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Abstract 
 

A biostimulation field trial was conducted to determine the effect of nutrient 

addition on microbial populations in a fractured rock environment. The 

ultimate goal of this research is to induce bioclogging in rock fractures as a 

method of in situ containment and remediation of contaminated groundwater. 

This trial focused on biostimulation of indigenous bacteria in a single fracture 

through the addition of bioavailable carbon, nitrogen and phosphorus sources. 

 

Bench-scale experiments were conducted to determine the optimal source 

and concentration of nutrients for microbial growth. The final mixture selected 

for the field trial consisted of sodium lactate plus two liquid fertilizers, resulting 

in a 100:9:4 molar solution of bioavailable carbon, nitrogen, and phosphorus 

with a carbon source concentration of 8.9 g/L. 

 

The field trial was conducted in an uncontaminated area adjacent to an 

abandoned quarry in southern Ontario, Canada. The geology of the site 

consists of flat-lying dolostone pervaded by bedding plane fractures, with 

minimal overburden. An arrangement of three boreholes isolated a single 

fracture at a depth of 17m using straddle packer systems. A groundwater 

recirculation system was created with groundwater withdrawal at BH7 and 

reinjection of amended water at BH9. 

 

Throughout the three-week biostimulation experiment, general groundwater 

parameters, including temperature, dissolved oxygen and electrical 
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conductivity, were monitored frequently. Geochemical and microbiological 

conditions including available electron acceptors, biochemical oxygen 

demand, heterotrophic plate counts, and microbial diversity were evaluated 

before and after the experiment. 

 

Monitoring results for the withdrawal well confirmed that nutrient delivery was 

occurring, albeit with substantial mass loss due to incomplete flow field 

development. Numerical modelling of the system estimated a nutrient mass 

loss of 29%. Geochemical monitoring of key electron acceptors suggested 

that redox conditions in the isolated fracture were greatly affected by nutrient 

addition. Biological data indicated significant changes in the microbial 

populations, with heterotrophic plate counts increasing significantly in the 

isolated fracture. Changes in microbial diversity were also observed through 

16S rDNA analysis. Denaturing gradient gel electrophoresis results indicated 

substantial diversification and growth of the microbial community following 

biostimulation. Further research will investigate the potential for bioclogging at 

a NAPL-contaminated fractured bedrock site. 
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Forward 

 

This document meets the requirements for a manuscript format thesis. 

Chapter 1 consists of an introduction and provides a description of the scope 

of the research project. Chapter 2 contains a literature review of the subject. 

Chapter 3 is a manuscript describing the laboratory experiments and field 

work conducted over the course of the study. Chapter 4 presents a summary 

of the work and general conclusions. All auxiliary information can be found in 

the appendices. Lesley Knight is the primary author of the entire document. 
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Glossary of Microbiological Terms 
 
Aerobic bacteria:  Bacteria which use oxygen as a terminal electron acceptor 

Anaerobic bacteria:  Bacteria which use terminal electron acceptors other than 

oxygen 

Anoxic:  Anaerobic, or more accurately, within a nitrate-reducing state 

Bioaugmentation:  The addition of enriched microbial cultures to enhance 

bioremediation 

Bioavailable:  Present in a chemical form that can be utilized by bacteria 

Bioclogging:  The reduction in hydraulic conductivity of porous media due to 

microbial growth 

Biodegradation: The degradation of contaminants via biochemical pathways 

Biofilm:  A structured microbial community forming a layer on substrate surfaces 

Bioremediation:  The use of bacteria to reduce contamination of porous media 

Biostimulation: The adjustment of environmental conditions to induce microbial 

growth 

Cometabolism:  Degradation and metabolic use of an organic contaminant when 

combined with an additional source of organic carbon  

Culturable:  Bacteria capable of growth under laboratory conditions 

Extracellular polymeric substance (EPS): Polysaccharide slime produced by 

bacteria as a component of biofilm 

Facultative anaerobe:  Bacteria capable of utilizing oxygen or nitrate as an electron 

acceptor 

Heterotroph: Bacteria requiring an external source of organic carbon for metabolic 

function 

Indigenous bacteria: Bacteria native to a specific region within an ecosystem 

Metabolite:  Intermediary or product of microbial metabolism 

Methanogenesis: Process of biochemical methane production 
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Obligate anaerobe:  Anaerobic bacteria incapable of growth in aerobic conditions 

Phylogenetic:  Pertaining to the expression of gene function as a physical or 

behavioural trait 

Planktonic:  Bacteria which drift freely when suspended in solution, as opposed to 

sessile 

Psychrophiles: Bacteria capable of growth at low temperatures 

Sessile: Bacteria which permanently attach themselves to solid substrate surfaces 
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Chapter 1 : General Introduction 
 
Remediation of contaminated groundwater is a challenging undertaking due to 

the variety and complexity of both contaminants and subsurface geology. In 

particular, attempts to remediate fractured rock aquifers pervaded by non-

aqueous phase liquids (NAPLs), arguably the most complex of contaminated 

groundwater environments, have been largely unsuccessful (NRC, 1994). 

While the majority of such sites are managed through pump and treat systems 

(Steimle, 2002), in situ biostimulation may provide a remediation strategy of 

more finite duration through a combination of hydraulic control and 

biodegradation (Ross and Bickerton, 2002; Arnon et al., 2005). Stimulation of 

indigenous microbial populations through nutrient addition can result in a 

significant increase in subsurface biomass and lead to clogging of 

groundwater flow pathways (Baveye et al., 1998). Additionally, microbial 

growth has been shown to penetrate into the rock matrix and limit back 

diffusion of contaminants in some rock types (Charbonneau et al., 2006). 

When possible, cometabolism or redox manipulation can then be applied to 

induce contaminant biodegradation in a hydraulically-controlled environment 

(McCarty et al., 1998; Komlos et al., 2004; Dutta et al., 2005). 

 

Biological clogging is not a novel concept as it has been used in the oil 

recovery industry for decades (Shaw et al., 1985; Lappin-Scott et al., 1988). 

However, application to groundwater remediation has only recently been 

investigated (Taylor and Jaffe, 1990; Ross et al., 1998). Numerous laboratory 

studies have demonstrated the effectiveness of biostimulation in reducing 

hydraulic conductivity in both unconsolidated media (Vandevivere and 
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Baveye, 1992; Dennis and Turner, 1998; Seifert and Engesgaard, 2007) and 

fractured rock (Ross et al., 2001; Hill and Sleep, 2002; Arnon et al., 2005). Up 

to 99.9% reduction of hydraulic conductivity in bench-scale experiments has 

been achieved in porous media (Dennis and Turner, 1998) and 99.2% in 

similar experiments conducted in a single fracture (Ross et al., 2001). 

 

Field-scale trials in porous media have also produced promising results. In a 

2003 pilot project (Cunningham et al., 2003), a 10 m-wide biobarrier situated 

in a test pit of well-graded sand and inoculated with Pseudomonas 

fluorescens was biostimulated using a mixture of molasses and other 

nutrients. Over a three-month period, the average hydraulic conductivity 

through the biobarrier was reduced by 99%. Similar field results were 

obtained by Trefry et al. (1998) and Kim (2004) in porous media. 

 

While bioclogging was effective in laboratory and field trials using 

unconsolidated media as well as bench-scale fractured rock experiments, no 

conclusive evidence of bioclogging in fractured rock at the field scale has 

been published to date. In addition, there has been limited investigation of the 

microbiological and geochemical changes associated with bioclogging at the 

field scale in these settings. 

 

In order to examine biostimulation in a fractured rock setting, a field trial was 

conducted at a site located in southern Ontario, Canada, during the summer 

of 2007. Both the hydraulic and the biogeochemical effects of biostimulation 

on an isolated limestone fracture were evaluated. This thesis focuses 
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primarily on the microbiological and geochemical changes associated with 

biostimulation of the fracture. The overall objective of this research is to 

assess the potential for bioclogging as a groundwater remediation strategy at 

fractured bedrock sites. 
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Chapter 2 : Literature Review 
 
2.1 Fractured Rock Hydrogeology 

Fractured rock hydrogeology differs considerably from that of porous media 

due to the size and distribution of water-bearing elements as well as the 

influence of matrix diffusion on solute transport (Freeze and Cherry, 1979; 

Berkowitz, 2002). In this section, the processes affecting contaminant 

distribution in fractured rock aquifers are discussed, as well as implications for 

groundwater remediation in consolidated media. A review of bioclogging 

studies in fractured rock is also provided. 

 

2.1.1 Solute Transport in Fractured Rock Aquifers 

Unlike porous media, groundwater flow and transport through fractured rock 

aquifers is governed by discrete fractures, which are generally less than one 

millimetre in aperture width (Fetter, 2001). The governing equation for solute 

transport through a single fracture is described by the following equation 

(Tang, 1981): 

 

2

2
2 2 0a L a

c c c
b R v D R c q

t x x
λ ∂ ∂ ∂+ − + + = ∂ ∂ ∂ 

   Eq.1 

 

where the x-axis is oriented along the fracture, v is the average groundwater 

velocity, c is the solute concentration, 2b is the fracture aperture, Ra is the 

retardation factor based on the distribution coefficient for the fracture walls, DL 

is the hydrodynamic dispersion coefficient based on longitudinal dispersivity 
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and the geometry of the matrix pore spaces, λ is the solute decay constant, 

and q is the diffusive flux perpendicular to the fracture. 

 

Typically, numerous fractures within an aquifer intersect to form fracture 

networks (Singhal and Gupta, 1999). As indicated by Berkowitz (2002), these 

fractures are not smooth channels as they may contain dead-end passages 

where groundwater and contaminants may become hydraulically isolated. In 

addition to transport in the fracture network, contaminants may diffuse into or 

out of the rock matrix, which makes up at least 99% of the aquifer volume 

(Mutch et al., 1993). As such, the matrix has a high storage capacity for 

groundwater contaminants. Matrix diffusion rates are unaffected by 

groundwater velocity in the fracture. Only concentration gradients control the 

rate of forward or back diffusion in the rock matrix (Parker et al., 1994). This 

becomes problematic when fractured rock aquifers are contaminated by 

aqueous phase compounds over a long period of time. Back diffusion of 

contaminants from the rock matrix can re-contaminate clean fractures for 

hundreds or thousands of years (Mutch et al., 1993). 

 

2.1.2 Groundwater Remediation Options for Fractured  Rock 

Remediation strategies for long-term contamination in fractured rock must 

address not only the contaminant source and plume, but also contributions 

from the rock matrix through back diffusion (Parker et al., 1994). In addition, 

the complexity of fracture networks must be considered (Berkowitz, 2002). 

While source removal is often achievable, groundwater transport may cause 

widespread distribution of the aqueous phase contaminant plume (Singhal 
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and Gupta, 1999). Strategies such as air sparging and chemical oxidation can 

be effective for fracture remediation, if accurate delivery is achieved (Steimle, 

2002). Fluid transport in fractured rock is not straightforward, however, and 

extensive hydraulic characterization and modelling is required for successful 

delivery. In addition, such strategies do not address back diffusion from the 

matrix. As with pump and treat systems, continuous injection and monitoring 

would be required for an extended period of time (Mutch et al., 1993). 

 

Bioclogging as a remediation strategy may address many of the problems 

associated with fractured rock contamination. Firstly, bioclogging is designed 

to hydraulically contain contaminant plumes and residual sources through 

biostimulation of indigenous microorganisms or through bioaugmentation (the 

addition of non-indigenous microbes) (Dutta et al., 2005). Secondly, biological 

growth in fractures infiltrates matrix pore spaces, reducing back diffusion 

(Charbonneau et al., 2006). Thirdly, when possible, biostimulation may be 

tailored to induce cometabolic bioremediation of contaminants (Bouchez et 

al., 1995). The use of specific terminal electron acceptors, nutrients, or carbon 

sources may encourage the growth of bacteria capable of degrading not only 

the injected carbon source, but the contaminant as well (Cunningham et al., 

2003). In such a case, bioremediation may extend into the rock matrix and to 

fractures that are weakly connected, hydraulically. 

 

Challenges associated with this remediation strategy include nutrient delivery, 

presence of appropriate microorganisms, and degradability of the contaminant 

(Ross and Bickerton, 2002). Bioaugmentation may resolve some of the issues 
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limiting microbial activity; however, the Canadian Environmental Protection 

Act (CEPA, 1999) prohibits the use of bioaugmentation as outlined in the New 

Substances Notification Regulations. As such, biostimulation will be discussed 

as the primary method of bioclogging. 

 

2.1.3 Bioclogging Studies in Fractured Rock 

Numerous studies have investigated bioclogging as a means of groundwater 

remediation, but few have focused on fractured rock. Ross et al. (2001) 

provided valuable research into the microbiological and hydraulic effects of 

biostimulation in a single limestone fracture. This study was conducted using 

indigenous groundwater bacteria collected from an observation well in 

Montreal, Canada. The bacteria were enumerated and identified via genetic 

analysis, and injected into a limestone rock sample cut to create an artificial 

fracture. Piezometers at each end of the fracture measured changes in 

hydraulic head throughout the experiment. Molasses and synthetic 

groundwater provided sources of carbon and nutrients for cell growth and 

additional bacteria were injected into the system weekly. 

 

The results of the study showed that many of the bacterial species employed 

were genetically similar to known extracellular polymeric substance (EPS) 

producers, which suggested that the bacteria would perform well as clogging 

agents. Additionally, it was determined that several of the indigenous species 

were ultramicrobacteria (UMB), which are exceptionally small in size (<0.4 

µm) and capable of penetrating directly into pore spaces. Following the 22-
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day biostimulation trial, the hydraulic conductivity in the fracture was reduced 

by over 99%, suggesting that bioclogging was successful. 

 

Additional work by Ross et al. (2007) examined the distribution and longevity 

of biofilm using a glass parallel-plate system. The simulated fracture, 

measuring 2 m long by 0.6 m wide with a fracture aperture of 1500 µm, was 

equipped with fifteen sampling ports and a 76 mm borehole for nutrient 

injection. Groundwater collected from a shale fracture was circulated through 

the glass fracture and amended with a 50 g/L invertose solution over a 50-day 

period to induce biostimulation of indigenous bacteria. Biofilm growth was 

measured directly via visual observations and light transmittance readings 

through the glass plates. Indirect measurements of biofilm activity included 

enumeration of planktonic bacteria, variation in oxidation-reduction potential 

(ORP) and hydraulic changes, through tracer tests. Following biostimulation, 

the biofilm was subjected to 45 days of starvation and 5 days of increased 

flow rates to assess longevity. 

 

Visual observations and optical density measurements revealed that biofilm 

clusters developed within five days of the commencement of nutrient 

injections and a fully connected biofilm covered an area of 500 cm2 by the end 

of the biostimulation phase. The starvation period and subsequent period of 

increased groundwater velocity led to a decrease in attachment of injected 

bacteria, as conditions were unfavourable for microbial growth. However, the 

extent of biofilm coverage increased to 960 cm2 during the starvation period, 

with a redistribution of biofilm mass including a widening of the coverage area 
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and a decrease in mass near the injection borehole. Oxidation-reduction 

potential declined over the course of the experiment with the most significant 

changes occurring near the injection borehole. Tracer tests indicated that 

groundwater velocity through the fracture was reduced by more than 20%, 

with an effective fracture aperture reduction of 170 µm following 

biostimulation. 

 

A laboratory study conducted by Hill and Sleep (2002) examined the effect of 

biofilm growth on flow and transport in a glass parallel-plate fracture. Using a 

constant supply of glucose, oxygen, nutrients and soil microorganisms, they 

achieved a 99% reduction in hydraulic conductivity (equivalent to a 72% 

reduction in hydraulic aperture) over a 140-hour period. They determined that 

the reduction in hydraulic conductivity was due to a significant increase in 

macrodispersion, while the mass-balance aperture of the system remained 

relatively constant throughout the trial. 

 

The ability of biofilm growth to retard matrix diffusion in fractured rock was 

examined by Charbonneau et al. (2006) in a series of bench-scale 

experiments. Dolostone rock core was used to create radial diffusion cells 

(Novakowski and van der Kamp, 1996) with groundwater collected from a 

nearby field site. Invertose was used as a carbon source for microbial growth 

in half of the diffusion cells, while the other half was sterilized to prevent 

growth. Following two weeks of incubation, conservative tracers were injected 

into the center of the diffusion cells and migration through the matrix was 

measured. Results indicated that effective porosity of the rock matrix was 
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reduced by 6% to 52% in the biostimulated cores and that biofilm growth was 

not limited to the fracture surface, as there was evidence that growth 

penetrated into the matrix, limiting solute diffusion through the rock mass. 

 

Bioclogging has demonstrated potential as a remediation strategy for 

fractured rock in laboratory experiments. However, performance at the field 

scale has yet to be demonstrated. Due to the complexity of the natural 

environment, hydrogeological, geochemical, and microbiological 

characterization will be required to properly assess field-scale bioclogging. 

 

2.2 Aqueous Geochemistry 

The successful application of bioclogging to fractured rock aquifers requires 

an understanding of the physical properties and chemical interactions of 

groundwater and the surrounding geologic units (Chapelle, 2001; Ross and 

Bickerton, 2002). In this section, the geochemistry of dolostone is discussed, 

followed by an overview of groundwater redox processes. Finally, 

geochemical methods for monitoring microbial activity are presented. 

 

2.2.1 Geochemical Properties of Dolostone 

Dolostone is similar to limestone in formation and composition. Limestone is 

composed of calcium carbonate, while dolostone is composed of calcium-

magnesium carbonate, CaMg(CO3)2, typically in the range of 21-30% calcium 

and 13-22% magnesium (Drever, 1997). Small amounts of iron or manganese 

often replace some of the magnesium in dolostone formation. As with all 

carbonate rock, dolostones have a high buffering capacity and are susceptible 
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to dissolution by low pH groundwater, although dolostone reacts much more 

slowly with dilute acid at low temperatures than calcite (Yadav and 

Chakrapani, 2006). 

 

Dolostones, and sedimentary rocks in general, tend to be highly porous, with 

values ranging from less than 1% to 30% porosity (Fetter, 2001). According to 

Freeze and Cherry (1979), fractures in sedimentary rock aquifers comprise 

about 5 to 7% of the total porosity, while the remainder is found in the rock 

matrix. Total rock mass hydraulic conductivity of dolostone aquifers typically 

range from 10-3 m/s to 10-8 m/s, with the majority of flow occurring in bedding 

plane fractures (Novakowski and Lapcevic, 1988; Muldoon et al., 2001). 

 

2.2.2 Redox Conditions in the Subsurface 

In order to induce bioclogging in fractured rock, substantial growth of microbial 

populations must take place (Ross et al., 2001; Hill and Sleep, 2002). 

Microorganisms require energy for cellular growth and will carry out 

biochemical reduction-oxidation (redox) reactions that produce the most 

possible energy. By determining which redox reactions are the most 

exergonic through thermodynamic analysis, predictions of biological activity 

can be made (Chapelle, 2001; Larowe and Helgeson, 2007). Reaction 

thermodynamics are governed by the enthalpy of a system, measured in 

terms of Gibbs free energy, G (Drever, 1997). Some relevant standard free 

energy of formation (Gf
o) values are listed in Table 2-1. 
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Table 2-1: Free energy of formation values for various redox-related molecules 
(adapted from Drever, 1997) 

 
Compound  Gf

o (kJ/mole)  

CO2 -394.4 

CH4 -50.75 

Fe3+ -4.6 

Fe2+ -78.87 

H2 0 

O2 0 

H2O -237.17 

NO3
- -111.34 

SO4
- -744.6 

 

The difference between Gibbs free energy of formation of the products and 

the reactants in a reaction is known as Gibbs free energy of reaction (∆GR) 

(Drever, 1997). This value indicates the amount of energy that is released or 

stored during a reaction. Exergonic reactions have negative ∆GR, while 

endergonic reactions have positive ∆GR. 

 

When considering redox reactions, Gibbs free energy values are often 

converted to electrochemical potential (Eh). Eh describes the oxidation-

reduction potential of an aqueous solution and is related to Gibbs free energy 

according to the following equation (Drever, 1997): 

 

   Eqn.2 

 

where the standard potential of reaction, Eo, is related to Gibbs free energy of 

the reaction at standard conditions, R is a gas constant, T is temperature, n is 
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number of free electrons, F is Faraday’s constant, and Q is the ratio of 

chemical activities of reduced and oxidized species. 

 

The oxidation-reduction potential (ORP) of redox reactions varies 

considerably due to differences in the Gibbs free energy of formation values 

of redox pairs. Oxidized redox compounds (e.g. oxygen, nitrate, ferric iron) 

are known as terminal electron acceptors due to their role in cellular 

respiration (Chapelle et al., 1996). Organic carbon sources act as electron 

donors and, once reacted, redox compounds are reduced to their 

complimentary form (e.g. carbon dioxide, nitrite, ferrous iron) (Bouwer and 

McCarty, 1984). Microorganisms will preferentially use electron acceptors with 

the greatest electrochemical potential for energy release (Larowe and 

Helgeson, 2007). The oxidation-reduction potential of some common 

groundwater redox pairs is shown in Table 2-2. 

 

Table 2-2: Electrochemical potential of various biologically-mediated redox reactions 
(modified from Drever, 1997) 

 
Redox Pair ORP (V)  

O2/H2O 0.82 

NO3
-/NO2

- 0.43 

Fe(OH)3/FeCO3 0.20 

SO4
2-/HS- -0.197 

CO2/CH4 -0.24 

 

2.2.3 Chemical Indicators of Microbial Activity 

There are a number of geochemical constituents in groundwater that can be 

used to monitor changes in microbial activity over time (Lovley et al., 1994; 
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Sturman et al., 1995; Holliger et al., 1997). A reduction in soluble organic 

carbon or bioavailable nutrient concentrations in groundwater may be the 

result of biomass growth, and the presence of certain reaction byproducts or 

daughter products may identify biodegradation pathways (Borden et al., 

2005). For example, trichloroethene (TCE) degradation daughter products 

include cis-dichloroethene, trans-dichloroethene, and vinyl chloride, while 

byproducts include chloride ions and oxidized terminal electron acceptors 

(Vogel and McCarty, 1985; Kao and Prosser, 1999). Consumption of specific 

electron acceptors, such as oxygen, ferric iron, or sulfate, can be used to 

identify redox conditions, as can measurements of oxidation-reduction 

potential. Concentrations of oxidized terminal electron acceptors, such as 

carbon dioxide, ferrous iron, or hydrogen sulfide, may also be used to 

determine groundwater biogeochemical conditions (Chapelle et al., 1996). 

 

Lovley et al. (1994) found that while chemical constituents in groundwater can 

be used to confirm the occurrence of microbial redox processes, it is difficult 

to accurately designate areas of redox activity due to groundwater transport of 

chemical indicators. They suggested that measurements of hydrogen gas, an 

intermediate product of anaerobic biochemical reactions, be taken along with 

standard chemical indicator assessments, to properly locate specific redox 

zones. Since hydrogen gas is continuously cycled through microbial reactions, 

it is less likely to be transported by flowing groundwater. Biochemical 

hydrogen production is dependent on the type of redox process and can 

therefore be used, in conjunction with other chemical constituents, to 

determine redox zonation within a contaminant plume (Chapelle, 2001). The 
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distribution of redox zones in a pristine aquifer typically results in a decrease 

in oxidation-reduction potential as groundwater moves further away from 

surficial recharge areas (Figure 2-1). Aquifers contaminated by an organic 

carbon source produce an inverted distribution of redox zones, with 

methanogenic conditions developing around the contaminant source and 

oxidation-reduction potential increasing as carbon concentrations decrease 

further downgradient (Borden et al., 2005). 

 

Figure 2-1: Typical redox zone distribution of (a) pristine and (b) contaminated 
aquifers (Source: Chapelle, 2001) 
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2.3 Groundwater Microbiology 

Biostimulation requires the presence of indigenous microorganisms capable 

of growth under adjusted subsurface conditions (Boopathy, 2000). In this 

section, the general properties of groundwater bacteria and biofilms will be 

discussed, followed by the requirements for optimal microbial growth. Finally, 

a review of microbiological enumeration and identification techniques will be 

presented. 

 

2.3.1 Characteristics of Groundwater Bacteria 

Bacteria are the most numerous microorganisms in the subsurface by three to 

four orders of magnitude (Chapelle, 2001). Bacteria are single-celled 

organisms typically ranging from 0.4 to 4 microns in size and can be 

planktonic or sessile (Prescott et al., 2002). The composition of bacteria can 

be approximated as C133H254N32O40P3S and includes a single loop of DNA, a 

cell membrane, and a cell wall which protects the organism from osmotic 

pressure (Prescott et al., 2002). 

 

Theoretical rates of cellular growth and decay can be determined using 

microbial growth curves which account for substrate, nutrient, and electron 

acceptor availability (Monod, 1949; Cookson, 1995). However, in a fractured 

rock environment, additional factors such as temperature, groundwater 

velocity, and availability of attachment points must be considered. 
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2.3.2 Biofilm Development 

In a fractured rock setting, bacteria are able to form attachments with mineral 

particles and fracture walls when conditions are favourable for microbial 

growth (Ross et al., 2007). Attachments may be temporary, as a result of 

reversible bonds such as Van der Waal’s forces, or permanent, as a result of 

chemical reactions with the media surface (Characklis, 1973). Once attached, 

bacteria develop a network of fibers which provides structural stability to the 

growing microbial community and protects bacteria from predation (Costerton 

et al., 1995). In addition to this fibrous structure, bacteria secrete an 

extracellular polymeric substance (EPS). This slime layer facilitates diffusive 

exchange between bacteria and is typically composed of polysaccharides 

(Characklis, 1973). Once a stable microbial community is established, 

bacteria will reproduce and increase the thickness of the biological attachment 

layer, also known as a biofilm (Costerton et al., 1995). As demonstrated by 

Charbonneau et al. (2006), bacteria may also penetrate pore spaces in rock 

matrices as long as growth requirements are met (Raiders et al., 1986; Yu 

and Pinder, 1994). 

 

2.3.3 Bacterial Requirements for Growth 

Bacteria are capable of a variety of biochemical reactions, but their ability to 

function depends on environmental conditions including moisture content, pH, 

temperature, metabolite removal, availability of substrates and nutrients, and 

appropriate electron acceptors (Boopathy, 2000). In general, the optimal 

conditions for microbial activity include a moisture content of 25-85%, a pH of 

5.5-8.5, and a temperature of 15-45oC (Leahy and Colwell, 1990; Prescott et 
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al., 2002), although microorganisms can be found in almost all environments 

due to their adaptability and diversity. 

 

The metabolic requirements of heterotrophic bacteria include sources of 

carbon, energy and other nutrients for cell functions, including bioavailable 

forms of nitrogen and phosphorus. The standard molar ratio of carbon to 

nitrogen to phosphorus (C:N:P) for microbial growth is 100:10:1 (Bouchez et 

al., 1995; Leys et al., 2005). This proportion of macronutrients satisfies the 

basic nutritional requirements of heterotrophs; however, nutrient uptake 

through cellular respiration also requires a supply of terminal electron 

acceptors (Boopahty, 2000; Prescott et al., 2002). 

 

The preferred terminal electron acceptor for rapid microbial growth in 

groundwater is oxygen, due to its high oxidation-reduction potential and the 

resulting energy production for metabolic activity (Leahy and Colwell, 1990; 

Chapelle et al., 1996; Holliger et al., 1997). Bacteria that use oxygen as a 

terminal electron acceptor are termed ‘aerobic’. The reduction reaction for 

oxygen is shown below. A variety of electron donors, such as glucose, can be 

coupled with oxygen for a complete redox reaction (Cookson, 1995). 

 

O2(g) + 4H+ + 4e- � 2H2O 

 

Most nitrate-reducing bacteria are facultative anaerobes, meaning that they 

can reduce either oxygen or nitrate, depending on the redox conditions 

(Prescott et al., 2002). Typically, facultative anaerobes are targeted for 
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biodegradation processes such as those used in wastewater treatment due to 

their ability to function under both aerobic and anaerobic conditions. 

Specifically, these microorganisms are able to degrade organic matter from 

the outer, aerobic zone and the inner anaerobic zone, improving degradation 

efficiency (Viessman and Hammer, 2005). The process of denitrification 

involves a series of reactions and occurs only in the absence of oxygen. First, 

nitrate is reduced to nitrite (NO2
-). This compound is rapidly degraded and 

may not be detected, even in nitrate-reducing environments. Nitrite is then 

converted to nitric oxide (NO), then to nitrous oxide (N2O), and finally nitrogen 

gas (N2). The overall reaction, with glucose as a carbon source, is shown 

below (Dutta et al., 2005). 

 

Glucose + 4.8NO3
- + 4.8H+ � 6CO2 + 2.4N2 + 8.4H2O 

 

Iron-reducing bacteria are strictly anaerobic, as oxygen is toxic to these 

bacteria (Prescott et al., 2002). Ferric iron (Fe3+) typically exists as an 

insoluble salt (α-FeOOH) due to low solubility (Drever, 1997). As a result of 

limited bioavailability, biodegradation rates using this terminal electron 

acceptor are relatively slow. An example of a redox reaction involving iron, 

with toluene as the carbon source, is shown below (Alvarez and Illman, 2006). 

Ferric iron is reduced to ferrous iron, which is soluble and is typically 

measured as an indicator of ferrous iron reduction in biostimulation studies 

(Borden et al., 1995). 

 

Toluene + 36Fe(III) + 21H2O � 7HCO3
- + 36Fe(II) + 43H+ 
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As with iron-reducers, sulfate-reducing bacteria are strict anaerobes (Prescott 

et al., 2002). Sulfidogenesis, the generation of hydrogen sulfide by sulfate-

reducing bacteria, yields only a small amount of energy and progresses 

relatively slowly (Larowe et al., 2007). Sulfate reduction proceeds according to 

the reaction shown below (Alvarez and Illman, 2006). 

 

Organic carbon + SO4
2- � H2S + CO2 

 

Microbially-mediated carbon dioxide reduction, more accurately known as 

methanogenesis, occurs in anaerobic environments at a very slow rate, due to 

poor energy yield (Vogel and McCarty, 1985). There are two types of 

methanogens: hydrogen oxidizers and acetate fermenters (Zeikus, 1977). 

Hydrogen oxidizers reduce carbon dioxide according to the following reaction 

(Alvarez and Illman, 2006). 

4H2 + CO2 � CH4 + 2H2O 

 

In this reaction, carbon dioxide is reduced to methane. The second type of 

methanogenesis, acetate fermentation, is shown below (Alvarez and Illman, 

2006). Although this process does not reduce carbon dioxide, the oxidation-

reduction values are almost identical and methane is produced in both 

reactions (Zeikus, 1977). 

 

CH3COOH � CH4 + CO2 
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The terminal electron acceptors involved in microbially-mediated redox 

processes are degraded by microorganisms as shown in Figure 2-2. 

 

 

 

Figure 2-2: Effect of organic substrate addition on biochemical redox processes and 
electron acceptor concentrations over time (Source: Bouwer and McCarty, 1984) 

 

 

2.3.4 Characterization of Subsurface Bacteria 

Microbial characterization of groundwater can include assessment of 

biomass, population numbers and types, viability, activity, and community 

structure (Sturman et al., 1995). Of particular interest in this study are the 

methods of microbial enumeration and identification. 

 

Microbial enumeration can be achieved through viable plate counts or 

spectrophotometry and can include selective enrichment of specific degraders 
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(Kao et al., 2001). One standard technique involves enumeration of viable 

plate counts using a broad-range agar substrate to encourage growth of 

heterotrophic bacteria (Prescott et al., 2002). While this method can only 

provide information on aerobic and facultative anaerobic heterotrophs, 

modifications such as specific substrate use or anaerobic glove box 

techniques can isolate specific groups of bacteria (Sturman et al., 1995; Kao 

and Prosser, 1999). 

 

Until the mid-1990s, microbial identification was limited to microscopy and 

plating methods which were time-consuming and limited by cell viability 

(Roszak and Colwell, 1987; Muyzer, 1993). However, developments in 

molecular biology and the creation of gene sequencing databases have 

significantly improved the process of microbial identification. One such 

technology, called denaturing gradient gel electrophoresis (DGGE) isolates a 

gene segment of 16S rDNA from an amplified sample of mixed bacterial 

genetic material and provides a comparison of population size and diversity 

within that sample (Muyzer, 1993; Gelsomino et al., 1999). Gene sequencing 

can then be performed on individual species and identification can be made 

through genetic databases, such as GenBank through the National Center for 

Biotechnology Information (Iwamoto et al., 2000; NCBI, 2008). 

 

Microbial characterization studies, such as selective enrichment and genetic 

analysis, can determine microbial degradation abilities and metabolic 

requirements in a groundwater environment and can aid in the evaluation of 
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bioremediation or biostimulation studies (Leahy and Colwell, 1990; Kao and 

Prosser, 1999; Alvarez and Illman, 2006). 

 

Bioclogging, as a strategy for fractured rock remediation, requires an 

understanding of a wide range of natural sciences, including biology, 

chemistry and hydrogeology. Some of the major processes involved in a 

bioclogging application include groundwater flow and transport, biochemical 

redox activity, and microbiological conditions. A thorough characterization of 

these site-specific biogeochemical processes is critical to any field-scale 

application of bioclogging technology. 
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Chapter 3 : Investigation of biostimulation process es 
in an isolated bedrock fracture 
 
Remediation options for contaminated fractured rock aquifers are limited due 

to the complexity of groundwater flow pathways and contaminant distribution 

(Freeze and Cherry, 1979; Berkowitz, 2002; Stiemle, 2002). In addition, matrix 

diffusion of contaminants may increase aquifer cleanup times by several 

orders of magnitude (Parker et al., 1994; Mutch et al., 1993). Bioclogging, 

through stimulation of indigenous groundwater bacteria, may provide a 

remediation strategy of more finite duration than current treatment methods 

(Ross and Bickerton, 2002). While bioclogging has proven effective at the 

bench scale (Vandevivere and Baveye, 1992; Dennis and Turner, 1998; Hill 

and Sleep, 2002) and in unconsolidated media at the field scale (Trefry et al., 

1998; Cunningham et al., 2003; Kim, 2004), no conclusive evidence of field-

scale bioclogging in fractured rock has been published to date. Information 

relating to the microbiological and geochemical changes associated with 

bioclogging at the field scale is also limited. 

 

In order to determine the feasibility of bioclogging in a fractured rock setting, a 

field trial was conducted during the summer of 2007, following a series of 

preliminary laboratory experiments. Both the hydraulic and the 

biogeochemical effects of biostimulation on an isolated limestone fracture 

were evaluated. This thesis focuses primarily on the microbiological and 

geochemical changes associated with biostimulation in fractured bedrock. The 

overall objective of this research is to assess the potential for bioclogging as a 

groundwater remediation strategy at fractured bedrock sites. 
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3.1 Bench-scale experiments 
Biostimulation requires the presence of indigenous microorganisms capable 

of growth under adjusted field conditions (Kao and Prosser, 1999; Iwamoto et 

al., 2000; Ross and Bickerton, 2002). The addition of appropriate substrates, 

nutrients, or terminal electron acceptors may be sufficient to induce microbial 

growth; however, unfavourable conditions such as cold temperature, pH 

imbalance or metabolite toxicity may result in poor bioclogging results and 

should be taken into consideration (Roszak and Colwell, 1987; Boopathy, 

2000). To ensure that microorganisms will respond positively to adjustments 

to their environment, biostimulation should first be examined at the bench 

scale (van Elsas et al, 1998). 

 

3.1.1 Introduction 
Prior to the field-scale biostimulation trial, a series of laboratory experiments 

was conducted to determine the optimal type and concentration of substrates 

and nutrients for indigenous microbial growth. Additional test parameters 

involved oxygen exposure, temperature, and microbial enrichment. The goal 

of these experiments was to select a suitable amendment for microbial growth 

and to ensure favourable conditions during the biostimulation field trial. 

Considerations such as cost, logistics, and apparatus limitations also 

influenced the final selection of amendments for the field trial. 

 

3.1.2 Methodology 
For all laboratory experiments, groundwater from the proposed study site was 

collected and stored at 4oC prior to use. Sterilized, translucent 135-mL HDPE 

bottles were filled with specific concentrations of substrate and nutrients, plus 
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groundwater, and stored in the dark at either 4oC or approximately 21oC 

(room temperature). A 5-mL headspace was left in the bottles to account for 

gas production, unless otherwise noted. A test period of 21 days was chosen, 

based on previous work in fractured rock bioclogging (Ross et al., 2001). 

Bottles were gently swirled 1-2 times per day to ensure complete mixing of 

substrates. Biological growth was assessed as a function of optical density 

using a Hach Model DR/2400 portable spectrophotometer, with an accuracy 

of ± 0.005 Abs from 0.0 to 0.5 Abs and ± 1% from 0.5 to 2.0 Abs, set at 600 ± 

1 nm, a standard wavelength for evaluation of bacterial growth (Begot et al., 

1996). Sample blanks, including unamended groundwater samples and 

deionized, distilled water samples, as well as duplicate samples and averages 

of multiple readings were used to improve the precision of experimental 

results. Optical density measurements were used comparatively to determine 

the relative success of amendment mixtures at inducing biological growth. 

Complete analytical results and C:N:P ratio calculations are provided in 

Appendix A. Photos of laboratory methods are provided in Appendix F. 

 

The first round of laboratory experiments investigated the optimal carbon 

source for stimulating microbial growth. Potential substrates, which included 

white granular sugar, food-grade molasses, soluble corn starch, food-grade 

corn syrup and sodium lactate, were chosen based on a literature review of 

biostimulation experiments (Doong and Chen, 1996; Ross et al., 2001; 

Macbeth et al., 2004; Freedman et al., 2005), as well as practical 

considerations such as handling protocols, availability and cost. A low carbon 

source concentration (4 g/L) was chosen to facilitate mixing and minimize 
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solubility issues. Nutrient sources, including food-grade molasses and liquid 

7-7-7 fertilizer, and an oxygen delivery compound, hydrogen peroxide (H2O2), 

were also examined. Nutrient addition volumes were based on a target 

carbon:nitrogen ratio of 10:1 (Leys et al., 2005). Hydrogen peroxide (3% 

solution) volumes were based on suggested values for enhanced aerobic 

bioremediation (Pardieck et al., 1992), with an upper concentration limit of 30 

mg/L to prevent inhibition of cell growth (Table 3-1). 

 

Table 3-1: Groundwater and amendment volumes used to determine the optimal 
substrate for microbial growth 

 

Substrate 
Groundwater 

volume (mL) 

Substrate 

mass (g) 

Nutrient 

volume (mL) 

H2O2 

volume 

(mL) 

Groundwater 

only 
130 0 0 0 

Corn starch 130 0.5 0 0 

Corn syrup 130 0.5 0 0 

Sodium lactate 130 0.5 0 0 

Molasses 130 0.5 0 0 

Glucose 130 0.5 0 0 

Glucose 

(molasses)1 
130 0.5 0.10 0 

Glucose 

(fertilizer)1 
130 0.5 0.25 0 

Glucose 

(molasses)1 
130 0.5 0.10 0.05 

Glucose 

(fertilizer)1 
130 0.5 0.25 0.05 

1Denotes nutrient source 
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A second round of experiments examined the optimal concentration of 

substrate and nutrients for microbial growth. Cornstarch was used as source 

of carbon, with concentrations of 5, 10, or 20 g/L, based on Cookson’s (1995) 

equations for optimal microbial growth. A commercially-available 7-7-7 (urea 

nitrogen-phosphate-potash) liquid fertilizer was chosen as a source of 

nitrogen and phosphorus, with fertilizer concentrations of 2, 5, or 10 g/L (Table 

3-2). The effect of oxygen exposure on microbial growth was also 

investigated. Duplicate samples were stored with either a 10-mL headspace 

and daily air injections using a sterile pipette, or no headspace and no oxygen 

exposure during the experiment. To ensure consistent concentrations, 

different amounts of substrate were added to sample bottles depending on the 

headspace required for each set of duplicates. Deionized, distilled water 

(DDW) samples were also analyzed. 

 

Table 3-2: Substrate and nutrient amounts used to determine the optimal carbon and 
nutrient concentrations for microbial growth 

 
Sample Conditions  Substrate mass(g)  Nutrient volume (mL)  

DDW 0 0 

Standard 1.25/1.35 0.63/0.68 

More carbon 2.50/2.70 0.63/0.68 

Less carbon 0.63/0.68 0.63/0.68 

More nutrient 1.25/1.35 1.25/1.35 

Less nutrient 1.25/1.35 0.25/0.27 

 

A third laboratory experiment was conducted subsequent to the field trial 

using groundwater samples collected before, during and after field-scale 

biostimulation. The purpose of this experiment was to examine the difference 

in growth rates between pre-trial (August 2007), in trial (September 2007), 
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and post-trial (January 2008) groundwater bacteria. Full-strength or half-

strength solutions of the amendment chosen for the field trial (see Section 

3.1.3) were added to sample bottles and duplicate samples were stored at 

either room temperature (approximately 21oC) or 4oC to investigate the effect 

of temperature on microbial growth (Table 3-3). The temperature of the 

groundwater upon collection of the field samples was approximately 10oC. 

Ideally, an incubation temperature of 10oC would have been used to mimic 

field conditions. However, since microbial growth rates decrease with 

decreasing temperature (Nedwell, 2006), successful biostimulation at the 

available incubation temperature (4oC) would suggest that biostimulation at 

the field temperature would also be possible. Additional quality control 

measures included unamended groundwater and amended distilled, 

deionized water (DDW) samples. 

 

Table 3-3: Amendment strength, incubation temperature and groundwater type used 
to determine optimal microbial growth conditions 

 
Groundwater Type  Solution strength (%)  Temperature ( oC) 

Pre-trial 100 21 

In trial 100 21 

Post-trial 100 21 

Pre-trial 100 4 

In trial 100 4 

Post-trial 100 4 

Pre-trial 50 4 

In trial 50 4 

Post-trial 50 4 

Pre-trial 0 4 

In trial 0 4 

Post-trial 0 4 

DDW 100 4 
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3.1.3 Results and Discussion 
Results of the first laboratory experiment indicated that the order of relative 

substrate effectiveness was: cornstarch, molasses, corn syrup, sodium 

lactate, and finally glucose (Table 3-4). The addition of nutrient sources 

increased the microbial growth in glucose-amended groundwater 

substantially, with liquid fertilizer proving more effective than molasses. The 

addition of hydrogen peroxide resulted in a reduction in microbial growth 

compared to oxidant-free samples which suggests that the concentration of 

hydrogen peroxide (11.5 mg/L) was too high and inhibited microbial growth. 

Based on the results of this experiment, cornstarch and liquid fertilizer were 

chosen as sources of carbon and nutrients for the second round of laboratory 

testing. 

 
Table 3-4 : Optical density measurements for various substrate, nutrient and oxidant 

combinations following a three-week incubation period 
 

Amendment 
Average optical density 

(Abs) 

Standard deviation 

(Abs) 

Groundwater only 0.006 0.002 

Cornstarch 0.189 0.168 

Corn syrup 0.035 0.020 

Sodium lactate 0.033 0.005 

Molasses 0.063 0.017 

Glucose 0.014 0.005 

Glucose, molasses 0.080 0.006 

Glucose, fertilizer 0.645 0.267 

Glucose, molasses, 

H2O2 
0.050 0.008 

Glucose, fertilizer, H2O2 0.538 0.041 

*Spectrophotometer accuracy = ± 0.005 Abs from 0.0 to 0.5 Abs; ± 1% from 0.5 to 2.0 Abs 
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Results of the second round of experiments (Table 3-5) suggest that a carbon 

source concentration of approximately 10 g/L (‘standard’) is optimal for 

stimulating microbial growth and indicate that liquid fertilizer is most effective 

at a concentration of approximately 5 g/L (C:N:P ratio of 100:4:4). Aerobic 

treatment of samples through daily air injections and allowance for 10 mL of 

headspace in bottles resulted in a slight increase in microbial growth 

compared to sealed, anaerobic samples. As such, oxygen exposure was 

taken into consideration when designing the system for field-scale 

biostimulation. 

 

Table 3-5: Optical density measurements for various substrate, nutrient and oxygen 
levels following a three-week incubation period 

 
Average optical density (Abs) 

Sample Conditions  
Aerobic Treatment Anaerobic Treatment 

DDW 0.001* 0.001* 

Standard 1.203 1.026 

More carbon 1.111 1.029 

Less carbon 0.930 0.836 

More nutrient 0.812 0.703 

Less nutrient 0.848 0.726 
*Spectrophotometer accuracy = ± 0.005 Abs from 0.0 to 0.5 Abs; ± 1% from 0.5 to 2.0 Abs 

 

Results of the final laboratory experiment, conducted four months subsequent 

to the field trial and using sodium lactate as a carbon source, were 

inconclusive due to limited data (Table 3-6). No inferences can be made on the 

effect of solution strength or groundwater type between the pre- and post-trial 

samples. 
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Table 3-6: Optical density measurements for various combinations of solution 
strength, temperature and groundwater type following a three-week incubation period 
 

Average optical density (Abs) 

Half strength solution Full strength solution 
Groundwater  

Type 
4oC 21oC 4oC 21oC 

Pre-trial 0.001* - 0.004* 0.010 

In trial 0.220 - 0.931 0.111 

Post-trial 0.005* - 0.001* 0.009 
*Spectrophotometer accuracy = ± 0.005 Abs from 0.0 to 0.5 Abs; ± 1% from 0.5 to 2.0 Abs 

 

‘In trial’ groundwater samples, well-seeded by weeks of nutrient injection, 

achieved higher optical densities than other samples and experienced more 

growth in the full strength solution than in the half strength solution, as 

expected. However, the effect of temperature on microbial growth was 

inconsistent. While pre- and post-trial samples experienced little or no 

increase in microbial growth at room temperature versus 4oC, the ‘in trial’ 

sample performed better at 4oC than at room temperature. Typically, microbial 

growth rates decrease with decreasing temperature (Nedwell, 2006). The 

inconsistency of these results with expected findings is likely due to 

inconsistencies in the composition of groundwater samples. After four months 

of storage at 4oC, ‘in trial’ groundwater samples had undergone significant 

fermentation and had produced a thick sludge layer. Poor mixing may have 

contributed to inconsistent sample results. Samples of unamended 

groundwater and amended distilled, deionized water all produced optical 

densities of less than 0.005 Abs. 

 

Despite the use of several quality control measures, a high degree of 

uncertainty was associated with this laboratory work. Some substrates were 
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difficult to accurately dose due to viscosity or clumping and there were 

difficulties in maintaining fully-mixed solutions over the incubation period due 

to the limited solubility of some carbon sources. The relatively stagnant 

conditions in the sample jars and absence of rock media may also have 

affected microbial growth. While groundwater samples collected for 

Experiments #1 and #2 were stored for less than a week before use, some 

samples for Experiment #3 were stored for up to three months at 4oC. Ideally, 

long-term preservation of microbiological samples involves extremely low 

temperature (-80oC) storage to ensure sample preservation. Additionally, 

initial absorbance readings prior to incubation were not collected. In particular, 

the optical density measurements for cornstarch-amended groundwater were 

in question due to the cloudiness of the mixture. As such, results were used 

only comparatively and were combined with other forms of nutrient selection 

criteria, especially from the literature, to determine the final amendment 

mixture for biostimulation. 

 

Laboratory experiments indicated that cornstarch was most effective at 

inducing microbial growth; however, due to difficulties in handling, dosing, and 

dissolving this substrate – especially in a field setting - an alternative carbon 

source was sought. Sodium lactate was ultimately selected as a source of 

organic carbon, as it was proven effective in biostimulation experiments with 

PCE and TCE contamination (Gibson and Sewell, 1992; Gao et al., 1997; 

Gerritse et al., 1999; Macbeth et al., 2004) and did not pose any challenges in 

terms of handling or solubility. Commercially-available liquid fertilizers similar 

to those used during pre-trial laboratory experiments were chosen as sources 
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of bioavailable nitrogen, phosphorus, and trace minerals. A mixture of 8900 

ppm sodium lactate, 1500 ppm 10-10-10 Liquid Growth© and 3750 ppm 12-4-

8 Miracle Grow© was used for biostimulation at the field scale. The resulting 

amendment solution had a C/N/P ratio of 100:9:4, with a slight disproportion 

of nitrogen to phosphorus due to limited variety of commercial fertilizers. 

Analysis of the amendment mixture indicated a dissolved organic carbon 

concentration of 4040 mg/L, a total Kjeldahl nitrogen concentration of 640 

mg/L (47.8 mg/L of ammonium) and a total phosphorus concentration of 136 

mg/L. 
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3.2 Bioclogging Field Trial 
In order to evaluate the success of bioclogging at the field scale, numerous 

lines of evidence were collected. Concurrent to the geochemical and 

microbiological research presented herein, a series of tracer experiments and 

hydraulic tests were conducted to examine the effect of microbial growth on 

matrix diffusion and hydraulic conductivity in an isolated fracture. While those 

results will provide the primary evidence of hydraulic clogging, this 

geochemical and microbiological investigation will verify that hydraulic 

changes occurred as a result of microbial growth. Additionally, this research 

will help assess the applicability of bioclogging to other field sites. 

 

3.2.1 Site description 
The field site for the biostimulation study is located in a wooded area adjacent 

to an abandoned quarry in southern Ontario, Canada. Groundwater at the site 

is uncontaminated and flows predominantly southeast. The site geology is 

comprised of minimal (<1 m) overburden overlying dolostone pervaded by 

bedding plane fractures, with some vertical connectivity (Reichart, 1992). The 

fractured dolostone consists of Middle-Silurian Guelph and Amabel 

submembers of the Lockport Formation (Telford, 1976). Based on previous 

hydraulic characterization conducted in an array of nine N-sized boreholes 

(Reichart, 1992), a single horizontal fracture at a depth of 17 metres below 

ground surface with a transmissivity of approximately 2×10-5 m2/s (220 µm in 

equivalent aperture width) was selected for hydraulic isolation and 

biostimulation. Four boreholes (BH3, BH7, BH8 and BH9) were selected for 

groundwater monitoring and are described in Table 3-7 and Table 3-8. 
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Boreholes BH7, BH8, and BH9 are oriented vertically, while BH3 is inclined at 

an angle of 45o to horizontal and oriented N25oE (Figure 3-1). 

 

 
Table 3-7: Total borehole depth and depth to water in open and packered boreholes 
 

Vertical depth to water (m)  
Borehole ID  Total vertical depth * (m) 

open with packers 

BH3 20.77 8.85 9.44 

BH7 29.46 9.03 9.22 

BH8 29.64 9.02 9.27 

BH9 29.45 9.02 9.21 
*Source: Reichart, 1992 

 

Table 3-8: Distance between boreholes at ground surface and along fracture plane 
 

Interwell Distance (m) 
Borehole combination  

along ground surface along fracture plane 

BH3 – BH7 15.62 6.6 

BH3 – BH8 14.00 7.2 

BH3 – BH9 14.82 7.1 

BH7 – BH8 13.88 13.88 

BH 7 – BH9 4.95 4.95 

BH8 – BH9 12.90 12.90 
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Figure 3-1: Location of the boreholes and interception points for the target fracture, 
located 17 metres below ground surface. The fracture is illustrated as a plane, and 
water levels in each of the boreholes representing the hydraulic head in the fracture 

are also shown. 
 

3.2.2 Selection of the flow field 
An injection-withdrawal recirculation system was selected for the bioclogging 

experiment in order to ensure effective mixing of the amendment with 

groundwater and to recapture a portion of the unused nutrients. Equal 

injection and withdrawal flow rates encouraged widespread distribution of the 

nutrients in the fracture zone. The numerical groundwater model described in 

Novakowski et al. (2004) was used to estimate solute arrival times at the 

withdrawal well and to determine the size of the amendment plume in the 

isolated fracture. Using transmissivity data (Reichart, 1992) and hydraulic 

gradient measurements for the isolated fracture, the natural groundwater 

velocity was calculated using the cubic law (Novakowski et al., 2007). The 
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direction of groundwater flow was determined to be S49oE with a velocity of 

29 m/day. The flow field was then simulated based on an injection-withdrawal 

flow rate of 2 Lpm, an interwell distance of 4.95 m and a fracture aperture of 

220 µm (Figure 3-2). Based on this information, the numerical model predicted 

a nutrient mass loss of 13% in the direction of natural groundwater flow. 

These estimates were used to determine the volume of substrate required for 

effective nutrient delivery. Field data collected during the field trial was later 

used to refine the numerical model and improve flow field predictions. 

Modelling parameters and model-fitting data are provided in Appendix E. 

 

 

Figure 3-2: Expected groundwater flow field development (shown as streamlines) 
based on numerical modelling using a 2 Lpm injection-withdrawal system at BH9-

BH7 and a simulation time of 56 hours. Mass is lost along those streamlines that do 
not connect between the injection and withdrawal borehole. 
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3.2.3 Experimental apparatus 
Isolation of the target fracture zone was achieved using straddle packer 

systems installed at BH3, BH7 and BH9 (Table 3-9). Borehole BH8 was left 

open to provide information on total aquifer changes, while BH3 was selected 

to monitor changes in the isolated fracture. 

 

Table 3-9: Dimensions of packers and wellbores at BH3, BH7, and BH9 
 

Borehole 

ID 

Packer 

spacing 

(m) 

Wellbore 

diameter 

(m) 

Standpipe 

length (m) 

Standpipe 

diameter (m) 

Wellbore 

storage (L) 

BH3 3.78 0.076 20.94 0.051 17.24 

BH7 2.19 0.076 13.98 0.051 9.99 

BH9 2.19 0.076 13.98 0.051 9.99 

 

Borehole BH7 was chosen as the withdrawal well, with a Grundfos Redi-Flo2 

submersible pump extracting water from the fracture at a rate of 2.00 ± 0.03 

Lpm. An aboveground reservoir composed of opaque plastic with an 

insulating liner was used to collect the withdrawal water and provide an 

access point for nutrient additions and monitoring. The reservoir water then 

drained by gravity into BH9, which served as an injection well for the nutrient-

amended groundwater (Figure 3-3). The flow field was developed 

approximately perpendicular to the natural groundwater flow direction, 

allowing for some downgradient nutrient transport towards BH3 and BH8 to 

the southeast. Nutrient additions of 445 mL sodium lactate, 75 mL 10-10-10 

liquid fertilizer, and 167.5 mL 12-4-8 liquid fertilizer were added to the 

aboveground reservoir two to four times per day for 21 days. A table of 

injection dates and volumes is provided in Appendix C. 
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Figure 3-3: Schematic diagram of the groundwater recirculation system used in the 
single fracture, with injection into BH9 and withdrawal from BH7 

 

 

Two 1000 W submersible heaters were installed in the aboveground reservoir 

in order to observe the effect of heating on groundwater temperature 

throughout the recirculation system. The heaters were removed during the 
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second week of biostimulation due to underperformance. Flow through the 

system was maintained at 2 Lpm throughout the course of the experiment by 

means of pumping rate and flow valve adjustments. The total volume of the 

system was found to be 165 L (Table 3-10). A complete list of dimensions and 

volumes of recirculation system components is provided in Appendix D and 

photos of the field site and apparatus are provided in Appendix G. 

 

Table 3-10: Groundwater storage volume of recirculation system components 
 

System Component  Volume (L)  

Fracture 78.20* 

Wellbore 19.98 

Standpipe 27.28 

Surface Tubing 6.29 

Reservoir 100 

Total 234 
*based on revised fracture aperture estimate of 1600µm 

 

3.2.4 Groundwater characterization  
Before and after the biostimulation field trial, groundwater was collected and 

analyzed for a wide range of parameters. All boreholes were first purged by at 

least one well volume and samples were collected manually using sterile 

Waterra tubing equipped with purge valves. Geochemical analytes included 

dissolved organic carbon (DOC), alkalinity, chemical oxygen demand (COD), 

ammonium, total Kjeldahl nitrogen (TKN), total phosphorus, nitrate, nitrite, 

sulfate, and a suite of 30 metals. Microbiological analytes included 

biochemical oxygen demand (BOD), heterotrophic plate counts (HPCs) and 

microbial 16S rDNA, which was used as a semi-quantitative indicator of 
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population changes in the microbial community (Muyzer et al., 1993). 

Measurements of dissolved organic carbon and electrical conductivity were 

collected at BH7 regularly to evaluate the effectiveness of the delivery system. 

A complete sampling schedule and a summary of borehole sampling methods 

are provided in Table 3-11 and Table 3-12. 

 

Table 3-11: Groundwater sampling events, including sample volume, borehole and 
parameter(s) of interest 

 
Sampling 

Date 
(mmm-dd-

yy) 

DOC 
(250 mL) 

Geochemical 
suite * 

(2×1000 mL) 

BOD and HPC 
(2×250 mL) 

Microbial 
DNA 

(1000 mL) 

May-15-07 BH7, BH8, BH9 BH7, BH8, BH9 BH7, BH8, BH9  

Aug-21-07    BH9 

Aug-30-07 BH7    

Aug-31-07 BH7    

Sep-01-07 BH7    

Sep-02-07 BH7    

Sep-04-07 BH7    

Sep-05-07 BH7    

Sep-06-07 BH7    

Sep-08-07 BH7    

Sep-10-07 BH7    

Sep-12-07 BH7    

Sep-14-07 BH7    

Sep-16-07 BH7    

Sep-17-07 BH3, BH7, BH8 BH3, BH7, BH8 BH3, BH7, BH8  

Sep-18-07 BH9 BH9 BH9 BH7, BH9 

Jan-17-08 BH9 BH9 BH9  

*includes alkalinity, COD, NH3, TKN, total phosphorus, NO3, NO2, SO4, Cl, F, and suite of 30 

metals 
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Table 3-12: Borehole purge volumes and sample collection methods 
 

Borehole ID  Collection method Purge volume (L)  

BH3 Manual (purge valve) 34 

BH7 Reservoir inlet 25 

BH8 Manual (purge valve) 37 

BH9 Manual (purge valve) 25 

 

General groundwater parameters, including temperature, dissolved oxygen 

(DO), pH, redox potential (Eh), electrical conductivity, and total dissolved 

solids (TDS), were measured at all boreholes two to four times per day using 

a handheld YSI 556 multi-probe unit. The instrument accuracy according to 

sensor specifications includes: ± 0.15oC for temperature, ± 0.2 mg/L for 

dissolved oxygen, and ± 0.5% for electrical conductivity (YSI, 2004). 

 

3.2.5 Analytical methods 
Alkalinity, ammonium, total Kjeldahl nitrogen, total phosphorus, chemical 

oxygen demand, fluoride, chloride, nitrate, nitrite, sulfate, and a suite of thirty 

metals were analyzed at Analytical Services Unit (ASU), a CAEAL-accredited 

laboratory. Biochemical oxygen demand, dissolved organic carbon, and 

heterotrophic plate counts were analyzed by Maxxam Analytical in 

Mississauga, a SCC-accredited laboratory. Genetic analysis was performed 

by SiREM laboratory in Guelph. 

 

Alkalinity was determined through titration with HCl to an endpoint of pH 3.99, 

with a minimum detection limit of 2 mg/L CaCO3. Ammonium was assessed 

colorimetrically using a Technicon autoanalyzer with a minimum detection 

limit of 0.1 mg/L. Total Kjeldahl nitrogen was determined by acid digestion of 



53 
 

samples followed by spectrophotometry, with a minimum detection limit of 0.2 

mg/L. Total phosphorus was analyzed by acid reduction followed by 

colorimetry with a Technicon autoanalyzer. The minimum detection limit was 

0.01 mg/L (Clesceri et al., 2005). 

 

Chemical oxygen demand was determined through acid digestion of samples 

followed by absorbance measurements using a spectrophotometer. The 

minimum detection limit was 3 mg/L. Chloride, fluoride, nitrate, nitrite, and 

sulfate were analyzed via ion chromatography with minimum detection limits 

of 0.05 mg/L, 0.05 mg/L, 0.05 mg/L, 0.05 mg/L and 0.1 mg/L respectively. The 

suite of 30 metals was analyzed through ICP-OE spectrometry (Clesceri et al., 

2005). 

 

Biochemical oxygen demand was assessed by seeding and oxygenating 

samples, then incubating for five days. Remaining oxygen concentrations had 

a minimum detection limit of 2 mg/L. Dissolved organic carbon samples were 

filtered using a 0.45µm vacuum filter and analyzed using a Shimadzu TOC-V 

CPN, with a minimum detection limit of 1 mg/L. Heterotrophic plate counts 

were determined using standard plate count agar and the pour plate method 

(Clesceri et al., 2005). 

 

Bacterial 16S rDNA analysis involved genomic DNA extraction using the 

PowerSoilTM DNA isolation kit, followed by amplification of 16S rDNA genes 

through polymerase chain reaction (PCR). Denaturing gradient gel 

electrophoresis was performed using an 8.0% 0.5 X TAE acrylamide gel with 
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a 30-65% urea-formamide gradient at 60oC. Electrophoresis was conducted 

at 180 V for 6.5 hours, followed by staining with ethidium bromide. Selected 

gel bands were excised from the DGGE gel, re-amplified using polymerase 

chain reaction and sequenced using an ABI Model 377 Sequencer (Ney and 

Dennis, 2007). DNA sequences were then compared to sequences in 

Genbank, an online biotechnology database, to determine phylogenetic 

designations where possible (NCBI, 2008). 

 

3.2.6 Results 

This section provides the results of geochemical and microbiological analyses 

conducted over the course of the field study. The chemical composition of the 

amendment mixture and of pre- and post-trial groundwater samples is also 

presented. General groundwater data collected throughout the field trial are 

included. Additional data including complete analytical results for all 

groundwater, nutrient and rock samples is provided in Appendix B. 

 

3.2.6.1 Groundwater monitoring and nutrient deliver y 

Over the course of the field trial, groundwater temperatures remained steady 

at approximately 10oC, although daily thermal fluctuations due to ambient 

heating of the reservoir were observed in BH7 and, to a lesser extent, in BH3 

(Figure 3-4). The use of submersible heaters in the reservoir was discontinued 

on Day 12. 
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Figure 3-4:  Temperature fluctuations in boreholes BH3, BH7 and BH9 over the 
course of the 3-week field trial 

 

 

Instrument malfunctions and oxygen exposure during sample collection 

reduced the accuracy of dissolved oxygen field readings; however, 

comparative observations between boreholes can be made. A sharp decrease 

in dissolved oxygen readings was observed soon after the commencement of 

field trial in BH3 and BH7, while BH8 readings remained relatively steady 

throughout the experiment (Figure 3-5). 
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Figure 3-5: Dissolved oxygen readings collected at boreholes BH3, BH7 and BH9 
during the 3-week field trial 

 

 

Over the course of the field trial, electrical conductivity increased slightly in 

BH3 and BH7, while BH8 remained relatively steady (Figure 3-6). Electrical 

conductivity and dissolved organic carbon concentrations behaved similarly, 

suggesting that the use of electrical conductivity measurements to assess 

nutrient delivery following injection events was reasonable. 
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Figure 3-6: Effect of nutrient injection at BH9 on dissolved organic carbon and 
electrical conductivity at BH7 over the course of the three-week biostimulation field 

trial 
 

 

Analysis of the amendment mixture indicated a dissolved organic carbon 

concentration of 4040 mg/L and an electrical conductivity of 5630 µS/cm. The 

effectiveness of nutrient delivery was monitored and adjusted based on 

dissolved organic carbon and electrical conductivity measurements at the 

injection and withdrawal wells. Following nutrient injections, electrical 

conductivity values in the injection well, BH9, peaked at 5013 µS/cm, while 

values in the withdrawal well peaked at 1680 µS/cm with a travel time of 

approximately 45 minutes. Electrical conductivity at both locations returned to 

near-background concentrations within 9 hours (Figure 3-7). 
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Figure 3-7: Effect of nutrient injection on electrical conductivity in the injection well 
(BH9) and withdrawal well (BH7) over a nine-hour period. 

 

 

3.2.6.2 Pre- and post-trial geochemical analyses 

The geochemical parameters most pertinent to microbiological assessment 

were those which indicated changes in nutrient and redox conditions in the 

subsurface. Nutrient-related parameters of interest included dissolved organic 

carbon, ammonium, and total phosphorus. Dissolved organic carbon 

concentrations in the isolated fracture increased during the three-week 

injection period, from initial values of 1.2-1.3 mg/L to post-trial values of 1060 

mg/L, 624 mg/L, and 662 mg/L in BH3, BH7 and BH9 respectively. 

Ammonium concentrations in all comparable boreholes increased from <0.1 

mg/L initially to 13.3-30.5 mg/L in the isolated fracture (Table 3-13). Total 

phosphorus concentrations in the fracture also increased following 
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biostimulation. Initial values ranged from 0.01-0.02 mg/L and post-trial values 

were measured as 5.56-15.42 mg/L in the packered boreholes. Negligible 

concentration changes were observed in the open borehole, BH8. 

 

Table 3-13: Pre- and post-trial measurements of geochemical conditions, including 
chemical oxygen demand, nitrate, ammonium, ferrous iron, sulfate, and total 

phosphorus 
 

Parameter Sampling 

Period  

BH3 BH7 BH8 BH9 

Pre-trial --- <0.1 <0.1 <0.1 
Ammonium (mg/L) 

Post-trial 17.2 13.3 0.2 30.5 

Pre-trial --- 0.02 0.01 0.01 
Total Phosphorus (mg/L) 

Post-trial 7.66 5.56 0.01 15.42 

Pre-trial --- <3 <3 <3 Chemical oxygen 

demand (mg/L) Post-trial 3015 1877 9 2114 

Pre-trial --- 2.16 2.20 2.16 
Nitrate (mg/L) 

Post-trial <0.05 <0.05 <0.05 <0.05 

Pre-trial --- <0.05 <0.05 <0.05 
Iron(II) (mg/L) 

Post-trial 5.41 4.16 <0.05 8.97 

Pre-trial --- 13.07 15.75 13.04 
Sulfate (mg/L) 

Post-trial 9.44 13.09 23.75 2.89 

 

Redox-related parameters, including chemical oxygen demand, nitrate, 

soluble iron(II) and sulfate, were also evaluated before and after 

biostimulation (Table 3-13). Borehole BH3 was not included in the initial 

sampling round. Chemical oxygen demand increased significantly in all but 

BH8, which showed only a slight increase. The chemical oxygen demand of 

the amended groundwater was 9700 mg/L, which reflects the increases 

observed in the fracture. 
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Nitrate concentrations in all boreholes decreased below detection limits and 

soluble iron(II) concentrations in all packered boreholes increased. The nitrate 

concentration of the nutrient mixture could not be analyzed but the iron(II) 

concentration was measured as 0.22 mg/L. 

 

Changes in sulfate concentrations over time varied from borehole to borehole 

where BH7 remained relatively unchanged, while the BH8 concentration 

increased, and the BH9 concentration decreased. After four months, the BH9 

sulfate concentration rebounded to 9.75 mg/L. Nutrient mixture sulfate 

concentrations could not be obtained; however, the total sulfur concentration 

in the nutrient solution was <1.0 mg/L. 

 

3.2.6.3 Pre- and post-trial microbial analyses 

Biochemical oxygen demand and heterotrophic plate counts were evaluated 

during preliminary characterization and again after the three-week 

biostimulation was completed. BH3 was not included in the initial sampling 

round. Results indicated a significant increase in fracture biochemical oxygen 

demand following biostimulation (Table 3-14). Heterotrophic plate counts were 

collected initially at BH7, BH8 and BH9. Post-trial sampling also included 

BH3. Significant increases in heterotrophic bacteria populations were 

observed. Four months subsequent to the field trial, a groundwater sample at 

BH9 was collected to assess the long term effects of biostimulation. The 

heterotrophic plate count four months post-trial was 180 cfu/mL, with a 

biochemical oxygen demand of <2 mg/L. 
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Table 3-14: Pre- and post-trial measurements of microbiological parameters, 
including biochemical oxygen demand and heterotrophic plate counts at all boreholes 
 

Parameter Sampling 

Period  

BH3 BH7 BH8 BH9 

Pre-trial --- <2 <2 <2 
BOD (mg/L) 

Post-trial 730 750 <2 910 

Pre-trial --- 24 4 51 
HPC (cfu/mL) 

Post-trial >5700 >5700 500 >5700 

 

Pre-trial sampling results at BH9 suggest low-density microbial populations 

with limited diversity. Post-trial DGGE analysis was performed at both BH9 

and BH7 and results were visually compared (Figure 3-8). The data indicates a 

substantial increase in the microbial population, as represented by the 

intensity of individual bands in each lane. Overall diversity also increased, as 

noted by the increase in the number of distinct bands following biostimulation. 

The number of species with a sufficient population for analysis through DNA 

sequencing increased from 1 to 11 in BH9 over the course of the field study. 

Post-trial results at BH7 indicate similar population changes, with minor 

variations in population densities between sampling locations. DNA 

sequencing of select bands did not provide any Genbank database matches. 
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Figure 3-8: Comparison of pre- and post-trial microbial population dynamics through 
16S rDNA denaturing gradient gel electrophoresis, where individual bands represent 

distinct microbial species and the intensity of bands signifies population density 
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3.2.7 Discussion 

3.2.7.1 Environmental limitations 

The success of the biostimulation field trial was dependent on creating 

favourable conditions for microbial growth. However, average groundwater 

temperatures of approximately 10oC limited the rate of subsurface biofilm 

development and attempts at thermal heating were largely unsuccessful due 

to thermal gradients between the injected groundwater and the rock matrix. 

Only a 1-2oC change in temperature was observed during the 12 days of 

reservoir heating. While most bacteria are viable at temperatures as low as 

10-15oC, optimal temperatures are typically 20-40oC (Prescott et al., 2002). 

 

In addition to temperature effects, the growth of subsurface microorganisms 

was limited by substrate and nutrient concentrations. The target dissolved 

organic carbon concentration of 4040 mg/L was not achieved at BH7 during 

the three-week trial. Electrical conductivity measurements collected during 

injection events suggest that nutrient mass was lost due to insufficient flow 

field capture. Inadequate delivery of the amended groundwater was also 

evidenced by nutrient concentrations in the fracture. Conditions at BH9, the 

injection well, were the most affected following biostimulation, while BH8, the 

open borehole, had minimal increases in nutrient concentration. Delivery to 

BH3 seemed to be more effective than to BH7, which further indicates an 

insufficient flow field. In such a case, natural groundwater flow would cause a 

shift in nutrient delivery towards the southeast, in the direction of BH3. 

 

Although some mass loss due to groundwater flow was expected, the 

magnitude of substrate loss was greater than the value initially predicted by 
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the numerical model. Numerical modelling parameters were reevaluated once 

field data became available. The model fracture aperture was increased to 

1600 µm based on observed nutrient travel times in the fracture, with an 

estimated plume width based on previous modelling results and a known flow 

rate of 2 Lpm, as shown in Equation 3. 

 

     Eqn.3 
 
 

Where 2b is the fracture aperture, Q is the flow rate (2 Lpm), t is the observed 

nutrient travel time (40 min), w is the estimated plume width (10 m), and l is 

the distance between injection and withdrawal boreholes (4.95 m). 

 

The revised fracture aperture estimate provides a good fit to the early-time 

injection data at BH7. Late-time data could not be accurately modelled due to 

the effect of the recirculation system on solute concentrations in the fracture. 

The flow field generated by the improved model is shown in Figure 3-9, with a 

predicted nutrient mass loss of 29% - more than double the pre-trial estimate 

of 13%. This additional mass loss could be due to interception by vertical 

fractures or heterogeneity of the aperture in the fracture plane. 

 

While limited nutrient conditions were not desirable during the initial phase of 

the biostimulation experiment, it has been observed in laboratory experiments 

that microbial EPS production rates are highest during starvation periods 

subsequent to favourable growth conditions (Roszak and Colwell, 1987; Ross 

et al., 2007). Since EPS layers provide a larger surface area for nutrient 
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accumulation, microorganisms tend to increase EPS production during 

periods of low nutrient availability. Since the presence of EPS is primarily 

responsible for the hydraulic effects of biofilm growth (Ross et al., 2001), this 

technique has been applied at both the lab and field scale to increase 

bioclogging (Heibert et al., 2001; Ross et al., 2007). 

 

 

 

 

Figure 3-9: Expected groundwater flow field development based on numerical 
modelling using a revised fracture aperture of 1600 µm and a simulation time of 56 

hours. 
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3.2.7.2 Geochemical conditions 

Despite the suboptimal flow field conditions, geochemical analyses provided 

evidence of significant changes in the isolated fracture zone. Results were 

evaluated in terms of redox conditions, whereby bioavailable electron 

acceptors are reduced sequentially in the order of oxygen, nitrate, iron(III), 

sulfate, and finally carbon dioxide (Chapelle, 2001). 

 

Dissolved oxygen concentrations in BH3 and BH7 dropped sharply after 

nutrient injections began. Due to the aerobically-disruptive nature of sample 

collection, dissolved oxygen measurements could only be used for 

comparative purposes. However, the relative stability of dissolved oxygen at 

BH8 over the course of the field trial suggests that the observed trends are 

valid. Significant increases in chemical oxygen demand and biochemical 

oxygen demand also suggest that dissolved oxygen was depleted in the 

fracture. 

 

The decrease in nitrate concentrations in all boreholes supports the 

assumption that the fracture zone intersected by BH3, BH7 and BH9 was 

anoxic. Additionally, the data suggests that oxygen and nitrate were no longer 

available as electron acceptors. 

 

Ferrous iron concentrations increased in all comparable packered boreholes 

post-trial. The increase in soluble iron(II) could indicate iron(III) reduction 

within the isolated fracture zone with depletion of iron(III) as an electron 

acceptor (Chapelle, 2001). Although a small amount of iron(II) (0.22 mg/L) 

was present in the nutrient mixture, it was not sufficient to explain the 
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observed changes in concentration. Additional sources of bioavailable iron(III) 

may have included the steel well casings and trace minerals dissolved from 

the dolostone. 

 

Some local variation in sulfate concentrations was observed between pre- and 

post-trial groundwater samples. Decreases in sulfate concentrations could be 

the result of sulfate reduction, which occurs in the absence of a more 

energetic redox electron acceptor such as oxygen, nitrate, or iron(III). The 

increase in the sulfate concentration at BH8 could be due to external 

contributions. Sulfate sources may have included the nutrient mixture, which 

could not be analyzed for sulfate, or dissolution of sulfate deposits in the 

dolostone due to changes in groundwater geochemistry. Reichart (1992) 

noted that sulfurous water associated with the Guelph and Amabel formations 

was a problem in the area adjoining the study site. Mostaghel (1983) 

described the presence of veins and vugs of reduced sulfur compounds, 

mainly lead and zinc sulfides, in the Guelph submember of the upper Lockport 

formation in a study area approximately 30 km south of the field site. It is 

possible that a sulfide deposit hydraulically connected to BH8 was affected by 

changes in the biogeochemical conditions. A slight increase in the zinc 

concentration (1.60 – 2.18 ppm) was also observed at BH8 following 

biostimulation (zinc levels at other boreholes remained steady), suggesting 

that oxidized zinc sulfide may be responsible for the observed geochemical 

change at BH8. 

 



68 
 

Based on the geochemical results, speculation regarding the dominant redox 

processes in the fracture and redox zone distribution can made (Chapelle, 

2001; Lønborg et al., 2006). The pre-trial groundwater chemistry at BH3 was 

not analyzed but can be assumed to be similar to that of pre-trial conditions at 

BH7, BH8 and BH9. Prior to stimulation, the dissolved oxygen concentrations 

in all isolated boreholes were in the range of 4-8 mg/L, and a small amount of 

nitrate was present. This suggests that pre-trial redox conditions in the 

fracture were lowly aerobic or anoxic. In comparison, complete reduction of 

dissolved oxygen, nitrate, and ferric iron, as well as some reduction of sulfate, 

was suggested by post-trial sampling data at BH3 and BH9. This places both 

boreholes in a zone of sulfate reduction. However, BH7 was likely in a zone of 

iron reduction due to the stable sulfate concentration and the lower 

concentration of ferrous iron – a product of iron reduction – relative to BH3 

and BH9. Based on these assumptions, the redox zone distribution in the 

fracture following biostimulation would progress from lowest to highest ORP in 

the order of BH9, BH3 and finally BH7. This hypothesis is supported by the 

analysis of nutrient delivery through the fracture plane and by numerical 

modelling flow field predictions. 

 

3.2.7.3 Microbial population assessment 

Although geochemical data can provide useful information regarding microbial 

activity, the most conclusive evidence of biostimulation is provided by 

microbiological assessment. This field study focused on changes in 

groundwater heterotrophs via plate counts and on overall population changes 

via molecular biology techniques in groundwater samples over time. 
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Cultural heterotrophs represent a small percentage of groundwater 

microorganisms – the majority of which are not culturable (Kell et al., 1998). 

Many deep groundwater bacteria are strict anaerobes and cannot survive in 

the presence of oxygen (Prescott et al., 2002). Sampling techniques 

employed during the field trial were not designed to accommodate strict 

anaerobes; as such, microbial characterization results represent only a 

fraction of the total population – primarily aerobic and facultative anaerobic 

microorganisms. Considering the change in redox conditions, it is likely that 

facultative and obligate anaerobes were the most active bacteria during the 

biostimulation experiment, with obligate anaerobes being underrepresented 

due to sampling limitations. 

 

Biochemical oxygen demand within the fracture increased significantly 

between sampling periods, indicating that organic carbon was readily 

available for consumption by heterotrophic microorganisms. This was 

confirmed by the considerable increase in heterotrophic plate counts following 

biostimulation. Heterotrophic plate count results at BH8 also indicate a 

population increase, although the biochemical oxygen demand data does not 

reflect this change. A similar relationship between heterotrophic plate count 

and biochemical oxygen demand was observed in BH9 samples collected four 

months post-trial. Since biochemical oxygen demand is a function of organic 

matter concentration, the low biochemical oxygen demand value observed in 

BH8, and later at BH9, is likely due a lack of bioavailable carbon (Viessman 

and Hammer, 2005). Chemical oxygen demand results also support this 
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explanation. Although dissolved organic carbon was not assessed at BH8, the 

four-month post-trial DOC at BH9 was below detection limits. The increase of 

heterotrophic bacteria at BH8 can then be attributed to growth and 

groundwater transport of planktonic microorganisms or sloughing events in 

the upgradient isolated fracture zone. Sloughing events are probable, as final 

sampling at all boreholes was hydraulically disruptive. The effects of 

biostimulation on the open borehole, BH8, require further investigation. This 

future research should aid in the transition from single fracture bioclogging 

experiments to complete fracture network field trials. 

 

Denaturing gradient gel electrophoresis provided similar results to those of the 

biochemical oxygen demand and heterotrophic plate count analyses. 

Increases in both microbial populations and diversity were observed in the 

injection borehole. Post-trial DGGE data at BH7 were comparable, with only 

one bacterial species difference. Closer inspection of the DGGE results 

revealed that while some bands were too faint to be regarded as significant 

populations, banding patterns were nearly identical in both boreholes. Pre-trial 

data also shared some common bands, although at much lower population 

densities. It is interesting to note that the single dominant species in the pre-

trial BH9 sample was not present in the post-trial bands. This does not 

necessarily indicate that the species population had decreased. It merely 

signifies a shift in population dynamics, whereby previously low-density or 

minor species now represent a larger fraction of the total microbial population. 

In contrast, the dominant species in pre-trial groundwater conditions had 
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decreased in terms of the percentage of the total post-trial population 

(Muyzer, 1993). 

 

DNA sequencing of 16S rDNA DGGE results can be used to identify specific 

bacterial species and provide phylogenetic information when a database 

match is found. Groundwater bacteria samples collected at the study site did 

not contain complete 16S rDNA matches to previously sequenced bacteria on 

the Genbank database. This result is not surprising, as the number of fully 

sequenced bacteria described on the database is 940 (NCBI, 2008). Many 

more partial DNA sequences are available, but phylogenetic information 

pertaining to these species is limited. 

 

Despite suboptimal growth conditions, geochemical and microbiological data 

collected during the fractured rock field trial indicate that biostimulation did 

occur. Hydraulic analysis was also undertaken to determine the extent of 

bioclogging within the isolated fracture and analysis of those results is 

ongoing. 

 

3.2.8 Conclusions and Recommendations 
The results of this preliminary field trial suggest that indigenous 

microorganisms in a bedrock aquifer can be biostimulated, given proper 

nutritional and environmental conditions. This finding is significant, as 

Canadian regulatory bodies currently prohibit the use of bioaugmentation for 

site remediation (CEPA, 1999). The overall goal of this trial was to reduce 

groundwater flow and transport through biological growth. The extent of 
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biological clogging of fractures and pores has yet to be determined but a 

decrease in hydraulic conductivity and back diffusion is expected. 

 

Numerous lines of evidence, including heterotrophic plate counts, 

geochemical indicators, and genetic analyses were used to confirm 

biostimulation in the isolated fracture. Future sampling regimes could include 

enumeration of specific degraders (e.g. iron reducers, methanogens) and 

measurements of methane, hydrogen and carbon dioxide for a more complete 

picture of microbial activity. 

 

Bioclogging coupled with bioremediation, the ultimate goal of this research, 

will also be dependent on extensive microbial characterization. While 

indigenous groundwater microorganisms are able to thrive on relatively simple 

carbon sources such as lactate, their ability to degrade xenobiotic compounds 

such as trichloroethylene will dictate the applicability of this technology to 

many contaminated sites. Microcosm studies prior to field-scale applications 

would be necessary to confirm biodegradation. 

 

While initial modelling results provided a rough estimate of flow field 

development, future preliminary modelling should be fitted to field data such 

as tracer arrival times to improve the accuracy of predictions. This will ensure 

the successful delivery of injected nutrients within the fracture plane. 

Additional monitoring boreholes and sampling events would also be useful to 

assess nutrient delivery and estimate subsurface redox zonation. 
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Nutrient addition is often sufficient to induce biostimulation; however, other 

environmental factors, such as temperature and terminal electron acceptor 

availability, should be considered when determining bioclogging rates. 

Although thermal heating attempts were unsuccessful in this field trial, future 

work could investigate thermal technologies or long-term heating to achieve 

temperature increases. Additionally, the injection of terminal electron 

acceptors should be investigated, as it may increase biodegradation rates 

through increased oxidation-reduction potential. 

 

Despite drastic geochemical and microbiological changes in the isolated 

fracture following biostimulation, conditions in the open borehole remained 

relatively steady. The application of bioclogging technology to complete 

fracture networks will require significant characterization and modelling work 

to ensure that nutrient delivery is achieved and that groundwater monitoring 

provides useful information about overall aquifer changes. 

 

Much additional research is needed before bioclogging can be considered a 

successful and reliable treatment option; however, the results of this trial are 

promising. 
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Chapter 4 : Summary and General Conclusions 
 

Remediation of fractured rock aquifers is a challenging undertaking due to the 

complexity and variability of contaminants and fracture networks. Bioclogging, 

through in situ biostimulation, may address some of the remediation 

challenges unique to fractured rock aquifers. Stimulation of indigenous 

microbial populations through nutrient addition may result in a significant 

increase in subsurface biomass and lead to clogging of groundwater flow 

pathways. Additionally, microbial growth has been shown to penetrate into the 

rock matrix and limit back diffusion of contaminants in some rock types. 

 

Numerous laboratory studies have demonstrated the effectiveness of 

biostimulation in reducing hydraulic conductivity in both unconsolidated media 

and fractured rock. Field-scale trials in porous media have also produced 

promising results; however, no conclusive evidence of bioclogging in fractured 

rock at the field scale has been published to date. In addition, there has been 

limited investigation of the microbiological and geochemical changes 

associated with bioclogging at the field scale in these settings. In order to 

examine biostimulation in a fractured rock setting, a field trial was conducted 

during the summer of 2007. Prior to the field study, a literature review and a 

series of laboratory experiments were undertaken to gain a better 

understanding of the processes involved. 

 

Biostimulation requires the presence of indigenous microorganisms capable 

of growth under adjusted field conditions. The addition of appropriate 



81 
 

substrates, nutrients, or terminal electron acceptors may be sufficient to 

induce microbial growth; however, unfavourable conditions such as cold 

temperature, pH imbalance or metabolite toxicity may result in poor 

bioclogging results and should be taken into consideration. 

 

Organic matter biodegradation rates are dependent on the terminal electron 

acceptor used for biochemical energy extraction. Microbial activity in the 

subsurface can be evaluated through the measurement of geochemical 

groundwater constituents, including nutrient- and redox-related compounds. 

For more detailed information on the capabilities of specific groundwater 

bacteria, a number of analytical methods are available for microbial 

identification and enumeration. 

 

A series of laboratory experiments was conducted to determine the optimal 

nutritional and environmental conditions for indigenous microbial growth using 

groundwater collected from the proposed field site. Results of the laboratory 

experiments suggest that soluble cornstarch at a concentration of 10 g/L and 

liquid fertilizer at a carbon:nitrogen:phosphorus ratio of 100:4:4 would be 

effective for stimulating groundwater bacteria; however, due to difficulties in 

handling and dosing the substrate, sodium lactate was selected as the carbon 

source for field injections. Laboratory results suggested that the effect of 

oxygen exposure during incubation periods had a small positive effect on 

growth rates and results of temperature experiments were inconclusive. 
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Following laboratory experiments, a three-week biostimulation field trial was 

conducted in an isolated dolostone fracture using an injection-withdrawal 

system for optimal nutrient mixing. Due to the orientation of the recirculation 

system relative to the groundwater flow direction and underestimates of 

nutrient mass loss through the fracture, the optimal nutrient concentrations for 

microbial growth were not achieved at the withdrawal well. In addition to 

nutritional limitations, microbial growth was limited by groundwater 

temperatures and electron acceptor availability. Despite these setbacks, 

significant changes in the groundwater geochemistry and microbiology were 

observed in the isolated fracture over the course of the biostimulation field 

trial, suggesting that bioclogging did occur. Tracer experiments and hydraulic 

tests conducted concurrent to this field study should provide more definitive 

evidence of hydraulic clogging. The results of this research can then be 

applied to bioclogging studies at contaminated fractured rock sites. 
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Appendix A: Laboratory Calculations 
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Experiment #1 : Comparison of organic carbon substrate and nutrient sources 

Glucose and fertilizer 

amendment 

Carbon from 

glucose 

Nitrogen from 

urea 

Phosphorus 

from phosphate 

Amount of nutrient source in 

compound 
100% 7% 7% 

Volume of compound added 0.5 g 0.25 mL 0.25 mL 

Volume of groundwater added 130 mL 130 mL 130 mL 

Molecular weight of elemental 

nutrient 
12.00 g/mol 14.01 g/mol 30.97 g/mol 

Molecular weight of nutrient 

source* 
180.10 g/mol 60.05 g/mol 141.94 g/mol 

Proportion of elemental 

nutrient in source 
40.0% 46.7% 43.6% 

Concentration of elemental 

nutrient in final solution 
1.54 g/L 63 ppm 59 ppm 

C-N-P ratio 100 4 4 

* Glucose = C6H12O6; Urea = N2H4CO; Phosphate = P2O5 

Glucose and molasses 
Carbon from glucose 

and molasses 

Nitrogen from 

molasses 

Phosphorus 

from molasses 

Amount of nutrient source 

in compound 

100% 

55% 
6% 0.4% 

Volume of compound 

added 
0.6 g 0.1 g 0.1 g 

Volume of groundwater 

added 
130 mL 130 mL 130 mL 

Molecular weight of 

elemental nutrient 
12.00 g/mol 14.01 g/mol 30.97 g/mol 

Molecular weight of 

nutrient source* 
180.10 g/mol - - 

Proportion of elemental 

nutrient in source 
40% 100% 100% 

Concentration of elemental 

nutrient in final solution 
1.96 g/L 46 ppm 3 ppm 

C-N-P ratio 500 10 1 

* Glucose = C6H12O6; Urea = N2H4CO; Phosphate = P2O5; Molasses = 55:6:0.4 C:N:P 
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Optical Density (Abs) 

Sample amendment(s) 
1st reading 2nd reading 

Duplicate 

sample 

Average of 

readings 

GW only 0.008 0.007 0.004 0.006 

Glucose 0.008 0.019 0.016 0.014 

Corn starch 0.075 0.065 0.426 0.189 

Corn syrup 0.022 0.020 0.064 0.035 

Lactate 0.035 0.027 0.038 0.033 

Molasses 0.056 0.046 0.087 0.063 

Glucose, molasses 0.084 0.072 0.085 0.080 

Glucose, fertilizer 0.502 0.414 1.019 0.645 

Glucose, molasses, H2O2 0.047 0.043 0.062 0.050 

Glucose, fertilizer, H2O2 0.595 0.509 0.509 0.538 

 

 

Experiment #2:  Evaluation of optimal substrate and nutrient concentrations 

Aerobic samples: 

Cornstarch 

Added 

Fertilizer 

Added 

Elemental 

Carbon 

Concentration 

Elemental 

Nitrogen 

Concentration 

Elemental 

Phosphorus 

Concentration 

C:N:P 

ratio 

1.25 g 
0.625 

mL 
4.00 g/L 163 ppm 153 ppm 100:4:4 

0.625 g 
0.625 

mL 
2.00 g/L 163 ppm 153 ppm 100:8:8 

2.50 g 
0.625 

mL 
8.00 g/L 163 ppm 153 ppm 100:2:2 

1.25 g 
0.250 

mL 
4.00 g/L 65 ppm 61 ppm 100:2:2 

1.25 g 1.25 mL 4.00 g/L 327 ppm 306 ppm 100:8:8 
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Anaerobic samples: 

Cornstarch 

Added 

Fertilizer 

Added 

Elemental 

Carbon 

Concentration 

Elemental 

Nitrogen 

Concentration 

Elemental 

Phosphorus 

Concentration 

C:N:P 

ratio 

1.35 g 
0.675 

mL 
4.00 g/L 163 ppm 153 ppm 100:4:4 

0.675 g 
0.675 

mL 
2.00 g/L 163 ppm 153 ppm 100:8:8 

2.70 g 
0.675 

mL 
8.00 g/L 163 ppm 153 ppm 100:2:2 

1.35 g 
0.270 

mL 
4.00 g/L 65 ppm 61 ppm 100:2:2 

1.35 g 1.35 mL 4.00 g/L 327 ppm 306 ppm 100:8:8 

 

 

 

Optical Density (Abs) 
Cornstarch and fertilizer 

concentrations (g/L) 
Aerobic 

sample 

Duplicate 

sample 

Anaerobic 

sample 

Duplicate 

sample 

GW only 0.001 0.001 0.001 0.000 

10 g/L C, 5 g/L F 0.976 1.075 1.255 1.151 

5 g/L C, 5 g/L F 0.977 0.694 1.006 0.854 

20 g/L C, 5 g/L F 1.244 0.813 1.285 0.936 

10 g/L C, 2 g/L F 0.517 0.935 0.839 0.856 

10 g/L C, 10 g/L F 0.772 0.633 1.096 0.528 
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Experiment #3:  Comparison of temperatures, nutrient concentrations, and 

groundwater types using the final nutrient mixture 

 

Amendment 

Strength 

Sodium 

lactate 

added 

Miracle 

Grow 

Added 

Liquid 

Growth 

Added 

Elemental 

Carbon 

Conc. 

Elemental 

Nitrogen 

Conc. 

Elemental 

Phosphorus 

Conc. 

100% 8.90 

mL 

3.75 

mL 

1.50 

mL 
3030 ppm 280 ppm 131 ppm 

50% 4.45 

mL 

1.88 

mL 

0.75 

mL 
1510 ppm 140 ppm 66 ppm 

 

 

Optical Density (Abs) GW Type (sample period, amendment 

strength, temperature) 1st reading 2nd reading Duplicate 

August, 100%, 30oC 0.013 0.007 - 

September, 100%, 30oC 0.143 0.078 - 

January, 100%, 30oC 0.011 0.011 0.005 

August, 100%, 4oC 0.003 0.005 0.004 

September, 100%, 4oC 0.932 0.930 - 

January, 100%, 4oC 0.002 0.001 - 

August, 50%, 4oC 0.002 0.00 - 

September, 50%, 4oC 0.221 0.219 - 

January, 50%, 4oC 0.018 0.004 0.004 

August, 0%, 4oC 0.000 0.000 0.000 

January, 0%, 4oC 0.000 0.000 - 

Distilled, deionized water, 100%, 4oC 0.001 0.001 - 
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Final nutrient mixture 
Carbon from 

lactate 

Nitrogen 

from urea 

Phosphorus from 

phosphate 

Amount of nutrient source in 

substrate 
100%   

Amount of nutrient source in 

Miracle Grow 
 12% 4% 

Amount of nutrient source in 

Liquid Growth 
 10% 10% 

Volume of substrate added 8.90 mL   

Volume of Miracle Grow added  3.75 mL 3.75 mL 

Volume of Liquid Growth added  1.50 mL 1.50 mL 

Volume of groundwater added 1 L 1 L 1 L 

Molecular weight of elemental 

nutrient 
12.00 g/mol 14.01 g/mol 30.97 g/mol 

Molecular weight of nutrient 

source* 
90.05 g/mol 60.05 g/mol 141.94 g/mol 

Proportion of elemental nutrient 

in substrate 
40.0%   

Proportion of elemental nutrient 

in urea 
 46.7%  

Proportion of elemental nutrient 

in phosphate 
  43.6% 

Concentration of elemental 

nutrient in final solution 
3030 ppm 280 ppm 131 ppm 

C-N-P ratio 100 9 4 

* Sodium lactate = NaC3H5O3 
 



89 
 

Appendix B: Analytical Results 
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Temp. Cond. TDS D.O. pH Eh Alk HPC BOD COD DOC NH3 TKN 
Well ID oC uS/cm % Ppm   mV ppm cfu/mL ppm ppm ppm ppm ppm 
MW3                           

Sept 17/07 8.9 2209 2.074 2.1 6.78 -14.7 174.44 >5700 730 3015 1060.0 17.2 50.74 
MW7                           

May 15/07 7.45 324 0.313 --- 7.1 -37.8 292.73 24 <2 <3 1.2 <0.1 0.16 
Sept 17/07 10.47 1604 1.444 1.12 6.82 -16.7 119.40 >5700 750 1877 624.0 13.3 29.93 

MW8                           
May 15/07 10.1 431 0.391 4.33 6.87 -19.2 292.65 4 <2 <3 1.2 <0.1 0.17 
Sept 17/07 9.67 430 0.395 5.21 7.02 -26.6 34.55 500 <2 9 --- 0.2 1.23 

MW9                           
May 15/07 8.43 384 0.365 2.12 6.81 -25.2 294.27 51 <2 <3 1.3 <0.1 0.28 
Sept 18/07 11.14 1905 1.684 1.55 6.78 -14.8 142.62 >5700 910 2114 662.0 30.5 53.94 
Jan 17/08 8.2 281 0.267 10.37 7.33 -33.7 217.50 180 <2 <3 2.1 <0.1 0.22 

                            
Total 

P NO3 NO2 SO4 Cl F Ag Al  As B Ba Be Ca 
Well ID 

ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
MW3                           

Sept 17/07 7.66 <0.05 <0.05 9.44 7.32 97.60 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 82.56 
MW7                           

May 15/07 0.02 2.16 <0.05 13.07 1.59 0.07 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 63.50 
Sept 17/07 5.56 <0.05 <0.05 13.09 5.21 61.76 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 77.50 

MW8                           
May 15/07 0.01 2.20 <0.05 15.75 1.65 0.08 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 62.63 
Sept 17/07 0.01 <0.05 <0.05 23.75 4.77 0.10 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 69.44 

MW9                           
May 15/07 0.01 2.16 <0.05 13.04 1.56 0.07 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 64.22 
Sept 18/07 15.42 <0.05 <0.05 2.89 6.09 46.33 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 74.13 
Jan 17/08 0.03 <0.05 <0.05 9.75 3.25 0.07 <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 51.90 
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Cd Co Cr Cu Fe K Mg Mn Mo Na Ni P Pb 
Well ID 

ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
MW3                           

Sept 17/07 <0.025 <0.02 <0.04 <0.2 5.41 38.8 33.44 1.39 <0.05 678.5 <0.3 8 <0.03 
MW7                           

May 15/07 <0.025 <0.02 <0.04 <0.2 <0.05 0.4 29.06 <0.05 <0.05 1.6 <0.3 <1 <0.03 
Sept 17/07 <0.025 <0.02 <0.04 <0.2 4.16 24.4 30.94 0.58 <0.05 416.1 <0.3 6 <0.03 

MW8                           
May 15/07 <0.025 <0.02 <0.04 <0.2 <0.05 0.4 29.88 <0.05 <0.05 1.2 <0.3 <1 <0.03 
Sept 17/07 <0.025 <0.02 <0.04 <0.2 <0.05 0.7 32.38 <0.05 <0.05 4.0 <0.3 <1 <0.03 

MW9                           
May 15/07 <0.025 <0.02 <0.04 <0.2 <0.05 0.3 28.81 <0.05 <0.05 1.3 <0.3 <1 <0.03 
Sept 18/07 <0.025 <0.02 <0.04 <0.2 8.97 36.4 29.09 1.21 <0.05 510.3 <0.3 13 <0.03 
Jan 17/08 <0.025 <0.02 <0.04 <0.2 <0.05 0.3 24.90 <0.05 <0.05 1.0 <0.3 <1 <0.03 

                            
S  Sb Se Sn Sr Ti Tl U V Zn       

Well ID 
ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm       

MW3                           
Sept 17/07 1.5 <0.1 <0.1 <0.01 0.09 <0.01 <0.025 <0.20 <0.02 0.01       

MW7                           
May 15/07 4.2 <0.1 <0.1 <0.01 0.06 <0.01 <0.025 <0.20 <0.02 0.06       
Sept 17/07 2.2 <0.1 <0.1 <0.01 0.08 <0.01 <0.025 <0.20 <0.02 0.02       

MW8                           
May 15/07 4.6 <0.1 <0.1 <0.01 0.06 <0.01 <0.025 <0.20 <0.02 0.10       
Sept 17/07 11.1 <0.1 <0.1 <0.01 0.08 <0.01 <0.025 <0.20 <0.02 0.14       

MW9                           
May 15/07 3.7 <0.1 <0.1 <0.01 0.05 <0.01 <0.025 <0.20 <0.02 0.04       
Sept 18/07 <1.0 <0.1 <0.1 <0.01 0.07 <0.01 <0.025 <0.20 <0.02 0.01       
Jan 17/08 3.3 <0.1 <0.1 <0.01 0.04 <0.01 <0.025 <0.20 <0.02 0.01       
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Temp. Cond. TDS D.O. pH Eh Alk HPC BOD COD DOC NH3 TKN 
Well ID oC uS/cm % Ppm   mV ppm cfu/mL ppm ppm ppm ppm ppm 

Nutrient Mix                           
Jan 31/08 --- 2164 1.758 --- 7 -26 2940.00 --- --- 9700 4040 47.8 640.50 

Rock Sample                           
May 15/07 --- --- --- --- --- --- --- --- --- --- --- --- --- 

                            
Cd Co Cr Cu Fe K Mg Mn Mo Na Ni P Pb 

Well ID 
ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Nutrient Mix                           
Jan 31/08 136.00 --- --- --- --- --- <0.01 <1.0 <0.03 <1.0 <0.05 <0.01 <2.0 

Rock Sample                           
May 15/07 --- --- --- --- --- --- 2.1 423 <1.0 <20 10 <4.0 233000 

                            
Cd Co Cr Cu Fe K Mg Mn Mo Na Ni P Pb 

Well ID 
ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Nutrient Mix                           
Jan 31/08 <0.025 0.45 0.51 <0.2 0.22 382 0.15 1.70 <0.05 1540.0 <0.3 121 <0.03 

Rock Sample                           
May 15/07 <1.0 <5.0 <20 10.5 1050 202 141000 149 <2.0 161 <5.0 50.6 <10 

                            
S  Sb Se Sn Sr Ti Tl U V Zn       Well ID 

ppm ppm ppm Ppm ppm ppm ppm ppm ppm ppm       
Nutrient Mix                           
Jan 31/08 <1.0 <0.1 <0.1 <0.01 0.02 0.01 <0.025 <0.20 <0.02 2.30       

Rock Sample                           
May 15/07 89.4 <10 <10 <2.0 51.8 <10 <1.0 10.1 <10 33.0       
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Dissolved Organic Carbon (mg/L)  Sample Collection  

Date BH3 BH7 BH8 BH9 

May 15/07 - 1.2 1.2 1.3 

Aug 30/07  327   

Aug 31/07  451   

Sept 1/07  231   

Sept 2/07  856   

Sept 4/07  173   

Sept 5/07  155   

Sept 6/07  156   

Sept 8/07  143   

Sept 10/07  313   

Sept 12/07  357   

Sept 14/07  361   

Sept 16/07  606   

Sept 17/08 1060 624 -  

Sept 18/08    662 
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Appendix C: Nutrient Injection Volumes 
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Date (mmm 

dd) 
Time (hh:mm) 

Volume of 

Sodium Lactate 

added (mL) 

Volume of 

Miracle 

Grow 

added (mL) 

Volume of 

Liquid 

Growth 

added (mL) 

Aug 28 17:00 890 375 150 

Aug 28 21:30 445 188 75 

Aug 29 8:00 1065 338 180 

Aug 30 0:00 445 188 75 

Aug 31 0:00 667.5 281 113 

Aug 31 16:00 445 188 75 

Sep 1 0:00 222.5 94 38 

Sep 1 15:30 445 188 75 

Sep 2 8:00 445 188 75 

Sep 2 16:00 445 188 75 

Sep 3 9:50 445 188 75 

Sep 3 20:00 445 188 75 

Sep 4 10:45 445 188 75 

Sep 4 19:20 445 188 75 

Sep 5 10:20 445 188 75 

Sep 5 20:30 222.5 94 38 

Sep 6 12:00 445 188 75 

Sep 6 19:30 445 188 75 

Sep 7 7:45 445 188 75 

Sep 7 19:10 445 188 75 

Sep 8 11:10 445 188 75 

Sep 8 20:15 445 188 75 

Sep 9 10:45 445 188 75 

Sep 9 18:30 445 188 75 

Sep 9 19:45 445 188 75 

Sep 10 6:20 445 188 75 

Sep 10 21:20 890 375 150 

Sep 11 8:45 445 188 75 

Sep 11 14:15 445 188 75 

Sep 11 19:20 445 188 75 
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Sep 12 0:00 445 188 75 

Sep 12 7:00 445 188 75 

Sep 12 13:00 445 188 75 

Sep 12 18:00 445 188 75 

Sep 13 0:20 445 188 75 

Sep 13 6:50 445 188 75 

Sep 13 12:45 445 188 75 

Sep 13 18:45 445 188 75 

Sep 14 0:30 445 188 75 

Sep 14 6:45 445 188 75 

Sep 14 12:30 445 188 75 

Sep 14 18:00 445 188 75 

Sep 15 0:20 445 188 75 

Sep 15 6:45 445 188 75 

Sep 15 12:30 445 188 75 

Sep 15 18:00 445 188 75 

Sep 16 0:20 445 188 75 

Sep 16 7:00 445 188 75 

Sep 16 12:30 445 188 75 

Sep 16 18:40 890 375 150 

Sep 17 7:15 890 375 150 

Sep 17 12:35 890 375 150 
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Appendix D: Recirculation System Volumes 
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System Component Diameter (m)  Length (m)  Volume (L)  

BH7 wellbore 0.0762 2.19 9.99 

BH7 packer 0.0320 1.685 1.36 

BH7 PVC pipe 0.0508 4.76 9.65 

BH7 Waterra tubing below ground 0.0191 9.22 2.63 

BH7 Waterra tubing aboveground 0.0191 5.2 1.49 

Reservoir - - 100 

BH9 valved pipe aboveground 0.0381 2 2.28 

BH9 Waterra tubing aboveground 0.0191 13.78 3.95 

BH9 Waterra tubing below ground 0.0191 9.22 2.63 

BH9 PVC pipe 0.0508 4.76 9.65 

BH9 packer 0.0320 1.685 1.36 

BH9 wellbore 0.0762 2.19 9.99 

Fracture - 4.95 79.20* 

*Based on revised fracture aperture estimate of 1600 µm 

Total volume of the recirculation system = 234 L 

Note: original fracture volume estimate = 11 L, with a system total = 166 L 
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Appendix E: Model Fitting Results 
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Model Parameter Initial Estimate Revised Estimate 

Injection flow rate (Lpm) 2.00 2.00 

Withdrawal flow rate (Lpm) -2.00 -2.00 

Injection well coordinates (m) x = 21.61; y = 24.68 x = 21.61; y = 24.68 

Withdrawal well coordinates (m) x = 20; y = 20 x = 20; y = 20 

Groundwater flow direction S49oE S49oE 

Groundwater velocity (m/day) 28.5 28.5 

Longitudinal dispersivity (m) 0.5 0.5 

Molecular diffusion coefficient 1.5×10-9 1.5×10-9 

Pulse length (min) 18 18 

Retardation factor for fracture 1 1 

Retardation factor for matrix 1 1 

Matrix porosity 0.05 0.05 

Geometric factor for matrix 0.4 0.4 

Fracture aperture ( µm) 224 1600 
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Initial model fit to field data of electrical conductivity following an injection 

event: 
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Revised model fit to field data using a fracture aperture of 1600 µm: 
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Note: Numerical model does not account for recirculation; only early-time fit possible 
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Appendix F: Photos of Laboratory Work 
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Liquid fertilizers used in final nutrient mixture: 
 

 
 
Sample bottles used for laboratory experiments: 
 

 
 
Microbial growth observed in sample bottle following a three-week incubation 
period: 
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Appendix G: Photos of Field Work 
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Field site, with location of BH7 and BH8 and BH9: 
 

 
 
 
Packer setup for BH9: 
 

 
 

BH9 

BH8 BH7 
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Recirculation system: 
 

 

 
 
Grundfos pump control box and flow meter readout unit with power supply: 
 

 
 

Slime coating on equipment following field trial: 
 

 


