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Abstract

Both onsite septic disposal systems and private drinking water wells are commonly utilized in

rural areas of Canada.  The coexistence of septic systems and drinking water wells has the

potential to greatly impact the quality of water obtained in these settings. Human enteric viruses

have been recognized as a potential source of groundwater borne disease, although the level of

risk they pose and the processes responsible for their transport are poorly understood. As a result

of thin overburden, low storage capacity, and high groundwater velocities, fractured rock aquifers

are potentially at highest risk to viral contamination. However, only limited research has been

conducted to explore this concern. The current study was conducted to investigate both the rate

of occurrence of human viruses in fractured rock aquifers and the transport mechanisms acting in

these settings.

A survey was conducted to identify the prevalence of human enteric viruses in three fractured

rock aquifers located across Canada.  A total of 61 samples were collected from 28 wells drilled

in aquifers in Ontario, Newfoundland, and British Columbia. Molecular PCR techniques were

utilized to determine virus presence.  Results showed that 37.7% of samples and 58.1% of wells

were at some time positive for viruses. Virus presence was found to increase with housing

density and viruses were found to travel distances of at least 40 meters.  Poor correlation was

found between the presence of viruses and traditional bacterial indicators.

A field-scale viral infiltration experiment was conducted to investigate viral transport behavior.

The bacteriophage ф-X174 and the fluorescent dye Lissamine FF were utilized as viral and solute

tracers, respectively.  Tracers were applied to an exposed rock outcrop exhibiting fractures with

known connection to two nearby wells. Breakthrough was extremely rapid and the colloidal

processes of decreased dispersion and slow-release kinetic sorption were identified.
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This study has provided concrete evidence that viral contamination poses a significant threat to

fractured groundwater aquifers in rural areas where onsite septic disposal practices are utilized.

The results observed in this study suggest that current set back distances and monitoring

techniques may be inadequate to prevent exposure to human viruses.
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Chapter 1

Introduction

Over nine million Canadians are reliant on groundwater as their primary source of drinking water

(Government of Canada, 2006), and the protection of these sources is essential to the protection of

public health.  Microbial contamination from human sewage is a well recognized threat to the

quality of these groundwater resources, and implicated sources of such contamination include

leaky sewer pipes, septic field percolation, land application of bio-solids, and artificial recharge

practices (Yates et al., 1987).  Many microbial pathogens are present in septic waste and human

enteric viruses are thought to be the most likely of those pathogens to contaminate groundwater

(Borchardt et al., 2007).  A large number of studies have investigated viral occurrence in the

United States (Banks and Battigelli, 2001; Banks et al., 2002; Lieberman et al., 2002; Lindsey et

al., 2002; Abbaszadegan et al, 2003; Borchardt et al., 2003), and viruses are believed to be

responsible for as many as half of groundwater borne disease outbreaks in that country (Borchardt

et al., 2007).  Data on waterborne outbreaks in Canada are scarce (Locas et al., 2007), and only

two studies have investigated viral presence in Canadian groundwater (Locas et al., 2007; Locas

et al., 2008).

It is estimated that over two thirds of those Canadians reliant on groundwater are located in rural

areas (Government of Canada, 2006).  The combined use of private drinking water wells and

onsite septic systems are commonly utilized in these rural settings and have the potential to

greatly impact the microbial quality of drinking water obtained in these areas.  Regulations for

private drinking water well construction rely on the use of setback distances between wells and

potential sources of septic contamination in order to provide the removal of microbial pathogens

via natural attenuation mechanisms.  These setback distances are calculated using highly

simplified and dated empirical relationships and are primarily based on bacterial transport in



2

porous media (Pang et al., 2003).  Due to the limited protection and monitoring of private wells,

and the number of individuals utilizing these systems, the level of risk presented by the

consumption of water from these wells is likely high.  Research conducted to date has focused

largely on public supply wells, and only a small number of studies of viral occurrence have been

completed on private wells (Lindsey et al., 2002; Abbaszadegan et al., 2003; Borchardt et al.,

2003). Thus, little is known about the occurrence of viruses in private wells or the ability of

existing offset distances to prevent viral contamination from onsite septic disposal systems.

Fractured rock aquifers are commonly utilized as a potable water source in many areas of Canada

and eastern North America, and it is estimated that 70% of regional aquifers in Canada are located

in fractured rock settings (Natural Resources Canada, 2005). These aquifers often have little

protection from overlying overburden materials of low permeability and are widely exposed to

contamination sources from surface or near-surface environments. Flow and transport in

fractured rock aquifers are governed by complex and highly heterogeneous fracture pathways and

influenced by interactions between these fractures and the rock matrix.  Very large groundwater

velocities are also common in these settings and estimating transport using porous media models

and average parameters such as those used to calculate current offset distances can lead to large

errors (Berger, 2008).  A number of studies have identified fractured rock aquifers as being of

potentially high risk to viral contamination (Borchardt et al., 2003; Locas et al., 2007; Berger,

2008), however, only a small number of studies have explicitly investigated these settings (Banks

and Battigelli, 2001; Banks et al., 2002; Borchardt et al., 2007). These studies have produced

different and sometimes contradictory results and have not adequately established the occurrence

and risk posed to fractured rock aquifers. Some studies have found no or very low virus

occurrence in fractured rock wells (Banks and Battigelli, 2001; Banks et al., 2002), while others

have concluded that fractured rock aquifers are at increased risk (Borchardt et al., 2003; Locas et

al., 2007; Borchardt et al., 2007; Berger, 2008).
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Groundwater temperatures are also known to greatly impact the rate of virus inactivation, and

inactivation rates are known to be greatly reduced at lower temperatures through various

mechanisms which protect the virus structures (Yates et al., 1987).  Canadian groundwater

temperatures are known to be colder than those in the United States where most of the current

studies have been conducted, and this temperature difference may lead to an increased risk in

colder Canadian groundwater. No viral occurrence studies have investigated the effect of colder

groundwater temperatures or explicitly investigated fractured rock wells in Canada.

It is the goal of researchers and public health authorities to identify relationships between the

presence of microbial pathogens and other organisms which may be more practical and cost

effective to monitor.  If a suitable indicator can be identified it offers a great advantage in water

quality monitoring and public health protection.  The total and fecal coliform groups of bacteria

have long been utilized as indicators of the microbial quality of water and groundwater (Armon et

al, 1997), however, these indicators can not be used to distinguish between human and animal

wastes and are unable to determine the true risk posed by human pathogens including viruses.  A

number of alternative indicators have been assessed to predict the presence of human viruses

including various types of coliphage, Enterococcus, and fecal sterols (Savichtcheva and Okabe,

2007). Results have been inconclusive and a suitable viral indicator has yet to be identified

(Savichtcheva et al., 2006; Black et al., 2007). No studies conducted to date have explicitly

investigated the ability of current or potential indicators to predict virus presence in fractured rock

settings.

Viruses are transported in groundwater via advection and dispersion and the two primary

processes responsible for virus removal are adsorption and inactivation (Schijven and

Hassanizadeh, 2000). These transport and removal processes are highly complex and the

mechanisms responsible have not been fully resolved.  Our understanding is generally limited to
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hypothesized mechanisms and the empirical interpretation of laboratory data (Tufenkji, 2007).  A

number of field scale transport experiments have been conducted, however, the ability to predict

virus transport at large scales is highly limited (McCarthy and McKay, 2004).  The understanding

of virus transport in fractured rock settings has received even less attention, and has been limited

to a small number of laboratory and field scale investigations, primarily in fractured porous media

such as clays and shale saprolites (McKay et al., 1993; McKay et al., 2000; McKay et al., 2002).

Viral contamination often enters the subsurface via a surface source and the understanding of

infiltration processes is essential to understanding viral transport, however, these processes are

often overlooked and require more study (McCarthy and McKay, 2004).

The objective of the present study is to better understand the risks posed by human enteric viruses

to private bedrock wells in areas where onsite septic disposal practices are widely utilized.  The

research was conducted as two separate components: i) the completion of a field survey to

investigate the presence of human viruses and traditional bacterial indicators in fractured rock

wells in Canada, and ii) the completion of a viral infiltration experiment at the field scale to study

virus transport from a surface source to an adjacent bedrock well.

This thesis is divided into five chapters.  Chapter 2 provides a review of relevant literature and is

divided into six sections and addresses; virus basics, viruses in groundwater, viral detection,

septic indicators, viral transport, and transport experiments.  Chapter 3 presents the details and

findings of a study conducted to identify human virus presence in fractured bedrock wells in rural

communities of Canada where onsite septic disposal practices are utilized. The design,

completion, and analysis of a field-scale viral infiltration transport experiment is presented in

Chapter 4. A summary of all findings and conclusions are presented in Chapter 5 along with

recommendations for future work.  All supporting and auxiliary information is presented in

Appendices.
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The research presented in this thesis provides four primary scientific contributions:

i) The rate of occurrence of human enteric viruses is investigated for fractured

bedrock wells due to onsite septic practices in rural areas of Canada.

ii) The ability of current setback distances and bacterial monitoring to prevent and

predict human virus presence is investigated and found to be inadequate in

fractured rock wells.

iii) NanoCeram® filters, a cost effective alternative to currently approved virus

filters have been determined to be effective in groundwater sampling.

iv) A field method for investigating viral transport mechanisms in a fractured rock

setting from a surface source is designed and demonstrated.
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Chapter 2

Literature Review

2.1 Viruses

A virus is a submicroscopic intracellular parasite, and is unique from other organisms in that it

does not possess the ability to create energy or replicate in the absence of a host cell (Cann, 2003).

It is often argued that viruses bound the classification between living and non-living organisms,

and are sometimes considered living only in the presence of a host cell (Cann, 2003).

Viruses range in size from 10 to 300 nm and can take on a wide range of geometries including

spherical, icosahedral, and rod shaped (Cann, 2003).  The size, shape and other physiochemical

properties of a given virus determine its ability to survive and be transported in the subsurface

(Yates et al., 1987).  The general physical structure of a virus can be greatly simplified in terms of

those components relevant to virus transport and viability.  These generalized components are the

protein capsid, the host recognition sites, and the genetic material.  These three structures must all

remain intact for a virus to remain infective (Harvey and Ryan, 2004).

Many classification systems exist for the naming and grouping of viruses.  A simple and

fundamental method of classification is based on host susceptibility.  A given virus is generally

capable of infecting only a single type of host organism and viruses can be grouped based on the

host which they are capable of infecting (Cann, 2003).  Viruses capable of infecting humans are

defined as human viruses.  Bacteriophage and coliphage are two additional virus groups relevant

to this review and these viruses are capable of infecting bacteria and Escherichia coli,

respectively.  These groups are believed to have transport and survival characteristics similar to

human viruses and are commonly utilized as surrogates to human viruses in lab and field

experiments (Schijven and Hassanizadeh, 2000).  Viruses can be further classified based on their
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mode of transmission and infection.  Different human viruses infect different systems of the body

and can be classified accordingly.  Those viruses which infect the gastro-intestinal tract are

referred to as enteric viruses and are typically those viruses most likely to be implicated in

drinking water contamination (Borchardt et al., 2003).

2.2 Human Viruses in Groundwater

2.2.1 General Process

While the microbial safety of drinking water has dominated the scientific and public health arena

for over a century, the threat of human virus contamination to drinking water has only been of

interest over the past few decades. Many types of microorganisms are capable of contaminating

groundwater and causing illness in humans including various types of bacteria, protozoa,

helminths, and viruses.  Enteric viruses are thought to be the most likely human pathogen to

contaminate groundwater, due to their small size and ability to remain infective, relative to other

organisms (Borchardt et al., 2007).  Viruses are clearly recognized as a waterborne pathogen and

have been identified in a large number of groundwater related outbreaks of enteric disease

(Berger, 2007).   Due to the sporadic nature of these outbreaks, the pathogen responsible cannot

always be identified, and viruses are suspected to be responsible for as many as 50 percent of such

outbreaks in the United States (Borchardt et al., 2007). Enteric virus infection in humans can

result in a wide range of illness including paralysis, meningitis, hepatitis, gastroenteritis, fever,

skin rashes, and many other conditions (Fout et al., 2003).

Two essential criteria must be met for viral contamination of groundwater to occur.  A source of

viral contamination must be present, and those viruses present must have the ability to survive in

a natural water environment.  Human enteric viruses meet these criteria and are the viral type

implicated in groundwater contamination.  Human enteric viruses are excreted from the body
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through defecation and are present in concentrations in the range of 109 to1010 particles per gram

of feces in infected individuals (Borchardt et al., 2003).  Human enteric viruses contain a highly

protective protein capsid which shields them from the harsh environment of the intestinal tract,

and allows them to survive in groundwater for periods of weeks or months (Banks and Battigelli,

2002).  A wide range of sources have been implicated in the presence of viruses in groundwater

and include septic field percolation, leaky sewer pipes, land application of sewage, and artificial

recharge practices (Yates et al., 1987).

2.2.2 Virus Occurrence Studies

An increasing number of studies have been conducted to determine the presence of human enteric

viruses in groundwater in the United States (Banks et al., 2001; Banks and Battigelli, 2002;

Abbaszadegan et al., 2003; Borchardt et al., 2003; Borchardt et al., 2007; Karim et al., 2004).

Only two studies of virus presence in groundwater have been conducted in Canada (Locas et al.,

2007; Locas et al., 2008).  Of those studies in literature, the occurrence rate of viruses in

groundwater was found to be as high as 35% (Karim et al., 2004).  The majority of studies

conducted to date have focused primarily on porous media settings.  Only three studies have

explicitly investigated fractured rock aquifers (Banks and Battigelli, 2001; Banks et al., 2002;

Borchardt et al., 2007), however these studies investigated small localized geographical areas and

a large scale understanding of fractured rock settings does not exist. In a study investigating three

confined bedrock wells it was determined that even deep confined bedrock aquifers may be at risk

(Borchardt et al., 2007). A number of studies which included a small percentage of fractured rock

wells and a comprehensive review of waterborne disease outbreaks have identified fractured rock

wells as being of potentially higher risk to viral contamination (Borchardt et al., 2003; Locas et

al., 2007; Berger, 2008).  The majority of studies conducted have also focused on public supply

wells, and only a small number of studies have investigated private household supplies (Lindsey
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et al, 2002; Abbaszadegan et al., 2003; Borchardt et al., 2003)  Public supply wells often gain

more attention as more people are at risk due to a single failure, however, private household wells

are often untreated, under tested and located in closer proximity to sources of septic

contamination (Borchardt et al., 2003).

2.3 Virus Detection

When viruses are present in environmental waters they are often present in very low

concentrations.  The concentration of large volumes of water is required for the detection of

viruses in environmental samples (Fout et al., 2003).  The most popular method of virus

concentration is the adsorption-elution method which utilizes an electrostatically charged filter to

capture viruses, and an eluent solution to release the collected particles into a solution of minimal

volume (Gutierrez et al., 2007).   If size exclusion filtration were used alone, filters would clog

prematurely due to the small size of the filter openings required to retain the microscopic virus

particles, and the presence of foreign debris found in natural waters.  Adsorption or charge

exclusion filters make use of the fact that virus particles are negatively charged under most

natural water conditions and the filters are composed of positively charged materials (Karim et

al., 2009).   Adsorption filters allow filter openings to be large enough to reduce clogging and

small enough to allow virus particles to be electrostatically retained.

The 1MDS electropositive filter (Cuno, Meriden, CT) is the only filter currently recognized by the

U.S. Environmental Protection Agency for virus sampling, however, this filter is not cost

effective for routine monitoring and requires pH adjustments under certain field conditions

(Karim et al., 2009).  An alternative filter, the NanoCeram® filter (Argonide, Sanford, FL), is

currently under review by the USEPA as a more cost effective alternative and has recently been

evaluated in lab studies (Karim et al., 2009).  Ultrafiltration is an alternative method of
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concentration sometimes utilized and makes use of size exclusion principles to concentrate water

samples (Hill et al., 2007).

Once concentrated, samples may be analyzed for human virus presence.  Cell culture and

polymerase chain reaction (PCR) techniques are the most common techniques used for virus

detection (Abbaszadegan, 2004).

Cell culturing is conducted by growing a monolayer of cells known to be susceptible to a

particular group of viruses over a glass surface.  The cells are then subjected to a sample

concentrate of unknown virus content for a period of weeks.  Virus presence in the samples will

cause areas of cellular clearing or damage.  Any such areas are identified and results are obtained

through visual observation.  Cell culturing techniques are limited in that the process is very

expensive, time-consuming, and requires highly experienced personnel to conduct and interpret

results (Cho et al., 2000).  Additionally, not all virus types can be cultured, and the results do not

provide details as to the specific virus type responsible for infection (Abbaszadegan, 2004).

PCR is a molecular technique which allows target sequences of genetic material to be replicated.

This amplification is conducted using the polymerase enzyme and specific primers which are

added to sample concentrates along with a number of other reagents and exposed to thermal

cycling.  Specific primers are selected to target nucleic acid sequences which are unique to a

specific virus.  Results from PCR analyzed samples are traditionally obtained using gel

electrophoresis to identify the products created by the PCR reaction.  If the products created are

identified as those targeted by the primers used, virus presence is confirmed.  PCR has the

advantages of a very low detection limit and samples can be analyzed in a short period of time, in

the order of hours (Abbaszadegan, 2004).  The disadvantages of the PCR method are, 1) the

method is unable to determine virus infectivity, and 2) only a very small sample volume can be

analyzed (Abbaszadegan, 2004).
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Other methods of detection include the use of variations and combinations of the aforementioned

techniques.  When methods are combined, the resulting method takes on both the advantages and

disadvantages of those methods it utilizes (Abbaszadegan, 2004).  Integrated cell culture PCR

(ICC-PCR) is one such technique that combines methods and allows for information regarding

both infectivity and viral identity to be obtained (Rodriguez et al., 2009).  Real-time PCR is a

modification of the PCR process, which allows for viral concentrations to be determined

(Rodriguez et al., 2009). A number of serological tests also exist for the detection of viruses but

are rarely utilized in the analysis of environmental samples (Abbaszadegan, 2004).

2.4 Indicators of Septic Contamination

Monitoring for microbial pathogens is often expensive and difficult to perform.  As a result, it has

long been a goal of public health authorities to identify relationships between the presence of

microbial pathogens and other organisms which may be more practical to monitor.  If a suitable

indicator can be identified it offers a great advantage in water quality monitoring and public

health protection.  A viable indicator must have many similar characteristics to those pathogens

which they are monitoring.  An ideal microbial indicator organism must be present in the

intestinal tract in similar concentrations, have similar survival and transport properties and be

more easily detected then those pathogens which they are used to represent (Hurst et al., 2002).

The total and fecal coliform groups have long been utilized as indicators of the microbial quality

of water and groundwater (Armon et al, 1997).  These organisms were selected based on their

close relationship to pathogenic fecal bacteria, a significant microbial contaminant in drinking

water (Leclerc et al., 2000).  Traditional microbial indicators are however unable to distinguish

between human and animal wastes and are unable to determine the true risk posed by human

pathogens including viruses. Thus, it is necessary to assess the performance of currently utilized
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indicators and to identify alternative indicators which may better represent human specific

pathogens such as viruses.

A number of alternative indicators have been assessed to predict the presence of human viruses.

Alternative indicators investigated include various types of coliphage, Enterococcus, and fecal

sterols (Savichtcheva and Okabe, 2007).  Male-specific coliphage and Enterococcus have

displayed some success in a small number of studies (Abbaszadegan et al, 2003; Locas et al.,

2007), however,  overall results have been inconclusive and a suitable viral indicator has yet to be

identified (Savichtcheva et al., 2006; Black et al., 2007).

Total coliforms and Escherichia coli remain the only recognized indicators to date, by regulators

in Canada and the United States, with the exception of Quebec (Locas et al., 2007).  The province

of Quebec implemented the use of Enterococcus and male-specific coliphage as indicators for

public water supplies in 2001 (Locas et al., 2007).  It is commonly thought that human viruses

themselves are the ideal indicator of human septic contamination (Black et al., 2007), and as the

ability to detect these viruses improves, the use of an alternate indicator may become unnecessary.

No studies conducted to date have explicitly investigated the ability of current or potential

indicators to predict virus presence in fractured rock settings.

2.5 Viral Transport

A large amount of literature has focused on the study of virus transport via groundwater in porous

media. The transport of virus particles is greatly affected by colloidal processes and incorporating

these physical processes make the study of viral transport a complex undertaking (Tufenkji,

2007). Earlier work in this area was highly limited to a conceptual understanding and has

progressed to the more complex understanding which exists today.  The current level of

knowledge regarding viral transport is the result of not only the study of virus transport but from
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contributions made in the areas of bacterial and colloid transport as well.  This review will present

the conceptual and mathematical understanding for those mechanisms responsible for viral

transport in an attempt to produce a thorough understanding of the level of knowledge available to

date.  Relevant mechanisms will first be discussed and presented as they pertain to the more

simplified case of porous media, followed by a discussion of how these processes have been

incorporated for transport in fractured rock settings.

2.5.1 Advective Transport

The advective mechanisms responsible for virus transport can be described by a simplified

version of the advection-dispersion equation, given by the expression (for one-dimensional flow),

x
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(1)

Where, C is the concentration in solution, D is the hydrodynamic dispersion coefficient, v is the

pore water velocity, t is time, and x is the distance in the x direction.  Equation (1) is derived from

traditional mass balance approaches and is generally successful in describing the advection of

both dissolved solutes and virus colloids (Murphy and Ginn, 2000).  The pore water velocity is

governed by the hydraulic gradient, the porosity and hydraulic conductivity of the soil.

Dispersion is traditionally defined as a mixing or spreading process caused by, the tortuosity of

the flow paths, pore scale velocity distributions, and molecular mixing effects (Murphy and Ginn,

2000).

A number of colloidal effects have also been identified and are responsible for deviations which

are not described by classical advection dispersion theory (Taylor et al., 2004).  These colloidal

variations are believed to be the result of colloid filtration where preferential transport occurs
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through larger pore throats and particles are carried near pore centerlines (Murphy and Ginn,

2000).  Increased transport velocities and decreased dispersion occur as a result of these two

colloidal mechanisms (Keller et al., 2004).  Experimental breakthrough curves show the

combined effects of all mechanisms occurring and in cases where sorption is the dominant

process, particularly at smaller scales, increased transport velocities and other advective effects

may not be discernable (Keller et al., 2004).  It has been shown that failure to recognize these

colloidal effects can lead to large inaccuracies in predicting virus transport (Taylor et al., 2004),

and more work is needed to better understand those processes responsible.

2.5.2 Adsorption

Viral adsorption or attachment is a complex process of electrostatic and colloid interactions

between the virus particle and the soil grains (Yates et al., 1987).  Electrostatic attraction due to

virus and grain surface charges is thought to be the main mechanism leading to adsorption

(Buchan and Flury, 2004). The adsorption process is controlled by the properties of both the

viruses and soil grains as well as the chemical characteristics of the water.   Under typical

groundwater conditions, virus surface charges are negative and favorable adsorption sites have a

positive charge (Buchan and Flury, 2004).  The progression in the understanding of these

processes has evolved considerably, however, more work is needed to understand and accurately

represent these processes (Harvey and Ryan, 2004).

Early models made use of both Langmuir and Fruedlich isotherms and treated the attachment of

viruses as an equilibrium process (Yates et al., 1987).  In the simple example of a linear Langmuir

isotherm, the equation of the isotherm is given by:

= C (2)
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where, S is the sorbed concentration, and Keq is the coefficient of equilibrium.  Incorporating this

isotherm behavior into the advection dispersion equation, equation (1) becomes,
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(3)

where, R is the retardation coefficient and is calculated from the equation,

= 1 + (4)

Where, ρb is the dry bulk density of the soil, and θ is the soil porosity.

It is now clearly understood that virus adsorption is a kinetic process (Schijven and Hassanizadeh,

2000).  It is believed to be a two stage process where first the particles are transported close to

grain surfaces, followed by attachment where the particles are immobilized (Tufenkji, 2007).  The

process of desorption has also been determined to be kinetic in nature, and has been found to

occur much slower then adsorption (Foppen et al., 2006).  Traditional equilibrium isotherms are

unable to represent these kinetic effects and kinetic methods must be incorporated.  The kinetic

nature of adsorption and desorption has been described by the equation (Tufenkji, 2007),

= − (5)

Where, Katt and Kdet represent the attachment and detachment rate coefficients, respectively, and

must be experimentally determined for a given set of conditions.

Colloid filtration theory is another commonly utilized approach to predict virus attachment during

transport (Schijven and Hassanizadeh, 2000).  Colloid filtration theory is based on an irreversible
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attachment approach often employed during lab and field experiments where detachment can be

assumed to be of minimal importance over the time frames the experiments are conducted

(Tufenkji, 2007).  The attachment coefficient is calculated using the equation (Foppen et al.,

2006),

   v
d

katt 2
13 


(6)

Where, d is the grain diameter, and  is the removal efficiency, and is calculated using the

equation,

 0 (7)

where, o is the collision efficiency, and  is the sticking efficiency.  Collision efficiency is used

to represent the likelihood that a particle will come in contact with a surface due to the processes

of interception, sedimentation, and Brownian diffusion.  Sticking efficiency is an additional

parameter utilized, and represents the probability that a particle will attach to a grain should the

two come in contact.   Of the three processes acting Brownian diffusion is the main contributor in

the case of viral transport, as interception and sedimentation are usually of only minor influence

due to the small size and neutrally buoyant nature of most viruses (Buchan and Flury, 2004).

A number of recent studies have been conducted to investigate the performance of colloid

filtration theory and have overwhelmingly found that the method is acceptable under favorable

attachment conditions, however, is not valid under conditions where attachment is unfavorable

(Tufenkji, 2007).   It is thought that van der Waals forces and pore scale hydraulic conditions may

play an increased role under these conditions and more work is needed to understand these

processes (Buchan and Flury, 2004).
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While the presented methods have shown to be successful under most conditions, these methods

are limited to homogeneous conditions and have the inherent shortfall of being unable to represent

large scale heterogeneous environments (Harvey and Ryan, 2004).  A small number of models,

including a favorable and unfavorable patch method presented by Flynn et al. (2004), have shown

limited potential for field application and this and other similar models need further refinement

and verification before they can be fully utilized (Foppen et al., 2006).

2.5.3 Inactivation

The virus structure is held together by various complex interactions and the process of

inactivation occurs when this interaction is altered by some environmental stress and a virus loses

its ability to infect host cells (Anders and Chrysikopolous, 2006).  Possible processes which could

render a virus inactive include; degradation of the protein capsid, degradation of the nucleic acid,

alterations in the host recognition/transfer sites, or escape of nucleic acid (Harvey and Ryan,

2004).  Predation by other microorganisms has also been hypothesized as an additional

mechanism of inactivation (Buchan and Flury, 2004).  The inactivation of viruses in groundwater

is a complex process influenced by a number of factors including virus type, temperature, water

chemistry, level of saturation, and whether a virus is adsorbed to a surface or present in solution

(Yates et al., 1987; Schijven and Hassanizadeh., 2000).  Viruses are unable to replicate in the

absence of host cells and no growth term is required when present in the environment and

groundwater (Yates et al., 1987).

Viral inactivation has historically been described using first-order decay with dependence on

temperature (Yates et al., 1987). This process can be mathematically represented by the equation:

( ) = (8)
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Where C0 is the initial concentration, and λ is the inactivation rate constant which is determined

experimentally for a given virus under a given set of conditions (Schijven and Hassanizadeh,

2000).

Due to the presence of sub-population variability, it has been found that a time-dependent

inactivation model may be required to predict the inactivation of viruses in groundwater (Schijven

and Hassanizadeh, 2000).  A pseudo first-order relationship with time-dependent rate coefficients

has been proposed to accurately represent this heterogeneity (Anders and Chrysikopolous, 2006).

The relationship is given by the expressions:

( ) = − ( ) ( ) (9)

and,

( ) = ϕ (10)

Where λo is the initial inactivation coefficient, and ϕ is the resistivity coefficient.

The effects of attachment on inactivation have been extensively studied and the requirement to

consider these effects has been universally adopted (Schijven and Hassanizadeh, 2000; Tufenkji,

2007).  Once adsorbed, virus inactivation rates are altered and are highly dependent on various

factors (Schijven and Hassanizadeh, 2000).  Inactivation rates are thought to be in part a function

of bonding strength and have been found to both increase and decrease due to adsorption

(Schijven and Hassanizadeh, 2000).  It has been found that inactivation is accelerated by virus

attachment to grains coated in metal oxides and other strong binding materials (Taylor et al.,

2004), while decreased inactivation has been observed when attached to grains rich in organic

matter (Harvey and Ryan, 2004; Bradford et al., 2006).  The interdependence of inactivation and
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adsorption couples the two processes adding an additional level of complexity to viral transport

modeling.

2.5.4 Unsaturated Transport

Unsaturated conditions are particularly important to microbial and viral transport, as the sources

of these contaminants often originate in the vadose zone from such sources as septic leach fields,

leaky sewer pipes, and the land application of biosolids (McCarthy and McKay, 2004).  The

importance of water content and unsaturated flow conditions on colloid and viral transport is well

accepted, however, the area has received little attention and the processes occurring are poorly

understood (McCarthy and McKay, 2004; Sen and Khilar, 2006; Flury and Qiu, 2008).

Viral transport in the presence of unsaturated conditions is further complicated by the presence of

the air-water interface (AWI).  It is generally accepted that the AWI leads to increased adsorption

and inactivation due to the strong attractive forces between virus particles and the AWI (Schijven

and Hassanizadeh, 2000; Chu et al., 2001; Flury and Qiu, 2008).  An additional explanation for

enhanced colloid removal in the presence of an AWI is a process known as film straining.  Film

straining occurs when the thickness of the water film becomes smaller then the colloid leading to

its entrapment (Flury and Qiu, 2008).  Additional studies have reported that increased removal

may also be the result of increased adsorption at the water-soil interface (Chu et al., 2001) or the

air-water-soil interface (Thompson and Yates, 1999).

Water movement in natural soils is dependent on transient infiltration events such as rainfall,

snowmelt, and irrigation.  These events lead to transient flow conditions in the vadose zone and

require saturation hysteresis to be considered (McCarthy and McKay, 2004).  Infiltration events

are thought to increase transport through the movement of the AWI which can carry colloids and

scour others previously attached to soil grain surfaces (Flury and Qiu, 2008).
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Only a small number of models have been developed to predict viral and colloid transport under

unsaturated conditions (Chu et al., 2001; Flury and Qiu, 2008).  Those models currently

developed are primarily based on theoretical behaviors and have undergone only limited

verification using simplified lab experiments (Flury and Qiu, 2008).  More work is needed in

understanding and modeling those processes associated with unsaturated viral transport.

2.5.5 Transport in Fractured Rock

Little research to date has focused on the transport of viruses in fractured media (Cumbie and

McKay, 1999).  The current level of knowledge in this area is primarily based on the result of

research completed in the area of colloid facilitated transport with respect to radioactive waste

disposal (McCarthy and McKay, 2004), and a large number of studies conducted to investigate

the transport of bacteria and larger colloids (Allen and Morrison, 1973; Champ and Schroeter,

1988; Vilks et al., 1997; Becker et al., 2003).  Only a limited number of studies have been

conducted to investigate virus transport at either the lab (McKay et a., 2002; Mortensen et al.,

2004; Mondal and Sleep, 2010) or field scale (McKay et al., 1993; McKay et al., 2000).  These

studies have also been limited to the study of fractured porous media such as clays and highly

weathered rock, and the use of artificial fractures.

Unlike relatively slow moving porous media systems which are highly influenced by diffusive

processes, fractured media is dominated by advection based transport (Cumbie and McKay,

2004).  The phenomenon of advanced arrival found in porous media systems is often amplified in

fractured settings and the potential of rapid transport in fractured media is well accepted

(McCarthy and McKay, 2004; Berger, 2008).

It is of considerable debate as to the importance of matrix diffusion regarding virus transport in

fractured media.  Many studies and models have dismissed the importance of matrix diffusion
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based on size exclusion (Abdel-Salam and Chrysikopoulus, 1994; Ibaraki and Sudicky, 1995),

however, a number of studies have found matrix diffusion to occur in lab scale experiments for

both viruses and colloids (Cumbie and McKay, 1999; Oswald and Ibaraki, 2001; Alonso et al.,

2007).  Although the effects of matrix diffusion have been identified, the importance of these

processes needs to be resolved.

A number of models have been developed for colloid transport in fractured media, however, no

rigorous models have been developed for the specific case of virus transport.  The first model to

incorporate matrix diffusion into colloid transport in fractures was presented by Oswald and

Ibaraki (2001).  This model represents 2-D transport in a single fracture, with reversible and

kinetic sorption in both the fractured and porous matrix. Although this model is robust in its

ability to describe those theoretical colloidal processes which it depicts, the model has only been

validated using a single small scale column experiment of inert colloids in fractured clay.  As the

model is based on inert colloids, the model does not include the complex inactivation processes

which occur in the case of viral transport.

A more comprehensive understanding of virus transport and fracture specific mechanisms is

required and will allow for the development of virus specific transport models (McCarthy and

McKay, 2004).

2.6 Field-Scale Tracer Experiments

Subsurface transport experiments are commonly utilized to better understand flow and transport

in a wide range of hydrological settings (Flury and Wai, 2003).  These experiments have taken on

a wide range of configurations and many tracer types have been utilized.  Tracer experiments and

tracers themselves can be divided into two types, naturally occurring, and applied.  For the

purpose of this review the discussion of tracer experiments will focus on applied tracers and
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experiments.  Breakthrough curves obtained from tracer experiments allow those processes

responsible for transport to be identified, and applicable models to be created and verified

(Woessner et al., 2001).  Transport experiments offer even greater advantages in highly

heterogeneous settings such as fractured rock, as they allow valuable information to be gathered

regarding physical connections in the hydraulic system (Divine and McDonnell, 2005).  As a need

is developed to understand more and more complex situations, transport experiments will

continue to evolve and take on more complex configurations and tracer combinations.  If

appropriate care is taken in the design of these experiments, the potential exists to successfully

characterize more complex transport processes (Divine and McDonnell, 2005).

2.6.1 Experimental Design

The design of an appropriate experiment is important to ensure those mechanisms being

investigated are isolated and results can be easily interpreted and modeled (McCarthy and

McKay, 2004; Divine and McDonnell, 2005).  Site characterization and a thorough understanding

of the hydraulic system at a given site are required before a tracer experiment can be designed and

performed.

Classically transport experiments have focused on investigations using one or more wells (e.g.

Novakowski et al, 1985; Novakowski and Lapcevic, 1994; McKay et al., 2000; Hachey, 2006).

Experiments investigating transport from a surface source are known as infiltration experiments

and are another experimental configuration found, although much less commonly, in literature

(Levison, 2009).   Infiltration experiments are highly complex and the ability to analyze such

experiments is a robust undertaking and numerical models are often required (Levison, 2009).

Field experiments are commonly conducted in the presence of natural or forced gradient

conditions.  Natural gradient experiments are advantageous in they allow flow and transport to be
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monitored under conditions and flow velocities naturally present, however, such experiments are

often difficult to conduct due to the long duration of time required to conduct them (Hachey,

2006).  Induced gradient conditions are achieved by systematically adding or removing water

from a flow system so as to increase the hydraulic gradient and increase the rate of flow and

transport occurring.  Some debate exists as to the validity of experiments conducted in the

presence of forced gradients, however, a number of studies have shown induced gradient results

to be valid, and the use of such experiments has become wide spread and generally accepted

(Weatherill et al., 2006).

An additional important design consideration is the development of an appropriate source

condition.  Commonly utilized source conditions include constant concentration, pulse injection,

step injection, decaying source, and tracer recirculation. In the case of infiltration experiments, an

appropriate technique must be developed for the application of tracer to the system.  Application

methods have included; application through septic systems (e.g. Alhajjar et al., 1988; Alexander

et al., 2010), artificial recharge systems (e.g. Allen and Morrison, 1973; Levison, 2009), and the

use of a surface pond (e.g. Praamsma et al., 2009). The appropriate source for a given experiment

is dependent on those conditions being investigated and the limitations imposed by the physical

system.  The source condition must be carefully controlled to ensure the results of the experiment

are meaningful and interpretable (Gelhar et al., 1992).

2.6.2 Tracer Selection

A wide range of tracers have been utilized in groundwater studies and include, temperature,

conductivity, anions, organic acids, dissolved gases, isotopes, inorganic colloids, bacteria, viruses,

and multiple other microorganisms (Flury and Wai, 2003).  The selection of an appropriate tracer

is extremely important to the experimental design process and factors to be considered include the
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purpose of the experiment, the chemical and physical characteristics of the media, the ease of

sampling and detectability, and potential human health affects (Flury and Wai, 2003).

In the study of flow, an ideal tracer must be conservative in nature (move similar to water and be

free of the effects of sorption and degradation), have low background concentration and be clearly

discernable from background levels, and must be insensitive to changes in solution chemistry.

Ionic tracers have been used extensively in groundwater tracing studies, of which bromide is the

most commonly utilized (Davis et al., 1985).  Bromide is well accepted as behaving

conservatively under natural groundwater conditions and in the presence of most geological

settings (Davis et al., 1985; Levy and Chambers, 1987), and has been used extensively in field

studies (e.g. Novakowski et al., 1985; DeBorde et al, 1999, Blanford et al., 2005; Corapciogulu et

al., 2006).

Although fluorescent dyes are often considered less conservative than anionic tracers such as

bromide (Davis et al., 1985), dyes are the most commonly utilized tracers of groundwater flow

(Flury and Wai, 2003).  A review of groundwater tracers conducted by Smart and Laidlaw (1977)

identified Lissamine FF as the best dye for tracing groundwater.  Lissamine has been found to be

unaffected by large variations in pH and salinity (Smart and Laidlaw, 1977) and has been utilized

extensively in field experiments showing conservative behavior in regards to sorption

(Novakowski and Lapcevic, 1994; Novakowski et al., 1998; Lapcevic et al., 1999).  Lissamine

has been compared favorably to bromide in terms of being conservative in fractured media

(Novakowski, 1992).

In the study of transport processes, a suitable surrogate must be identified which behaves

similarly to the compound being investigated.  Transport experiments are occasionally utilized in

the study of microbial transport and common tracers in these studies include various types of
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bacteria, bacteriophage, and synthetic colloids known as microspheres (Flury and Wai, 2003).

MS2, PRD1, and фx174 are three types of bacteriophage known to have transport and survival

properties similar to those of pathogenic human viruses (Schijven and Hassanizadeh, 2000) and

have been used extensively in transport studies (e.g. McKay et al., 1993; DeBorde et al., 1999;

McKay et al., 2000; Schijven and Simunek, 2002).  Tracer experiments utilized to investigate

transport processes must utilize at least two tracers, a conservative tracer to characterize the flow

system, and a surrogate tracer to represent the transport processes (Flury and Wai, 2003).  By

combining the use of a conservative and transport tracer it is possible to characterize the flow

system and to separate those effects due to transport processes.

2.7 Summary and Conclusions

Human enteric viruses are known to be a legitimate pathogen capable of impacting groundwater

sources (Borchardt et al., 2007).  A number of studies have been conducted to resolve the rate of

occurrence of viruses in groundwater sources but more work is needed to provide a better

understanding of their occurrence and survival, particularly in areas of higher risk (Berger, 2008).

Fractured bedrock aquifers are one such area requiring closer attention and have been indicated to

be at potentially high risk to viral contamination (Borchardt et al., 2003; Locas et al., 2007;

Borchardt et al., 2007; Berger, 2008).  The transport and survival of viruses in groundwater is the

result of complex mechanisms, and in many instances the details of these mechanisms have not

been fully resolved and remain poorly understood (Tufenkji, 2007).  The majority of transport

studies conducted to date have utilized small scale laboratory experiments investigating simplified

homogeneous transport in porous media.  More research is needed to investigate field scale

transport particularly in complex settings which involve fractured rock and infiltration (Cumbie

and McKay, 1999; McCarthy and McKay, 2004).  Through the proper design of appropriate
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experiments, it should be possible to gain valuable insight into the nature of virus transport in

more complex settings (McCarthy and McKay, 2004).
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Chapter 3

Virus Occurrence Study

3.1 Introduction

Over 9 million Canadians are reliant on groundwater as their primary source of drinking water

(Government of Canada, 2006), and the protection of these sources is paramount to the protection

of public health. Microbial contamination from septic sources is a well recognized threat to the

quality of groundwater sources, and potential sources of contamination include septic field

percolation, land application of bio-solids, leaky sewer pipes, and artificial recharge practices

(Yates et al., 1987). The risk from septic contamination has historically focused on bacterial

pathogens, however, it is now clearly understood that human enteric viruses from the same source

are equally capable of contaminating groundwater sources (e.g. Deetz et al., 1984; Abbaszadegan

et al., 2003; Lieberman et al., 2002; Lindsey et al., 2002; Borchardt et al., 2003; Borchardt et al.,

2004; Locas et al., 2007; Locas et al., 2008).  Human enteric viruses are pathogens which infect

and are shed from the intestines of humans and are suspected to cause over 50 percent of

groundwater borne disease in the United States (Borchardt et al., 2007). The infection of humans

by enteric viruses can result in a wide range of illness including paralysis, meningitis, hepatitis,

gastroenteritis, fever, skin rashes, as well as many other conditions (Fout et al., 2003). Those

human enteric viruses most commonly identified and studied in regards to waterborne disease

outbreak include Norovirus, Adenovirus, Rotavirus, Enterovirus, and Hepatitis A (Banks et al.,

2001; Banks and Battigelli, 2002; Abbaszadegan et al., 2003; Borchardt et al., 2003; Berger,

2007; Borchardt et al., 2007; Locas et al., 2007; Locas et al., 2008).
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Despite the growing knowledge and risk associated with enteric virus presence in groundwater,

only a limited number of studies have investigated virus occurrence in groundwater in Canada

(Locas et al., 2007; Locas et al., 2008).

Current regulations tend to place the greatest emphasis on public water systems where risk is

perceived to be greater and to affect more individuals, however, it is estimated that over two

thirds of groundwater users in Canada are located in rural areas and obtain drinking water from

private wells (Government of Canada, 2006).  The combined use of onsite septic disposal and

onsite drinking water wells is common practice in rural areas, and greater potential exists for

septic and viral contamination in these locales.  Only a limited number of studies have been

conducted to investigate private wells (Lindsey et al., 2002; Abbaszadegan et al., 2003;

Borchardt et al., 2003), none of which have been conducted in Canada, and the ability of current

regulations and bacterial monitoring practices to protect private water wells from viral

contamination is poorly understood.

It is estimated that 70% of Canada’s regional aquifers are located in fractured bedrock (Natural

Resources Canada, 2005), making these aquifers an extremely important source of groundwater in

Canada.  A number of studies have identified fractured rock wells to be of potentially higher risk

to viral contamination (Borchardt et al., 2003; Locas et al., 2007; Berger, 2008), however, few

studies have been conducted to investigate virus presence explicitly in these settings to date

(Banks et al., 2001; Banks and Battigelli, 2002; Borchardt et al., 2007). These studies have

produced different and sometimes contradictory results and have not adequately established the

occurrence and risk posed to fractured rock aquifers.  Some studies have found no or very low

virus occurrence in fractured rock wells (Banks and Battigelli, 2001; Banks et al., 2002), while

others have concluded that fractured rock aquifers are at increased risk (Borchardt et al., 2003;

Locas et al., 2007; Borchardt et al., 2007; Berger, 2008).
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When viruses are present in environmental waters they are often present in very low

concentrations and the concentration of large volumes of water is required for the detection of

viruses in environmental samples (Fout et al., 2003).  The most popular method of virus

concentration is the adsorption-elution method which utilizes an electrostatically charged filter to

capture (Gutierrez et al., 2007).  The 1MDS electropositive filter (Cuno, Meriden, CT) is the only

filter currently recognized by the U.S. Environmental Protection Agency for virus sampling,

however, this filter is not cost effective for routine monitoring (Karim et al., 2009).

Cell culture and polymerase chain reaction (PCR) techniques are the most common techniques

used for virus detection (Abbaszadegan, 2004). Cell culturing is conducted by growing a

monolayer of cells known to be susceptible to a particular group of viruses over a glass surface.

Cell culturing techniques are the only techniques capable of determining the infectivity of virus

particles, however, the method is very expensive, time-consuming, and requires highly

experienced personnel (Cho et al., 2000).  Additionally, not all virus types can be cultured, and

the results do not provide details as to the specific virus type responsible for infection

(Abbaszadegan, 2004). PCR is a molecular technique which allows target sequences of genetic

material to be replicated.  PCR has the advantages of a very low detection limit and samples can

be analyzed in a short period of time (Abbaszadegan, 2004). PCR methods are unable to

determine virus infectivity (Abbaszadegan, 2004).

The current study was conducted to investigate the occurrence of human enteric viruses in private

fractured bedrock wells where onsite septic disposal systems are utilized.  The study also

investigated the effectiveness of current regulations and bacterial monitoring to prevent and

predict virus occurrence.   This study serves as the first field investigation utilizing NanoCeram®

virus filters, currently under review by the USEPA (Karim et al., 2009).  These filters offer a cost
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effective alternative to the currently recognized 1 MDS filter and will allow viral monitoring to be

conducted more routinely.

3.2 Methodology

The study was conducted using a combination of drilled, residential and observation wells,

completed into fractured bedrock located in areas of rural Canada where onsite septic disposal

practices are in use.  Study areas were selected in each of the provinces of British Columbia,

Ontario, and Newfoundland.  An appropriate community and respective residential volunteers

were identified in Newfoundland and British Columbia with assistance of the Newfoundland

Ministry of Natural Resources and the British Columbia Ministry of the Environment,

respectively.  At the study area located in Ontario a network of previously developed multilevel

observation wells distributed throughout a small rural community at varying distances from onsite

septic systems was utilized.  Samples were collected and analyzed for the presence of Norovirus,

Rotavirus, Enterovirus, Hepatitis A virus, and various genotypes of Adenovirus.  Samples were

also analyzed for general geochemical parameters and the presence of total coliforms, fecal

coliforms, Escherichia coli, and Enterococcus.  Samples were collected over a ten month period.

Sampling was conducted on four occasions in Ontario, and twice in the provinces of British

Columbia and Newfoundland. Available information was collected for all wells and a survey of

the location and distribution of nearby septic systems was conducted. Further sampling

information is provided in the following section.

3.3 Study Areas

For those communities which participated in the study, existing knowledge and observations were

made regarding surface and subsurface geology, hydrogeology, and general population patterns

for each of the areas. Due to unavailable and incomplete well logs in British Columbia and
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Newfoundland a comprehensive analysis of well completion details for those wells studied was

not possible. At the time of this study, all well log records were sealed in the province of

Newfoundland due to privacy concerns under review by that province.  In British Columbia, only

a small portion of wells (3 of 13) had well logs available and were incomplete and of overall poor

quality.

3.3.1 Torbay, Newfoundland

The community of Torbay was selected as the study community in Newfoundland.  Torbay is a

small coastal community located approximately 15 kilometers north of the City of St. John’s on

the Avalon Peninsula.  The area is underlain primarily by Neoprotozoic sedimentary rocks of the

Conception and St. John’s Groups (King, 1988). The Conception group consists of siliceous

siltstones and sandstones while the St. John’s Group is comprised of dark grey shale containing

thin lenses of sandstones and mudstones (King, 1988).  The sedimentary rocks in the area have

undergone regional-scale folding and numerous joint sets and fracture zones have formed as a

result (Jacques Whitford, 2008). Overburden in the area is generally of variable minimal

thickness (in the order of 0 to 5m).  The area is generally quite hilly and mountainous with large

rock cliffs common, particularly in coastal areas.  Housing in the area ranges from isolated rural

living to areas of more densely populated communities where multiple neighboring properties are

present.

3.3.2 The Gulf Islands, British Columbia

The Gulf Islands, and specifically Gabriola and Hornby Islands were selected as study areas in the

province of British Columbia.  The Gulf Islands are a group of over 40 islands located in the

Strait of Georgia between Vancouver Island and mainland British Columbia.  Gabriola Island is

located just a few kilometers offshore of the City of Nanaimo while Hornby Island is located
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approximately 70 kilometers to the north and is 40 kilometers south of the town of Courtenay.

Residential living on the islands varies from small pocket communities to more sparsely located

rural housing.

Geological studies in the area have determined Gabriola and Hornby Islands to have very similar

geology (Katnick and Mustard, 2003).  Due to geological similarity and close proximity, the two

islands have been considered the same study area for the purposes of this study.  The Upper

Cretaceous Nanaimo group comprises the majority of bedrock of the two islands and is a deep

marine sedimentary sequence up to 4 km in thickness.  The sequence is composed of multiple

lateral successions of sandstone separated by shale and mudstone inter-beds, with the Gabriola

and Spray formations comprising the upper two layers on the two islands (Katnick and Mustard,

2003).  Formations in the area have been extensively fractured and major faults and fracture zones

are common throughout the area (Surette et al., 2008). Overburden is highly variable and is

generally of minimal thickness (in the order of 0 to5 meters) with outcrops and mountainous areas

common in the area. A cross-section of the underlying geology of Gabriola Island is presented in

Figure 3.1.

Figure 3.1 Geological cross section of Gabriola Island. The Gabriola, Geoffrey, and De
Courcy formations are primarily composed of sandstone, while the Spray and
Northumberland formations are composed primarily of shale. (Earle and Krogh, 2004)
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3.3.3 Portland, Ontario

The town of Portland, Ontario was selected as the study area in Ontario and is a waterfront

community located on the Rideau lakes system located approximately 55 kilometers north of The

City of Kingston.  The Nepean and March sandstone unconformably overly the crystalline

Precambrian basement rocks over much of the area (Greggs and Gorman, 1976).  The crystalline

basement rocks are composed primarily of granitic gneisses and quartzite (Greggs and Gorman,

1976).  During well drilling and characterization activities a thin capping of limestone was also

found to be present along the southern edge of the community.

Those observation wells utilized for the presented study were drilled and characterized for use in

a previous study (Kozuskanich, 2009). The observation wells are 0.15 meters in diameter and

were drilled using an air rotary percussion method.  Wells were cased to bedrock, and completed

as multilevel observation wells containing three intervals. Sand and slotted PVC pipe was used to

screen over transmisive intervals of the wells, and bentonite hole plug was used to hydraulically

isolate screened sections. Shallow intervals were completed with 0.025 meter diameter screens

and medium and deep intervals were completed using 0.05 meter diameter screens.  For the

purpose of this study, all intervals in a given well will be treated as its own identity, as each

interval has been hydraulically isolated. The wells have been extensively characterized using a

number of techniques including slug testing, constant head testing, pumping tests, and down hole

observations using a submersible camera. A compilation of well lithology, hydraulic

characterization data, and well completion details for the 5 wells utilized in the study are

presented in Figure 3.2.
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Figure 3.2 Compilation of well logs created for those wells sampled in Portland, ON.  The
left most log presented for each well shows geological observations made from down hole
camera observations.  The centre log displays Transmisivity measurements versus depth as
determined from constant head injection testing.  The third log presented for each well is a
depiction of the well completion details for each well.
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A map of the village showing well locations is presented in Figure 3.3.  Septic systems are

numerous in the inhabited area and two large raised bed septic systems are located in the vicinity

of observation wells P3 and P7.

Figure 3.3 Map of the community of Portland, Ontario, showing the location of monitoring
wells sampled.  Two large raised bed septic systems are also present in the area and their
locations are indicated.

A geological cross section of the town developed using the available data compiled in well logs is

presented in Figure 3.4.  The cross section is for transect A-B as labeled on the map in Figure 3.3.
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Figure 3.4 Geological cross section A-B in Portland, Ontario as labeled in Figure 3-3. The
cross section was developed using relevant available well logs as presented in Figure 3-1.

3.4 Sample Collection

At each well, a filtered sample was obtained using an apparatus which was modified from that

recommended by the United States Environmental Protection Agency (US EPA) viral sampling

methodology (US EPA, 2001a).  In general the apparatus consisted of a backflow regulator,

pressure gauge, pressure regulator, filter housing, flow meter and a flow through cell fitted with a

YSI 551 multi-parameter sensor.  Premature clogging was found to be problematic during the first

round of sampling at the Ontario site and a pre-filtration module was added for subsequent

sampling in all communities.  The pre-filtration module consisted of a 7 micron nominal pore size

blown glass filter and compatible housing. A schematic of the filter apparatus is presented in

Figure 3.5.

36

Figure 3.4 Geological cross section A-B in Portland, Ontario as labeled in Figure 3-3. The
cross section was developed using relevant available well logs as presented in Figure 3-1.

3.4 Sample Collection

At each well, a filtered sample was obtained using an apparatus which was modified from that

recommended by the United States Environmental Protection Agency (US EPA) viral sampling

methodology (US EPA, 2001a).  In general the apparatus consisted of a backflow regulator,

pressure gauge, pressure regulator, filter housing, flow meter and a flow through cell fitted with a

YSI 551 multi-parameter sensor.  Premature clogging was found to be problematic during the first

round of sampling at the Ontario site and a pre-filtration module was added for subsequent

sampling in all communities.  The pre-filtration module consisted of a 7 micron nominal pore size

blown glass filter and compatible housing. A schematic of the filter apparatus is presented in

Figure 3.5.

36

Figure 3.4 Geological cross section A-B in Portland, Ontario as labeled in Figure 3-3. The
cross section was developed using relevant available well logs as presented in Figure 3-1.

3.4 Sample Collection

At each well, a filtered sample was obtained using an apparatus which was modified from that

recommended by the United States Environmental Protection Agency (US EPA) viral sampling

methodology (US EPA, 2001a).  In general the apparatus consisted of a backflow regulator,

pressure gauge, pressure regulator, filter housing, flow meter and a flow through cell fitted with a

YSI 551 multi-parameter sensor.  Premature clogging was found to be problematic during the first

round of sampling at the Ontario site and a pre-filtration module was added for subsequent

sampling in all communities.  The pre-filtration module consisted of a 7 micron nominal pore size

blown glass filter and compatible housing. A schematic of the filter apparatus is presented in

Figure 3.5.



37

Figure 3.5 Schematic of the apparatus utilized for sampling.  The apparatus allows pressure
to be monitored and controlled.  The schematic includes both a virus and pre-filtration
module.  The pre-filtration module was not utilized in all sampling and was added to
prevent premature clogging.

Samples from residential wells were collected using outside faucets and when possible from a

faucet located at the well head.  All samples were collected prior to water filtration or softening

processes if in use.
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Samples collected from observation wells were collected using three pump types.  During the first

round of sampling, dedicated ¾ inch Waterra® tubing and an automated Wattera® hydrolift-2

inertial pumping system was utilized.  Due to increased turbidity caused by the agitation of the

wellbore in the first round of sampling, the remaining samples with the exception of shallow

intervals were sampled using a Grundfos Rediflow2 submersible pump attached to ¾ inch braided

PVC tubing. The use of a submersible pump was not possible in shallow intervals due to the

smaller diameter well screens installed in these intervals.  Shallow intervals were instead sampled

using a gas driven trash pump connected to 3/4 inch braided PVC tubing.

Prior to filtration and sample collection, wells were purged by pumping a volume ranging from

100-500L (ranging from 1 to 3 well volumes) from the well being sampled and through the

filtering apparatus prior to installing the filter cartridge.  A NanoCeram virus sampling filter and a

pre-filtration filter cartridge was then installed, and a target volume of 1000 liters was filtered for

human viral analysis.  The flow rate and back pressure were maintained below 15 L/min and

30psi, respectively, as recommended by the filter manufacturers.  In the event of premature

clogging, filtration was continued until the pressure could not be maintained below the maximum

recommended pressure or the flow rate was reduced to an unpractical level.  Following filtration

the housings were removed from the apparatus and sealed using galvanized steel end plugs with

the filters intact. Although a target volume of 1000L was filtered, sample volumes filtered ranged

from 40 to 1300 liters and the average filtered volume was 905 liters.   A summary of the volumes

purged and filtered for each sample is presented in Appendix A.

During sampling the YSI® multi-parameter probe was utilized to measure and record the

temperature, conductivity, DO and pH of the water in real-time.  Samples were also collected and

analyzed onsite for turbidity using a LaMotte® 2020 portable turbidity meter.  All probes were

calibrated on a daily basis prior to use.
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Bulk water samples were also collected from each well, each time a given well was sampled for

viruses.  Bulk samples were collected and analyzed for total coliforms, fecal coliforms, Eschericia

coli, and Enterococcus, and were preserved with sodium thiosulphate.  Bulk samples which were

analyzed for total organic carbon were preserved with hydrochloric acid. Filters and samples

were placed on ice and delivered or shipped to the lab by overnight courier.

All samples were collected aseptically and filter housings were disinfected after each use.  A

0.52% chlorine solution was circulated through the sampling apparatus between sample

collections to disinfect components followed by the circulation of 2% sodium thiosulfate solution

to remove residual chlorine. The use of field blanks and duplicates were also utilized for bacterial

sampling, at the rate of one duplicate and one blank, for each sampling event. Samples were

collected over the ten month period from July 2008 to June 2009.  A total of 27 wells were

investigated and each well was sampled from one to four times.  A total of 61 samples were

collected and analyzed for virus presence. The date, location, and number of samples collected

during each sampling event is presented in Table 3.1.

Table 3.1 A summary of sampling dates, locations, and sample numbers collected for each of
the sample collection events.

Date Location # of Samples Collected

July 2008 Portland, ON 9

September 2008 Torbay, NL 6

January 2009 Gulf Islands, BC 11

March 2009 Portland, ON 5

April 2009 Portland, ON 5

April 2009 Gulf Islands, BC 12

May 2009 Torbay, NL 9

May 2009 Portland, ON 6
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3.5 Sample Analysis

The following section describes the details of those methods and procedures used for viral,

bacterial and chemical analysis. Viral samples were analyzed utilizing PCR methods and virus

infectivity was not determined. A methodology is also introduced which is used to determine

indicator performance as well as the method utilized to determine housing density and travel

distance.

3.5.1 Viral Detection

Viral analysis was conducted at the Centre for Research on Environmental Microbiology

(CREM), located at the University of Ottawa. All samples were processed immediately upon

receipt at the lab.  Samples were first eluted by purging and rinsing the sampling filters and

housings with 400 mL of sterile 1.5% beef serum extract containing 0.25% glycine and adjusted

to a pH of 9.3.  Virus particles were then precipitated from the eluted liquid by adding an equal

volume of 16% polyethylene glycol 8000 (Sigma Chemical Co.) and incubating on ice for one

hour before centrifuging at 15,000 x g for 30 minutes (Vilagines et al., 1997).  Following

precipitation the resulting pellet was collected and re-suspended in 5mL of sterile RNase free

water and filtered using a series of membrane filters ranging in size from 5 to 0.22 microns.  The

obtained filtrate was divided into two equal aliquots of approximately 2.5mL and kept at -80°C

for nucleic acid extraction.

Viral nucleic acids were extracted from 200µL of concentrated filtrate using the DNA extraction

kit QIAamp DNA mini kit (Qiagen, Canada) according to the manufacturer’s instructions.

Nucleic acids were eluted with 50µL of 10 mM Tris-1 mM EDTA adjusted to a pH of 8.0. The

extracted viral nucleic acids were stored at -80°C for further analysis.
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Conventional PCR was then performed on the extracted samples for the detection of both DNA

and RNA viruses. All standard precautions were followed in order to avoid cross-contamination

and carryover of genetic material and PCR products (Kwock & Higuchi, 1989). Negative controls

were run for all assays, and no indications of contamination were detected. For adenovirus, three

separate PCR primers and processes were utilized. The primers used for the detection of each

virus type are summarized in Table 3.2.

Table 3.2 A summary of the genetic primers utilized in the PCR reactions conducted to
detect each virus type

Two PCR assays were conducted for the detection of adenovirus, one targeting the hexon gene

common to all adenovirus, and a second allowing enteric type 40 and type 41 to be detected.

Amplified fragments of genetic material were then analyzed by electrophoresis on a 2% (wt/vol)

agarose gel containing 0.125 µg/mL of ethidium bromide for 35 minutes at 100 W. A 1-Kb DNA

ladder (Invitrogen®) was used as a molecular weight marker.  The bands were visualized using

302nm short-wave UV light.

Virus Primer Sequence Amplicon bp

HAV HAV2-F GTTTTGCTCCTCTTTATCATGCTATG 247
HAV2-R GGAAATGTCTCAGGTACTTTCTTTG

Enterovirus Enterovirus 9 ACCGGATGGCCAATCCAA 196
Enterovirus 10 CCTCCGGCCCCTGAATG

Rotavirus Rota2-F GTATGGTATTGAATATACCAC 189
Rota 2-R TCCATTGATCCTGTTATTGG

Adenovirus hexAA 1885 GCCGCAGTGGTCTTACATGCACATC 310
Hex AA 1913 CAGCACGCCGCGGATGTCAAAGT
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3.5.2 Chemical and Bacterial Analysis

Samples collected for Total Organic Carbon (TOC) and bacterial species was conducted by

accredited laboratories and methods.

TOC analysis was conducted utilizing high temperature combustion method SM20 5310 B

and the testing was conducted by Accutest Laboratories.  TOC results are reported in mg/L

with a lower detection limit of 0.5mg/L.

Microbial Analysis for total coliforms, fecal coliforms, Escherichia coli, and Enterococcus

was conducted using the accredited membrane filtration method SM 9222B.  Sample analysis

was conducted by Accutest Laboratories for those samples collected in Newfoundland and

Ontario.  Bacterial analysis was conducted by North Island Labs for those samples collected

in British Columbia.  Bacterial results are presented in cfu/100ml with a lower detection limit

of 1 cfu/100mL.

3.5.3 Statistical Analysis of Indicator Performance

Due to the small number of samples collected in the study a rigorous statistical analysis of

indicator performance is not possible.  A simplified descriptive analysis was conducted utilizing a

well documented and commonly utilized method developed by Hrudey and Rizak (2004).  In

general, the method allows the correlation of each bacterial indicator to be assessed against virus

presence by calculating four useful parameters which are described as follows.  True positive and

true negative rates of occurrence indicate the percentage of those samples positive or negative for

virus presence, which are also positive or negative for the indicator, respectively.  Rates of
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occurrence indicate the correlation between indicators only for virus positive samples and do not

consider false positive and false negative results produced by the indicator.  Positive and negative

predictive values represent the percentage of indicator positive and negative samples which are

also virus positive and virus negative, respectively.  A positive and negative predictive value of

100% indicates a perfect indicator and deviations from 100% indicate the rate of false positives or

false negatives.  The analysis was performed on a per sample and a per well basis. For per well

analysis, a positive value was assigned if any sample collected from a given well tested positive at

any time.

3.6 Geographical and Geological Characterization

In an attempt to determine useful relationships relating to travel distance and housing density,

information was collected relating to the number of and distance to surrounding houses and septic

sources.  The distance to the nearest septic source was obtained through onsite measurement.  The

determination of housing densities was obtained through the analysis of satellite imagery at a

scale of 1:1600 using Google Earth® satellite imagery software.  The number of houses located

within a 50 meter radius were determined and utilized as a measure of the number of closely

neighboring properties and is thought to represents those properties most likely to pose a threat.

This value is consistent with expected travel distances determined later in this section.

3.7 Results and Discussion

The following section presents and discusses the results of sample analysis for viral and

bacterial presence.  Results are also analyzed to interpret potential relationships relating to

indicator performance, seasonal presence, travel distance, and housing density and the results

of these relationships are discussed in relation to their impact on groundwater quality and

protection.
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3.8.1 Virus Presence

A summary of virus occurrence by type is presented in Table 3.3.  Samples containing multiple

virus types are also identified. A summary of virus occurrence results obtained for each sample is

presented in Appendix B.

Table 3.3 A summary of virus occurrence results as determined from viral analysis.  Results
are presented for each virus type and samples containing multiple virus types are identified.
Results are summarized for samples and wells.

Viral analysis found 37.7% of samples and 58.1% of wells to be positive for human viruses.

Although a direct comparison can not be made between this and other studies due to variations in

sampling and detection methods, the rates of occurrence found in this study are higher than any

other studies conducted to date.  It is believed that the high rate of virus occurrence found in this

study is indicative that virus occurrence may be more prevalent in fractured rock settings due to

reduced protection and attenuation in these settings.  It should be noted that the methods utilized

for virus detection in this study are incapable of determining infectivity, and not all viruses

adeno (hexon gene) 9 (14.8) 8 (25.8)
adeno 40 8 (13.1) 7 (22.6)
adeno 41 2 (3.3) 2 (6.5)
adeno (any) 15 (24.6) 12 (38.7)
Noro 0 (0.0) 0 (0.0)
HAV 1 (1.6) 1 (3.2)
entero 3 (4.9) 3 (9.7)
Rota 11 (18.0) 11 (35.5)
Any Type 23 (37.7) 18(58.1)
2 types 5 (8.2) 4 (7.1)
3 types 2 (3.3) 2 (2.9)

Virus Type
# Positive Samples (%)

n=61
# Positive Wells (%)

n=31
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detected are expected to be infective.  In a summary of those studies investigating virus infectivity

in groundwater, conducted by Locas et al. (2007), rates of infective virus presence were found to

range from 0 percent to 35 percent. It is expected that a portion of those viruses found are likely

infective and pose a real risk to anyone whom may consume them.

A number of samples also contained multiple virus types, including two samples which contained

three virus types. Samples determined to be positive for the adenovirus hexon gene and types 40

or 41 were treated as containing only a single virus, as these tests may return positive results for

the same virus type. Of those virus types being investigated, rotavirus and adenoviruses were

found to be the most prevalent. Rotavirus and adenovirus are thought to be the leading cause of

viral gastroenteritis in children, and both viruses are thought to be endemic in the general

population (Gerba et al., 1996; Crabtree et al., 1997). The high occurrence of these virus types is

to be expected for this reason. Norovirus was the only virus not found in the study. Norovirus is

a serious cause of acute gastroenteritis and is generally seen in epidemic conditions, and as a

result the prevalence in the general population is thought to be less common (Narayanan et al.,

2005).

Viruses were identified in all communities, and the rates of prevalence in samples and wells in

each community are presented in Table 3.4.
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Table 3.4 A summary of viral occurrence results by province. A summary of all residential
wells is also presented. Results have been summarized by sample and well.

Rates of occurrence in Ontario are much higher than for the other two communities and are likely

the result of the use of monitoring wells, of which most were located in close proximity to septic

systems.  The presence of two large raised bed septic systems in the area, including one belonging

to an outpatient health centre may be implicated in the higher rate of virus occurrence in this

study area.  The locations of these two raised bed septic fields are identified in Figure 3.3.

Viruses were commonly found in shallow, intermediate, and deep intervals of those wells located

at the Ontario site, and little protection was found to be provided by obtaining water from the

deeper intervals.

A summary of only residential wells is also presented in Table 3.4, as the use of monitoring wells

does not directly represent the risk posed to residential water wells.  The study communities in

British Columbia had the lowest prevalence of human viruses and this result may be in part a

result of decreased exposure by residents to viral contaminants due to isolated island living and

decreased housing density which will be discussed in a later section.

Province Positive Samples (%) Positive Wells (%)
NL 7/14 (50.0) 6/9 (66.7)
ON 11/24 (45.8) 7/9 (77.7)
BC 5/23 (21.7) 5/13 (38.5)

Residential Wells 12/37 (32.4) 11/22 (50.0)
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3.8.2 Seasonal Occurrence of Viruses

The seasonal occurrence of viruses was also investigated and a plot of the occurrence of each

virus type by month is presented in Figure 3.6.

Figure 3.6: A plot of samples collected versus the month the samples were collected.  The
types of viruses found in positive samples are displayed in an attempt to identify seasonal
presence relationships for specific virus types.

From Figure 3.6 it can be seen that the majority of virus positive samples occurred during the

winter and spring months, however, the sampling schedule did not allow samples during all

months and conclusive observations cannot be made.  The most prevalent viruses found year

round were, rotavirus which was found during all six months in which sampling was conducted

and adenovirus which was detected in five of those months. Again, the prevalence of rotavirus

and adenovirus is likely due to the endemic presence of these virus types in the population.
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3.8.3 General Chemistry

A summary of the average physical and chemical water properties for the samples collected is

presented in Table 3.5 and a summary of the results obtained for all samples is presented in

Appendix C.

Table 3.5 A summary and statistical analysis of physical and chemical parameters measured
for all samples collected from all sites.

A large variation of all parameters was observed among those samples collected.  No trends could

be identified between the variation of these parameters and viral presence.  It should be noted that

two virus positive samples were obtained in sampled waters having a pH in excess of 8, verifying

a laboratory finding by Karim et al. (2009), that pH adjustment may not be required when

utilizing NanoCeram® virus filters to sample groundwater.

3.8.4 Presence and Performance of Bacterial Indicators

Results of microbial analysis conducted for the presence of those bacterial organisms being

investigated are presented in Table 3.6.  Results below the detection limit of 1 cfu/100mL were

considered to be negative.  A summary of all bacterial results is presented in Appendix C.

min 7.31 0.09 0.05 5.01 -240.46 0 <0.5
max 12.9 1.35 13.98 8.78 501 56.6 14.1

mean 9.77 0.56 3.68 7.31 49.37 4.03 1.87
median 10.03 0.434 1.78 7.17 18 0.86 1.4

pH
ORP
(mv)

Turbidity
(NTU)

TOC
(mg/L)

Temperature
(°C)

Specific Conductance
(mS/cm)

DO
(mg/L)
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Table 3.6 A summary of bacterial analysis conducted for the presence of commonly utilized
bacterial indicators of septic contamination.  Results are presented for samples and wells.

Indicator Organism
# Positive / # Total (%)

Samples Wells
Total Coliforms 10/53 (18.9) 8/29 (27.6)
Fecal Coliform 5/61 (8.2) 5/31 (16.1)

Fecal Enterococcus 5/61 (8.2) 5/31 (16.1)
Escherichia coli. 5/61 (8.2) 5/31 (16.1)

Due to laboratory and sampling error, it should be noted that not all samples were analyzed for

TC presence. It should also be noted that the three organisms, fecal coliforms, fecal Enterococcus

and Escherichia coli appeared in the same samples simultaneously for all samples in which they

were found to occur.  Due to this co-occurrence, the treatment of these organisms will be referred

to as fecal coliforms in the remainder of this analysis. It can be seen from the data that 18.9% and

8.2% of samples tested positive for total coliforms and fecal coliforms, respectively. Analysis

conducted on a per well basis showed that 33.3% of samples and 11.5% of wells tested positive

for total coliforms and fecal coliforms, respectively. These values are much lower than those

found for virus occurrence and this difference is a preliminary indication of poor correlation. The

results of the statistical analysis, as described earlier, are presented in Table 3.7.

Table 3.7 Results of statistical analysis conducted to determine the correlation of bacterial
and viral presence. The conducted analysis follows the methodology as described by
Hrudey and Rudzik (2004).

Results of the statistical analysis indicate that the occurrence of both total and fecal coliforms is

poorly correlated with the occurrence of viruses in both samples and wells.  Although some of the

performance parameters appear to be quite good for certain organisms, it is the combination of all

TC 5/23 (21.7) 25/30 (83.3) 5/10 (50.0) 25/43 (58.1)
FC 2/24 (8.3) 34/37 (91.9) 1/5 (20.0) 34/56 (60.7)
TC 5/14 (35.7) 5/11 (45.5) 5/8 (62.5) 8/17 (47.1)
FC 2/14 (14.3) 12/13 (92.3) 2/3 (66.6) 12/24 (50.0)

True
Negative

Occurrence
(%)

Positive
Predictive

Value
(%)

Negative
Predictive

Value
(%)

by sample

by well

True
Positive

Occurrence
(%)

Indicator
Organism
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four parameters which is important, and no organism shows good correlation based on this

criterion.  Since the source, transport, and survival of bacterial organisms is known to differ

greatly from that for viruses, the observed results confirm that bacterial indicators are unsuitable

for predicting the presence and absence of human viruses in groundwater (Abbaszadegan et al.,

2003).

3.8.5 Transport Distance and Population Density Relationships

To remove bias due to the depth of each interval, results obtained from multiple intervals within

the same well have been interpreted as a single well in the case where multi-level monitoring

wells were used (Portland, Ontario). Information relating to population density and the distance

to nearby septic systems was collected for all 27 wells investigated utilizing onsite measurements

and satellite imagery analysis and a summary is presented in Table 3.8.



51

Table 3.8 A Summary of housing density and travel distance information collected for all
wells.  The information was collected through onsite measurement and the analysis of aerial
photographs.

The average distance to a septic source for virus positive wells was 32 meters and the longest and

median distances were both 40 meters.  A large number of wells were located 40 meters from the

nearest septic source and viruses were commonly found to travel this distance.  Although the

nearest septic system may not be the source of the actual contamination, it represents the

minimum travel distance required to cause a virus positive result. Current regulations in

WELL Nearest Septic Source (m) Houses Located within 50m
P1 30 1
P2 20 4
P3 5 4
P6 40 1
P7 10 3
T1 40 1
T2 40 2
T4 35 3
T5 40 2
T6 30 1
T7 35 1
T8 30 1
T9 40 2

T10 30 3
H1 50 1
H2 40 1
H3 60 0
H4 30 1
G1 25 1
G2 30 3
G3 40 1
G4 100 0
G5 50 2
G6 40 1
G7 40 1
G8 40 4
G9 50 1
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Canadian provinces currently require offset distances between septic leach fields and drilled wells

of not more than 16 meters (values for each province are presented in Appendix D).  Results of

this study show that viruses commonly travel distances greater than those offsite distances

currently utilized in regulations.  The infectivity of those viruses has not been determined and a

conclusive determination of offset distance performance cannot be made.

Housing density information was obtained using a radius of 50 meters to determine the housing

density of closely neighboring homes. A plot showing the number of neighboring properties

located within 50m versus viral presence, on a per sample, and per well basis, is presented in

Figure 3.7.
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Figure 3.7 Plot of virus presence versus housing density identifying a linear relationship
between virus occurrence and the number of closely neighboring properties located within a
50m radius. A maximum rate of occurrence is also identified whereby further increase in
housing density does not increase the rate of virus occurrence. The presented plot
summarizes data from 61 samples collected from 27 wells.

The housing density plot shows a clear relationship between housing density and virus presence.

The plot shows a good linear fit from zero to a maximum value, which appears with three

neighboring properties for both sets of data.  The linear fit to this data was determined using least

squares regression and is presented in Figure 3.7.  As housing density increases the rate of virus

occurrence appears to peak and remain unchanged as housing density increases beyond three

homes in a 50 meter radius.   As density increases the number of septic sources increases as does

the likelihood of virus presence in one of these systems.  In fractured rock environments vertical

fractures which intersect the source area are also required to allow vertical penetration into the

aquifer.  With more septic sources located nearby the likelihood of one of these systems to be
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located in proximity to vertical fracture pathways is increased.  In this respect, housing density is

more important to fractured rock systems then to areas of porous media.  An interdependence

between density and the distance to a nearest septic source is also intuitive.  As housing density

increases the distance to a septic source would also become smaller.

3.9 Conclusions and Recommendations

The results of this study have shown human viruses to be likely capable of traveling from onsite

septic disposal systems to nearby drinking water wells in fractured rock settings.  Due to

differences in sampling and detection methods and the types of viruses investigated, direct

comparisons cannot be made between occurrence results from this study to those obtained from

other studies. None the less, in this study we have found the highest rate of virus occurrence

relative to all studies published in literature. This value indicates that the use of fractured rock

wells and onsite septic disposal practices may greatly impact the microbial quality of water

obtained in these settings.  It should be noted that the molecular technique utilized to detect

viruses in this study is incapable of determining the infectivity of those viruses found.   It can be

assumed that at least a portion of those viruses would be infective and pose immediate threat to

anyone whom may consume water containing them.

The ability of home owners to monitor for viral contaminants in their well is not practical due to

the excessive costs and limited number of facilities capable of conducting the needed analysis.  It

is the responsibility of regulating bodies to provide adequate regulation to protect home owners

from these contaminants. This study has determined current setback distances utilized in

Canadian provinces may be ineffective at providing adequate removal of viral contaminants,

however more work is needed to resolve the infectivity of those viruses present before a

conclusive statement can be made.  Currently utilized monitoring and screening programs

utilizing bacterial indicators have also been found to be poorly correlated with virus presence.
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Further study is needed to identify the true level of risk and adequate protection mechanisms

required for these settings.  Such studies would include occurrence studies utilizing methods

capable of quantifying and determining the infectivity of those viruses present.  These studies

should be conducted in such a manner to investigate travel distances and housing density to

identify acceptable regulatory values and allow these values to be instituted in future

development.  The need also exists to identify a suitable viral indicator and to better understand

the value and shortfalls of those indicators currently being utilized.
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Chapter 4

Viral Infiltration Experiment

4.1 Introduction

Groundwater is an important source of drinking water and its protection from potential sources of

contamination is essential to the protection of public health.  Septic contamination has long been

identified as a source of microbial pollution with the potential of impacting groundwater sources.

Septic contamination is commonly introduced to the subsurface via a number of activities

including; onsite septic disposal, land application of bio-solids, leaky sewer pipes, and artificial

recharge practices.  While traditionally the microbial risk posed by septic contamination has

focused on bacterial contamination, a large number of studies in recent years, including those

presented in Chapter 3, have found human viruses to be capable of greatly impacting the

microbial quality of groundwater (Banks and Battigelli, 2001; Banks et al., 2002; Lieberman et

al., 2002; Lindsey et al., 2002; Abbaszadegan et al, 2003; Borchardt et al., 2003; Locas et al.,

2007; Locas et al., 2008).  Human viruses have also been identified as the etiological agent

responsible for a wide number of groundwater borne disease outbreaks (Berger, 2008).  Fractured

bedrock aquifers are known to be susceptible to contamination, and a number of studies and

reviews including those presented in Chapter 3 of this work, have identified these settings to be of

potentially higher risk to viral contamination (Berger, 2008).

Since the role of human viruses in groundwater borne disease has been recognized, a large

number of studies have been conducted in an attempt to better understand those processes

responsible for viral transport. Of those studies conducted to date, most have focused on

transport in porous media, and little is known about the transport of viruses in fractured bedrock.

The study of viral transport in fractured material has been limited to a small number of lab and
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field scale studies in artificial fractures and fractured porous media such as fractured shale

saprolites and clays (McKay et al., 1993; McKay et al., 2000, McKay et a., 2002; Mortensen et

al., 2004; Mondal and Sleep, 2010).  Sources of viral contamination are often located at ground

surface and no field scale studies have investigated viral transport from a surface source.

A number of colloidal effects have been identified and are responsible for deviations which are

not described by classical advection dispersion theory (Taylor et al., 2004).  These colloidal

variations are believed to be the result of colloid filtration where preferential transport occurs

through larger pore throats and particles are carried near pore centerlines (Murphy and Ginn,

2000).  Increased transport velocities and decreased dispersion occur as a result of these two

colloidal mechanisms (Keller et al., 2004).  It is also now clearly understood that virus adsorption

is a kinetic process (Schijven and Hassanizadeh, 2000), and the process of desorption is

commonly believed to occur much slower then adsorption, leading to long low concentration

tailing (Foppen et al., 2006).

The objective of this study is to design and conduct a field scale viral infiltration experiment in a

fractured bedrock setting using a simulated surface source of contamination. It is the goal of this

experiment to identify colloidal effects if present and to differentiate viral transport mechanisms

from those of a solute tracer. The designed experiment was conducted at saturated or near

saturated conditions to minimize the effect of unsaturated flow and transport.   Unsaturated

conditions are suspected to be important to virus removal in nature (McCarthy and McKay, 2004),

but will not be addressed in the conducted experiment.  The presented experiment is designed to

mimic transport under extreme conditions where near saturated conditions are present, possibly

the result of heavy rainfall or flooding.  Findings of this experiment may also be utilized through

comparison to similar experiments conducted under unsaturated conditions, to distinguish the

effects of unsaturated and partially saturated transport. Due to the high level of complexity
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present in field scale fractured rock settings, analysis of the conducted experiment is limited to a

qualitative analysis of the results obtained.

4.2 Experimental Method

The field site utilized for this experiment is located in the Tay River watershed located

approximately 100km north of the city of Kingston, Ontario.  The site is located in the Canadian

Shield and is underlain by undulating Precambrian syenite-migmatite (Wilson, 1961).

Overburden in the vicinity of the field site has been found to range from 0 to 2 meters and

bedrock outcrops are numerous in the area (Levison, 2009). The overburden till is composed of a

mixture of silty sand and minor contributions of gravel and previous studies have determined the

fraction of organic carbon to range from 1.1% to 3.0%. The site consists of a network of 8

monitoring wells drilled in a hay field and has been utilized for a large number of hydrogeological

investigations (e.g.; Milloy, 2006; Praamsma et al., 2007; Cooke, 2007; Gleeson 2009; Levison,

2009). A map of the field site showing the location of monitoring wells is presented in Figure

4.1.
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Figure 4.1 A map of the field site located outside Perth, Ontario.  The locations
of all monitoring wells are identified. (modified from Praamsma et al., 2009b)

4.3 Tracer Selection and Analysis

Lissamine FF (Pylam Products™) was selected as the solute tracer for use in the experiment.

Lissamine is a fluorescent dye tracer and has been used extensively and shown to behave

conservatively in groundwater tracing experiments (Novakowski, 1992; Novakowski and

Lapcevic, 1994; Novakowski et al., 1998; Lapcevic et al., 1999).  Samples collected for
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fluorescence analysis were analyzed using a TD700 Fluorometer (Turner Designs™).  The

instrument was calibrated using the multi-fluorescence option with standards ranging in

concentration from 0 to 8 mg/L.  The calibration curve obtained is presented in Appendix E.

Samples collected at early time were serially diluted using distilled water to ensure samples

analyzed would fall within the linear concentration range.

The bacteriophage ϕ-X174 was utilized as a viral surrogate in the present study. The use of

bacteriophage as surrogates to human viruses have been widely employed in transport

experiments due to their similar behavior to human enteric viruses and their non-pathogenic

nature to humans (Schijven and Hassanizadeh, 2000). Bacteriophage ϕ-X174 is a spherical,

single stranded, DNA virus and is approximately 23nm in diameter with an isoelectric point of

6.6. (Chu et al., 2001).  Of those bacteriophage typically used in experiments, ϕ-X174 has been

determined to be the most hydrophobic, and has been proposed as the best viral surrogate to

investigate virus transport when unsaturated and partially saturated affects are to be minimized

(Chu et al., 2001).

Samples were assayed for the presence of ϕ-X174 using the accredited Double Agar Layer (DAL)

method as outlined by the US EPA (2001b). In general the method consists of inoculating soft

agar with 0.1mL of host bacterium exhibiting log phase growth (Escherichia coli CN-13), adding

1mL of sample to be analyzed and pouring this mixture into a Petri plate containing a hardened

bottom agar layer.  The top agar layer is then allowed to harden and the plates are inverted and

incubated for a period of 18 hours. The concentration of ϕ-X174 was determined through visual

inspection, by counting the number of plaques present on the incubated samples. Positive and

negative controls were utilized to ensure quality assurance and control was maintained and to

ensure the method was working properly and no contamination was occurring.  Positive control

analysis showed virus recovery to range from 39% to 176% with an average recovery of 118%
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and no negative control samples showed phage presence.  The results of positive control analysis

and the calculation of recovery rates are presented in Appendix F.

Coliphage ϕ-X174 preparation was conducted using the method as described by Adams (1959).

In general the method consisted of floating inoculated plates showing confluent plaque presence

with phosphate buffered saline for a period of fifteen minutes after which time the solution was

decanted and collected.  After collection the crude stock was purified by centrifuging at 6000xg

for 15 minutes and finally filtered through a 0.3 micron syringe filter to ensure bacterially free

stock.  The stock solution was then titred using the DAL method as described above and

determined to contain 5x109 pfu/mL. The details and results of the titre analysis are presented in

Appendix G.

The bacteriophage ϕ-X174 was obtained from the Felix d’Hèrelle Reference Center for bacterial

viruses at Universitè Laval and its host Escherichia coli CN-13 was obtained from the INRS-

Institut Armand-Frappier.

4.4 Experimental Design

The experiment was conducted utilizing the two wells identified as TW3 and TW20 (Figure 4.1)

and are located on a rock outcrop in the centre of the field site. These wells simulate poorly

constructed domestic wells completed only to bedrock and were selected for the experiment based

on a knowledge of rapid recharge experienced in these wells as a result of rainfall (Milloy, 2007;

Praamsma et al., 2009a; Praamsma et al., 2009b). The two wells were drilled utilizing air

percussion methods and have been extensively characterized using a number of methods

including slug testing, pumping tests, constant head injection tests, and down hole video logging.

TW3 has been completed as a two level monitoring well and sampling intervals have been placed

in transmisive zones as identified from hydraulic testing results. The shallow and deep intervals
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of the well are denoted TW3S and TW3D, respectively. The shallow interval begins from the

bottom of the installed casing at a depth of 2m below ground surface and terminates at a depth of

5m.  The deep interval is present from 11m to 16m below ground surface. The well screen for

TW3D was constructed using clean no. 2 sand and slotted 0.05 meter diameter PVC pipe.

Bentonite hole plug was used to isolate the two intervals, and TW3S is present as the open hole

section of the well.  TW20 has not been developed and is present as an open well.

A number of large open fractures are observed over the surface of the outcrop, and a small earthen

dam was constructed around an area of the outcrop where fracturing is most extensive.  The dam

allows water to be pooled over the area of the outcrop where recharge is suspected to occur

creating an area for tracer application. In a previous study it was concluded that the shallow and

deep intervals of TW3 are connected vertically by a fracture network which extends to at least 20

m (Gleeson, 2009). A fracture trace is presented in Figure 4.2 which identifies the locations of

fractures present on the outcrop and also the location of the monitoring wells and dam. TW20

and TW3 are located a distance of 3.8m and 5.9m from the reservoir, respectively.
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Figure 4.2 Overhead view of the outcrop used for the infiltration experiment
identifying the location, length and orientation of those fractures present. The
observation wells and dam location are also identified.

A preliminary pumping test was conducted to confirm hydraulic connection between the dammed

area and the selected wells.  This testing was conducted by pumping TW20 at a constant rate and

initially discharging this water at distance to prevent local infiltration.  At late time, after

drawdown in the wells had stabilized, the discharge line was moved to the dammed area.  Results

of the testing showed water level recovery in all intervals after water was applied to the
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infiltration area, confirming the presence of the suspected vertical hydraulic connections.  The

data from this preliminary hydraulic testing has been presented elsewhere (Praamsma et al.,

2009b).

Two preliminary solute infiltration experiments were also conducted to improve the

understanding of the transport pathways and to develop an appropriate experimental design and

have been previously presented (Praamsma et al., 2009b). Lissamine FF was utilized as a tracer

in both experiments.  The preliminary experiments found recharge to be occurring for both wells

as a result of fractures located above the water table.  The locations of these fractures were

determined during the experiments using down well video observations.

The experimental setup for the experiment is presented in Figure 4.3.
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Figure 4.3 A schematic of the outcrop, experimental configuration, and
conceptualized flow system.  Figure is not to scale and fracture locations are not
deterministically known.

The well TW20 was instrumented with a pneumatic packer placed between the unsaturated

fracture and the water table to allow infiltrating water to be collected.  The packer was

instrumented with PVC standpipe from the top of the packer mandrel to the top of the well casing,

hydraulically separating the shallow and deep intervals created in the well.  The shallow and deep

sections isolated by the packer are denoted TW20S and TW20D, respectively.  TW20D was

pumped at a constant rate for the duration of the experiment using a Grundfos Rediflow2

submersible pump.  TW20S and TW3S were instrumented with Tygon® tubing connected to

peristaltic pumps and were pumped continuously for the duration of the experiment.  TW3D was
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not pumped or monitored due to poor hydraulic connection as determined by preliminary

transport experiments (Praamsma et al., 2009b). Pressure-recording transducers were placed in

each of the intervals to monitor and record water level data.  A barometric logger was located at

surface and was used to collect barometric pressure which was utilized to correct water level data.

TW7, an open well located over 150 meters away from the experimental wells was instrumented

with a Grundfos Rediflow3 submersible pump and was used to fill the earthen dam.  Once the

dam was filled, which occurred 20 minutes after filling began, the flow rate was reduced to match

the infiltration rate of water leaving the dam to keep the dam at a constant level.  The flow rate

during filling was approximately 50 L/min and the matched infiltration rate was estimated at 8

L/min.  Once the dam was filled with water, the pumps were started in all the sampling intervals

and the flow system was allowed to run for 6.5 hours in order to reach a near saturated and steady

flow system.  The water level in the dam was maintained at a constant level and was measured at

0.52 meters above the surveyed point on the dam bottom.

Following the saturation period, the tracers were added to the dam and were thoroughly mixed

using paddles. The tracers consisted of 100 grams of Lissamine FF (Pylam Products) and 30mL

of stock phage solution previously determined to contain 5.1x109 pfu/mL of the coliphage ϕ-

X174.  The average pumping rates maintained in TW3S and TW20S were 0.67 L/min and 0.37

L/min, respectively.  TW20D was pumped at a constant rate of 7.7L/min for the duration of the

experiment.

The experiment was conducted for a period of 48 hours following the addition of tracer.  Discrete

samples were collected at intervals ranging from 15 minutes at early time to 2 hours at late time.

Centrifuge tubes (50ml and 10ml sterile polypropylene) were used to collect samples for

Lissamine and ϕ-X174, respectively.  Samples collected for Lissamine analysis were stored in the

dark to prevent degradation.  Samples collected for bacteriophage analysis were stored on ice
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until transported to the lab and stored at 3°C until samples could be analyzed.  Background

samples were also collected for all intervals prior to tracer application.

A YSI 551 multi-parameter meter was used to analyze bulk samples from the source dam and all

wells, over the duration of the experiment.  Those parameters measured were pH, temperature,

and conductivity.

Well logs summarizing hydraulic characterization results, well completion details, and the

experimental configuration are presented in Figure 4.4. The locations of those fractures found to

be responsible for transport to the wells are also included in this figure (Praamsma et al., 2009b).
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Figure 4.4 Well completion and transmisivity logs for wells TW3 and TW20.  The log
for TW20 includes the installation of a pneumatic packer used in the experiment.

4.5 Results and Discussion

Samples were collected and analyzed for the presence of tracer in the surface pond and each of

the intervals of TW3S, TW20S, and TW20D. A total of 156 samples were collected of which 12

samples was collected from the surface pond and 48 samples were collected from each of the well

intervals. Background concentrations were also collected for each well starting one hour before

tracer addition and the resulting concentrations were adjusted to account for these levels. The
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bacteriophage ϕ-X174 was not detected in any of the background samples and no adjustment was

necessary.  Due to a loss of air pressure in the pneumatic packer in TW20 during the experiment

(approximately 5 hours after the addition of tracer), the results obtained for TW20D are not

meaningful to the understanding of virus transport but will be used to determine mass recovery.

The failure of the pneumatic packer was realized approximately 30 minutes after occurring and

was re-inflated at this time to allow sampling to continue in TW20S. The unadjusted results for

all samples including TW20D are presented in Appendix H.

Although Lissamine was chosen for its conservative nature, the presented results show a high

adsorption of the Lissamine to be occurring.   Lissamine has been described previously as

behaving non-conservatively in the presence of clays and organic materials (Trudgill, 1987;

Levison 2009). Due to the shallow presence of the fractures responsible for transport in the

conducted experiment it is likely that a large amount of organic matter may be present in the

fracture features, resulting in the observed increase in sorption for the Lissamine tracer. The

higher than expected levels of sorption experienced by the Lissamine reduced the ability to

distinguish colloidal effects to some extent and will be discussed where relevant.

Inactivation was not investigated in the current experiment and it is assumed that phage loss due

to inactivation is minimal.  This assumption is supported by inactivation studies and assumptions

made in a number of experiments at similar temperatures and time scales (McKay et al., 2000;

Chu et al., 2001).

4.5.1 Hydraulic Conditions

As the fractures responsible for transport into the wells are located above the water table, the

hydraulic conditions in the wells are not relevant to the transport processes occurring.  These

levels would have been pertinent to transport should TW20D have been successfully isolated and
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monitored.  Although not pertinent to transport, those levels in TW3S and TW20S are relevant as

water in these intervals may lead to dilution effects.  The maximum height of water present in

TW20S and TW3S reached maximum values of 1.01m and 1.41m, respectively. Adjusted water

levels for the sampled intervals are presented in Appendix I. Although dilution may have played

some impact in sample concentrations observed, due to the relatively small amount of water in the

sampling intervals, dilution affects are thought to have been minimized and such affects are not

addressed in this study. Wellbore volumes for these maximum water levels in TW3S and TW20S

would be 25.7L and 16.4L, and the calculations are presented in Appendix J.  In the case of

TW20S, where the only source of water is above the water table and directly attributed to the

surface source, dilution should be minimal if it exists. In the event borehole dilution effects do

play a role, they would affect both tracers equally and would not alter the shapes of the

breakthrough curves obtained.

4.5.2 General Water Properties

A total of six bulk samples were collected from each of the well intervals as well as the dammed

reservoir during the duration of the experiment and were analyzed for temperature, conductivity

and pH.  The results obtained for all parameters and all samples are presented in table 4.1.

Table 4.1 Results of temperature, conductivity, and pH measured for bulk samples collected
and analyzed for each well interval and in the dammed source reservoir.

The measured parameters have the potential to impact viral transport and inactivation and a

discussion of these parameters is warranted.  Viral inactivation is known to be a function of water

dam 20s 3s dam 20s 3s dam 20s 3s
30 11.7 14.5 12.3 0.7 0.3 0.2 8.2 7.9 7.5
150 9.3 14.9 12.4 0.5 0.3 0.2 7.2 7.4 6.9

1170 13.6 15.9 14.8 0.5 0.3 0.3 7.4 7.0 6.6
1530 10.8 14.2 12.9 0.5 0.3 0.3 7.2 6.9 6.7
2520 11.6 14.3 13.5 0.5 0.3 0.3 7.5 7.2 6.7
2850 12.3 14.9 13.4 0.5 0.4 0.3 7.2 6.9 6.5

Temperature (°C) Conductivity (mS/cm) pH
Time (min)
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temperature (Yates et al., 1987).  Previous experiments conducted over similar temperature

ranges and time frames have found viral inactivation to be negligible (McKay et al., 2000; Chu et

al., 2001), and as a result is ignored in the presented experiment.  Ionic strength is a function of

conductivity, and is known to influence the adsorption of viruses (Schijven and Hassanizadeh,

2000).  The effect of ionic strength on virus adsorption is beyond the scope of the current

experiment and given the relatively stable values of conductivity observed, ionic strength

conditions were considered to be stable. The surface charge of a virus particle is highly

dependent on pH and the isoelectric point of the virus being investigated. When pH is maintained

above the isoelectric point, the net surface charge of the virus will be negative and adsorb only to

positively charged surfaces viruses (Schijven and Hassanizadeh, 2000).  Trends in pH in all

sampled intervals show values to decrease by 1 pH unit over the duration of the experiment.  All

but one sample, collected in TW3S, had a pH at or above the isoelectric point of φ-X174.  The

one sample containing a pH of less than the isoelectric point of φ-X174 was collected 30 minutes

prior to the end of the experiment and it is assumed that φ-X174 was exhibiting a negative surface

charge for the entire duration of the experiment

4.5.3 Source Condition

Since clean water was being continually used to replace infiltrating water, the source condition

produced was a constant head boundary with a decaying concentration. The two tracers showed

similar decay characteristics as was expected. The decay of tracer concentrations in the reservoir

is illustrated in Figure 4.5 and a blow up of early time data is presented in Figure 4.6.
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Figure 4.5 Concentration of tracers over time in the source reservoir.  Lissamine FF
concentration is shown on the left axis and is reported in mg/L. The bacteriophage ϕ-
X174 concentration is located on the right axis and is reported in pfu/mL

Figure 4.6 Early time data presented in Figure 4.5 showing concentration and decay of both
tracers in the source reservoir. Lissamine FF concentration is shown on the left axis and is
reported in mg/L. The bacteriophage ϕ-X174 concentration is located on the right axis and
is reported in pfu/mL
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In order to mathematically express tracer concentrations at the source, the decay of each tracer

was fit with an exponential decay relationship.  The exponential decay relationships show

reasonable fit given the coefficient of determination determined.  The fitted relationship for each

of the two tracers is presented in Figure 4.7.

Figure 4.7 A plot of source concentration decay for each tracer in the conducted experiment.
The decay of each tracer has been fit to an exponential relationship and the determined
relationships and the coefficient of determination of each of the obtained fits is presented.

From these relationships it was possible to conduct a mass balance on the tracer infiltrating.  The

mass balance was conducted by integrating each of the exponential relationships over the

timeframe of the experiment and multiplying the result by the rate of water infiltration.  The

resulting mass balance showed that 24.4% of Lissamine and 21.3% of phage added to the system

are accounted for by the determined exponential decay source condition. Tracer loss in the dam

source is to be expected and may be the result of a combination of factors including, adsorption to

the organic matter present on the outcrop surface, attachment to the porous media comprising the

dam, inactivation (φX-174), UV degradation (Lissamine FF), error in inflow rate estimation, and

non-uniform mixing error.  The mass balance calculation is presented in Appendix K.

Due to the complex geometry of the outcrop face and the dammed area, and the inability to

quantify infiltration during filling, it was not possible to accurately quantify the volume contained

in the dammed reservoir. Basic calculations using the filling flow rate and the time required to fill
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the reservoir indicate that the volume added to the reservoir was 1000L, however, considering

infiltration, we must assume the volume of the reservoir to be slightly less than this value. If we

look at the expected concentration based on this volume of 1000L in the reservoir, we would

expect to see an initial concentration of around 100 mg/L and 153,000 pfu/mL for the Lissamine

and phage, respectively. Comparing these concentrations to the actual observed initial

concentrations in the reservoir, we find that actual concentrations are 33.6% and 36.6% of those

expected for the Lissamine and phage, respectively. These values are relatively close to the

percentage of tracers accounted for by the source decay terms utilized.  If water infiltration during

filling was accounted for, these percentages would decrease, improving the comparison between

these values.

4.5.4 Tracer Breakthrough

The resulting tracer breakthrough curve obtained for well TW20S is presented in Figures 4.8 and

a close up of early time data from the same well is presented in Figure 4.9. The resulting tracer

breakthrough curve obtained for well TW3S is presented in Figures 4.10 and a close up of early

time data from the same well is presented in Figure 4.11. Relative concentrations are presented in

these figures have been calculated using the maximum initial concentrations present in the dam

reservoir for each of the tracers.
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Figure 4.8 Tracer breakthrough curve for both Lissamine FF and φ-X174 in
TW20S. Concentrations are presented as relative concentrations using the
initial concentration present in the dammed reservoir to calculate these values.

Figure 4.9 Early time tracer breakthrough curve for both Lissamine FF and φ-
X174 in TW20S. Concentrations are presented as relative concentrations using
the initial concentration present in the dammed reservoir to calculate these
values.
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Figure 4.10 Tracer breakthrough curve for both Lissamine FF and φ-X174 in
TW3S. Concentrations are presented as relative concentrations using the
initial concentration present in the dammed reservoir to calculate these values.

Figure 4.11 Early time tracer breakthrough curve for both Lissamine FF and
φ-X174 in TW3S.  Concentrations are presented as relative concentrations
using the initial concentration present in the dammed reservoir to calculate
these values.
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Calculations were conducted to determine the recovery of each of the tracers over the duration of

the experiment.  Tracer recoveries were calculated by multiplying the average concentration

between each sample by the time between samples and the flow rate, and summing the recovery

for all intervals and all wells.  Calculated recoveries were 0.8g or 0.8% for Lissamine FF and

3.2x108pfu or 0.2% for ϕ-X174. Although infiltration through the dam is not thought to be

contributing to tracer arrival in the wells, infiltration through the dam is likely significant, and the

cause of the large amount of mass loss as observed by the tracer recoveries. Since the created flow

field was created to induce flow towards but not solely to the monitoring wells, mass would be

lost due to fluid passing but not entering the wells. Since a large concentration of Lissamine is

present in TW3S at the end of the test, Lissamine recoveries would increase significantly if the

test had been conducted for a longer period, and would increase the disparity between Lissamine

FF and ϕ-X174 recoveries. Tracer recovery calculations are presented in Appendix L.

Determination of first arrival time as well as peak arrival times and concentrations can provide

valuable information as to the processes occurring and the differences in processes affecting the

two tracers.  A summary of these values are presented in Table 4.2.

Table 4.2 Summary of the time to first tracer arrival, peak arrival time, and peak
concentration, for each of the tracers in each of the well intervals. Peak concentrations have
been calculated utilizing the peak source concentration in the dammed reservoir.

Tracer

Well Interval
TW20S TW3S

First
Arrival
Time

(minutes)

Peak
Arrival
Time

(minutes)

Relative
Peak
Conc.
(%)

First
Arrival
Time

(minutes)

Peak
Arrival
Time

(minutes)

Relative
Peak
Conc.
(%)

Lissamine FF 30 270 3.2 120 900 0.5
ϕ-X174 30 60 4.4 60 180 0.5
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Peak arrival occurred sooner and with higher magnitude in TW20S for both tracers.  This result is

expected as TW20S is located closer to the source.  Breakthrough curves in both wells and for

both tracers show clear single peak responses, with the exception of that for Lissamine in TW3S.

In TW3S the breakthrough curve for Lissamine exhibits high concentration tailing and single

peak behavior is less clear and inconclusive. Single peak behavior is indicative of a single

transport pathway contributing to the transport processes. The first arrival of both tracers in

TW20S was observed 30 minutes after tracer addition, and the first arrival of ϕ-X174 and

Lissamine occurred at 60 minutes and 120 minutes, respectively, in TW3S. This quick arrival is

indicative that transport contributing to the well is occurring directly from those fracture features

located at the base of the source pond, and not from fractures located below or outside the dam

area. If the transport were occurring through the porous dam material, even over a short distance,

these relatively quick arrival times would not be possible and would instead be in the range of

hours or even days. The arrival of colloidal particles ahead of solute tracer has been observed in

previous studies in both porous and fractured media and has been attributed to the likelihood that

colloid particles sample only the fastest pathways along pore and fracture centerlines due to size

exclusion and charge repulsion affects (Champ and Schroeter, 1988; McKay et al., 1993a; McKay

et al., 1993b; Becker et al., 1999; Keller et al., 2004; Zvikelsky and Weisbord, 2006). Within the

context of the current experiment it is unclear if early arrival is due to this mechanism as these

effects cannot be separated from those of sorption experienced by the solute tracer.

The arrival of peak concentrations for Lissamine is delayed in relation to that of ϕ-X174 for both

wells and is extended in TW3S relative to TW20S.  Theoretically, peak arrival times will vary

based on the degree of retardation each of the tracers is experiencing.  The higher the degree of

sorption, the longer time required for peak concentration arrival. Increasing travel distance also

results in an exaggerated or more profound delay in peak arrival.  The observed delay in peak

arrival for the Lissamine tracer in relation to that of ϕ-X174, and exaggeration of this disparity at
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distance, indicates that Lissamine is being adsorbed to a greater extent than ϕ-X174. Although

Lissamine was chosen for its conservative nature and the sorption experienced in this experiment

contradict that statement, it is known that Lissamine can behave non-conservatively, generally in

the presence of clays and organic material which promote sorption (Trudgill, 1987; Levison

2009).  Due to the shallow presence of the fractures responsible for transport in the conducted

experiment it is likely that a large amount of organic matter may be present in the fracture

features, resulting in the observed increase in sorption. Since the average pH of the water in the

experiment was 7.1 and the isoelectric point of ϕ-X174 is 6.6 (Ackerman and Dubow, 1987), it

would be expected that the phage particles would exhibit only a slight negative charge, limiting

the amount of ϕ-X174 adsorption.

The processes of dispersion and matrix diffusion are responsible for the shapes observed in the

arrival and tailing of the tracer concentrations and is also responsible for the reduction in peak

concentrations.  In the advection dominated system created in this experiment, and considering

the very low estimated porosity of the crystalline rock (<.01%), it is mechanical dispersion which

is relevant. Peak relative concentrations for Lissamine and ϕ-X174 tracers were 3.2% and 4.5%,

respectively, for TW20S, and were .5% and .8%, respectively, for TW3S.  Peak concentration

reductions are the result of dispersive processes acting for each of the tracers.  Dispersion has

been found to be scale dependant and to increase considerably with increasing travel distance

(Gelhar et al, 1992). This property of the dispersion process explains the occurrence of increased

dispersion observed for both tracers in TW3S, relative to TW20S. As the flow system is a

complex mixture of radial flow in horizontal fracture planes and linear flow in more vertically-

oriented fracture planes, transverse dispersion incorporates the effects of radial and fracture plane

spreading and is thought to be the primary process responsible for the major peak reductions in

the experiment.  Dispersion acts in combination with the adsorption/desorption process to

increase tailing in the concentration breakthrough curves. Other studies have found the transverse
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dispersion of colloids to be reduced due to a mechanism described as pore exclusion, where by

colloids are restricted from smaller pores due to physical straining of colloids in pore throats

which are too small to allow colloids to enter (Schijven and Hassanizadeh, 2000; Bhattacharjee et

al., 2002; Keller et al., 2004; Mallèn et al., 2005). It is likely that pore exclusion effects result in

decreased dispersion of the ϕ-X174 tracer although the overall impacts of this process cannot be

quantified.  This assumption is supported by the decreased dispersion exhibited by ϕ-X174 in

comparison to Lissamine, as evidenced in the presented breakthrough curves and described above.

Further examination of the breakthrough curves is warranted which examines the characteristics

of tracer arrival and tailing, and will be discussed in the following paragraphs.

The arrival of ϕ-X174 concentration was steep in both wells, although steepest in TW20S.

Lissamine displayed a gradual concentration arrival compared to that observed for ϕ-X174 in both

wells. The gradual arrival of Lissamine in TW3S was highly exaggerated in comparison to

TW20S. Reduced longitudinal dispersion due to colloidal effects has been observed in other

experiments (Schijven and Hassanizadeh, 2000; Keller et al., 2004; Mallèn et al., 2005).  This

decrease in the longitudinal dispersion of colloids is the result of preferential travel along pore

centerlines, the same process which was discussed earlier and is also responsible for early colloid

arrival.  Sorption affects must also be considered and may be contributing to this observed

behavior.

The presented Lissamine breakthrough curves exhibit long high concentration tails for the

duration of the experiment in both wells, where as ϕ-X174 exhibits some tailing but at very low

concentrations.  This observed tailing is likely the result of desorption processes, and differences

in the rate of release of the adsorbed constituents results in the differences observed between the

two tracers. Traditionally, Lissamine and many other solute tracers have been successfully

described by a linear equilibrium adsorption/desorption process (Smart and Laidlaw, 1977),
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explaining the long, high concentration tails observed in the breakthrough curves.  Previous

studies have found ϕ-X174 and other coliphage to undergo slow release kinetic sorption (DeBorde

et al., 1999; Bhattacharjee et al., 2002).  This slow release kinetic desorption theory explains the

long, low concentration tails observed in the breakthrough curves for ϕ-X174.

4.6 Conclusions and Recommendations

A field scale fractured rock infiltration experiment was successfully conducted to investigate

solute and viral transport from a bedrock outcrop to nearby observation wells. The resulting

breakthrough curves allowed for the investigation of those processes responsible for virus

infiltration transport and for colloidal and solute effects to be explored.

A number of conclusions can be made regarding the transport of viruses as determined from the

experiment:

1) Decreased transverse and longitudinal dispersion was observed for the phage tracer due to the

processes of pore throat exclusion and preferential flow along pore centerlines, respectively,

resulting in steep tracer concentration arrival and higher peak concentrations.

2) Slow release kinetic sorption was identified as influencing the transport of the phage tracer,

resulting in long, low concentration tails.

3) Advanced colloid arrival is suspected to have occurred but cannot be confirmed due to higher

than expected retardation of the solute tracer.

This study adds to the body of research which has investigated the transport of viruses in fractured

rock environments.  Those observations made regarding viral transport in fractured rock have not

previously been demonstrated utilizing a surface source at the field scale.  The current study and

our observations confirm the need to further the understanding of virus transport in these settings.
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More work is required to better understand viral transport processes and future work is warranted

at both lab and field scales.
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Chapter 5

Conclusions and Recommendations

The objective of the present study was to investigate the presence and transport of human enteric

viruses in fractured rock in areas where onsite septic disposal practices and domestic bedrock

wells are utilized.  The investigation was conducted utilizing two experimental undertakings.  A

study of viral presence was conducted in representative communities located in three Canadian

provinces utilizing both residential and observation wells, and a field-scale viral infiltration

experiment was conducted to investigate virus transport mechanisms.

A total of 61 samples were collected from 28 wells and results showed that 37.7% of samples and

58.1% of wells were positive for viruses. Results of the study found virus presence rates higher

than similar studies conducted in porous media. The results of the current study indicate that

fractured rock sites are at significantly increased risk to viral contamination.  It should also be

noted that the conducted study did not assess viral infectivity, however, it is a legitimate to

assume that a portion of those viruses found would be infective.  Current regulations used to

protect areas in which onsite wells and septic disposal practices are in use are based on separation

distances between wells and sources of contamination, of which the goal is to allow sufficient

natural attenuation to occur resulting in the removal of those pathogens which may be present

before arrival at a domestic well.  An analysis of travel distances in this study indicates that

viruses are capable of and commonly travel distances of at least 40 meters, more than twice the

required offset distance legislated by Canadian provinces.  An analysis of housing density found

that viral presence may be linearly and directly related to housing density, with higher housing

density greatly increasing the likelihood of virus presence.
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Although, microbial monitoring of private wells is rarely conducted, currently recommended

practices advise the use of a number of bacterial constituents including, total coliforms, fecal

coliforms, and Escherichia coli as risk indicators.  The current study evaluated the performance of

these organisms in the prediction of virus occurrence and found poor performance and correlation.

Nanoceram® filters are currently under review by the US EPA for use in viral sampling of

groundwater and are a cost effective alternative to those filters currently recommended.  In this

study Nanoceram filters were utilized for all viral sampling, and the high occurrence rates

obtained support the ability of these filters to be used in field sampling of groundwater.

The preliminary viral infiltration experiment was conducted by applying viral and solute tracers to

an exposed rock outcrop containing vertical fractures with known connection to two nearby wells.

A surface dam was constructed around the fractured area and served as the point of tracer

application.  The experiment was conducted under saturated or near saturated conditions to

minimize the effects of unsaturated processes.  The bacteriophage ϕ-X174, and Lissamine FF

were used as tracers and the differences in the breakthrough of the two tracers allowed a

conceptual understanding of the flow system to be confirmed and differences in solute and viral

transport mechanisms to be identified.  The following conclusions regarding phage transport can

be concluded from the study:

1) Decreased transverse and longitudinal dispersion was observed for the phage tracer due to the

processes of pore throat exclusion and preferential flow along pore centerlines, resulting in steep

tracer concentration arrival and higher peak concentrations.

2) Slow release kinetic sorption was identified to be occurring for the phage tracer, resulting in long,

low concentration tailing.

3) Advanced colloid arrival is expected to have occurred but can not be confirmed due to

unexpectedly high adsorption of the solute tracer.
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More work is needed to improve the understanding of the presence and distribution of human

viruses in private wells in all media types including fractured rock.  Future work in this area

should investigate both presence and infectivity to determine a true risk posed and the required

offset distances and housing distances to provide removal and inactivation.  A need also exists to

identify a suitable indicator of the microbial quality of groundwater, and more research should be

conducted to investigate potential indicator organisms.  The understanding of virus transport in

fractured rock settings is extremely limited, and more work, particularly at the field scale is

warranted.  The combination of multiple tracers, both solute and viral, will improve the ability to

interpret experimental results.  Additional focus should also be given to infiltration processes, as

the most common sources of septic and viral contamination are from these source types.  The

conduction of further experiments under various and transient saturated conditions will provide

additional information which will help understand viral infiltration processes.  Experimental data

obtained from further experiments should allow a more clear understanding of virus transport and

will allow field scale models to be developed which could be utilized to predict virus transport

and removal more accurately.
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Appendix A: Sampled Volumes

Table A.1 Volumes of water purged and filtered for each sample collectedfor all samples
collected in the Study.

Well Sample  ID
P1M 1-P1M 330 1000
P2S 1-P2S 175 250

4-P2S 160 1060
P2M 2-P2M 300 1040

3-P2M 150 1000
4-P2M 250 1076

P2D 1-P2D 260 360
2-P2D 250 1000
3-P2D 100 1020
4-P2D 231 1020

P3D 1-P3D 75 525
2-P3D 300 1100
3-P3D 105 1000

P6M 1-P6M 280 500
P7S 1-P7S 250 85

4-P7S 120 1229
P7M 1-P7M 470 515

2-P7M 150 800
3-P7M 125 1100
4-P7M 275 1300

P7D 1-P7D 215 383
2-P7D 350 1000
3-P7D 200 1200
4-P7D 227 1300

T1 1-T1 1000
2-T1 110 1000

T2 1-T2 1000
2-T2 104 1032

T4 1-T4 1000
2-T4 101 1020

T5 1-T5 1000
2-T5 153 1092

T6 1-T6 1000
2-T6 122 1000

T7 2-T6 102 1000
T8 2-T8 125 991
T9 2-T9 91 760

T10 2-T10 105 1008
G1 1-G1 120 1041

2-G1 150 1000
G2 1-G2 100 1010

2-G2 100 1000
G3 1-G3 120 1025

2-G3 100 950
G4 1-G4 110 520

2-G4 250 1000
G5 1-G5 120 1041

2-G5 100 1000
G6 1-G6 120 1010

2-G6 100 520
G7 1-G7 110 980

2-G7 100 590
G8 1-G8 106 686
G9 1-G9 127 1100

2-G9 100 1300
H1 1-H1 125 1010

2-H1 100 1000
H2 1-H2 300 40

2-H2 100 550
H3 2-H3 100 1000
H4 2-H4 100 1000

Purge d Volum e
(L)

Filte re d Volum e
(L)
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Appendix B : Viral Occurrence Results

Table B.1 Viral results obtained from PCR analysis conducted on each sample collected.

W e l l S a m p l e  ID A d e n o  ( h e x o n ) A d e n o  ( ty p e  4 0 ) A d e n o  ty p e  4 1 N o ro H A V E n te ro R o ta
P 1 M 1 - P 1 M - - - - - - -
P 2 S 1 - P 2 S - - - - - - -

4 - P 2 S + + - - - - -
P 2 M 2 - P 2 M - - - - - - +

3 - P 2 M - + - - - - -
4 - P 2 M - + - - - - -

P 2 D 1 - P 2 D - - - - - -
2 - P 2 D - - - - - - +
3 - P 2 D - - - - - - -
4 - P 2 D + - - - - - -

P 3 D 1 - P 3 D - - - - - -
2 - P 3 D - - - - - - +
3 - P 3 D - - - - - - -

P 6 M 1 - P 6 M - - - - - - -
P 7 S 1 - P 7 S - - - - - - -

4 - P 7 S - + - - + - +
P 7 M 1 - P 7 M - - - - - -

2 - P 7 M + - - - - - +
3 - P 7 M - - - - - - -
4 - P 7 M - - - - - - -

P 7 D 1 - P 7 D - - - - - -
2 - P 7 D + - - - - - +
3 - P 7 D - - - - - - -
4 - P 7 D + - - - - - -

T 1 1 - T 1 - + + - - - -
2 - T 1 + - - - - - -

T 2 1 - T 2 - - - - - -
2 - T 2 + - - - - + +

T 4 1 - T 4 - - - - - - +
2 - T 4 - - - - - - -

T 5 1 - T 5 - - - - - - +
2 - T 5 - - - - - - -

T 6 1 - T 6 - - - - - - -
2 - T 6 - - - - - - -

T 7 2 - T 6 - - - - - - -
T 8 2 - T 8 - - - - - - -
T 9 2 - T 9 + - - - - - -

T 1 0 2 - T 1 0 + + - - - + -
G 1 1 - G 1 - - - - - - -

2 - G 1 - - -
G 2 1 - G 2 - + + - - - -

2 - G 2 - - -
G 3 1 - G 3 - - - - - - -

2 - G 3 - - - - - - +
G 4 1 - G 4 - - - - - - -

2 - G 4 - - - - - - -
G 5 1 - G 5 - - - - - - -

2 - G 5 - - - - - - -
G 6 1 - G 6 - + - - - - -

2 - G 6 - - - - - - -
G 7 1 - G 7 - - - - - + -

2 - G 7 - - - - - - -
G 8 1 - G 8 - - - - - - +
G 9 1 - G 9 - - - - - - -

2 - G 9 - - - - - - -
H 1 1 - H 1 - - - - - - -

2 - H 1 - - - - - - -
H 2 1 - H 2 - - - - - - -

2 - H 2 - - - - - - -
H 3 2 - H 3 - - - - - - -
H 4 2 - H 4 - - - - - - -

V i ru s  T y p e
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Appendix C: Bacterial Presence and General Chemistry Results

Table C.1 Summary of general chemistry and microbial results obtained for each sample
Temperature Specific Conductance DO pH ORP Turbidity TC FC e.coli Enterococcus TOC

Well Sample ID (°c) (mS/cm) (mg/L) (mv) (NTU) (cfu/100ml) (cfu/100ml) (cfu/100ml) (cfu/100ml) (mg/L)
P1M 1-P1M 9.7 0.52 9.1 6.8 100 14.9 NA 0 0 0 2.5
P2S 1-P2S 9.55 1.316 5.4 6.9 501 56.6 NA 1 1 35 1.6

4-P2S 9.95 1.27 0.11 7.29 1.11 0.68 0 0 0 0 1.3
P2M 2-P2M 10.02 1.04 0.91 7.04 -3.17 0.03 0 0 0 0 1.7

3-P2M 10.11 0.91 0.95 7.16 43 0.63 0 0 0 0 1.4
4-P2M 10.03 1.26 1.01 7.34 26.12 xxx 10 3 3 3 NA

P2D 1-P2D 10.1 0.418 8.7 7.6 207 40.1 NA 37 51 9 1.8
2-P2D 9.58 0.47 0.29 7.87 -131.57 0.83 0 0 0 0 0.9
3-P2D 10.26 0.406 0.21 8.01 -111 0.35 0 0 0 0 1.1
4-P2D 9.94 0.56 1.36 8.11 -99.5 0.3 0 0 0 0 1.1

P3D 1-P3D 10.91 1.21 6.88 7.01 462.07 4.2 NA 0 0 0 1.3
2-P3D NA NA NA NA NA 0.47 0 0 0 0 1.3
3-P3D 10.21 0.852 0.11 7.19 -73 0.86 0 0 0 0 1.4

P6M 1-P6M 10.4 0.35 NA 7.2 230 2.2 NA 0 0 0 1
P7S 1-P7S 12.9 1.05 NA 6.2 326 2.1 NA 4 4 11 3.5

4-P7S 11.04 1.04 2.49 7.15 -22.64 2.04 0 0 0 0 1.9
P7M 1-P7M 10.1 0.462 8.7 6.8 368 2.9 NA 0 0 0 1.6

2-P7M NA NA NA NA NA 0.16 0 0 0 0 1.6
3-P7M 10 0.45 0.23 7.17 -1.84 0.29 0 0 0 0 1.4
4-P7M 10.01 0.62 0.07 7.29 -14.76 0.15 0 0 0 0 1.5

P7D 1-P7D 10.5 0.57 NA 7 73 6.8 NA 0 0 0 1.5
2-P7D 9.6 0.51 0.19 7.14 -116.88 8.77 0 0 0 0 1.5
3-P7D 9.97 0.4 0.1 7.25 -116.49 6.43 0 0 0 0 1.4
4-P7D 11.04 1.04 2.49 7.15 -22.64 10.09 0 0 0 0 1.4

T1 1-T1 8.31 0.32 13.98 7.54 120.93 1.4 0 0 0 0 1.4
2-T1 7.79 0.31 0.13 8.09 -113.9 0.58 0 0 0 0 1.2

T2 1-T2 8.3 0.26 11.47 6.66 249.21 0.7 0 0 0 0 1.7
2-T2 7.58 0.25 4.63 7.08 140.7 1.45 0 0 0 0 3.5

T4 1-T4 7.34 0.33 9.31 6.89 291.4 0.2 0 0 0 0 0.9
2-T4 7.38 0.35 3.38 6.57 184.1 0.17 0 0 0 0 1

T5 1-T5 7.31 0.28 8.65 6.1 311.86 0.7 0 0 0 0 <0.5
2-T5 7.56 0.28 6.53 6.61 124 0.37 0 0 0 0 1.3

T6 1-T6 7.62 0.2 5.81 8.18 205.46 0.7 0 0 0 0 <0.5
2-T6 7.49 0.19 0.1 8.65 -136 0.78 0 0 0 0 10.2

T7 2-T6 7.5 0.33 0.39 8.21 -67 0.47 0 0 0 0 2
T8 2-T8 8.48 0.78 0.54 7.93 -70 1.73 0 0 0 0 2.3
T9 2-T9 8.92 0.32 1.63 8.14 -16 1.62 0 0 0 0 0.7

T10 2-T10 8.1 0.54 0.11 7.86 24.75 0.97 0 0 0 0 14.1
G1 1-G1 11.3 0.73 5.64 7.29 -151.74 0.45 0 0 0 0 1

2-G1 11.6 0.28 1.36 7.47 -125.22 0.2 0 0 0 0 1.4
G2 1-G2 10.5 0.867 5.2 6.9 18 0.02 0 0 0 0 <0.5

2-G2 10.94 0.33 0.63 6.93 -20.07 3.04 0 0 0 0 1
G3 1-G3 10.1 0.973 0.2 8.1 -170 2.53 0 0 0 0 0.8

2-G3 10.71 0.38 0.19 8.56 -156.13 2.2 5 0 0 0 1.7
G4 1-G4 10.21 0.88 9.18 7.17 -62.13 11.5 0 0 0 0 0.8

2-G4 10.54 0.33 0.6 7.45 -119.73 1.46 0 0 0 0 1.4
G5 1-G5 11.23 1.35 6.61 8.53 -124.45 0.98 0 0 0 0 <0.5

2-G5 11.91 0.52 0.14 8.24 -173.47 0.74 0 0 0 0 0.7
G6 1-G6 10.62 0.96 8.41 6.66 183.91 0.29 160 0 0 0 1.3

2-G6 11.06 0.32 5.7 7.03 125.4 1.28 overgrown 0 0 0 NA
G7 1-G7 9.7 0.75 6.33 7.1 138.52 0.91 4 0 0 0 <0.5

2-G7 10.8 0.31 0.07 8.69 -234.98 6.41 overgrown 0 0 0 <0.05
G8 1-G8 10.46 0.74 5.43 8.78 116.64 17.75 3 0 0 0 <0.5
G9 1-G9 11.84 NA 10.62 7.06 291.79 0.1 overgrown 12 3 26 7.8

2-G9 10.28 0.19 1.11 6.52 140.13 0.64 0 0 0 0 <0.5
H1 1-H1 8.98 0.09 10.26 5.01 300.06 0 4 0 0 0 9.2

2-H1 9.14 0.16 1.93 6.03 158.31 0.74 0 0 0 0 1.8
H2 1-H2 8.29 0.21 6.48 5.81 274.95 7.61 0 0 0 0 <0.5

2-H2 10.46 0.23 0.07 8.62 -240.46 7.46 0 0 0 0 1
H3 2-H3 9.37 0.18 3.99 7.21 34.74 0.64 0 0 0 0 1.4
H4 2-H4 10.53 0.23 0.05 7 -164.61 0.86 5 0 0 0 3.1
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Appendix D: Septic-Well Offset Distance Regulations

Table D.1 Summary of offset distances required between drilled wells and septic percolation
for Canadian provinces.  The act responsible for regulating these distances is also given.

Province Regulating
Ministry/Department Act / Regulation

Required offset
between drilled well

and septic percolation
field (m)

Alberta Ministry of Labour

Safety Codes Act
— Alberta Private
Sewage Systems

Standards of
Practice

15

British Columbia
Ministry of Health

Services
Health Act —

Sewerage System
15

Manitoba
Department of the

Environment

Environment Act
— Private Sewage
Disposal Systems

and Privies
Regulation

15

Newfoundland and
Labrador Department of Health

Public Health Act
— Sanitation
Regulation

16

Nova Scotia Department of the
Environment

Environment Act
— On-site

Sewage Disposal
Regulation

15.2

New Brunswick
Department of Health

and Community
Services

Health Act —
Regulation 88-

200
15

Ontario Ministry of Municipal
Affairs and Housing

Ontario Building
Code Part 8

15
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Prince Edward Island
Department of

Technology and
Environment

Environmental
Protection — Act
Sewage Disposal

Regulation

15.2

Quebec Department of
Environment

Environmental
Quality Act —

Regulation
Respecting
Wastewater

Disposal Systems
for Isolated
Dwellings

15

Saskatchewan Department of Health

Public Health Act
— Plumbing and

Drainage
Regulation

15
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Appendix E: Lissamine Calibration Curve

Figure E.1 Calibration curve obtained for Lissamine FF showing the coefficient of
determination (R2) found utilizing linear least square regression.
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Appendix F:  Positive and Negative Controls

A serial dilution of created ϕ-X174 stock solution, containing a concentration of 5.1 pfu/mL was

utilized as a positive control.  Sterile water was utilized as a negative control.  A positive and

negative control was run for every 20 samples analyzed, as recommended by the DAL method

(US EPA, 2001b).  Results of control sample analysis is presented in Table H.1.

Table F.1 Results obtained from analysis of positive and negative control samples.

The recovery rate of the detection method is determined by comparing the concentration of phage

recovered from the positive control samples with the predetermined concentration of the positive

control.  The minimum, maximum, and average recovery rates are 39%, 176%, and 118%,

respectively.

Positive Controls Negative Controls
Sample #

1 7 0

2 4 0
3 8 0
4 8 0
5 4 0
6 7 0
7 2 0
8 3 0
9 9 0
10 8 0

Average 6 0

pfu/ml



105

Appendix G: ϕ-X174 Titre Analysis

Serial dilutions of the stock solution were created over the range of concentrations from 10-6 to 10-

10 and were assayed using the DAL method.  Following this preliminary analysis, 10 duplicate

samples of the 10-9 were assayed to determine stock concentration.  The results of the analysis are

presented in Table F.1.

Table G.1 Results of titre analysis for diluted stock solution used to determine stock
concentration

Stock Dilution
10-9

1 5
2 3
3 2
4 9
5 1
6 9
7 4
8 6
9 8
10 4

average 5.1

Sample #
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Appendix H: Uncorrected Tracer Data

Table H.1 Uncorrected Tracer Concentrations obtained for both tracers in all intervals

-60 1 0.246 0 0.13 0 0.049 0 1 0.013 0
-30 2 0.185 0 0.142 0 0.05 0 2 0.011 0
0 3 0.202 0 0.158 0 0.055 0 3 33.6 56000
15 4 0.26 0 0.14 0 0.051 0
30 5 0.31 380 0.16 0 0.057 0
45 6 0.353 1845 0.153 7 0.039 0
60 7 0.628 2470 0.169 2 0.047 0 4 25.36 47000
75 8 0.833 1965 0.177 0.047 0
90 9 1.06 1885 0.176 46 0.048 3
105 10 1.13 2000 0.168 85 0.045 11
120 11 1.19 1965 0.181 134 0.049 25
135 12 1.13 1835 0.16 270 0.049 37
150 13 1.32 1865 0.165 235 0.054 45
165 14 1.11 1710 0.161 305 0.034 66
180 15 no sample no sample 0.147 450 0.075 73 5 4.24 3600
210 16 no sample no sample 0.177 415 0.038 98
240 17 no sample no sample 0.179 330 0.094 54
270 18 1.29 205 0.19 245 0.078 37
300 19 1.15 161 0.183 210 0.051 26
330 20 1.25 110 0.216 160 0.052 13
360 21 1.13 95 0.232 125 0.063 7 6 0.431 270
390 22 1.03 75 0.261 72 0.052 9
420 23 1.11 63 0.267 65 0.044 10
450 24 0.963 50 0.27 66 0.057 18
480 25 1.02 80 0.254 52 0.048 10
510 26 1.02 42 0.242 24 0.054 12
540 27 0.98 58 0.269 35 0.051 10
570 28 0.94 43 0.315 25 0.063 7
600 29 0.914 40 0.305 22 0.054 3 7 0.065 23
630 30 0.87 39 0.286 14 0.044 2
660 31 0.713 32 0.327 16 0.039 2
690 32 0.832 33 0.294 17 0.056 2
720 33 1.02 31 0.321 18 0.053 4
780 34 0.93 36 0.313 14 0.049 2
840 35 0.842 35 0.339 18 0.058 2
900 36 0.87 29 0.34 16 0.038 4
960 37 0.836 32 0.321 14 0.042 2 8 0.037 0
1020 38 0.795 31 0.322 8 0.051 1
1140 39 0.672 25 0.316 6 0.046 0
1200 40 0.775 17 0.298 15 0.03 0
1320 41 0.717 25 0.29 12 0.046 0 9 0.018 1
1440 42 0.705 11 0.289 13 0.032 1
1560 43 0.688 19 0.296 11 0.041 0
1800 44 0.649 25 0.297 7 0.029 0 10 0.029 1
2040 45 0.595 17 0.311 5 0.029 0
2280 46 0.558 4 0.317 5 0.032 0 11 0.014 1
2520 47 0.533 10 0.29 3 0.042 0
2880 48 0.436 4 0.314 4 0.048 0 12 0.018 0

Dam
Lissamine
C (mg/L)

ϕ-X174
C (pfu/ml)

Lissamine
C (mg/L)

ϕ-X174
C (pfu/ml)

Lissamine
C (mg/L)

ϕ-X174
C (pfu/ml)

Lissamine
C (mg/L)

ϕ-X174
C (pfu/ml)

Sample
#

Time
(minutes)

Dam Sample
#

TW20S TW3S TW20D
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Appendix I: Water Level Data

Figure I.1 Uncorrected water level present in TW20S over the duration of the experiment.
Water levels were obtained utilizing pressure measurements obtained using dedicated
Levelloggers and manual water level measurements in relation to the top of the well casing.

Figure I.2 Uncorrected water level present in TW3S over the duration of the experiment.
Water levels were obtained utilizing pressure measurements obtained using dedicated
Levelloggers and manual water level measurements in relation to the top of the well casing.
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Appendix J: Calculation of Volumes Contributing to Dilution

Calculation of maximum wellbore volume present in TW3S:

Max. Wellbore Volume = Hmax x (Area of Open Well Bore – Area of standpipe)

Max. Wellbore Volume =1.41m x ((πrw
2)-(πrs

2))=1.41mx(( π(.0762m)2)-(π(.0254m)2)=22.8L

Calculation of maximum wellbore volume present in TW3S:

Max. Wellbore Volume = Hmax x (AWell Bore – AStandpipe)

Max. Wellbore Volume =1.41m x ((πrw
2)-(πrs

2))=1.01mx(( π(.0762m)2)-(π(.0254m)2)=16.4L
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Appendix K:  Mass balance in Source

Calculation for Lissamine FF:

Exponential equation representing concentration in dam;

( ) = 33.6 .
Integrate;

∫ ( ) = −3055 .
Solve integral over the interval of the experiment;

( ) = [(−3054.5 . )] + 3054.5 = 3054.5 ∗
The mass accounted for is calculated by multiplying the integral by the flow/infiltration rate;

= 3054.5 ∗ ∗ 8 = 24.4
Since 100 g of Lissamine was initially added, the percentage of Lissamine mass accounted for by

the source condition is 24.4%.
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Calculation for ϕ-X174:

Exponential equation representing concentration in dam;

( ) = 56000 .
Integrate;

∫ ( ) = −4000000 .
Solve integral over the interval of the experiment;

( ) = [(−4000000 . )] + 4000000 = 4000000 ∗
The mass accounted for is calculated by multiplying the integral by the flow/infiltration rate;

= 3054.5 ∗ ∗ 8000 = 3.2 10

Since 1.53x1011pfu of ϕX174 was initially added, the percentage of Lissamine mass accounted for

by the source condition is calculated;

% = 3.2 101.53 10 100% = 21.0%
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Appendix L:  Tracer Recoveries

Table L.1 Summary of Tracer recoveries obtained in each well interval

Lissamine FF (mg) ϕ-X174 (pfu)
Recovered

TW20S 531.28 130902300
TW20D 24.64 115788750

TW3S 248.54 70696725
Total 804.46 317387775

Added
Dam 100000 1.5E+11

% recovery 0.80446 0.21159185
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Table L.2 Calculation of tracer recoveries in TW20S

t (minutes) avg c (mg/L) Δt (minutes) flow rate (L/min) avg c xΔt x flow rate (mg) avg c (pfu/L) Δt (minutes) flow rate (L/min) c xΔt x flow rate (pfu)
0

15 0.02 15 0.37 0.111
30 0.074 15 0.37 0.4107 190000 15 0.37 1054500
45 0.1205 15 0.37 0.668775 1112500 15 0.37 6174375
60 0.2795 15 0.37 1.551225 2157500 15 0.37 11974125
75 0.5195 15 0.37 2.883225 2217500 15 0.37 12307125
90 0.7355 15 0.37 4.082025 1925000 15 0.37 10683750

105 0.884 15 0.37 4.9062 1942500 15 0.37 10780875
120 0.949 15 0.37 5.26695 1982500 15 0.37 11002875
135 0.949 15 0.37 5.26695 1900000 15 0.37 10545000
150 1.014 15 0.37 5.6277 1850000 15 0.37 10267500
165 1.004 15 0.37 5.5722 1787500 15 0.37 9920625
180 no sample 15 0 0 no sample 15 0 0
210 no sample 30 0 0 no sample 30 0 0
240 no sample 30 0 0 no sample 30 0 0
270 0.989 30 0.37 10.9779 957500 30 0.37 10628250
300 1.009 30 0.37 11.1999 183000 30 0.37 2031300
330 0.989 30 0.37 10.9779 135500 30 0.37 1504050
360 0.979 30 0.37 10.8669 102500 30 0.37 1137750
390 0.869 30 0.37 9.6459 85000 30 0.37 943500
420 0.859 30 0.37 9.5349 69000 30 0.37 765900
450 0.8255 30 0.37 9.16305 56500 30 0.37 627150
480 0.7805 30 0.37 8.66355 65000 30 0.37 721500
510 0.809 30 0.37 8.9799 61000 30 0.37 677100
540 0.789 30 0.37 8.7579 50000 30 0.37 555000
570 0.749 30 0.37 8.3139 50500 30 0.37 560550
600 0.716 30 0.37 7.9476 41500 30 0.37 460650
630 0.681 30 0.37 7.5591 39500 30 0.37 438450
660 0.5805 30 0.37 6.44355 35500 30 0.37 394050
690 0.5615 30 0.37 6.23265 32500 30 0.37 360750
720 0.715 30 0.37 7.9365 32000 30 0.37 355200
780 0.764 60 0.37 16.9608 33500 60 0.37 743700
840 0.675 60 0.37 14.985 35500 60 0.37 788100
900 0.645 60 0.37 14.319 32000 60 0.37 710400
960 0.642 60 0.37 14.2524 30500 60 0.37 677100

1020 0.6045 60 0.37 13.4199 31500 60 0.37 699300
1140 0.5225 120 0.37 23.199 28000 120 0.37 1243200
1200 0.5125 60 0.37 11.3775 21000 60 0.37 466200
1320 0.535 120 0.37 23.754 21000 120 0.37 932400
1440 0.5 120 0.37 22.2 18000 120 0.37 799200
1560 0.4855 120 0.37 21.5562 15000 120 0.37 666000
1800 0.4575 240 0.37 40.626 22000 240 0.37 1953600
2040 0.411 240 0.37 36.4968 21000 240 0.37 1864800
2280 0.3655 240 0.37 32.4564 10500 240 0.37 932400
2520 0.3345 240 0.37 29.7036 7000 240 0.37 621600
2880 0.2735 360 0.37 36.4302 7000 360 0.37 932400

Total (mg) 531.28485 Total (pfu) 130902300

Lissamine FF ϕ-X174
TW20S
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Table L.3 Calculation of tracer recoveries in TW3S

t (minutes) avg c (mg/L) Δt (minutes) flow rate (L/min) avg c xΔt x flow rate (mg) avg c (pfu/L) Δt (minutes) flow rate (L/min) c xΔt x flow rate (pfu)
0

15 0 15 0.67 0 15 0.67 0
30 0.001 15 0.67 0.01005 15 0.67 0
45 0.001 15 0.67 0.01005 3500 15 0.67 35175
60 0.0055 15 0.67 0.055275 4500 15 0.67 45225
75 0.015 15 0.67 0.15075 0.67 0
90 0.0185 15 0.67 0.185925 24000 30 0.67 482400

105 0.014 15 0.67 0.1407 65500 15 0.67 658275
120 0.0165 15 0.67 0.165825 88333.33333 15 0.67 887750
135 0.0125 15 0.67 0.125625 163000 15 0.67 1638150
150 0.0045 15 0.67 0.045225 213000 15 0.67 2140650
165 0.005 15 0.67 0.05025 270000 15 0.67 2713500
180 0.0015 15 0.67 0.015075 330000 15 0.67 3316500
210 0.0095 30 0.67 0.19095 390000 30 0.67 7839000
240 0.02 30 0.67 0.402 398333.3333 30 0.67 8006500
270 0.0265 30 0.67 0.53265 330000 30 0.67 6633000
300 0.0285 30 0.67 0.57285 261666.6667 30 0.67 5259500
330 0.0415 30 0.67 0.83415 205000 30 0.67 4120500
360 0.066 30 0.67 1.3266 165000 30 0.67 3316500
390 0.0885 30 0.67 1.77885 119000 30 0.67 2391900
420 0.106 30 0.67 2.1306 87333.33333 30 0.67 1755400
450 0.1105 30 0.67 2.22105 67666.66667 30 0.67 1360100
480 0.104 30 0.67 2.0904 61000 30 0.67 1226100
510 0.09 30 0.67 1.809 47333.33333 30 0.67 951400
540 0.0975 30 0.67 1.95975 37000 30 0.67 743700
570 0.134 30 0.67 2.6934 28000 30 0.67 562800
600 0.152 30 0.67 3.0552 27333.33333 30 0.67 549400
630 0.1375 30 0.67 2.76375 20333.33333 30 0.67 408700
660 0.1485 30 0.67 2.98485 17333.33333 30 0.67 348400
690 0.1525 30 0.67 3.06525 15666.66667 30 0.67 314900
720 0.1495 30 0.67 3.00495 17000 30 0.67 341700
780 0.159 60 0.67 6.3918 16333.33333 60 0.67 656600
840 0.168 60 0.67 6.7536 16666.66667 60 0.67 670000
900 0.1815 60 0.67 7.2963 16000 60 0.67 643200
960 0.1725 60 0.67 6.9345 16000 60 0.67 643200

1020 0.1635 60 0.67 6.5727 12666.66667 60 0.67 509200
1140 0.161 120 0.67 12.9444 9333.333333 120 0.67 750400
1200 0.149 60 0.67 5.9898 9666.666667 60 0.67 388600
1320 0.136 120 0.67 10.9344 11000 120 0.67 884400
1440 0.1315 120 0.67 10.5726 13333.33333 120 0.67 1072000
1560 0.1345 120 0.67 10.8138 12000 120 0.67 964800
1800 0.1385 240 0.67 22.2708 10333.33333 240 0.67 1661600
2040 0.146 240 0.67 23.4768 7666.666667 240 0.67 1232800
2280 0.156 240 0.67 25.0848 5666.666667 240 0.67 911200
2520 0.1455 240 0.67 23.3964 4333.333333 240 0.67 696800
2880 0.144 360 0.67 34.7328 4000 360 0.67 964800

Total (mg) 248.5365 Total (pfu) 70696725

Lissamine FF ϕ-X174
TW3S
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Table L.4 Calculation of tracer recoveries in TW20D

t (minutes) avg c (mg/L) Δt (minutes) flow rate (L/min) avg c xΔt x flow rate (mg) avg c (pfu/L) Δt (minutes) flow rate (L/min) c xΔt x flow rate (pfu)
0

15 0.001666667 15 7.7 0.1925 0 15 7.7 0
30 0.002666667 15 7.7 0.308 0 15 7.7 0
45 0 15 7.7 0 0 15 7.7 0
60 0 15 7.7 0 0 15 7.7 0
75 0 15 7.7 0 0 15 7.7 0
90 0 15 7.7 0 1500 15 7.7 173250

105 0 15 7.7 0 7000 15 7.7 808500
120 0 15 7.7 0 18000 15 7.7 2079000
135 0 15 7.7 0 31000 15 7.7 3580500
150 0.000166667 15 7.7 0.01925 41000 15 7.7 4735500
165 0 15 7.7 0 55500 15 7.7 6410250
180 0.003166667 15 7.7 0.36575 69500 15 7.7 8027250
210 0.005166667 30 7.7 1.1935 85500 30 7.7 19750500
240 0.014666667 30 7.7 3.388 76000 30 7.7 17556000
270 0.034666667 30 7.7 8.008 45500 30 7.7 10510500
300 0.013166667 30 7.7 3.0415 31500 30 7.7 7276500
330 0.000166667 30 7.7 0.0385 19500 30 7.7 4504500
360 0.006166667 30 7.7 1.4245 10000 30 7.7 2310000
390 0.006166667 30 7.7 1.4245 8000 30 7.7 1848000
420 0 30 7.7 0 9500 30 7.7 2194500
450 0 30 7.7 0 14000 30 7.7 3234000
480 0.001166667 30 7.7 0.2695 14000 30 7.7 3234000
510 0 30 7.7 0 11000 30 7.7 2541000
540 0.001166667 30 7.7 0.2695 11000 30 7.7 2541000
570 0.005666667 30 7.7 1.309 8500 30 7.7 1963500
600 0.007166667 30 7.7 1.6555 5000 30 7.7 1155000
630 0 30 7.7 0 2500 30 7.7 577500
660 0 30 7.7 0 2000 30 7.7 462000
690 0 30 7.7 0 2000 30 7.7 462000
720 0.003166667 30 7.7 0.7315 3000 30 7.7 693000
780 0 60 7.7 0 3000 60 7.7 1386000
840 0.002166667 60 7.7 1.001 2000 60 7.7 924000
900 0 60 7.7 0 3000 60 7.7 1386000
960 0 60 7.7 0 3000 60 7.7 1386000

1020 0 60 7.7 0 1500 60 7.7 693000
1140 0 120 7.7 0 500 120 7.7 462000
1200 0 60 7.7 0 0 60 7.7 0
1320 0 120 7.7 0 0 120 7.7 0
1440 0 120 7.7 0 500 120 7.7 462000
1560 0 120 7.7 0 500 120 7.7 462000
1800 0 240 7.7 0 0 240 7.7 0
2040 0 240 7.7 0 0 240 7.7 0
2280 0 240 7.7 0 0 240 7.7 0
2520 0 240 7.7 0 0 240 7.7 0
2880 0 360 7.7 0 0 360 7.7 0

Total (mg) 24.64 Total (pfu) 115788750

Lissamine FF ϕ-X174
TW20D
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