone, with SRI3 
D ~ Y  Metai Concentrations (mg/L) 

Al Ca Cu Fe Mn Zn 



CYCLE 9 

Ail samples are from O", the surface of the grave1 bed 

Column 1: U4" granite, with SRB 
D ~ Y  Metal Concentrations (m&) 

Al Ca Cu Fe Mn 
O 8.33 530.74 1.38 44.5 8 18.35 
7 1.67 550.02 0.29 540 14.98 

Column 2: Y4" granite, no SRB 
D ~ Y  Metal Concentrations (mg/L) 

Al Ca Cu Fe Mn 
O 4.60 769.99 2.15 8-40 35.75 
7 1.47 786.11 1.39 3.5 1 35.7 1 

Column 3: Y4" limestone, with SRB 
D ~ Y  Metai Concentrations (m&) 

Al Ca Cu Fe Mn 
O 9.00 415.87 0.90 36.37 12.00 
7 1.10 384.71 0.58 0.66 7.16 

Column 7: U4" limestone, no SRB 
D ~ Y  Metai Concentrations (mg/L) 

Aï Ca Cu Fe M n  
O 10.08 716.49 5.09 19.50 31.11 
7 5.74 724.46 4.16 11.33 30.88 

Column 4: Y2" granite, with SRB 
D ~ Y  Metal Concentrations (mgL) 

Al Ca Cu Fe M n  
O 102.30 591.81 4.79 179.28 35.13 
7 59.93 638.71 0.48 142.41 40.3 1 

Column 5: U2" granite, no SRI3 
D ~ Y  Metal Concentrations (m@) 

Al Ca Cu Fe Mn 
O 127.36 571.98 35.49 203.30 37.96 
7 130.60 566.29 42.24 206.06 37.25 

Column 6: U2" limestone, with SRB 
D ~ Y  Meîai Concentrations (m@) 

Al Ca Cu Fe Mn 
O 105.90 611.73 6.09 192.61 56.61 
7 67.32 656.45 0.53 178.88 U.50 



Day O 
Average 
Std. Dev. 
Std. Erre 

Conf. Limit 
% Conf. 
In tervat 
Avge-Cod 
Avg.+Conf. 

Day 28 
Average 
Std. Dev. 
Std. Err. 

Confidence 
% Conf. 
Interval: 
Avg.-Conf'. 
Avg.+Conf. 

APf ENDIX D 

Intewals of Confidence (95 %) for 
Sulfate Concentrations on Days O and 28. 

U4" G 
Ctl 

2971.1 
340.8 
1 13.6 

262.0 
8.8 

2709.1 
3233.1 

2862.4 
3 14.0 
111.0 

262.6 
9.2 

2599.8 
3 1 24.9 

1/4" L 
Ctl 

2832.7 
415.6 
157.1 

384.3 
13.6 

2448 -3 
32 17.0 

2589.7 
664.3 
27 1.2 

697.2 
26.9 

1892.4 
3286.9 

'C;: Granite; L: Limestone; Exp: Inocutated with SRB; CU: Lontrol, no SRB; Std. Dev: Standard 1)eviatton; 
Std. Err.: Standard Error; Avg.: Average; Conf.: Confidence. 



APPENDIX E 

pH AND OXIDATION REDUCTION POTENTIAL MEASUREMENTS 



CYCLE 1 

Column 1: 1/4" granite, with SRB 

PH 

Depth Day 
(") -2 

O 6.95 
1 6.95 
7 - 6.9 
3 6.7 
4 6.7 
5 6.65 
6 6.65 
7 6.7 
8 6.7 
9 6.7 
10 6.7 
11 6.5 
12 6.4 

ORP (mV) 

Depth Day 
(") -2 
O -3 80 
1 -380 
2 -380 
3 -380 
4 -375 
5 -375 
6 -375 
7 -370 
8 -370 
9 -370 
1 0  -370 
11 -350 
12 -200 



Changes in pH and ORP over tirne and depth. 
Column 1: 114" granite inoculated with SRB. Cycle 1: V, = 4L. 



CYCLE 1 

Coiumn 2: 1/4" granite. no SRB 

Depth Day 
(") -2 O 

ORP (mV) 

Depth Day 
(") -2 O 



Changes in pH and ORP over time and depth. 
Column 2: 1/4" granite with no SRB, control. Cycle 1 : V, = 4L. 



CYCLE 1 

CoIumn 3: 114 limestone, with SRI3 

Depth Day 
(") -2 O 1 4 

ORP (mV) 

Depth Day 
("1 -2 O I 4 



Changes in pH and ORP over time and depth. 
Column 3: 114" limestone inoculated with SRB. Cycle 1: V, = 4L. 



CYCLE 1 

Column 7: 114 limestone, no SRB 

Depth Day 
(") -2 O 1 4 7 9 14 21 28 34 35 

O No data for Cycles I and 2 
1 
2 
3 
4 

ORP (mV) 

Depth Day 
(") -2 O 1 4 7 9 14 21 28 34 35 

O No data for Cycles I and 2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I I  
12 



CYCLE 1 

Colurnn 4: 1/2" granite. with SRB 

PH 

Depth 
('7 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 

ORP (mV) 

Depth Day 



Changes in pH and ORP over tirne and depth. 
Column 4: ln" granite inoculateci with SRB. Cycle 1: V, = 4L. 



CYCLE 1 

Colurnn 5: 112" granite, no SRB 

PH 

Depth Day 
("> - 2 

O 4.95 
1 4.95 
2 4.95 
3 4.95 
4 4.95 
5 5 
6 5 
7 5 
8 5 
9 5 
10 5 
I l  5 
12 5 

ORP (mV) 

Depth Day 
(" - 2 

O 200 
1 200 
2 210 
3 215 
3 215 
5 215 
6 215 
7 215 
8 215 
9 220 
10 220 
11 220 
12 220 



Changes in pH and ORP over time and depth. 
Column 5: IR" granite with no SRB, control. Cycle 1: V, = 4L. 



CYCLE 1 

Colurnn 6: 1/2" limestone, with SRl3 

Depth Day 
(") - 2 1 3 6 

ORP (mV) 

Depth 
(") 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11  
12 



Changes in pH and ORP over time and depth. 
Column 6:  ln" limestone inoculated with SRB. Cycle 1: V, = 4L. 



CYCLE 2 

Column 1: 1/4" granite, with SRB 

Depth Day 
(" > - 1 O 1 

ORP (mV) 

Depth 
('7 

O 
1 
3 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 



O runr (d) 

Changes in pH and ORP over time and depth. 
Colurnn 1:  1/4" granite inoculated with SRB. Cycle 2: V, = 4L. 



CYCLE 2 

Column 2: 114" granite. no SRB 

PH 

Depth Day 
("1 - 1 

O 5.7 
1 5.7 
2 6.1 
3 6.3 
4 6.3 
5 6.3 
6 6.3 
7 6.35 
8 6.3 
9 6.3 
1 O 6.3 
I I  6.35 
12 6.35 

ORP (mV) 

Depth Day 
(") - I 

O 190 
1 40 
2 40 
3 -15 
4 -20 
5 -25 
6 -30 
7 -30 
8 -30 
9 -30 
10 -35 
1 1  -35 
12 -35 



Changes in pH and ORP over time and depth. 
Colurnn 2: 1/4" granite with no SRB. control. Cycle 2: V, = 4L. 



CYCLE 2 

Colurnn 3: 1/4" Iimestone, with SRB 

PH 

Depth Dat 
("1 - 1 

O 6.9 
1 6.9 
2 6.9 
3 6.9 
4 6.9 
5 6.9 
6 6.9 
7 6.9 
8 6.85 
9 6.8 
10 6.7 
1 1  6.65 
12 6.65 

ORP (mV) 

Depth Day 
("> - 1 

O -370 
1 -375 
2 -380 
3 -380 
4 -380 
5 -380 
6 -380 
7 - -380 
8 -380 
9 -380 
10 -370 
11 -365 



Changes in pH and ORP over time and depth. 
Column 3: 114" limestone inoculated with SRB. Cycle 2: V, = 4L. 



CYCLE 2 

Column 4: 1/2" granite, with SRB 

PH 

Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

ORP (mV) 

Depth 
(" 1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 



Changes in pH and ORP over time and depth. 
Column 4: 1R" granite inoculateci with SRB. Cycle 2: V, = 4L. 



CYCLE 2 

Column 5: 1/2" granite. no SRB 

PH 

Depth Day 
(") O 

O 4.8 
1 4.8 
7 - 4.8 
3 4.8 
4 4.8 
5 4.7 
6 4.7 
7 4.7 
8 4.7 
9 4.7 
10 4.7 
11 4.7 
12 4.7 

ORP (mV) 

Depth Day 
("1 O 

O 225 
1 220 
2 220 
3 220 
4 220 
5 220 
6 220 
7 220 
8 220 
9 220 
IO 220 
1 1  220 
12 220 



Changes in pH and ORP over rime and depth. 
Column 5 :  1/2" granite with no SRB. conml. Cycle 2: V, = 4L. 



CYCLE 2 

Column 6: 1/2" limestone, with SRB 

Depth Day 
("1 O 1 2 5 7 14 21 28 35 

Depth Day 
("1 O 1 2 5 7 14 21 28 35 



Changes in pH and ORP over rime and depth. 
Column 6: In" limestone inoculated witb SRB. Cycle 2: V, = 4L. 



CYCLE 3 

Column 1: 1/4" granite. with SRB 

Depth Day 
(") - 1 O 2 3 7 14 22 28 

ORP (mV) 

Depth Day 
("1 - 1 O 2 3 7 14 22 28 



O r;mr (d) 

Changes in pH and ORP over tirne and depth. 
Column 1: 1/4" granite inoculated with S N .  Cycle 3: V, = 4L. 



CYCLE 3 

Column 2: 1/4" granite, no SRI3 

Depth Day 
("1 - 1 O 

ORP (mV) 

Depth Day 
("1 - 1 O 



Changes in pH and ORP over time and depth. 
Column 2: 114" granite with no SRB. control. Cycle 3: V, = 4L. 



CYCLE 3 

Column 3: 114" Iimestone, with SRB 

Depth Day 
("1 - 1 

ORP (mV) 

Depth 
(") 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 



Changes in pH and ORP over time and depth. 
Column 3: 114" limestone inoculated with SREL Cycle 3: V, = 4L. 



CYCLE 3 

Column 7: 1/4" lirnestone, no SRB 

Depth Day 
( '7 - 1 O 

ORP (mV) 

Depth Day 
('7 - 1 O 



Changes in pH and ORP over time and depth. 
Column 7: 1/4" limestone with no SRB. control. Cycle 3: V, = 4L. 



CYCLE 3 

Column 4: 1/2" granite, with SRI3 

Depth Day 
("1 -2 O I 3 

ORP (mV) 

Depth Day 
($7 -2 O 1 3 



Changes in pH and ORP over tirne and depth. 
Column 4: ln" granite inoculated with SRB. Cycle 3: V, = 4L. 



CYCLE 3 

Column 5: 1/2" granite, no SRB 

PH 

Depth Day 
('7 -2 

O 4.7 
1 4.7 
2 4.7 
3 4.7 
4 4.7 
5 4.7 
6 4.7 
7 4.7 
8 4.7 
9 4.7 
10 4.7 
I I  4.7 
12 4.7 

ORP (mV) 
Depth Day 
( '7 -2 

O 200 
1 200 
2 200 
3 200 
4 200 
5 200 
6 200 
7 200 
8 200 
9 200 
10 200 
1 1  200 
12 200 



Changes in pH and ORP over time and depth. 
Colurnn 5:  IR" granite with no SRB. control. Cycle 3: V, = 4L. 



CYCLE 3 

Coiumn 6: 1/2" limestone, with SRB 

Depth Day 
(") -7 - O 1 3 5 7 14 21 

ORP (mV) 

Depth Day 
(") -2 O 1 3 5 7 14 21 



Changes in pH and ORP over Ume and depth. 
Column 6: ln" limestone inoculateci with SRB. Cycle 3: V, = 4L. 



Column 1: 114" granite. with SRB 

Depth Day 
("1 -2 

ORP (mV) 

Depth Day 

CYCLE 4 



Changes in pH and ORP over time and depth. 
Colum 1: 114" granite inoculated with SRB. Cycle 4: V, = 4L. 



CYCLE 4 

Column 2: 114" granite, no SRB 

Depth Day 
('7 - 2 O - 7 7 14 21 28 

ORP (mV) 

Depth Day 
(") - 2 O 2 7 14 21 28 



Changes in pH and ORP over tirne and depth. 
Column 2: 1/4" granite with no S M .  control. Cycle 4: V, = 4L. 



Column 3: 1/4" limestone, with SRB 

PH 

Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12 

ORP (mV) 

Depth 
(") 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

CYCLE 4 



Changes in pH and ORP over time and depth. 
Column 3: 1/4" limestone inoculated with SRB. Cycle 4: V, = 4L. 



CYCLE 4 

Column 7: 1/4" lirnestone, no SRB 

PH 

Depth Day 
("1 -2 

O 6.05 
1 6.1 
3 - 6.2 
3 6.2 
4 6.2 
5 6.2 
6 6.15 
7 6.15 
8 6.15 
9 6.15 
10 6.15 
I l  6.15 
12 6.15 

ORP (mV) 

Depth Day 
(" 1 -2 

O -50 
1 -70 
2 -95 
3 -95 
4 -90 
5 -85 
6 -80 
7 -75 
8 -70 
9 -65 
10 -65 
1 1  -60 
12 -90 



Changes in pH and ORP over time and depth. 
Column 7: 1/4" lirnestone with no SR& control. Cycle 4: V, = 4L. 



CYCLE 4 

Column 4: 1/2" granite, with SRB 

PH 

Depth 
(") 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 O 
I l  
12 

ORP (mV) 

Depth Day 
("1 - 2 



Changes in pH and ORP over time and depth. 
Colurnn 4: ln" granite inoculated with SRB. Cycle 4: V, = 4L. 



CYCLE 4 

Column 5: 1/2" granite. no SRB 

PH 

Depth Day 
('7 -2 

O 4.9 
i 4.9 
7 
h 4.9 
3 4.9 
4 4.9 
5 4.9 
6 4.9 
7 4.9 
8 4.9 
9 4.9 
10 4.9 
1 1  4.9 
12 4.9 

ORP (mV) 

Depth 
( I ' )  

O 
1 
3 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 



Changes in pH and ORP over time and depth. 
Column 5 :  IR" granite with no S M .  connol. Cycle 4: V, = 4L. 



CYCLE 4 

Column 6:  1/2" limestone, with SRB 

Depth Day 

ORP (mV) 

Depth Day 
( 'O -7 - 



Changes in pH and ORP over time and depth. 
Column 6: ln" iimestane inoculateci with SRB. Cycle 4: V, = 4L. 



CYCLE 5 

Column 1: 1/4" granite, with SRB 

Depth Day 
("1 -1 O 1 7 14 21 28 35 

Depth Day 
("1 -1 O 



Changes in pH and ORP over time and depth. 
Column 1: 1/4" granite inoculated with SRB. Cycle 5:  V, = 2L. 



CYCLE 5 

Column 2: 1/4" granite, ctl 

Depth Day 
("1 -1 

ORP 

Depth Day 
("1 -1 O 1 



Changes in pH and ORP over tirne and depth. 
Column 2: 114" granite with no SRB, control. Cycle 5:  V, = 2L. 



CYCLE 5 

Column 3: 1/4" iimestone, with SRB 

PH 

Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

ORP 

Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 



Changes in pH and ORP over time and depth. 
Column 3: 1/4" Iimestone inoculated with SRB. Cycle 5: V, = 2L. 



CYCLE S 

Deptti Day 
("1 -1 O 

ORP (mV) 

Depth Day 
("1 -1 

O O 
1 -5 
2 -15 
3 -10 
4 -10 
5 -5 
6 -5 
7 O 
8 O 
9 5 
10 5 
11 - 10 
12 -35 



Changes in pH and ORP over time and depth. 
Column 7: 1/4" limesrone with no S M .  control. Cycle 5: V, = 2L. 



CYCLE 5 

Column 4: 1/2" granite, with SRB 

Depth Day 
(") - 1 O 1 4 7 14 21 28 35 

ORP (mV) 

Depth 
(") - 1 O 1 4 7 14 21 28 35 



Changes in pH and ORP over tirne and depth. 
Column 4: ln" granite inoculated with SRB. Cycle 5: V, = 2L. 



CYCLE 5 

Column 5: 112" granite. no SRI3 

PH 

Depth Day 
(") - 1 

O 4.7 
1 4.7 
2 4.75 
3 4.75 
4 4.75 
5 4.75 
6 4.75 
7 4.75 
8 4.75 
9 4.75 
10 4.75 
I l  4.75 
12 4.75 

ORP (mV) 

Depth Day 
('7 - 1 

O 170 
1 170 
2 170 
3 170 
4 170 
5 170 
6 170 
7 170 
8 170 
9 170 
10 170 
1 1  170 
12 170 



Changes in pH and ORP over t h e  and depth. 
Column 5: IR" granite with no SRB. control. Cycle 5: V, = 2L. 



CYCLE 5 

CoIumn 6: 1/2" Limestone, no SRB 

PH 
Depth Day 
(3 - 1 

ORP (mV) 
Depth Day 
(") - 1 O 1 4 7 



Changes in pH and ORP over tirne and depth. 
Column 6: ln" limestone inoculated with SRB. Cycle 5 :  V, = 2L. 



CYCLE 6 

Column 1: 1/4" granite, with SRB 

Depth Day 
("1 O 

Depth Day 
("1 O 1 5 



Changes in pH and ORP over time and depth. 
Column 1 : 114" granite inoculated with SRB. Cycle 6: V, = 2L. 



CYCLE 6 

Column 2: 1/4" granite, ctl 

Depth 
("1 

ORP 

Depth 
("1 



Changes in pH and ORP over time and depth. 
Column 2: 1/4" granite with no SRB. control. Cycle 6: V, = 2L. 



CYCLE 6 

Column 3: 1/4" lirnestone, with SRB 

ORP 

Dcpth Day 
("1 O 



Changes in pH and ORP over time and depth. 
Column 3: 1/4" limestone inoculated with SRB. Cycle 6: V, = 2L. 



CYCLE 6 

Column 7: 1/4" limestone, ctl 

PH 

Depth 
C') 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

ORP 

Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 



Changes in pH and ORP over time and deptfi. 
Column 7: 1/4" limestone with no SRB. control. Cycle 6: V, = 2L. 



CYCLE 6 

Column 4: 112" granite, with SRB 

Depth Day 
("1 35 O 1 3 7 14 21 28 

ORP (mV) 

Depth Day 
(") 35 O 1 4 7 14 21 28 



Changes in pH and ORP over urne and depth. 
Column 4: IR" granite inoculated with SRB. Cycle 6: V, = 2L. 



CYCLE 6 

Column 5:  1/2" granite, no SRB 

PH 

Depth Day 
( '7 35 

O 4.65 
1 4.65 
2 4.65 
3 4.65 
4 4.65 
5 4.65 
6 4.65 
7 4.65 
8 4.65 
9 4.65 
10 4.65 
1 1  4.65 
12 4.65 

ORP (mV) 

Depth Day 
("1 35 

O 210 
1 210 
7 
L 210 
3 210 
4 210 
5 210 
6 210 
7 210 
8 210 
9 310 
10 210 
1 1  210 
12 210 



Changes in pH and ORP over time and depth. 
Column 5:  ln" granite with no SRB. conml. Cycle 6: V, = 2L. 



CYCLE 6 

Column 6: 112" iimestone, with SRB 

Depth Day 
("1 35 O 1 

ORP (mV) 
Depth Day 
("1 35 O 1 



Changes in pH and ORP over time and depth. 
Column 6: ln" limestone inoculated with SRB. Cycle 6: V, = 2L. 



CYCLE 7 

Column 1: 1/4" granite, with SRI3 

Depth Day 
( " ) - 1 

ORP (mV) 
Depth Day 
("1 - 1 



Changes in pH and ORP over time and depth. 
Column 1:  114" granite inoculated with SRB. Cycle 7: V, = 2L. 



CYCLE 7 

Column 2: 1/2" granite, no SRB 

Depth Day 
(@Y - 1 

ORP (mV) 
Depth Day 
('7 - 1 



Changes in pH and ORP over time and depth. 
Column 2: 1/4" granite with no S M ,  control. Cycle 7: V, = 2L. 



CYCLE 7 

Column 3: 1/4" lirnestone, with SRB 

PH 

Depth 
("1 

O 
1 
3 
L 

3 
4 
5 
6 
7 
8 
9 
10 
11  
12 

ORP (mV) 
Depth 
(") 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
1 2  



Changes in pH and ORP over tirne and depth. 
Column 3: 1/4" limesrone inoculated with SRB. Cycle 7: V, = 2L. 



CYCLE 7 

Colurnn 7: 1/4" iimestone, no SRB 

PH 

Depth Day 
("1 - 1 

O 5.8 
1 5.8 
2 5.85 
3 5.95 
4 6 
5 6.05 
6 6.1 
7 6.15 
8 6.15 
9 6.15 
IO 6.2 
11 6.2 
12 6.2 

ORP (mV) 

Depth 



Changes in pH and ORP over time and depth. 
Column 7: 1/4" limestone with no SRB. conuol. Cycle 7: V, = 2L. 



CYCLE 7 

Column 4: 1/2" granite, with SRB 

PH 

Depth 
(") 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

ORP (mV) 
Depth Day 
("1 - 2 O 



Changes in pH and ORP over tirne and depth. 
Column 4: ln4' granite inoculated with SRB. Cycle 7: V, = 2L. 



CYCLE 7 

Column 5: 112" granite, no SRB 

PH 

Depth Day 
("1 -2 

O 4.55 
1 4.55 
2 4.55 
3 3.55 
4 4.55 
5 4.55 
6 4.55 
7 4.55 
8 4.55 
9 4.55 
10 4.55 
11 4.55 
12 4.55 

O W  (mV) 
Depth Day 
('7 -2 

O 230 
1 225 
7 - 225 
3 225 
4 225 
5 225 
6 225 
7 225 
8 225 
9 225 
IO 220 
1 1  220 
12 220 



Changes in pH and ORP over time and depth. 
Column 5: 10" granite with no SRB. control. Cycle 7: V, = 2L. 



CYCLE 7 

Column 6: 1/2" Iimestone, with SM3 

Depth Day 
(") -2 O 1 3 7 14 21 28 

ORP (mV) 
Depth Day 
(") -2 O 1 3 7 14 21 28 



Changes in pH and ORP over tirne and depth. 
Column 6: IR" limestone inoculated with SRE3. Cycle 7: V, = 2L. 



CYCLE 8 

Column 1: 1/4" granite. with SRB 

Depth Day 
(") -5 O 1 3 7 14 21 28 

ORP (mV) 
Depth Day 
(") - 5 O 1 3 7 14 21 28 



Changes in pH and ORP over time and depth. 
Column 1 :  1/4" granite inoculaied with SRB. Cycle 8: V, = IL. 



CYCLE 8 

Colurnn 2: 1/4" granite. no SRB 

PH 

Depth 
('7 

O 
1  
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

ORP (mV) 
Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11  
12  



Changes in pH and ORP over time and depth. 
Column 2: 1/4" granite with no SRB, control. Cycle 8: V, = IL. 



CYCLE 8 

Column 3: 114" limestone, with SRB 

Depth 
( 'Y - 5 O 1 3 7 14 21 28 

ORP (mV) 
Depth 
(") - 5 O 1 3 7 14 21 28 



Changes in pH and ORP over time and depth. 
Column 3: 114" limestone inoculated with SRB. Cycle 8: V, = IL. 



CYCLE 8 

Column 7: 1/4" Iimestone, no SRI3 

Depth Day 
("> - 5 

ORP (mV) 
Depth 
("1 

O 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 



Changes in pH and ORP over time and depth. 
Column 7: 1/4" limestone with no SRB. control. Cycle 8: V, = IL. 



CYCLE 8 

Column 4: 1/2" granite, with SRB 

Depth Day 
(") - 5 

ORP (mV) 

Depth Day 
(" 1 - 5 



Changes in pH and ORP over time and depth. 
Column 4: In" granite inoculated with SRB. Cycle 8: V, = 6L. 



CYCLE 8 

Column 5:  IR" granite. no SRB 

Depth Day 
('7 -5 O 

ORP (mV) 
Depth Day 
('7 -5 O 



Changes in pH and ORP over tirne and depth. 
Column 5: IR" granite with no SRB. conuol. Cycle 8: V, = 6L. 



CYCLE 8 

CoIumn 6: 112" Iimestone, with SRB 

Depth Day 
("> -5 O 

ORP (mV) 
Depth 
("1 -5 O 



Chahges in pH and ORP over time and depth. 
Column 6: 1R" limestone inoculated with SRB. Cycle 8: V, = 6L. 



CYCLE 9 

Column 1: 1/4" granite, with SRB 

Depth Day 
("1 -7 O 1 3 7 14 21 28 

ORP (mV) 

Depth Day 
("1 - 7 O 1 3 7 14 21 28 



CYCLE 9 

Column 2: 114" granite, no SRB 

Depth Day 
0') - 7 O 

ORP (mV) 

Depth Day 
( IV) - 7 O 
O 185 155 
1 185 160 
2 180 165 
3 175 165 
4 175 155 
5 175 155 
6 170 155 
7 175 160 
8 175 170 
9 175 175 
10 175 185 
1 1  175 190 
12 170 190 



CYCLE 9 

Column 3: 1/4" Iimestone, with SRI3 

Depth Day 
("1 -7 O 1 3 7 14 21 28 

ORP (mV) 

Depth Day 
(") -7 O i 3 7 14 21 28 



CYCLE 9 

Column 7: 1/4" limestone, no SRI3 

Depth Day 
("1 -7 

Depth Day 
('O - 7 



CYCLE 9 

Column 4: 1/2" granite, with SRB 

Depth Day 
('7 - 1 O 

ORP (mV) 

Depth Day 
("> - 1 O 



CYCLE 9 

Column 5:  1/2" granite. no SRB 

Depth Day 
( II) - 1 O 1 3 

ORP (mV) 

Depth Day 
("> - 1 O 'I 3 7 14 21 28 35 



CYCLE 9 

Column 6: 1/2" limestone, with SRB 

Depth Day 
("1 - 1 O 1 3 

ORP (mV) 

Depth Day 
(") - L O i 3 
O -290 200 105 105 
1 -295 190 110 105 
2 -295 185 115 105 
3 -290 180 115 105 
4 -290 180 115 120 
5 -290 175 115 110 
6 -290 180 115 110 
7 -290 185 115 If0 
8 -290 190 120 110 
9 -290 190 120 110 
10 -290 185 120 Il0 
1 1  -290 -5 -20 -100 
12 -335 -340 -3 15 -320 



APPENDIX F 

CONDUCïIVITY MEASUREMENTS 



Changes in conductivity (mS) 
Cycle 1 : Column 4 (MP) 

T i c  
h d 

0 0 
1 0.042 
2 0.083 
3 0,125 
4 0.167 
5 0.208 
6 0.25 
12 0.5 
18 0.75 
24 1 
30 1.25 
36 15 
42 1.75 
48 2 
54 2.25 
60 2 5  
66 2.75 
72 3 
78 3.25 
84 35 
90 3.75 
96 4 
102 4.25 
108 45 
114 4.75 
120 5 
126 5.25 
132 55 
138 5.75 
144 6 
150 6.25 
156 6.5 
162 6.75 
168 7 
174 7.25 
180 75 
186 7.75 
192 8 
198 8.25 
204 85 
210 8.75 
216 9 
222 9.25 
228 95 
234 9.75 
240 10 
246 10.25 
252 10.5 
258 10.75 
264 1 1  
270 11.25 
276 11.5 
282 11.75 
288 12 
294 12.25 
300 125 
306 12.75 







Changes in Conduaivity (mS) 
Cycle 1: Column 5 (Cil) 







Changes in Conduaivity (mS) 
Cycle 1: Column 4 - Column 5: ( M P  - CL) 

Deph (in.) 
O 1 2 3 4 5 









Changer in Coaductivity (mS) 
Cyde 2: Column 5 (CL) 





Tie Tmie 
(hl (4 

4 4.17 
-3 -0.125 
-2 -0.08 
-1 -0.04 
O O 
1 0.04 
2 0.08 
3 0.125 
4 0.17 
5 0.21 
6 0.25 
9 0375 
12 0 5  
18 0.75 
24 1 
30 125 
36 15 
42 1.75 
48 2 
54 225 
60 25 
66 2.75 
72 3 
78 32.5 
84 3 5  
90 3.75 
96 4 
102 425 
108 4 5  
114 4.75 
120 5 
126 525 
132 5 5  
138 5.75 
144 6 
150 6.25 
156 63 
162 6.75 









Time Time 
(a) (4 

-6 -0.25 
-3 -0.125 
O O 
3 0.125 
6 0.25 
9 0375 
12 0 3  
18 0.75 
24 1 
30 125 
36 1.5 
42 1.75 
48 2 
54 225 
60 23 
66 275 
72 3 
78 325  
84 3 5  
90 3.75 
96 4 
102 4.25 
108 4 5  
114 4.75 
120 5 
126 5.25 
132 5 5  
138 5.75 
144 6 
150 625 
156 6.5 
162 6.75 
168 7 
174 7.25 
180 75 
186 7.75 
192 8 
198 8.25 
204 8 5  
210 8.75 
216 9 
222 92!5 
228 93 
234 9.75 
240 10 
246 10.25 
252 10.5 
258 10.75 
264 11 
270 1125 
276 11.5 
282 11.75 
288 12 
294 12.25 
300 12.5 
306 1275 
312 13 







8 

0.2989 
02972 
03018 
02981 
0.2956 
02947 
02898 
02787 
0x75s 
03932 
02921 
02741 
0.2906 
o m 4  
0.2881 
0.29 13 
0.292 
oms 
03935 
02909 
03003 
02976 
02971 
03965 
029% 
02925 
03008 
02945 
02968 
0.293 
02991 
02961 
02793 
0.2728 
0.2691 
02723 
03014 
03011 
0.2995 
03W5 
03016 
02993 
02984 
02%6 
02965 
02935 
02983 
0.2943 
02985 
0.2975 
02963 
0.29 15 
0.2926 
0.2929 
O255 
02864 
0.2861 
02815 
0.2762 
0.278 



6 

03201 
03421 
03557 
03397 
0.3068 
0.3088 
03û65 
03079 
0301 1 
03959 
02aa 
0.275 
OZ62 
02458 
O r n l  
02906 
0.2944 
02969 
03006 
03059 
03M8 
03045 
03043 
02869 
0.2094 
0.2997 
03ûï5 
03 178 
03152 
03073 
0.3 126 
03 166 
03238 
03204 
O3 199 
03153 
03U15 
0.3245 
03171 
03032 
03161 
03185 
03171 
03118 
0.2958 
02983 
03 176 
03193 
03162 
03131 
03 198 
0314î 
O3 1 17 
0.3 198 
03135 
O3 167 
03 188 
03181 
0.3242 









Tmit Time 
(dl @) 

O 1 
0.125 3 
025 6 
0375 9 
0 5  12 
0.625 15 
0.75 18 
0.875 21 
1 24 
1 3  30 
15 36 
1.75 42 
2 48 
25 60 
3 72 
3s 84 
4 % 
4 5  108 
5 lu) 

5.5 132 
6 144 
6.5 156 
7 168 
75 180 
8 193 
8 5  204 
9 216 
9.5 22û 
10 240 
105 u 2  
11 264 
11s 216 
12 288 
12.5 300 
13 312 
135 324 
14 336 
145 348 
15 360 
15.5 372 
16 384 
163 396 
17 408 
175 420 
18 432 
18.5 444 
19 456 
195 468 
20 480 
20.5 492 
21 5W 
215 516 
22 528 
22.5 540 
23 552 
235 564 
24 576 
24.5 588 
25 600 









Cbnga in w v i t y  (US) 
Cycle 5: alunla 5 (CIZ) 



O. 1 63 
Oa5 
0.162 
0.205 
0.1 63 
0.206 
0279 
0279 
0.206 
0.436 
0.278 
0.203 
0.276 
0x77 
om 
0.203 
0.203 
0.276 
0276 
0276 
0.276 
0x16 
0.276 
0.43 1 
0.432 
0x77 
0.277 
0.276 
0.276 
0.277 
0277 
0.276 
0.277 
ons 
0.277 
0276 
0.277 
0.43 1 
0.432 
0.43 
0.429 
0.429 
0.428 
0.428 
0.427 
0275 
0.274 
0.20 1 
0201 
0.158 
0.158 
0.131 
0.131 
0.132 
0.1 13 
0.1 12 
0.113 
0.113 
0.1 13 
0.099 
0.099 
0.099 
0.099 
0.09~ 
0.113 

0.162 
om 
0.161 
om 
0.162 
om 
028 
0.279 
0205 
0.442 
0279 
om 
0277 
0278 
O278 
0,203 
0202 
0277 
orn 
0.277 
0x77 
02-77 
o r n  
0.435 
0.436 
0.278 
om 
om 
0.277 
0x78 
0277 
0277 
0.278 
0.278 
0277 
0276 
0.278 
0.436 
0.437 
0.434 
0.434 
0.433 
0.432 
0.432 
0.432 
0276 
0275 
0.201 
0.201 
0.158 
0.158 
0.13 
0.13 
0.13 1 
0.1 12 
0.1 11 
0.1 1 1 
0.1 12 
0.1 12 
0.097 
0.098 
0.098 
0.097 
0.097 
0.1 12 

















Col 5: Cmuol 



















(aaogu in Conhctiviry (mS) 
Cycle 9: Column 5: (a) 







IMAGE EVALUATION 
TEST TARGET (QA-3) 
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