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Enteric Viruses
Part I. Overview and Application
1.0

Guideline

The guideline for enteric viruses in drinking water is a health-based treatment goal of a
minimum 4 log removal and/or inactivation of enteric viruses. Depending on the source water
quality, a greater log reduction may be required. Methods currently available for the detection of
enteric viruses are not feasible for routine monitoring. Treatment technologies and source water
protection measures known to reduce the risk of waterborne illness should be implemented and
maintained if source water is subject to faecal contamination or if enteric viruses have been
responsible for past waterborne outbreaks.

2.0

Executive summary

Viruses are extremely small microorganisms that are incapable of replicating outside a
host cell. In general, viruses are host specific, which means that viruses that infect animals or
plants do not usually infect humans, although a small number of enteric viruses have been
detected in both humans and animals. Most viruses also infect only certain types of cells within a
host; consequently, the health effects associated with a viral infection vary widely. Viruses that
can multiply in the gastrointestinal tract of humans or animals are known as “enteric viruses.”
There are more than 140 enteric virus serotypes known to infect humans.
Health Canada recently completed its review of the health risks associated with enteric
viruses in drinking water. This guideline technical document reviews and assesses identified
health risks associated with enteric viruses in drinking water. It evaluates new studies and
approaches and takes into consideration the methodological and interpretation limitations in
available methods for the detection of viruses in drinking water. Based on this review, the
drinking water guideline is a health-based treatment goal of a minimum 4 log (i.e., 99.99%)
removal and/or inactivation of enteric viruses.
2.1

Health effects
The human illnesses associated with enteric viruses are diverse. The main health effect
associated with enteric viruses is gastrointestinal illness. Enteric viruses can also cause serious
acute illnesses, such as meningitis, poliomyelitis and non-specific febrile illnesses. They have also
been implicated in chronic diseases, such as diabetes mellitus and chronic fatigue syndrome.
The incubation time and severity of health effects are dependent on the specific virus
responsible for the infection. The seriousness of the health effects from a viral infection will also
depend on the characteristics of the individual affected (e.g., age, health status). In theory, a single
infectious virus particle can cause infection; however, infection is based on the ability of that
virus particle to reproduce within host cells. For many enteric viruses, the number of infectious
virus particles needed to cause an infection is low, or presumed to be low.
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2.2

Exposure
Enteric viruses cannot multiply in the environment; however, they can survive for
extended periods of time (i.e., two to three years in groundwater) and are more infectious than
most other microorganisms. Enteric viruses are excreted in the faeces of infected humans and
animals, and some enteric viruses can also be excreted in urine. Source waters can become
contaminated by human faeces through a variety of routes, including effluents from wastewater
treatment plants, leaking sanitary sewers, discharges from sewage lagoons, and septic systems.
Viruses may also enter the distribution system during water main construction, when regular
operations and maintenance activities create pressure fluctuations or via flooded underground
components.
Enteric viruses have been detected in surface water and groundwater sources. They appear
to be highly prevalent in surface waters, and their occurrence will vary with time and location. In
the case of groundwater, viruses have been detected in both confined and unconfined aquifers,
and can be transported significant distances (i.e., hundreds of meters) in short timeframes (i.e., in
the order of hours to days). Confined aquifers have an overlying low permeability layer that may
act as a barrier to virus transport. However, these aquifers may still be vulnerable to viral
contamination due to pathways, such as fractures, root holes or other discontinuities that allow
viruses to be transported through the confining layer into the aquifer below. The occurrence of
enteric viruses in groundwater is not generally continuous and can vary greatly over time.
Consuming untreated or inadequately treated faecally contaminated groundwater has been linked
to illness.
2.3

Analysis and treatment
A risk management approach, such as the source-to-tap approach or a water safety plan, is
the best method to reduce enteric viruses and other waterborne pathogens in drinking water. This
type of approach requires a system assessment to: characterize the source water; describe the
treatment barriers that are in place; identify the conditions that can result in contamination; and
implement the control measures needed to mitigate risks. Identifying the vulnerability of a source
to faecal contamination, particularly from humans (e.g., septic systems, leaking sanitary sewers),
is an important part of a system assessment because routine monitoring of drinking water for
enteric viruses is not practical at this time. Collecting and analysing source water samples for
enteric viruses is, however, important for water utilities that wish to conduct a quantitative
microbial risk assessment. Validated cell culture and molecular methods are available for
detection of enteric viruses.
Once the source has been characterized, pathogen removal and/or inactivation targets
should be established and effective treatment barriers should be in place to reduce the level of
enteric viruses in treated drinking water. There are a variety of technologies available to
effectively reduce enteric viruses in drinking water; in most cases, primary disinfection will be the
key process for virus inactivation. In general, all water supplies derived from surface water
sources or groundwater under the direct influence of surface water (GUDI) should include
adequate filtration (or equivalent technologies) and disinfection to meet treatment goals for
enteric viruses and protozoa. Subsurface sources determined to be vulnerable to viruses should
achieve a minimum 4 log removal and/or inactivation of viruses.
The absence of indicator bacteria (i.e., E. coli, total coliforms) does not necessarily
indicate the absence of enteric viruses. The application and control of a source-to-tap approach,
including process and compliance monitoring (e.g., turbidity, disinfection process, E. coli) is
Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
2

Enteric Viruses (April 2019)
important to verify that the water has been adequately treated and is therefore of an acceptable
microbiological quality. In the case of untreated groundwater, testing for indicator bacteria is
useful, but not necessarily sufficient, in assessing the potential for faecal contamination, which
may include enteric viruses. The results of bacteriological testing should be considered in
conjunction with a site-specific vulnerability assessment.
2.4

Quantitative microbial risk assessment
Quantitative microbial risk assessment (QMRA) is a tool that uses source water quality
data, treatment barrier information and pathogen-specific characteristics to estimate the burden of
disease associated with exposure to pathogenic microorganisms in drinking water. QMRA is
generally used for two purposes: it can be used to set pathogen reduction targets during the
development of drinking water quality guidelines, such as is done in this document. QMRA can
also be used to prioritize risks on a site-specific basis as part of a source-to-tap or water safety
plan approach.
Specific enteric viruses whose characteristics make them a good representative of all
similar pathogenic viruses are considered in QMRA; and from these, a reference virus is selected.
It is assumed that controlling the reference virus would ensure control of all other similar viruses
of concern. Numerous enteric viruses have been considered. As no single virus has all the
characteristics of an ideal reference virus, this risk assessment uses characteristics from several
different viruses.
2.5

International considerations
Drinking water guidelines, standards and/or guidance from other national and international
organizations may vary due to the age of the assessments as well as differing policies and
approaches.
Various organizations have established guidelines and/or guidance for enteric viruses in
drinking water. The U.S. EPA generally requires drinking water systems to achieve a 4 log
removal and/or inactivation of enteric viruses. The World Health Organization recommends
providing control measures (e.g., preventing source water contamination, adequate treatment)
within a water safety plan, in order to reduce potential risks from enteric viruses. Neither the
European Union nor Australia’s National Health and Medical Research Council have established
a guideline value or standard for enteric viruses in drinking water.

3.0

Application of the guideline

Note: Specific guidance related to the implementation of drinking water guidelines should be
obtained from the appropriate drinking water authority in the affected jurisdiction.
Exposure to viruses should be reduced by implementing a risk management approach to
drinking water systems, such as the source-to-tap or the water safety plan approach. These
approaches require a system assessment that involves: characterizing the water source; describing
the treatment barriers that prevent or reduce contamination; highlighting the conditions that can
result in contamination; and identifying control measures to mitigate those risks through the
treatment and distribution systems to the consumer.
3.1

Source water assessments
Source water assessments should be part of routine system assessments. They should
include: the identification of potential sources of faecal contamination in the watershed/aquifer;
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potential pathways and/or events (low to high risk) by which enteric viruses can make their way
into the source water; and the conditions that are likely to lead to peak concentrations of enteric
viruses. For subsurface sources, these assessments should ideally include a hydrogeological
assessment and, at a minimum, an evaluation of aquifer vulnerability, well integrity and a survey
of potential faecal contamination sources in the area. Monitoring of microbial indicators provides
information on whether a groundwater source may be impacted by faecal contamination.
Subsurface sources determined to be vulnerable to virus contamination should achieve a
minimum 4 log removal and/or inactivation of enteric viruses. For GUDI sources, additional
treatment may be needed to address other microbiological contaminants such as enteric protozoa.
Where monitoring for viruses is feasible, samples are generally collected at a location that
is representative of the quality of the water supplying the drinking water system, such as at the
intake of the water treatment plant or, in the case of groundwater, from each individual water
supply well. For surface water, it is recommended to conduct monthly sampling through all four
seasons to establish baseline levels and to characterize at least two weather events to understand
peak conditions; due to the temporal variability of viruses in surface water, intensified sampling
(i.e., five samples per week) may be necessary to quantify peak concentrations. For groundwater,
including confined aquifers, it is difficult to predict the presence of viral contamination. Monthly
sampling through all four seasons is recommended to adequately characterize the occurrence of
viral contamination. The impacts of rainfall and drought conditions on virus concentrations in
groundwater should also be considered as these can represent periods of high risk. Wells that are
used on a seasonal basis may be subject to site-specific requirements as determined by the
appropriate authority. If monitoring data are intended to be used in a QMRA, the viability and
infectivity of viruses should be determined, as well as the recovery efficiency of the method used.
3.2

Appropriate treatment barriers
A minimum 4 log removal and/or inactivation of enteric viruses is recommended for all
water sources, including groundwater sources. For many source waters, a reduction greater than 4
log may be necessary. A jurisdiction may choose to allow a groundwater source to have less than
the recommended minimum 4 log reduction if the assessment of the drinking water system has
confirmed that the risk of enteric virus presence is minimal.
The physical removal of viruses (e.g., natural or engineered filtration) can be challenging
due to their small size and variations in their surface charge. Consequently, disinfection is a
critically important barrier in achieving the appropriate level of virus reduction in drinking water.
Viruses are effectively inactivated through the application of various disinfection technologies,
individually or in combination. The appropriate type and level of treatment should take into
account potential fluctuations in water quality, including short-term degradation, and variability in
treatment performance. Pilot testing or optimization processes may be useful for determining
treatment variability.
Small groundwater systems providing drinking water to the public (i.e., semi-public
systems) that are vulnerable to viral contamination should be treated to remove and/or inactivate
enteric viruses. The use of certified UV disinfection systems operated at a dose of 40 mJ/cm2 is
effective for achieving 4 log inactivation for most enteric viruses, with the exception of
adenovirus. A dose of 186 mJ/cm2 is not considered necessary, as drinking water is not a main
source of exposure to this virus in Canada, nor has it been linked with any outbreak in Canada.
Individual households with a private well should assess its vulnerability to faecal contamination
to determine if their well should be treated. General guidance on well construction, maintenance,
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protection and testing is typically available from provincial/territorial jurisdictions. When
considering the potential for viral contamination specifically, private well owners should have an
understanding of the well construction, type of aquifer material surrounding the well and location
of the well in relation to sources of faecal contamination (e.g., septic systems, sanitary sewers,
animal waste). If a private well owner is not able to determine that the risk of enteric viruses
reaching their well is minimal, the responsible drinking water authority in the affected jurisdiction
should be contacted to identify possible treatment options.
3.3

Appropriate maintenance and operation of distribution systems
Viruses can enter a distribution system during water main construction or repair, when
regular operations and maintenance activities create pressure transients (e.g., valve/hydrant
operation, pump start-up/shut-down) or via flooded air release and/or air vacuum valves located
in underground vaults.
Typical secondary disinfectant residuals have been reported as being ineffective for
inactivating viruses in the distribution system. As a result, maintaining the physical/hydraulic
integrity of the distribution system and minimizing negative- or low-pressure events are key
components of a source-to-tap or water safety plan approach. Distribution systems with no or
inadequate storage (e.g., reservoir, standpipe) tend to be more vulnerable to pressure transient
events and deadend water mains tend to experience larger transients compared to looped water
mains. Underground valve vaults that are prone to flooding should be inspected on a monthly
basis and drained if flooded. Distribution system water quality should be regularly monitored
(e.g., microbial indicators, disinfectant residual, turbidity, pH), operations/maintenance programs
should be in place (e.g., water main cleaning, cross-connection control, asset management) and
strict hygiene should be practiced during all water main construction (e.g., repair, maintenance,
new installation) to ensure drinking water is transported to the consumer with minimum loss of
quality.

Guidelines for Canadian Drinking Water Quality: Guideline Technical Document
5

Enteric Viruses (April 2019)

Part II. Science and Technical Considerations
4.0

Description and health effects

Viruses range in size from 20 to 350 nm, making them the smallest group of
microorganisms. They consist of a nucleic acid genome core (either ribonucleic acid [RNA] or
deoxyribonucleic acid [DNA]) surrounded by a protective protein shell, called the capsid. Some
viruses have a lipoprotein envelope surrounding the capsid; these are referred to as enveloped
viruses. Non-enveloped viruses lack this lipoprotein envelope. Viruses can replicate only within a
living host cell. Although the viral genome does encode for viral structural proteins and other
molecules necessary for replication, viruses must rely on the host’s cell metabolism to synthesize
these molecules.
Viral replication in the host cells results in the production of infective virions and
numerous incomplete particles that are non-infectious (Payment and Morin, 1990). The ratio
between physical virus particles and the actual number of infective virions ranges from 10:1 to
over 1000:1. In the context of waterborne diseases, a “virus” is thus defined as an infectious
“complete virus particle,” or “virion,” with its DNA or RNA core and protein coat as it exists
outside the cell. This would be the simplest form in which a virus can infect a host. Infective
virions released in the environment will degrade and lose their infectivity, but can still be seen by
electron microscopy or detected by molecular methods.
In general, viruses are host specific. Therefore, viruses that infect humans do not usually
infect non-human hosts, such as animals or plants. The reverse is also true: viruses that infect
animals and plants do not usually infect humans, although a small number of enteric viruses have
been detected in both humans and animals (i.e., zoonotic viruses). Most viruses also infect only
specific types of cells within a host. The types of susceptible cells are dependent on the virus, and
consequently the health effects associated with a viral infection vary widely, depending on where
susceptible cells are located in the body. In addition, viral infection can trigger immune responses
that result in non-specific symptoms. Viruses that can multiply in the gastrointestinal tract of
humans or animals are known as “enteric viruses.” Enteric viruses are excreted in the faeces of
infected individuals, and some enteric viruses can also be excreted in urine (Hilt et al., 2014).
These excreta can contaminate water sources. Non-enteric viruses, such as respiratory viruses, are
not considered waterborne pathogens, as non-enteric viruses are not readily transmitted to water
sources from infected individuals.
There are more than 200 recognized enteric viruses (Haas et al., 2014); among which, 140
serotypes are known to infect humans (AWWA, 1999; Taylor et al., 2001). The illnesses
associated with enteric viruses are diverse. In addition to gastroenteritis, enteric viruses can cause
serious acute illnesses, such as meningitis, poliomyelitis and non-specific febrile illnesses. They
have also been implicated in the aetiology of some chronic diseases, such as diabetes mellitus and
chronic fatigue syndrome.
Enteric viruses commonly associated with human waterborne illnesses include
noroviruses, hepatitis A virus (HAV), hepatitis E virus (HEV), rotaviruses and enteroviruses. The
characteristics of these enteric viruses, along with their associated health effects are discussed
below, and summarized in Table B.1 in Appendix B. Table B.1 also includes some enteric
viruses that have been infrequently or inconclusively been associated with drinking water
outbreaks of human illness, yet have the potential to cause illness.
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4.1
Enteric viruses commonly associated with human illness
4.1.1 Noroviruses
Noroviruses are non-enveloped, single-stranded RNA viruses, 35–40 nm in diameter,
belonging to the family Caliciviridae. Noroviruses are currently subdivided into seven
genogroups (GI to GVII), which are composed of more than 40 distinct genotypes (CDC, 2013a;
Vinjé, 2015). However, new norovirus variants continue to be identified; over 150 strains have
been detected in sewage alone (Aw and Gin, 2010; Kitajima et al., 2012). Genogroups GI, GII
and GIV contain the norovirus genotypes that are usually associated with human illnesses
(Verheof et al, 2015), with genogroup II noroviruses, specifically, GII.4, accounting for over 90%
of all sporadic cases of acute gastroenteritis in children (Hoa Tran et al., 2013).
Although most noroviruses appear to be host specific, there have been some reports of
animals being infected with human noroviruses. GII variants, for example, have been isolated
from farm animals (Mattison et al., 2007; Chao et al., 2012) and dogs (Summa et al., 2012);
raising the question of whether norovirus transmission can occur between animals and humans.
There have been no reports of animal noroviruses in humans; and other genogroups, such as GIII,
GV and GVI, have been detected only in non-human hosts (Karst et al., 2003; Wolf et al., 2009;
Mesquita et al., 2010).
Norovirus infections occur in infants, children and adults. The incubation period is 12–
48 h (CDC, 2013a). Health effects associated with norovirus infections are self-limiting, typically
lasting 24–48 h. Symptoms include nausea, vomiting, diarrhea, abdominal pain and fever. In
healthy individuals, the symptoms are generally highly unpleasant but are not considered life
threatening. In vulnerable groups, such as the elderly, illness is considered more serious. Teunis et
al. (2008) reported a low infectious dose (≥18 viral particles) for norovirus. However, Schmidt
(2015) identified study limitations, and concluded that infectivity may be overestimated (see
Section 8.3.1). Several studies have reported an inherent resistance in some individuals to
infection with noroviruses. It is thought that these individuals may lack a cell surface receptor
necessary for virus binding or may have a memory immune response that prevents infection
(Hutson et al., 2003; Lindesmith et al., 2003; Cheetham et al., 2007). Immunity to norovirus
infection seems to be short-lived, on the order of several months. However, a recent transmission
model estimate suggests that immunity may last for years (Simmons et al., 2013).
Noroviruses are shed in both faecal matter and vomitus from infected individuals and can
be transmitted through contaminated water. Infected persons can shed norovirus before they have
symptoms, and for 2 weeks or more after symptoms disappear (Atmar et al, 2008; Aoki et al.,
2010). Noroviruses are also easily spread by person-to-person contact. Many of the cases of
norovirus gastroenteritis have been associated with groups of people living in a close
environment, such as schools, recreational camps, institutions and cruise ships. Infections can
also occur via ingestion of aerosolized particles (CDC, 2011; Repp and Keene, 2012). Infections
show strong seasonality, with a peak in norovirus infections most common during winter months
(Ahmed et al., 2013).
4.1.2

Hepatitis viruses
Six types of hepatitis viruses have been identified (A, B, C, D, E and G), but only two
types, hepatitis A (HAV) and hepatitis E (HEV), appear to be transmitted via the faecal–oral route
and therefore associated with waterborne transmission. Although HAV and HEV can both result
in the development of hepatitis (inflammation of the liver) for which there is no specific
treatment, they are two distinct viruses.
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4.1.2.1 Hepatitis A virus

HAV is a 27- to 32-nm non-enveloped, small, single-stranded RNA virus with an
icosahedral symmetry. HAV belongs to the Picornaviridae family and was originally placed
within the Enterovirus genus; however, because HAV has some unique genetic structural and
replication properties, this virus has been placed into a new genus, Hepatovirus, of which it is
the only member (Carter, 2005).
The incubation period of HAV infection is between 15 and 50 days, with an average of
approximately 28 days (CDC, 2015a). The median dose for HAV is unknown, but is presumed to
be low (i.e., 10-100 viral particles) (FDA, 2012). HAV infections, commonly known as infectious
hepatitis, result in numerous symptoms, including fever, malaise (fatigue), anorexia, nausea and
abdominal discomfort, followed within a few days by jaundice. HAV infection can also cause
liver damage, resulting from the host’s immune response to the infection of the hepatocytes by
HAV. In some cases, the liver damage can result in death.
Infection with HAV occurs in both children and adults. Illness resulting from HAV
infection is usually self-limiting; however, the severity of the illness increases with age. For
example, mild or no symptoms are seen in younger children (Yayli et al., 2002); however, in a
study looking at HAV cases in persons over 50 years of age, a case fatality rate 6-fold higher than
the average rate of 0.3% was observed (Fiore, 2004). The virus is excreted in the faeces of
infected persons for up to 2 weeks before the development of hepatitis symptoms, leading to
transmission via the faecal–oral route (Chin, 2000; Hollinger and Emerson, 2007; CDC, 2015a).
HAV is also excreted in the urine of infected individuals (Giles et al., 1964; Hollinger and
Emerson, 2007; Joshi et al., 2014). Convalescence may be prolonged (8–10 weeks), and in some
HAV cases, individuals may experience relapses for up to 6 months (CDC, 2015a).
The highest incidence of HAV illness occurs in Asia, Africa, Latin America and the
Middle East (Jacobsen and Wiersma, 2010). In Canada, the incidence of HAV has declined
significantly since the introduction of the HAV vaccine in 1996 (PHAC, 2015a). Seroprevalence
studies have reported a nationwide prevalence of 2% and 20% in unvaccinated Canadian-born
children and adults, respectively (Pham et al., 2005; PHAC, 2015b). Non-travel related HAV is
rare in Canada.
4.1.2.2 Hepatitis E virus

HEV is a non-enveloped virus with a diameter of 27–34 nm and a single-stranded
polyadenylated RNA genome, belonging to the family Hepeviridae. Although most human
enteric viruses do not have non-human reservoirs, HEV has been reported to be zoonotic
(transmitted from animals to humans, with non-human natural reservoirs) (AWWA, 1999;
Meng et al., 1999; Wu et al., 2000; Halbur et al., 2001; Smith et al., 2002; Smith et al., 2013,
2014). Human-infectious HEV are classified into four genotypes. Genotypes 1 and 2 are
transmitted between humans, whereas genotypes 3 and 4 appear to be zoonotic (transmitted to
humans from deer, pigs and wild boars) (Smith et al., 2014). These genotypes were further
subdivided into at least 24 subtypes (Smith et al., 2013), however, this classification is under
review (Smith et al., 2014).
HEV infection is clinically indistinguishable from HAV infection. Symptoms include
malaise, anorexia, abdominal pain, arthralgia, fever and jaundice. The median dose for HEV is
unknown. The incubation period for HEV varies from 15 to 60 days, with a mean of 42 days
(CDC, 2015b). HEV infection usually resolves in 1–6 weeks after onset. Virions are shed in the
faeces for a week or more after the onset of symptoms (Percival et al., 2004). The illness is most
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often reported in young to middle-aged adults (15–40 years old). The fatality rate is 0.5–3%,
except in pregnant women, for whom the fatality rate can approach 20–25% (Matson, 2004).
Illnesses associated with HEV are rare in developed countries, with most infections being linked
to international travel.
4.1.3

Rotaviruses
Rotaviruses are non-enveloped, double-stranded RNA viruses approximately 70 nm
in diameter, belonging to the family Reoviridae. These viruses have been divided into eight
serological groups, A to H (Marthaler et al., 2012), three of which (A, B and C) infect humans.
Group A rotaviruses are further divided into serotypes using characteristics of their outer surface
proteins, VP7 and VP4. There are 28 types of VP7 (termed G types) and approximately 39 types
of VP4 (P types), generating great antigenic diversity (Mijatovic-Rustempasic et al., 2015, 2016).
Although most rotaviruses appear to be host specific, there is some research indicating the
potential for their zoonotic transmission (Cook et al., 2004; Kang et al., 2005; Gabbay et al.,
2008; Steyer et al., 2008; Banyai et al., 2009; Doro et al., 2015; Mijatovic-Rustempasic et al.,
2015, 2016); however, it is thought to be rare, and likely does not lead to illness (CDC, 2015c).
In general, rotaviruses cause gastroenteritis, including vomiting and diarrhea. Vomiting
can occur for up to 48 h prior to the onset of diarrhea. The severity of the gastroenteritis can range
from mild, lasting for less than 24 h, to, in some instances, severe, which can be fatal. In young
children, extra-intestinal manifestations, such as respiratory symptoms and seizures can occur and
are due to the infection being systemic rather than localized to the jejunal mucosa (Candy, 2007).
The incubation period is generally less than 48 hours (CDC, 2015c). The illness generally
lasts between 5 and 8 days. The median infectious dose for rotavirus is estimated at
approximately six viral particles (Haas et al., 1999). The virus is shed in extremely high numbers
from infected individuals, possibly as high as 1011/g of stool (Doro et al., 2015). Some rotaviruses
may also produce a toxin protein that can induce diarrhea during virus cell contact (Ball et al.,
1996; Zhang et al., 2000). This is unusual, as most viruses do not have toxin-like effects.
Group A rotavirus is endemic worldwide and is the most common and widespread
rotavirus group; it is the main cause of acute diarrhea (and related dehydration) in humans and
several animal species (Estes and Greenberg, 2013). Infections are referred to as infantile
diarrhea, winter diarrhea, acute non-bacterial infectious gastroenteritis and acute viral
gastroenteritis. Children 6 months to 2 years of age, premature infants, the elderly and the
immunocompromised are particularly prone to more severe symptoms caused by infection with
group A rotavirus. Group A rotavirus is the leading cause of severe diarrhea among infants and
children and accounts for about half of the cases requiring hospitalization, usually from
dehydration. In the United States, prior to the introduction of a rotavirus vaccine in 2006, over 3
million cases of illness occurred among children each year (Parashar et al., 2006; Glass et al.,
2012). Asymptomatic infections can occur in adults, providing another means for the virus to be
spread in the community. In temperate areas, illness associated with rotavirus occurs primarily in
the cooler months, whereas in the tropics, it occurs throughout the year (Moe and Shirley, 1982;
Nakajima et al., 2001; Estes and Kapikian, 2007). Illness associated with group B rotavirus, also
called adult diarrhea rotavirus, has been limited mainly to China, where outbreaks of severe
diarrhea affecting thousands of persons have been reported (Ramachandran et al., 1998). Group C
rotavirus has been associated with rare and sporadic cases of diarrhea in children in many
countries and regions, including North America (Jiang et al., 1995). The first reported outbreaks
occurred in Japan and England (Caul et al., 1990; Hamano et al., 1999).
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4.1.4

Enteroviruses
The enteroviruses (EV) are a large group of (over 250) viruses belonging to the genus
Enterovirus and the Picornaviridae family. They are some of the smallest viruses, consisting of a
20- to 30-nm non-enveloped, single-stranded RNA genome, with an icosahedral symmetry. The
genus Enterovirus consists of 12 species, of which seven have been associated with human
illness: EV-A to EV-D and rhinovirus (RV)-A, B and C (Tapparel et al., 2013; Faleye et al., 2016;
The Pirbright Institute, 2016). Further enterovirus serotypes continue to be identified.
The incubation period and the health effects associated with enterovirus infections are
varied. The incubation period for enteroviruses ranges from 2 to 35 days (AWWA, 2006). Many
enterovirus infections are asymptomatic. However, when symptoms are present, they can range in
severity from mild to life threatening. Viraemia (i.e., passage in the bloodstream) often occurs,
providing transport for enteroviruses to various target organs and resulting in a range of
symptoms. Mild symptoms include fever, malaise, sore throat, vomiting, rash and upper
respiratory tract illnesses. Acute gastroenteritis is less common. The most serious complications
include meningitis, encephalitis, poliomyelitis, myocarditis and non-specific febrile illnesses of
newborns and young infants (Rotbart, 1995; Roivainen et al., 1998). Other complications include
myalgia, Guillain-Barré syndrome, hepatitis and conjunctivitis. Enteroviruses have also been
implicated in the aetiology of chronic diseases, such as inflammatory myositis, dilated
cardiomyopathy, amyotrophic lateral sclerosis, chronic fatigue syndrome and post-poliomyelitis
muscular atrophy (Pallansch and Roos, 2007; Chia and Chia, 2008). There is also research
supporting a link between enterovirus infection and the development of insulin-dependent (Type
1) diabetes mellitus (Nairn et al., 1999; Lönnrot et al., 2000; Latinen et al., 2014; Oikarinen et al.,
2014). Although many enterovirus infections are asymptomatic, it is estimated that approximately
50% of coxsackievirus A infections and 80% of coxsackievirus B infections result in illness
(Cherry, 1992). Coxsackievirus B has also been reported to be the non-polio enterovirus that has
most often been associated with serious illness (Mena et al., 2003). Enterovirus infections are
reported to peak in summer and early fall (Nwachuku and Gerba, 2006; Pallansch and Roos,
2007).
Enteroviruses are endemic worldwide, but few water-related outbreaks have been
reported; among them, a drinking water-related outbreak in Belarus (Amvrosieva et al., 2001) and
other outbreaks related to recreational water settings (Hauri et al, 2005; Sinclair et al., 2009). The
large number of serotypes, the usually benign nature of the infections, and the fact that they are
highly transmissible in a community by person-to-person contact, likely masks the role that water
plays in transmission (Lodder et al., 2015).
4.2

Enteric viruses infrequently and/or potentially associated with human illness
Adenoviruses are members of the Adenoviridae family. Members of this family include
70- to 100-nm non-enveloped icosahedral viruses containing double-stranded linear DNA. At
present, there are seven recognised species (A to G) of human adenovirus, consisting of over 60
(sero)types (Robinson et al., 2013). The majority of waterborne isolates are types 40 and 41
(Mena and Gerba, 2009); however, other serotypes have also been isolated (Van Heerden et al.,
2005: Jiang, 2006; Hartmann et al., 2013). The incubation period is from 3 to10 days (Robinson
et al., 2007). Adenoviruses can cause a range of symptoms. Serotypes 40 and 41 are the cause of
the majority of adenovirus-related gastroenteritis. Adenoviruses are a common cause of acute
viral gastroenteritis in children (Nwachuku and Gerba, 2006). Infections are generally confined to
children less than 5 years of age (FSA, 2000; Lennon et al., 2007) and are rare in adults. Infection
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results in diarrhea and vomiting which may last a week (PHAC, 2010). The viral load in faeces of
infected individuals is high (~106 particles/g of faecal matter) (Jiang, 2006). This aids in
transmission via the faecal–oral route, either through direct contact with contaminated objects or
through recreational water and, potentially, drinking water. Adenoviruses have been implicated
in, but were not the main cause of, two drinking water outbreaks (one in Finland and one in
Albania) (Kukkula et al., 1997; Divizia et al., 2004). No drinking water outbreaks of adenovirus
have been reported in Canada (Schuster et al., 2005; Murphy et al., 2017). Drinking water is not
the main route of exposure to adenoviruses.
Astroviruses are members of the Astroviridae family. Astroviruses are divided into eight
serotypes (HAst1-8), and novel types continue to be discovered (Finkbeiner et al., 2009a, 2009b;
Kapoor et al., 2009; Jiang et al., 2013). Astroviruses are comprised of two genogroups (A and B)
capable of infecting humans (Carter, 2005). Members of this family include 28- to 30-nm nonenveloped viruses containing a single-stranded RNA. Astrovirus infection typically results in
diarrhea lasting 2–3 days, with an initial incubation period of anywhere from 1 to 5 days (Lee et
al., 2013). Infection generally results in milder diarrhea than that caused by rotavirus and does not
lead to significant dehydration. Other symptoms that have been recorded as a result of astrovirus
infection include headache, malaise, nausea, vomiting and mild fever (Percival et al., 2004;
Méndez and Arias, 2007). Serotypes 1 and 2 are commonly acquired during childhood (Palombo
and Bishop, 1996). The other serotypes (4 and above) may not occur until adulthood (Carter,
2005). Outbreaks of astrovirus in adults are infrequent, but do occur (Oishi et al., 1994; Caul,
1996; Gray et al., 1997). Healthy individuals generally acquire good immunity to the disease, so
reinfection is rare. Astrovirus infections generally peak during winter and spring (Gofti-Laroche
et al., 2003).
Sapoviruses were first identified in young children during a gastroenteritis outbreak in
Sapporo, Japan (Chiba et al., 1979), and have become increasingly recognized as a cause of
gastroenteritis outbreaks worldwide (Chiba et al., 2000; Farkas et al., 2004; Johansson et al.,
2005; Blanton et al., 2006; Gallimore et al., 2006: Phan et al., 2006; Pang et al., 2009) . Like
noroviruses, they are members of the Caliciviridae family (Atmar and Estes, 2001). Sapoviruses
have been detected in environmental waters, and raw and treated wastewaters in Japan (Hansman
et al., 2007; Kitajima et al., 2010a), Spain (Sano et al., 2011) and Canada (Qui et al., 2015).
However, they have not been detected in drinking water (Sano et al., 2011).
Aichiviruses are members of the Picornaviridae family. Like sapoviruses, they were first
identified in stool samples from patients with gastroenteritis in Japan (Yamashita et al., 1991).
However, they have since been detected in the feces of individuals from several countries,
including France, Brazil and Finland (Reuter et al., 2011). Although aichivirus has been detected
in raw and treated wastewater (Sdiri-Loulizi et al., 2010), very little is known about its occurrence
in source waters.
Polyomaviruses are members of the Polymaviridae family. This family includes a number
of species that infect humans, including BK polyomavirus and JC polyomavirus. Although these
viruses have been detected in environmental waters and sewage (Vaidya et al., 2002; Bofill-Mas
and Girones, 2003; AWWA, 2006; Haramoto et al., 2010), their transmission through water has
not yet been documented. Contaminated water as a possible route of transmission is supported by
the fact that JC polyomavirus is also excreted in urine (Polo et al., 2004). Polyomaviruses have
been associated with illnesses in immunocompromised individuals, such as gastroenteritis,
respiratory illnesses and other more serious diseases, including cancer (AWWA, 2006).
It is important to note that new enteric viruses continue to be detected and recognized.
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5.0

Sources and exposure

A variety of virus concentration units, as defined in Appendix A, are used in this section
and throughout the document. The units are those reported by the study authors and reflect the
detection method used. It is important to consider that the infectivity of detected viruses was not
always assessed. Given these varying study approaches, concentrations cannot be readily
compared, particularly in situations when molecular and non-molecular methods were employed.
5.1
5.1.1

Sources
Sources of contamination
The main source of human enteric viruses in water is human faecal matter. Enteric
viruses are excreted in large numbers in the faeces of infected persons (both symptomatic and
asymptomatic). They are easily disseminated in the environment through faeces and are
transmissible to other individuals via the faecal–oral route. Infected individuals can excrete over 1
trillion (1012) viruses/g of faeces (Bosch et al., 2008; Tu et al., 2008). The presence of these
viruses in a human population is variable and reflects current epidemic and endemic conditions.
Enteric virus concentrations have been reported to peak in sewage samples during the
autumn/winter, suggesting a possibly higher endemic rate of illness during this time of year or
better survival of enteric viruses at cold temperatures. Faecal contamination of water sources can
occur through various routes, including wastewater treatment plant effluent, disposal of sanitary
sewage or sludge on land, leaking sanitary sewers, septic system effluents and infiltration of
surface water into groundwater aquifers (Vaughn et al., 1983; Bitton, 1999; Hurst et al., 2001;
Powell et al., 2003; Borchardt et al., 2004; Bradbury et al., 2013). Some enteric viruses (e.g.,
HAV) can also be excreted in urine from infected individuals (see Section 4.7).
Human enteric viruses are commonly detected in raw and treated wastewater. Bradbury et
al. (2013) reported virus concentrations in sewage ranging from 1.3 × 104 genomic copies (GC)/L
to 3.6 × 107 GC/L, with a mean concentration of 2.0 × 106 GC/L. A recent Canadian study (Qiu et
al., 2015) examined the presence of multiple human enteric viruses throughout the wastewater
treatment process; mean concentrations in raw sewage ranged from 46 to 70 Genomic Equivalent
copies/L for enterovirus and adenovirus, respectively. Despite a significant reduction in virus
concentration throughout the wastewater treatment process, viruses were still detected in
discharges (Qui et al, 2015). These findings are consistent with those of others (Sedmak et al.,
2005; He et al., 2011; Li et al., 2011; Simmons et al, 2011; Edge et al., 2013; Hata et al., 2013;
Kitajima et al., 2014; Kiulia et al., 2015), and highlight the role that treated wastewater discharges
may play in the contamination of surface waters.
Human enteric viruses can also survive septic system treatment (Hain and O’Brien, 1979;
Vaughn et al., 1983). Scandura and Sobsey (1997) seeded enterovirus into four septic systems
located in sandy soils. Viruses were detected in groundwater within one day of seeding and
persisted for up to 59 days (the longest time studied); concentrations ranged from 8 to 908 plaqueforming units/L. The authors reported up to a 9 log reduction of viruses under optimum
conditions (not specified) and extensive sewage-based contamination for systems with coarse
sand and high water tables. Borchardt et al. (2011) measured norovirus in septic tank waste
(79,600 GC/L) and in tap water (34 to 70 GC/L) during an outbreak investigation at a restaurant.
The restaurant septic system and well both conformed to state building codes but were situated in
a highly vulnerable hydrogeological setting (i.e., fractured dolomite aquifer). Tracer dye tests
confirmed that septic system effluent travelled from the tank (through a leaking fitting) and
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infiltration field to the well in six and 15 days, respectively. Bremer and Harter (2012) conducted
a probabilistic analysis to assess septic system impacts on private wells. The probability that wells
were being recharged by septic system effluent was estimated to range from 0.6% for large lots
(i.e., 20 acres) with low hydraulic conductivity to almost 100% for small lots (i.e., 0.5 acres) with
high hydraulic conductivities. For one-acre lots, the probability ranged from 40% to 75% for low
to medium hydraulic conductivities, respectively. Kozuskanich et al. (2014) assessed the
vulnerability of a bedrock aquifer to pollution by septic systems for a village of 500 persons
relying on on-site servicing and found sewage-based contamination of the groundwater to be
ubiquitous. Morrissey et al. (2015) reported that the thickness of the subsoil beneath the septic
system infiltration field is a critical factor influencing groundwater contamination.
Several occurrence studies have reported the presence of enteric viruses in a variety of
water supplies relying on on-site services (i.e., private and semi-public wells and septic systems)
(Banks et al., 2001; Banks and Battigelli, 2002; Lindsey et al., 2002; Borchardt et al., 2003;
Francy et al., 2004; Trimper, 2010; Allen, 2013, 2017). Banks et al. (2001) sampled 27 semipublic water supplies in a semi-confined sand aquifer and detected viruses in three wells (11%).
Banks and Battigelli (2002) reported the presence of viruses in one of 90 semi-public water
supplies in a confined crystalline rock aquifer using molecular methods; no wells tested viruspositive using cell culture methods. Lindsey et al. (2002) sampled 59 semi-public water supplies
in various unconfined bedrock (54 wells) and unconfined sand-gravel (5 wells) aquifers; and
detected enteric viruses in 5 wells (8%) using cell culture methods. Borchardt et al. (2003)
sampled 50 private wells in seven hydrogeologic districts, on a seasonal basis, over a one year
period. Viruses were detected, using molecular methods, in four wells (8%) that were in close
proximity to a septic system; one well was located in a permeable sand-gravel aquifer, while the
other three wells were located in fractured bedrock with minimal overburden cover. Francy et al.
(2004) sampled 20 semi-public wells 5–6 times over a two year period in southeastern Michigan
in unconfined and confined sand and gravel aquifers. Samples were analyzed using both cell
culture and molecular methods, and enteric viruses were detected in 7 wells (35%) by either
method. The study also included sampling in urban areas; the authors noted that samples were
more frequently virus-positive at sites served by septic systems than those with sanitary sewers.
Trimper (2010) sampled 23 private wells in fractured bedrock aquifers with less than 5
metres of overburden in three Canadian communities (in British Columbia, Ontario and
Newfoundland) where on-site septic systems were present. Each well was sampled two to four
times over a ten month period. Using molecular methods, viruses were detected in 38%, 67%, and
78% of the wells in each community. The average and maximum distances of the wells from a
septic source were 32 and 40 metres, respectively. This study concluded that viral contamination
poses a significant threat to fractured bedrock aquifers in rural areas with on-site septic systems.
Further, the study indicated that since travel times for viruses can be very short in fractured
bedrock aquifers, the minimum setbacks in practice may not be sufficiently protective (Trimper,
2010; Novakowski, 2015).Allen et al. (2017) sampled 11 private wells in a fractured bedrock
aquifer, overlain by glacial till or gravel, monthly for eight months. Five of 11 (45%) wells were
virus-positive using molecular methods. The well depths ranged from 24 to 74 metres with septic
systems located approximately 15 metres from the well (maximum distance of 200 metres).
Monthly sampling is suggested to provide a better indication of well vulnerability (Cherry et al.,
2006; Allen, 2013).
Leaking sanitary sewers are also an important source of enteric viruses. Wells in areas
underlain with a network of sanitary sewers are considered to be at increased risk of viral
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contamination due to leaking sanitary sewers (Powell et al., 2003, Allen et al., 2017). Borchardt et
al. (2004) sampled four municipal wells in a sand and gravel aquifer on a monthly basis from
March 2001 to February 2002 and determined that enteric viruses were more frequently detected
in wells located in areas underlain with a network of sanitary sewers than those located in an area
without sanitary sewers. Similar findings were reported by Borchardt et al. (2007) where two out
of three municipal wells drawing water from a confined bedrock aquifer tested positive in seven
of 20 samples using molecular methods. The virus-positive wells were located in urban areas with
numerous sewer lines in proximity whereas the third well, which was open to both unconfined
and confined aquifers but not located near a source of human faecal waste, was virus-negative
throughout the study period. Allen et al. (2017) reported that five of eight public supply wells
(63%) in fractured bedrock were virus positive at some point during an eight month period of
monthly sampling. The wells were located between 10 and 100 meters from sanitary sewers.
Bradbury et al. (2013) reported a temporal relationship between virus serotypes present in sewage
and those in a confined aquifer suggesting very rapid transport, in the order of days to weeks,
between sewers and groundwater systems. Hunt et al. (2014) attributed this to preferential
pathways such as fractures in the aquitard (i.e., overlying low permeability geologic unit), multiaquifer wells and poorly grouted wells. Subsequent sampling of these wells during drought
conditions reported much lower virus detections (Gotkowitz et al., 2016). The authors noted that
the earlier sampling program, as reported in Bradbury et al. (2013), occurred during a historically
wet period. Virus detections were found to be associated with precipitation (Bradbury et al., 2013;
Gotkowitz et al., 2016). In contrast, Allen (2013) found that low precipitation could result in
higher virus concentrations.
Animals can be a source of enteric viruses; however, the enteric viruses detected in
animals generally do not cause illnesses in humans, although there are some exceptions. As
mentioned above, one exception is HEV, which may have a non-human reservoir. To date, HEV
has been an issue in developing countries, and therefore most of the information on HEV
occurrence in water sources results from research in these countries. There is limited information
on HEV presence in water and sewage in developed countries (Clemente-Casares et al., 2003;
Kasorndorkbua et al., 2005). Recently, Gentry-Shields et al. (2015) reported the presence of HEV
in a single surface water sample obtained from a location proximal to a swine concentrated animal
feeding operation spray field in North Carolina (2015), suggesting that these operations may be
associated with the dissemination of HEV.
5.1.2

Presence in water
As noted above, enteric viruses can contaminate source water through a variety of routes.
The following section details occurrence studies in surface water and groundwater, as well as in
drinking water. It is important to note that the majority of these occurrence data were obtained
through targeted studies, since source water and drinking water are not routinely monitored for
enteric viruses, and may not be representative of the current situation. It is also important to
consider that various detection methods were used (i.e., cell culture-based, molecular) (see
Section 6.0), and that the infectivity of detected viruses was not always assessed. Given these
varying study approaches, occurrence data cannot be readily compared.
Several studies have reported the presence of enteric viruses in surface waters around the
world, including Canada (Sattar, 1978; Sekla et al., 1980; Payment et al., 1984, 2000; Raphael et
al., 1985a, 1985b; Payment, 1989, 1991, 1993; Payment and Franco, 1993; Pina et al., 1998,
2001; Sedmak et al., 2005; Van Heerden et al., 2005; EPCOR, 2010, 2011; Gibson and Schwab,
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2011; Edge et al., 2013; Corsi et al., 2014; Pang et al., 2014). Table B.2 in Appendix B highlights
a selection of enteric virus occurrence studies in Canadian and U.S. surface water sources. Enteric
viruses appear to be highly prevalent in surface waters; and their occurrence exhibits a significant
temporal and spatial variability. This variability is largely a reflection of whether the pollution
source is continuous or the result of a sudden influx of faecal contamination (see Section 5.5).
Viral prevalence in surface water is also influenced by environmental factors, such as the amount
of sunlight, temperature and predation (de Roda Husman et al., 2004, 2009; Rutjes et al., 2009;
Lodder et al., 2010) (see Section 5.2.1).
Enteric viruses were detected in a variety of groundwater sources, using molecular and/or
cell culture techniques, with prevalence rates ranging from less than 1% to 46% (Abbaszadegan et
al., 1999, 2003; Banks et al., 2001; Banks and Battigelli, 2002; Lindsey et al., 2002; Borchardt et
al., 2003; Fout et al., 2003; Francy et al., 2004; Locas et al., 2007, 2008; Hunt et al., 2010; Gibson
and Schwab, 2011; Borchardt et al., 2012; Allen, 2013; Bradbury et al., 2013; Pang et al., 2014).
Table B.3 in Appendix B highlights a selection of enteric virus occurrence studies for Canadian
and U.S. groundwater sources. Viruses were detected in different aquifer types, including semipublic wells in a semi-confined sand aquifer (Banks et al., 2001) and confined crystalline rock
aquifer (Banks and Battigelli, 2002), as well as deep municipal wells (220 – 300 m) in a confined
sandstone/dolomite aquifer (Borchardt et al., 2007; Bradbury et al., 2013). Bradbury et al. (2013)
reported that virus concentrations in deep municipal wells were generally as high as or higher
than virus concentrations in lake water. In general, virus occurrence in groundwater can be
characterized as transient, intermittent or ephemeral, because wells are often not virus-positive for
two sequential samples and the detection frequency is low on a per sample basis (Borchardt et al.,
2003; Allen, 2013, 2017). However, the detection frequency of viruses, on a per well basis, ranges
from 30 to 100% (Table B.3) and encompasses a wide variety of aquifer types indicating that the
overall vulnerability of wells to viral contamination is high (Fout et al., 2003; Francy et al., 2004;
Borchardt et al., 2007; Allen et al., 2017).
In targeted studies in the U.S., enteric viruses have been detected in tap water, including
UV disinfected groundwaters (Borchardt et al., 2012; Lambertini et al., 2011). Table B.4 in
Appendix B highlights some of these studies. Borchardt et al. (2012) reported the presence of
enteric viruses in almost 25% of the over 1,200 tap water samples analyzed from 14 communities
relying on untreated groundwater. Adenovirus was the most prevalent (157/1,204) virus detected,
although it was found at concentrations one to two orders of magnitude lower than norovirus and
enterovirus. Enterovirus was the virus found at the highest concentration, with a mean and
maximum concentration of 0.8 GC/L and 851 GC/L, respectively. The authors were able to show
an association between the mean concentration of all viruses and acute gastrointestinal illness
(AGI) in the community (see Section 5.4.1). In a companion study, Lambertini et al. (2011)
showed that enteric viruses can enter into distribution systems through common events (e.g., pipe
installation). Enteroviruses, noroviruses GI and GII, adenovirus, rotavirus and HAV were
enumerated at the wellhead, post-UV disinfection (minimum dose = 50 mJ/cm2) and in household
taps supplied by distribution systems without a disinfectant residual. Viruses were detected in
10.1% of post-UV disinfection samples (95th percentile virus concentration ≤ 1.1 GC/L). In
contrast, viruses were detected in 20.3% of household tap samples (95th percentile virus
concentration ≤ 8.0 GC/L). This increase in virus detection and concentration between UV
disinfection and household taps was attributed to viruses directly entering the distribution system
(see Section 5.4.1). Previous studies conducted in Canada did not detect enteric viruses in treated
water (Payment and Franco, 1993; Payment et al., 1984).
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5.2

Survival
As noted above, viruses cannot replicate outside their host’s tissues and therefore cannot
multiply in the environment. However, they can survive for extended periods of time (i.e., 2 to 3
years) (Banks et al., 2001; Cherry et al., 2006) and can be transported over long distances
(Keswick and Gerba, 1980; Pang, 2009; Hunt and Johnson, 2017).
Virus survival is affected by the amount of time it takes for a virus to lose its ability to
infect host cells (i.e., inactivation process) and the rate at which a virus permanently attaches, or
adsorbs, to soil particles (Gerba, 1984; Yates et al., 1985, 1987, 1990; Yates and Yates, 1988;
Bales et al., 1989, 1991, 1997; Schijven and Hassanizadeh, 2000; John and Rose, 2005). Both
processes (i.e., inactivation and adsorption) are virus-specific (Goyal and Gerba, 1979; Sobsey et
al., 1986) and generally independent of each other (Yates et al., 1987; Schijven and Hassanizadeh,
2000; John and Rose, 2005). Although virus concentrations are known to decay in the
environment, the inactivation and adsorption processes are very complex and not well understood
(Schijven and Hassanizadeh, 2000; Azadpour-Keeley et al., 2003; Gordon and Toze, 2003;
Johnson et al., 2011a; Hunt et al., 2014; Bellou et al., 2015). One of the major challenges is that
viruses are colloidal particles that can move as independently suspended particles or by attaching
to other non-living colloidal particles such as clay or organic macromolecules (Robertson and
Edberg, 1997). Another issue is that decay rates are not always linear (Pang, 2009). The decay
rate of the more resistant viruses has been observed to decline with time (Page et al., 2010).
Many of the studies evaluating virus inactivation rates and/or adsorption characteristics,
including those discussed below, have used surrogates. Surrogates can comprise an organism,
particle or substance that is used to study the fate of a pathogen in a natural environment (i.e.,
inactivation or adsorption processes) or in a treatment environment (i.e., filtration or disinfection
processes) (Sinclair et al., 2012). Bacteriophages or coliphages have been suggested as surrogates
for viruses (Stetlar, 1984; Havelaar, 1987; Payment and Franco, 1993). For example,
bacteriophage PRD1 and coliphage MS2 are similar in shape and size to rotavirus and poliovirus 1,
respectively (Azadpour-Keeley et al., 2003). Both survive for long periods of time and have a low
tendency for adsorption (Yates et al., 1985). In contrast, LeClerc et al. (2000) reported numerous
shortcomings regarding the use of bacteriophages or coliphages as viral surrogates. Since
inactivation and adsorption vary significantly by virus type, it is generally accepted that no single
virus or surrogate can be used to describe the characteristics of all enteroviruses. The use of cell
culture or molecular methods (see Section 6.1.2) also confounds the interpretation of results (de
Roda Husman et al., 2009). One solution is to use a range of sewage-derived microorganisms
(Schijven and Hassanizadeh, 2000). Sinclair et al. (2012) describes a process to select a
representative surrogate(s) for natural or engineered systems.
5.2.1

Inactivation in the environment
Viruses are inactivated by disruptions to their coat proteins and degradation of their
nucleic acids. Critical reviews of the factors influencing virus inactivation indicate that the most
important factors include temperature, adsorption to particulate matter and microbial activity
(Schijven and Hassanizadeh, 2000; Gordon and Toze, 2003; John and Rose, 2005).

1 The species poliovirus no longer exists. These viruses now belong to the species Enterovirus C (refer to
Section 4.1.4).
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In general, as temperature increases, virus inactivation increases, however, this trend
occurs mainly at temperatures greater than 20°C (John and Rose, 2005). Poliovirus incubated in
preservative medium was reduced by 2 log after 1,022 days at 4°C versus 4 log reduction after
200 days at 22°C (de Roda Husman et al., 2009). Laboratory experiments have demonstrated the
long term infectivity of select viruses in groundwater stored in the dark as follows: rotavirus up to
seven months (the longest time studied) and human astrovirus at least 120 days, both stored at
15°C (Espinosa et al., 2008); poliovirus and coxsackievirus for at least 350 days at 4°C (de Rosa
Husman et al., 2009); adenovirus for 364 days at 12°C (Charles et al., 2009); and norovirus for at
least 61 days at 12°C (Seitz et al., 2011). Viral genomes can be detected for significantly longer
periods, namely: at least 672 days for adenovirus stored at 12°C (Charles et al., 2009) and at least
1,266 days for norovirus stored at room temperature (Seitz et al., 2011).
Gerba (1984) reported that viruses associated with particulate matter generally persist for a
longer period of time because the particulate matter provides protection from proteolytic enzymes
or other substances that can inactivate viruses. This effect is influenced by the virus type and
nature of the particulate matter. Clay particles are particularly effective at protecting viruses from
natural decay due to their high adsorption capacity (Carlson et al., 1968; Sobsey et al., 1986).
Some types of organic matter (i.e., proteins) are also reported to better protect viruses from
inactivation (Gordon and Toze, 2003).
Herrmann et al. (1974) reported that viruses are inactivated faster in the presence of
indigenous microflora, particularly proteolytic bacteria such as Pseudomonas aeruginosa. The
authors observed a 5 log reduction of coxsackievirus and poliovirus in a natural lake after 9 and
21 days, respectively. In contrast, less than a 2 log reduction was observed for both viruses, over
the same time frame, in lake water that had been sterilized to inactivate indigenous microflora.
Gordon and Toze (2003) found that the presence of indigenous microflora was the main reason
for virus inactivation in groundwater. No decay of poliovirus was observed in sterile groundwater
at 15ºC whereas 1 log reduction occurred after 5 days in non-sterile groundwater; for
coxsackievirus, 1 log reduction was observed after 528 and 10.5 days for sterile and non-sterile
groundwater, respectively.
Viruses tend to survive longer in groundwater due to the lower temperature, protection
from sunlight and less microbial activity (Keswick et al., 1982; John and Rose, 2005). Banks et al.
(2001) indicates a conservative estimate for virus survival in groundwater is three years, whereas
Cherry et al. (2006) indicates a reasonable estimate is one to two years. Hunt et al. (2014) states
that the presence of viral genomes in groundwater demonstrates travel times in aquifers of two to
three years between the faecal contamination source and the well. Virus concentrations in surface
water have been observed to vary seasonally with higher concentrations at lower temperatures.
Schijven et al. (2013) suggest this may be linked to lower biological activity due to the lower
temperature.
5.2.2

Adsorption and migration
Considerable research has been conducted to study the mechanisms of the adsorption
process (Carlson et al., 1968; Bitton, 1975; Duboise et al., 1976; Goyal and Gerba, 1979; Keswick
and Gerba, 1980; Gerba et al., 1981; Vaughn et al., 1981; Gerba, 1984; Gerba and Bitton, 1984;
Yates et al., 1987; Yates and Yates, 1988; Bales et al., 1989, 1991, 1995, 1997; Powelson et al.,
1991; Rossi et al., 1994; Song and Elimelech, 1994; Loveland et al., 1996, Pieper et al., 1997;
Sinton et al., 1997; DeBorde et al., 1998, 1999; Ryan et al., 1999; Schijven et al., 1999, 2002;
Schijven and Hassanizadeh, 2000; Woessner et al., 2001; Borchardt et al., 2004; Pang et al., 2005;
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Michen and Graule, 2010; Bradbury et al., 2013; Harvey et al., 2015). The adsorption process in
subsurface environments is primarily controlled by electrostatic and hydrophobic interactions
(Bitton, 1975; Gerba, 1984). The hydrologic properties of the aquifer, the surface properties of the
virus as a function of water chemistry, and the physical and chemical properties of the individual
soil particles (DeBorde et al., 1999) all play a part in adsorption dynamics.
In general, virus adsorption is favoured by low pH and high ionic strength, conditions that
reduce the electrostatic repulsive forces between the virus and soil particle (Bitton, 1975; Duboise
et al., 1976; Gerba, 1984). Positively charged mineral phases (e.g., iron, aluminum or manganese
oxides) promote virus adsorption because most viruses are negatively charged in natural waters
(Bitton, 1975; Goyal and Gerba, 1979; Keswick and Gerba, 1980). Clay particles also provide
strong positively charged bonding sites and significantly increase the surface area available for
virus adsorption (Carlson et al., 1968). In contrast, clay soils are susceptible to shrinking and
cracking which allows fractures to form thereby allowing rapid transport of viruses (Pang, 2009).
The presence of organic matter is believed to be responsible for many of the uncertainties in the
adsorption process (Schijven and Hassanizadeh, 2000). Organic matter can both disrupt
hydrophobic interactions and provide hydrophobic adsorption sites, depending on the
combination of soil and virus type (Gerba, 1984; Schijven and Hassanizadeh, 2000). Humic
substances, for example, are negatively charged like viruses and, therefore, compete for the same
adsorption sites as the viruses (Powelson et al., 1991; Pieper et al., 1997).
Hydraulic conditions also play an important role in virus adsorption (Berger, 1994;
Azadpour-Keeley et al., 2003). The groundwater velocity must be slow enough to allow viruses to
contact and stick to the soil particle; otherwise the virus stays in the water and is transported down
gradient. Several researchers have reported that viruses can travel significant distances in short
timeframes, through preferential pathways, due to pore size exclusion. This phenomenon means
that particles, such as viruses, are transported faster than the average groundwater velocity
because they are forced to travel through larger pore sizes where velocities are higher (Bales et al.
1989; Sinton et al., 1997; Berger, 1994; DeBorde et al., 1999; Cherry et al., 2006; Bradbury et al.,
2013; Hunt et al., 2014). Groundwater velocities on the order of 1–400 m/day have been reported
for fractured bedrock aquifers in Canada (Novakowski et al., 2006a; Belan, 2010; Praamsma,
2017; Persaud et al., 2018). Well pumping conditions may also create significant hydraulic
gradients and groundwater velocities. The low volume of water that can be released from bedrock
(specific storage) results in a drawdown cone extending much farther for bedrock wells than those
in porous media aquifers. These factors result in the potential for rapid and widespread transport
of viruses in fractured bedrock aquifers (Allen et al., 2017). This is highlighted in a study by
Bradbury et al. (2013) where reported virus transport was on the order of weeks from a
contaminant source to municipal wells that were 220 to 300 m deep. Using a dye test, Levison
and Novakowski (2012) reported that in wells located in fractured bedrock with minimal
overburden cover, solute breakthrough occurred within 4 hours at depths between 19 and 35
metres. It is clear that rapid transport of solutes, and by extension, viruses, occurs in fractured
bedrock with minimal overburden cover.
In general, the adsorption process does not inactivate viruses; and adsorption is a
reversible process (Carlson et al., 1968; Bitton, 1975). Since virus-soil interactions are very
sensitive to surface charge, any water quality change that is sufficient to cause a charge reversal
will result in the desorption of potentially infectious viruses (Song and Elimelech, 1994; Pieper et
al., 1997). Water quality changes that can result in desorption include an increase in pH, a
decrease in ionic strength, and the presence of sufficient organic matter (Carlson et al., 1968;
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Duboise et al., 1976; Bales et al., 1993; Loveland et al., 1996). For example, when alkaline septic
effluent mixes with groundwater, the increased pH allows rapid transport of viruses, especially
under saturated flow conditions (Scandura and Sobsey, 1997). Rainfall recharge after a storm may
decrease ionic strength and cause viruses to desorb and be transported down gradient; desorbed
infectious viruses can, thus, continue to contaminate water sources long after the initial
contamination event (Sobsey et al., 1986; DeBorde et al., 1999) (see Section 5.5). Organic matter
reduces the capacity of subsurface media to adsorb pathogens by binding to available adsorption
sites thereby preventing the adsorption of pathogens (Pang, 2009).
The published literature reports a significant range in virus transport distances (U.S. EPA,
2006d). Transport distances of ca. 400 m have been reported for sand and gravel aquifers while
the furthest distance (1,600 m) was observed in a karst formation. Water supply wells in karst and
fractured bedrock aquifers are considered highly vulnerable to contamination because
groundwater flow and pathogen transport can be extremely rapid, on the order of hours
(Amundson et al., 1988; Scandura and Sobsey, 1997; Powell et al., 2003; Borchardt et al., 2011;
Levison and Novakowski, 2012; Kozuskanich et al., 2014). Management of groundwater
resources in karst and fractured bedrock should not be conducted in the same way as sand and
gravel aquifers (Crowe et al., 2003; Novakowski, 2015).
5.3

Exposure
Enteric viruses are transmitted via the faecal–oral route. Vehicles for transmission can
include water, food (particularly shellfish and salads), fomites (inanimate objects, such as door
handles that, when contaminated with an infectious virion, facilitate transfer of the pathogen to a
host) and person-to-person contact. Enteric viruses can also be spread via aerosols. Norovirus, for
example, becomes aerosolized during vomiting, and can result in the release of as many as 30
million viruses in a single episode of vomiting (Caul, 1994; Marks et al., 2000; Marks et al.,
2003; Lopman et al., 2012; Tung-Thompson et al., 2015). Poor hygiene is also a contributing
factor to the spread of enteric viruses. In addition, the high incidence of rotavirus infections,
particularly in young children, has suggested to some investigators that rotavirus may also be
spread by the respiratory route (Kapikian and Chanock, 1996; Chin, 2000). For many of the
enteric viruses discussed above, outbreaks have occurred both by person-to-person transmission
and by common sources, involving contaminated foods, contaminated drinking water supplies or
recreational water.
5.4

Waterborne illness
As noted in Section 4.0, certain serotypes and/or genotypes of enteric viruses are most
commonly associated with human illness. In the case of noroviruses, genogroups GI, GII and GIV
are associated with human illness, and infections usually peak in the winter. Group A rotavirus is
endemic worldwide and is the most common and widespread rotavirus group; with group B
rotavirus found mainly in China. Group C rotavirus has been associated with rare and sporadic
cases of diarrhea in children in many countries, including North America (Jiang et al., 1995). In
the case of enteroviruses, several human infectious types have been implicated in human illness.
Enterovirus infections are reported to peak in summer and early fall (Nwachuku and Gerba, 2006;
Pallansch and Roos, 2007). Adenovirus serotypes 40 and 41 are the cause of the majority of
adenovirus-related gastroenteritis. Both genogroups A and B of astroviruses are associated with
human illness (Carter, 2005), and infections peak in the winter and spring.
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Exposure to enteric viruses through water can result in both an endemic rate of illness in
the population and waterborne disease outbreaks.
5.4.1

Endemic illness
Rates of endemic infectious illness, including waterborne illness, are significantly
underreported and underdiagnosed, for a number of reasons (Majowicz et al., 2004; MacDougall
et al., 2008; Gibbons et al., 2014). Determining the ‘true’ incidence of waterborne endemic illness
is further complicated by the fact that, in Canada, there is no national surveillance system specific
to waterborne illness (Pons et al., 2015). Several groups (Payment et al., 1991, 1997; Hellard et
al., 2001; Colford et al., 2005, 2006, 2009; Messner et al., 2006) have attempted to estimate the
burden of illness associated with water, including drinking water. Canadian burden of illness
estimates are presented here. The statistics referenced below are mathematical estimates derived
using risk assessment models and should not be taken to reflect actual incidence.
The estimated burden of endemic acute gastrointestinal illness (AGI) annually in Canada,
from all sources (i.e., food, water, animals, person-to-person), is 20.5 million cases (0.63
cases/person-year) (Thomas et al., 2013). Approximately 1.7% (334,966) of these cases, or 0.015
cases/person-year, are estimated to be associated with the consumption of tap water from
municipal systems that serve >1000 people in Canada (Murphy et al., 2016a). Over 29 million of
Canadians (84%) rely on these systems; of these, approximately 25 million (73%) rely on a
surface water source, another 0.4 million (1%) rely on a groundwater under the direct influence of
surface water (GUDI) supply; and the remaining 3.3 million (10%) rely on a groundwater source
(Statistics Canada, 2013a, 2013b). Murphy et al. (2016a) estimated that systems relying on
surface water sources treated only with chlorine or chlorine dioxide, or GUDI sources with no or
minimal treatment, or groundwater sources with no treatment, accounted for the majority (i.e.,
50,121 estimated cases or 0.047 cases/person-year) of the estimated burden of AGI associated
with municipal systems that serve >1000 people. In contrast, an estimated 0.007 cases/personyear (or 15,991 estimated cases) were associated with systems relying on lightly impacted source
waters with multiple treatment barriers in place. The authors also estimated that over 35% (or
122,608 estimated cases) of the estimated 335,000 AGI cases were attributable to the distribution
system.
An estimated 103,230 (0.51 % of total) AGI cases per year, or 0.003 cases/person-year,
are due to the presence of pathogens in drinking water from private and small community water
systems in Canada (Murphy et al., 2016b). Private wells accounted for over 75% (approximately
78,073) of these estimated cases, or 0.027 cases/person-year. Small community water systems
relying on groundwater accounted for an additional 13,034 estimated AGI cases per year, with the
highest incidence, 0.027 cases/person-year, amongst systems without treatment. In contrast, small
community water systems relying on surface water sources were attributable to 12,123 estimated
annual cases of AGI, with the highest incidence, 0.098 cases/person-year, noted for systems
without treatment. The authors estimated that the majority of these predicted AGI cases are
attributed to norovirus. More specifically, of the 78,073 estimated cases of AGI/year resulting
from consumption of drinking water from untreated privates wells in Canada, norovirus is
estimated to be responsible for over 70% of symptomatic cases (i.e., 55,500). Similar to private
wells, norovirus was responsible for the vast majority of estimated cases associated with
consumption of drinking water from small groundwater community systems, accounting for 83%
(10,869) of estimated cases; and small surface water community systems (9,003 cases, >74%).
Overall, these estimates suggest that Canadians served by untreated or inadequately treated small
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surface water supplies are at greatest risk of exposure to pathogens, particularly norovirus, and, as
a result, greater risk of developing waterborne AGI.
Studies have shown the presence of enteric viruses in a variety of groundwater sources
(see Section 5.1.2); however, little is known regarding the incidence of waterborne illness in the
community due to these viruses. Borchardt et al., (2012) estimated the AGI incidence in 14
communities, serving 1,300 to 8,300 people, supplied by untreated groundwater. Tap water
samples were tested for the presence of adenovirus, enterovirus and norovirus (see Section 5.1.2),
and AGI symptoms were recorded in health diaries by households. Over 1,800 AGI episodes and
394,057 person-days of follow-up were reported. The AGI incidence for all ages was 1.71
episodes/person-year; children ≤ 5 had the highest incidence (2.66 episodes/person-year).
Borchardt et al. (2012) determined that three summary measures of virus contamination were
associated with AGI incidence: mean concentration, maximum concentration, and proportion
positive samples. These associations were particularly strong for norovirus; adenovirus exposure
was not positively associated with AGI. In an attempt to further characterize the relationship
between virus presence and enteric illness, the authors estimated the fraction of AGI attributable
to the viruses present in the communities’ tap water, using quantitative microbial risk assessment
(QMRA) (see Section 8.0). They determined that between 6 to 22% of the AGI in these
communities was attributable to enteric viruses (Borchardt et al., 2012).
Lambertini et al. (2011, 2012) estimated the risk of AGI due to virus contamination of the
distribution system in the same 14 municipal groundwater systems studied by Borchardt et al.
(2012). In their study, UV disinfection was implemented (without a chlorine residual). Enteric
viruses were enumerated at the wellhead, post-UV disinfection (minimum dose = 50 mJ/cm2) and
in household taps. The authors observed an increase in virus detection and concentration between
the location of UV disinfection and household taps; and attributed this finding to viruses entering
the distribution system. The AGI risk from distribution system contamination was calculated and
ranged from 0.0180 to 0.0611 episodes/person-year.
5.4.2

Outbreaks
Waterborne outbreaks caused by enteric viruses have been reported in Canada, and
worldwide (Hafliger et al. 2000; Boccia et al. 2002; Parshionikar et al. 2003; Hoebe et al. 2004;
Nygard et al. 2004; Kim et al. 2005; Yoder et al. 2008; Larsson et al. 2014; Kauppinen et al.,
2017; Murphy et al., 2017). Some of these outbreaks are detailed in Table B.5 In Appendix B.
The true prevalence of outbreaks is unknown, primarily because of under-reporting and underdiagnosis. Comprehensive outbreak surveillance and response systems are essential to our
understanding of these outbreaks.
Norovirus is one of the most commonly reported enteric viruses in North America and
worldwide. Outbreak-related norovirus infection became a nationally reportable disease in
Canada in 2007 (PHAC, 2015a). As source attribution information is not available, it is unclear
how many reported cases are attributable to water.
In Canada, between 1974 and 2001, there were 24 reported outbreaks and 1382 confirmed
cases of waterborne illness caused by enteric viruses (Schuster et al., 2005). Ten of these
outbreaks were attributed to HAV, 12 were attributed to noroviruses and 2 to rotaviruses (O’Neil
et al., 1985; Health and Welfare Canada, 1990; Health Canada, 1994, 1996; INSPQ, 1994, 1998,
2001; Boettger, 1995; Beller et al., 1997; De Serres et al., 1999; Todd, 1974-2001; BC Provincial
Health Officer, 2001). There were also 138 outbreaks of unknown aetiology, a portion of which
could be the result of enteric viruses, and a single outbreak that involved multiple viral pathogens.
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Of the 10 reported outbreaks attributed to waterborne HAV, 4 were due to contamination of
public drinking water supplies, two were the result of contamination of semi-public supplies 2 and
the remaining four were due to contamination of private water supplies. Only four of the reported
12 waterborne outbreaks of norovirus infections in Canada occurred in public water supplies, and
the remainder were attributed to semi-public supplies. Both rotavirus outbreaks arose from
contamination of semi-public drinking water supplies. Contamination of source waters from
human sewage and inadequate treatment (e.g., surface waters having poor or no filtration, relying
solely on chlorination) were identified as the major contributing factors (Schuster et al., 2005).
Weather events tended to exacerbate these issues. The impact of weather events on viral
contamination is discussed in Section 5.5. No Canadian waterborne viral outbreaks have been
reported since 2001.
In the United States, between 1991 and 2002, 15 outbreaks and 3487 confirmed cases
of waterborne viral illness were reported. Of these, 12 outbreaks and 3361 cases were attributed to
noroviruses, 1 outbreak and 70 cases were attributed to “small round-structured virus” and
2 outbreaks and 56 cases were attributable to HAV (Craun et al., 2006). During this period,
77 outbreaks resulting in 16 036 cases of unknown aetiology were also reported. It is likely that
enteric viruses were responsible for a significant portion of these outbreaks (Craun et al., 2006).
Between 2003 and 2012, the U.S. Centers for Disease Control and Prevention (CDC) reported
138 infectious disease outbreaks associated with consumption of drinking water (Blackburn et al.,
2004; Liang et al., 2006; Yoder et al., 2008; Brunkard et al., 2011; CDC, 2013b, 2015d);
accounting for 8,142 cases of illness. Enteric viruses were identified as the single causative agent
in 13 (9.4%) of these outbreaks, resulting in 743 cases of illness. Norovirus was responsible for
10 (of 13) outbreaks, while HAV was implicated in the remainder. Norovirus was also identified
in three mixed outbreaks (i.e., those involving multiple causative agents). These outbreaks were
associated with 1,818 cases of illness. The vast majority of viral outbreaks were attributed to the
consumption of untreated or inadequately treated groundwater, as reported by others (Hynds et
al., 2014a, 2014b; Wallender et al., 2014).
Waterborne outbreaks of noroviruses are common worldwide (Brugha et al., 1999; Brown
et al., 2001; Boccia et al., 2002; Anderson et al., 2003; Carrique-Mas et al., 2003; Maunula et al.,
2005; Hewitt et al., 2007; Gunnarsdóttir et al., 2013; Giammanco et al., 2014). HAV outbreaks
also occur throughout the world (De Serres et al., 1999; Hellmer et al., 2014). Groundwater
sources are frequently associated with international outbreaks of noroviruses and HAV (Häfliger
et al., 2000; Maurer and Stürchler, 2000; Parchionikar et al., 2003; Kauppinen et al., 2017). Major
waterborne epidemics of HEV have occurred in developing countries (Guthmann et al., 2006), but
none have been reported in Canada or the United States (Purcell, 1996; Chin, 2000). Astroviruses
and adenoviruses have also been implicated in drinking water outbreaks, although they were not
the main cause of the outbreaks (Kukkula et al., 1997; Divizia et al., 2004).
5.5

Impact of environmental conditions
The concentration of viruses in a water source is influenced by numerous environmental
conditions and processes, many of which are not well characterized or are not transferable
between watersheds. Environmental conditions that may cause water quality variations include
precipitation, snowmelt, drought, upstream incidents (for surface water), farming and wildlife

2 For the purposes of this document, a semi-public water supply system is defined as a system with a minimal or no
distribution system that provides water to the public from a facility not connected to a public supply.
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(Dechesne and Soyeux, 2007). Extreme weather events, such as flash floods and hurricanes,
which are expected to increase in frequency and severity with climate change, can also have
significant water quality impacts (Casteel et al., 2006; Sinigalliano et al., 2007; Lapointe et al.,
2012; Maslova, 2017).
Several studies have reported the occurrence of waterborne disease outbreaks after
extreme precipitation events (Curriero et al., 2001; Thomas et al., 2006; Nichols et al., 2009; New
Zealand Department of Internal Affairs, 2017). Outbreaks tend to be classified as either occurring
in a surface water or groundwater supply, however, it is unknown if the groundwater category
includes all subsurface supplies or only properly classified groundwater systems. Curriero et al.
(2001) evaluated the relationship between rainfall and waterborne disease in the U.S. and found
that outbreaks were preceded by rainfall events above the 90th percentile. Outbreaks due to
surface water contamination were most significant for extreme precipitation during the month of
the outbreak whereas groundwater outbreaks showed the highest significance for extreme
precipitation two months prior to the outbreak. In Canada, Thomas et al. (2006) reported that
rainfall events above the 93rd percentile increased the risk of an outbreak by a factor of 2.3. A
study in England determined that the risk of an outbreak was associated with two situations: low
rainfall levels over the preceding three weeks, or excessive rainfall in the week prior to the
outbreak (Nichols et al., 2009). A large gastroenteritis outbreak in Havelock North, New Zealand,
in which 5,500 of 14,000 residents became ill and which resulted in three deaths, was linked to
contamination of untreated groundwater sources resulting from heavy rains (New Zealand
Department of Internal Affairs, 2017).
Drayna et al. (2010) reported a significant association between rainfall and pediatric
emergency department visits for a community served by treated surface water; visits increased by
11% four days after rainfall. Uejio et al. (2014) found that extreme precipitation was associated
with an increase in childhood AGI for untreated municipal groundwater. On average, the relative
risk of contracting AGI increased from 1 to 1.4 in weeks with 3.3 cm of precipitation compared to
weeks without precipitation; in weeks with more than 9 cm of precipitation, the relative risk
increased to 2.4. No association was found for treated municipal water or communities served by
private wells. The authors hypothesized that the capture zone for untreated private wells
encompassed several septic systems serving a small population whereas the capture zone for the
untreated municipal wells was impacted by leaking sanitary sewers containing faecal waste from
a large population, which would increase the probability of viral contamination being present.
Rainfall has been associated with increased detection of viruses in surface waters (Fong
and Lipp, 2005; Fong et al., 2005; Rijal et al., 2009; Edge et al., 2013; Corsi et al., 2014; Hata et
al., 2014), decreased concentrations (Dorner et al., 2007), or no change (Choi and Jiang, 2005;
Sidhu et al., 2012). The reasons for these inconsistent findings are unclear. Studies have noted
that impacts are site-specific and related to various factors, including hydromorphology and faecal
contamination sources (Westrell et al., 2006a; Dechesne and Soyeux, 2007; Corsi et al., 2014).
Corsi et al. (2014) also postulated that these differences are related to how the various study
authors defined precipitation predictor variables.
5.6

Groundwater vulnerability
There is increasing recognition that groundwater can be contaminated by enteric viruses
(Schijven et al., 2010). In general, shallow wells and wells in fractured bedrock aquifers are
highly vulnerable to contamination from faecal sources (Conboy and Goss, 2000; Allen et al.,
2017). Approximately 70% of the regional aquifers that provide drinking water in Canada are
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fractured bedrock (NRCan, 2005), and there is a need for more research to better understand the
frequency, magnitude and factors associated with virus occurrences in Canada (Novakowski,
2015; Allen et al., 2017). Wells in thick and protected sand aquifers with deeper water tables may
be at lower risk due to adsorption processes that attenuate viruses (Schijven et al., 2006;
Novakowski, 2015).
Enteric viruses have been detected in many different types of aquifers highlighting the
complexity involved in virus transport in the subsurface. Studies have reported enteric virus
detections in groundwater samples collected from: semi-confined sand (Banks et al., 2001);
confined crystalline rock (Banks and Battigelli, 2002); unconfined fractured bedrock (Lieberman
et al., 2002; Lindsey et al., 2002; Borchardt et al., 2003; Locas et al., 2007; Trimper et al., 2010;
Allen, 2013); permeable sand-gravel (Lindsey et al., 2002; Borchardt et al., 2003); confined
fractured bedrock (Powell et al., 2003; Borchardt et al., 2007; Bradbury et al., 2013); alluvial
sand-gravel (Borchardt et al., 2004); confined sand-gravel (Francy et al., 2004); and karst
(Johnson et al., 2011b).
In addition to aquifer material, many other aspects need to be considered when assessing
whether groundwater is at risk of viral contamination (Banks et al., 2001; Cherry et al., 2006;
Schijven et al., 2010; Hynds et al., 2012). Table 1 1 highlights factors that greatly increase the
risk potential for viral contamination in groundwater, as detailed in a number of studies (Conboy
and Goss, 2000; Cherry et al., 2006; Novakowski et al., 2006b; Novakowski, 2015; Allen et al.,
2017; Hunt and Johnson, 2017; Praamsma, 2017). With regard to well design and construction,
Praamsma (2017) found that wells in fractured bedrock were vulnerable to surface contamination
from the presence of interconnected vertical and horizontal fractures within 10 meters of ground
elevation when there was minimal overburden present. The authors suggested that deeper well
casings could reduce well vulnerability. Similarly, Jackson and Heagle (2016) noted that domestic
wells with casings that are completed above the first continuous aquitard allow contaminants from
septic systems and other contaminant sources to enter the well. Allen et al. (2017) demonstrated
that the probability of virus detection was positively associated with the length of the openinterval in the well (e.g., length of open rock with no well casing) because wells with longer open
intervals capture more groundwater flow paths. In general, wells constructed with deeper casings
that go through a thick continuous aquitard and have an intake below the aquitard may be less
susceptible to contamination. However, it is becoming increasingly apparent that wells
constructed according to current industry standards are vulnerable to contamination, depending on
the hydrogeological environment (Novakowski et al., 2006b; 2015; Allen et al., 2017; Whelan et
al., 2017).
The ability of an aquitard to protect water supply wells from viral contamination depends
on the aquitard integrity. Preferential pathways, such as fractures, root holes, or other
discontinuities, compromise the integrity of many aquitards. The detection of viruses in confined
aquifers is possible because the extremely small size of enteric viruses (<100 nm) compared to the
probable size of aquitard fractures (5 to 50 µm) limits the ability of an aquitard to provide a
barrier to virus transport (Cherry et al., 2006). Bradbury et al. (2013) demonstrated the
vulnerability of a confined sandstone aquifer to environmental conditions as virus detections were
found to be associated with precipitation and snowmelt events. Gleeson et al. (2009) also reported
extremely rapid and localized recharge to a fractured bedrock aquifer with shallow overburden
due to snowmelt.
For confined aquifers, it is difficult to predict whether an aquitard provides protection
from viral contamination. Cherry et al. (2006) recommended that hydrogeologic and engineering
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studies conducted as part of groundwater source development collect sufficient information to
identify and characterize high velocity preferential pathways through the aquitard. Investigative
sampling and monitoring tools are available; however it is difficult and expensive to conduct this
work (Bardbury et al., 2006). Borchardt et al. (2007) concluded that, in the absence of robust
microbial transport models, it is best to assume that groundwater drawn from a confined aquifer is
as vulnerable to microbial contamination as an unconfined aquifer. Hynds et al. (2012) concluded
that due to the importance of localized contamination pathways, hydrogeological assessments
were not sufficient on their own to assess the risk of contamination, particularly for poorly
designed, constructed or maintained wells.
Given the complexity, uncertainty and costs associated with groundwater vulnerability
assessments, it may be more effective for the protection of public health to assume that pathogen
contamination is present at least some of the time, and establish safety barriers accordingly (e.g.,
disinfection) (Hunt and Johnson, 2017). Comprehensive system assessments remain important to
understand the contributing factors to water contamination by all enteric pathogens – bacterial and
protozoan, as well as viruses.
Table 1. Select factors influencing the likelihood of viral contamination in groundwater
Factor (in no
particular order)
Presence and
location of faecal
source (s)

Comment
•
•

•

Water table depth

•
•

Groundwater pH

•

Aquifer material

•

•

•

For enteric viruses to be present, a faecal source must exist.
Sources: leaking sanitary sewers, septic system effluent, landfills,
field-applied sludge or septage, effluent holding ponds, wastewater
irrigation sites, injection wells, reclaimed water recharge sites, surface
water infiltration.
Proximity: the closer the source, the higher the virus risk potential.
Septic systems that are not underlain by protective layers (e.g., clay)
or are close to the top of bedrock pose a high risk to the well.
Faecal contamination source releasing directly into the saturated zone
or at a depth where the water table seasonally rises will be the least
attenuated.
Subsurface sources (e.g., leaking sanitary sewers, septic systems)
often discharge very close to the water table.
Viruses are generally less attenuated in water of neutral or alkaline
pH.
Viruses are generally less attenuated in coarser material (coarseness
continuum = gravel > sand > silt > clay), although positively charged
minerals, such as iron, aluminum and manganese oxides or clays, can
electrostatically adsorb viruses.
For confined aquifers, the integrity of the aquitard should be evaluated
(i.e., maximum depth of open fractures and thickness) and preferential
pathways through the aquitard should be identified and characterized
(i.e., local, extensive with window or fractures or unfractured).
Water supply wells in karst and fractured bedrock aquifers are
considered highly vulnerable to contamination.
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Factor (in no
particular order)

Comment

Ionic strength and
rainfall

•

Rainfall may enhance virus transport because of its low ionic
strength.

Dissolved organic
matter

•

Virus survival

•
•

Faecal contamination sources with high concentrations of dissolved
organic matter (i.e., septic system effluent, leaking sanitary sewers)
present a greater potential for virus transport.
Viruses survive much longer at cool groundwater temperatures.
Groundwater with a travel time of two to three years or less is likely
to transport infectious viruses.
It is difficult to accurately determine travel times, particularly in
fractured bedrock or karst formations.
High capacity wells or wells in fractured bedrock can create large
hydraulic gradients and local groundwater velocities that draw in
contamination and/or prevent virus attachment to the aquifer material.
Viruses are less likely to be attenuated where a thin or shallow
overburden exists.
An increase in the vertical distance from a faecal contamination
source to a well may reduce the risk potential if the overburden has
adsorptive properties.
Shallow wells (depth of well intake < 25 m below ground elevation)
and wells in fractured bedrock are more vulnerable to contamination.
Wells with long sections of open bedrock are more susceptible to
contamination.Faulty cement seals at bedrock, cracked annular seals
and improperly sealed well casing joints increase the risk of
contamination due to short-circuited flow paths.
Wells without adequate casing above ground elevation and
no/improper cap or cover are at increased risk of contamination from
surface water.

•
Pumping

•

Thickness of
overburden

•
•

Well location,
design and
construction

•
•

•

5.6.1

Virus transport
A review of virus transport in subsurface media by Pang (2009) extrapolated removal rates
from field experiments and large intact soil cores for a range of study conditions. The removal
rates were influenced by the duration of contamination, in addition to the flow rate and specific
properties of the microbe and subsurface media. Removal rates (see Table 2) are representative of
saturated flow conditions. Some additional removal may occur through the unsaturated zone if
there is sufficient vertical distance between the faecal source and the water table. Aquifers
receiving sewage from these sources on a continuous basis, or for a historically long period of
time, tend to have less capacity to attenuate microbial pathogens,.largely because organic matter
binds to available adsorption sites thereby preventing the adsorption of pathogens. The author
cautioned that care should be taken when extrapolating setback distances as removal rates may
slow down with distance, particularly for fine grain aquifers and aquifers where continuous input
of effluent occurs (e.g., septic systems, leaking sanitary sewers, managed artificial recharge).
Additional information is available in Pang (2009).
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Schijven and Hassanizadeh (2002) calculated setback distances for 9 log reduction to
protect six anoxic sandy aquifers from leaking sanitary sewers. Calculated setback distances
ranged from 153 to 357 m (average = 228 m). Yates and Yates (1989) encouraged a setback
approach to avoid assuming that hydrogeologic characteristics of an area are constant. In contrast,
DeBorde et al. (1999) noted that the determination of setback distances under a variety of
hydrogeologic conditions has generally been unsuccessful due to the uncertainty in aquifer
characteristics and individual viral attributes. The alternative approach focuses on applying
appropriate treatment to reduce risk rather than quantifying removal rates.
Table 2. Log removal rates for different subsurface media (adapted from Pang, 2009)
Aquifer formation Velocity
Virus
Extrapolated
Study conditions
removal
setback distance
rate
to achieve 4 log
(log/m)
virus reductiona
(m)
0
Sand
< 2 m/d
10
4
Pumice sand aquifers
Sand
< 2 m/d 10-1 – 10-2
40 – 400
Not given
-1
Sand and gravel
< 3 m/d
10
40
Distance < 17 m
Sand and gravel,
< 3 m/d 10-1 – 10-2
40 – 400
Distance < 177 m
including RBF
Sand and gravel
< 3 m/d
10-3
4,000
Distance = 183 to 970 m;
contaminatedb
-4
Sand and gravel
< 3 m/d
10
40,000
Distance = 210 to 2,930 m;
contaminatedb
-2
-3
Sandy gravel
> 11 m/d 10 – 10
400 – 4,000
Distance < 163 m; cleanc
Coarse gravel
> 50 m/d
10-2
400
Cleanc
-3
Coarse gravel
> 50 m/d
10
4,000
Contaminatedb
d
Fractured clay till
100 – 10-1
4 – 40
Cleanc
and fractured clay
shale saprolite rock
d
Fractured gneiss
10-1 – 10-2
40 – 400
Cleanc
rock
d
Fractured
10-2
400
Contaminatedb
sandstone
d
Fissured chalk
10-2 – 10-3
400 – 4,000
Contaminatedb
d
Karst limestone
10-1 – 10-2
40 – 400
Distance < 85 m
d
-3
Karst limestone
10
4,000
Distance = 1,250 m;
contaminatedb
d
Karst limestone
10-4
40,000
Distance = 5,000 m;
contaminatedb
a
b
c
d

Calculated by dividing the 4 log virus reduction requirement by the specific subsurface media log removal rate.
Contaminated means the site is down gradient of wastewater discharges and impacted by organic matter.
Clean means the site is up gradient of wastewater discharges and not impacted by organic matter.
Not given (likely due to the complexity of estimating velocities in fractured bedrock or karst formations).
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5.7

Relationship to indicator organisms
For the purposes of this document, the term indicator refers to a microorganism whose
presence in water indicates contamination. Whereas, a surrogate refers to an organism, particle or
substance that is used to study the fate of a pathogen in a natural environment (e.g., adsorption
processes), or through treatment (e.g., drinking water disinfection).
The indicator organisms routinely monitored in Canada as part of the source-to-tap or
water safety plan approach for verifying drinking water quality are E. coli and total coliforms.
The presence of E. coli in water indicates faecal contamination and thus, the strong potential for a
health risk, regardless of whether specific pathogens such as enteric viruses are observed.
However, its absence does not necessarily indicate that enteric viruses are also absent. Total
coliforms are not faecal specific and therefore cannot be used to indicate faecal contamination (or
the potential presence of enteric pathogens). Instead, total coliforms are used to indicate general
water quality issues. Further information on the role of E. coli and total coliforms in water quality
management can be found in the guideline technical documents on E. coli and total coliforms
(Health Canada, 2012a, 2012b).
5.7.1

Surface water sources
Several studies have investigated the relationship between indicator organisms and the
presence or absence of human enteric viruses in surface water sources, and have reported
conflicting results. In some cases, the presence of E. coli or C. perfringens was associated with
the presence of enteric viruses in surface waters that were impacted by human faecal pollution
(Payment and Franco, 1993; Payment et al., 2000; Ashbolt et al., 2001; Hörman et al., 2004);
while in others, no correlation was observed between either indicator and enteric viruses (Griffin
et al., 1999; Jiang et al., 2001; Dorner et al., 2007; Edge et al., 2013). This same phenomenon
holds true for bacteriophages. Some studies have reported an association between bacteriophage
and the presence of enteric viruses in surface waters (Skraber et al., 2004; Ballester et al., 2005;
Haramoto et al., 2005a), while others, have not (Hot et al., 2003; Hörman et al., 2004; Choi and
Jiang, 2005). Both correlations to coliform bacteria (Haramoto et al., 2005a), and a lack of
correlation (Skraber et al., 2004; Ballester et al., 2005; Choi and Jiang, 2005) have been observed.
Conflicting findings have also been reported for enterococci, and are summarized by Lin and
Ganesh (2013).
Wu et al. (2011) reviewed 40 years of published data on indicator–pathogen correlations,
and concluded that, except for F-specific coliphages and adenoviruses, no other indicatorpathogen pair demonstrated a statistically significant association. This overall lack of correlation
is due to a variety of factors, including differential survival rates in the environment, sampling
location, and methodological differences related to the analysis of water (Payment and Pintar,
2006). However, Wu et al. (2011) did note that non-faecal indicators and, in particular, total
coliforms were more frequently correlated with pathogens than E. coli – highlighting that
monitoring for total coliforms alongside E. coli may provide additional utility in water quality
analyses. Watershed characteristics, including sources and levels of faecal contamination, and
geochemical factors, may also influence the correlation between faecal indicators and viruses,
leading to site-specific differences (Wilkes et al., 2009; Payment and Locas, 2011). These
observations have raised significant questions regarding the appropriateness of using traditional
indicators as predictors of virus contamination in surface waters, and highlighted the need for
virus monitoring of surface waters to gain a better understanding of public health risk.
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5.7.2

Groundwater sources
A number of targeted studies have examined the presence of enteric viruses in
groundwater (see Section 5.1.2). In conjunction with virus monitoring, some of these studies also
investigated the presence of various faecal indicator organisms. A study of private wells in the
U.S. found that 8% of the wells tested by polymerase chain reaction (PCR) were positive for one
or more enteric viruses, however, none of the contaminated wells contained indicators of faecal
contamination (i.e., E. coli, enterococci, coliphages), and only 25% of the virus-impacted wells
were positive for total coliforms (Borchardt et al., 2003). Several other U.S. studies have also
reported no link between the detection of an indicator organism and the detection of enteric
viruses in a groundwater sample (Abbaszadegan et al., 1998, 2003; Borchardt et al., 2004).
Abbaszadegan et al. (2003) assessed the occurrence of viruses and microbial indicators in
groundwater samples from 35 US states. Groundwater sources were located in a variety of
hydrogeological settings and some were under the influence of surface water. Overall, there was
no significant correlation between microbial indicators and the presence of viruses. However, for
sites where repeated sampling was conducted, there was an increased likelihood that samples
testing positive for viruses would also test positive for microbial indicators. Non-faecal indicators
(i.e., total coliforms and aerobic endospores) were more frequently associated with virus-positive
samples than E. coli and enterococci (Abbaszadegan et al., 2003). During an investigation of a
large groundwater outbreak of gastrointestinal illness on South Bass Island, Ohio, no virusindicator relationships were observed, but enterococci and E. coli were detected at nearly identical
frequencies and numbers (Fong et al., 2007; O’Reilly et al., 2007). Borchardt et al. (2007)
reported the presence of enteric viruses in a confined aquifer in Wisconsin (U.S.); however, no
faecal coliform bacteria were detected in the virus positive water samples.
A meta-analysis showed that bacteriophages (somatic and F-RNA coliphages) were poor
indicators of virus presence or absence; and that they were present at low numbers, and less
frequently than bacterial indicators (Payment and Locas, 2011), suggesting that coliphages
underestimate enteric virus presence. This finding was supported by a more recent meta-analysis
(Hynds et al., 2014b), which also demonstrated no correlation between enteric viruses and either
E. coli or total coliforms; and weak correlations between enteric viruses and other indicators (e.g.,
enterococci). Fout et al. (2017) conducted a meta-analysis of the raw data from 12 international
groundwater studies of 718 public drinking water systems located in different hydrogeological
environments. Correlations between virus and indicator occurrence were assessed at the sample
and well level, and also considered the detection method used (i.e., cell culture-based versus
molecular). The authors found that culturable viruses were statistically associated with all
indicators (E. coli, enterococcus, F-specific phage, somatic phage and spores), except for total
coliforms, at the sample level; the strongest association involved E. coli and somatic phage. In
contrast, there were no statistically significant associations between viruses detected using
molecular approaches, referred to as PCR-virus, and indicators, at the sample level (Fout et al.,
2017). At the well level, somatic phage was the indicator most significantly associated with
culturable virus. In the case of PCR-virus, a weak correlation was noted for total coliforms, E.
coli and somatic phage at the well level. Overall, the authors determined that correlations among
indicators and virus detected using molecular methods were always weaker than those among
culturable virus. Based on additional analyses, the authors also determined that all indicators had
low sensitivity and weak positive predictive values for virus occurrence, regardless of whether
cell culture-based or molecular approaches were used. This means that indicators are often absent
when viruses are present (i.e., result in a high false-negative rate). Abbaszadegan et al. (2003),
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Allen (2013) and Fout (2017) all observed that repeat sampling for indicators improved their
positive predictive value, and resulted in an improved understanding of a well’s susceptibility to
virus contamination. Fout et al. (2017) also noted that the strength of the associations between
microbial indicators and viruses changed depending on the hydrogeological setting.
Given the lack of a consistent correlation between indicators and enteric viruses in
groundwater, and the fact that enteric viruses have been detected in a variety of groundwater
sources, including confined aquifers, comprehensive site-specific assessments are important to
determine the vulnerability of all aquifers to viral contamination. Detection of indicators can
provide information on whether a groundwater source may be impacted by faecal contamination,
but must be considered in conjunction with other factors (see Section 5.6) when assessing
groundwater vulnerability to viral contamination.
5.7.3

Drinking water
In general, monitoring for indicator organisms in treated drinking water is intended as a
verification of treatment efficacy. As discussed above, commonly used indicator organisms (e.g.,
E.coli, total coliforms, enterococci) are not (consistently) correlated with the presence of enteric
viruses in source waters. The same is true for treated drinking water. The use of these bacterial
indicators for predicting the presence or absence of enteric viruses in treated drinking water is
challenging since they have different removal rates through physical processes, and are less
resistant to disinfectants than enteric viruses (Havelaar et al., 1985; Payment et al., 1985; Hijnen
and Medema, 2010; Health Canada, 2012a). Despite these limitations, bacterial indicators can be
used in conjunction with treatment performance data (Section 7.0) to provide information on the
adequacy of drinking water treatment. In particular, the presence of E. coli in water leaving a
treatment plant signifies that treatment has been inadequate and there is an increased risk that
pathogens, including enteric viruses, may be present in treated drinking water.
5.7.4

Alternative indicators
As detailed above, there is no one consistently reliable indicator of viral presence in
source waters or drinking water. Consequently, the direct detection of specific viruses has been
proposed. Adenovirus,
pepper mild mottle virus (PMMV) and Torque Teno virus (TTV) are some of the viruses that
have been assessed for their predictive abilities. For a review of other viruses, refer to Lin and
Ganesh (2013).
Given their high and consistent concentrations in wastewater, and their high resistance to
UV disinfection (see Section 7.1.3.2), adenoviruses have been proposed as a potential indicator
(Albinana-Gimenez et al., 2009). However, their low concentrations in source waters, and
difficulties with detection, have limited their usefulness as an indicator (Symonds and Breitbart,
2015). Like adenovirus, the PMMV, a pathogen of the pepper plant, is also present in high
concentrations in wastewater, as well as treated wastewater, and thus, has been put forth as a
possible indicator of enteric virus risk from source waters (Rosario et al., 2009). However, it is
unclear whether their presence is correlated with that of infectious enteric viruses (Symonds and
Breitbart, 2015). TTV is highly prevalent in humans, although it does not appear to cause illness
(Biagini, 2004). TTV shares many similarities to enteric viruses, including similar transport
mechanisms, and transmission routes (Nishizawa et al., 1997; Abe et al., 1999; Bendinelli et al.,
2001; Vaidya et al., 2002; Haramoto et al., 2005b; Diniz-Mendes et al., 2008). Accordingly, it has
been suggested as a possible indicator for enteric viruses (Griffin et al., 2008; Plummer and Long,
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2013; Plummer et al., 2014). Recent studies have reported low occurrence of TTV in wastewater
samples, as well as fluctuations in occurrence (Plummer and Long, 2013; Plummer et al., 2014),
suggesting that TTV may not be a suitable indicator.

6.0

Analytical methods

6.1

Detection of enteric viruses
Standard methods for enteric virus recovery and detection are available (APHA et al.,
1998; U.S. EPA, 1996, 2001c, 2012; ASTM, 2004). However, they require specialized laboratory
equipment and highly trained personnel. The cost of sample processing is also relatively
expensive, thus, routine monitoring of enteric viruses in water is not feasible. Notwithstanding,
these methods have been validated and can be used by laboratories with the capacity to monitor
for enteric viruses. The following sections provide an overview of these methodologies along
with information on recent advancements in virus detection that have been used in research
settings.
6.1.1

Sample concentration
In the case of raw water, samples are typically collected near and at the depth of the
drinking water intake point, in an effort to obtain a representative sample of the source water.
Water samples are filtered in the field and then shipped on ice to a laboratory for processing as
quickly as possible (ideally, within 24 hours). The volume of water filtered depends on the
expected level of viruses in the water (i.e., site-specific): the lower the expected density of
viruses, the greater the sample volume needed. Current methods recommend filtering a few
hundred litres of surface water, and 1,500 or more litres of groundwater (U.S. EPA, 2012;
Cashdollar et al., 2013; Fout et al., 2015).
Two methods of filtration have traditionally been used for initial virus concentration:
filtration by adsorption and filtration by size exclusion (ultrafiltration). Adsorption filtration can
employ electropositive filters, such as those prescribed by the U.S. Environmental Protection
Agency’s (EPA) Method 1615 (U.S. EPA, 2012), negatively charged filters (Beuret, 2003;
Haramoto et al., 2004; Fuhrman et al., 2005; Villar et al., 2006), nitrocellulose membranes (Hsu et
al., 2006) or glass wool filters (Lambertini et al., 2008). At ambient pH, most enteric viruses are
negatively charged; therefore, they are captured by electropositive filter media. To adsorb viruses
using negatively charged filter media, a cation such as magnesium chloride needs to be added to
the sample, and the pH of the sample may need to be adjusted to an acidic pH. Since the viruses
adsorb to the filter media, they must subsequently be eluted from the filter using an alkaline
solution that alters the surface charge of the viral particles so that they will elute back into
solution. Eluents commonly incorporate beef extract, glycine, tryptose phosphate buffer and/or
sodium hydroxide into the solutions (Katayama et al., 2002; Hörman et al., 2004; Brassard et al.,
2005; Villar et al., 2006).
Size exclusion methods, such as ultrafiltration, are independent of pH and have the
advantage of not requiring an elution step (Olszewski et al., 2005). However, because of the
extremely small filter pore size required, clogging is common. Typically, only approximately 20
L of water can be filtered at one time (Griffin et al., 2003), although volumes up to 200 L are
being used in some laboratories (Francy et al, 2013). Ultrafiltration methods continue to be
optimized, including for the simultaneous recovery of protozoa, bacteria and viruses (MoralesMorales et al., 2003; Hill et al., 2005, 2007; Liu et al., 2012; Kahler et al., 2015).
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A large variety of recovery rates have been reported for different viruses from water,
depending on the filtration and concentration procedures employed (Albinana-Gimenez et al.,
2009; Karim et al., 2009). In the case of adsorption filtration using different electropositive filters,
reported recovery rates range from 0.016% to 182% (Huang et al., 2000; Kittigul et al., 2001;
Albinana-Gimenez et al., 2009; Karim et al., 2009; Li et al., 2010). Similarly, recovery rates vary
when using different ultrafiltration systems (Paul et al., 1991; Juliano and Sobsey, 1998; Soule et
al., 2000; Jiang et al., 2001; Winona et al., 2001; Olszewski et al., 2005). As a result, it is
generally recommended that spiked samples be processed in parallel with environmental samples,
in order to better understand the true occurrence of viruses. The initial concentration of the water
sample is usually followed by a secondary concentration step, reducing the sample volume to 1–2
mL, to produce a concentrate sufficient for detection of viruses. Secondary concentration methods
include organic flocculation, polyethylene glycol precipitation and ultracentrifugation.
6.1.2

Detection methods
Following concentration of the sample, a variety of detection methods can be employed.
The most commonly used detection methods include cell culture, molecular procedures (i.e.,
based on PCR), or a combination of both [e.g., integrated cell culture-quantitative PCR (ICCqPCR)]. The choice of which detection method to apply depends on a variety of site-specific
factors, as well as which virus is of interest. Some viruses are difficult or impossible to cultivate,
thus, cell culture cannot be employed. The following section outlines some other considerations.
6.1.2.1 Cell culture

Historically, cell culture was the most widely used technique for the detection of viruses,
and it is still the best method for determining the occurrence of infectious viruses in water. The
ability to detect infectious viruses in water samples is important for predicting health risks to the
public, and essential when conducting a QMRA. However, not all enteric viruses will grow in cell
culture, or produce a clear cytopathogenic effect (CPE) (i.e., a plaque), which is necessary for
visual detection of infectivity. This can underestimate the concentration of viruses in a sample.
While some viruses grow rapidly (e.g., in a few days), cell culture assays may require several
weeks to confirm negative results and/or to detect slow-growing viruses. In addition, aggregation
of viruses in a sample can result in an individual plaque being infected with more than one virus,
thus, underestimating virus concentration (Teunis et al., 2005). Cell culture assays are also
impacted by other methodological problems, such as the inability to maintain the cell monolayer
for sufficiently long periods for some slow-growing viruses to produce a visible plaque; and the
presence of fast-growing enteric viruses, which can lead to an underestimate of the concentration
of slow-growing viruses (Irving and Smith, 1981; Fong and Lipp, 2005). There is currently no
universal cell line that can be used to culture all enteric viruses.
6.1.2.2 Molecular methods

A number of molecular approaches have also been used in the detection of enteric viruses.
A brief description of some of these methods is provided below.
PCR is the basis of most molecular methods for detection of enteric viruses. This
technique involves lysing viruses to release their nucleic acid (DNA or RNA) and then
introducing primers that are targeted at specific coding regions, and amplification of these
regions. A positive PCR signal is determined using agarose gel electrophoresis, ethidium bromide
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staining, and visually examining the gel under UV light. The results are usually reported as the
number of genomic copies (gc) of a virus/L.
PCR-based detection methods have some significant advantages over cell culture
methods: they are rapid (results within 24 h), highly sensitive and, if properly designed, very
specific, in comparison with cell culture. PCR-based detection methods have been developed for
most of the key enteric viruses of concern for waterborne transmission; and can be applied to the
simultaneous detection of multiple viruses, through multiplex PCR (Fout et al., 2003, Lee et al.,
2008). The main disadvantage of PCR-based methods is that they are unable to determine if the
viruses are viable or infectious. This means genomic copies should not be interpreted as a
measure of viral viability or infectivity. PCR-based methods are also subject to inhibition by
common environmental compounds, such as humic and fulvic acids, heavy metals and phenolic
compounds (Fong and Lipp, 2005). Inhibitors can be removed from the samples, but this requires
additional processing and results in loss of sensitivity. These limitations need to be considered
when interpreting PCR results. Variations on the traditional PCR have been developed and used
for virus detection; the most common being quantitative (q) PCR (also referred to as real-time
PCR). qPCR is a modified PCR that involves oligonucleotide probes with the use of dyes which
fluoresce when bound to viral nucleic acid. As the target region within a virus is amplified, the
emitted fluorescence is measured in real-time, thereby allowing quantification of the PCR
products. This method has several advantages over traditional PCR, including eliminating postPCR analysis (i.e., no gel electrophoresis is required), increased throughput, decreased likelihood
of contamination (i.e., closed vessel system), and the ability to quantify viruses using a standard
curve (Smith and Osborn, 2009). A qPCR approach has other unique advantages, including its
ability to differentiate between virus types, and the simultaneous detection of different
microorganisms (i.e. multiplexing) (Marion et al., 2014; Bonilla et al., 2015).
Methods integrating cell culture and PCR make it possible to shorten the processing time
(compared with cell culture alone), enhance detection of viruses that do not or only partially form
CPE (using traditional cell culture), and to detect infectious viruses. Cell culture methods can also
be combined with immunological methods (e.g., flow cytometry) to improve virus detection
(Bosch et al., 2004; Cantera et al., 2010; Li et al., 2010). An advantage of combining cell culture
with immunological or molecular methods is improvement in the sensitivity of the assay
(Payment and Trudel, 1993; Jothikumar et al., 2000; Hurst et al., 2001; Payment, 2001, 2007;
Reynolds et al., 2001; Greening et al., 2002; Ko et al., 2003), as the infected cells amplify the
quantity of virus, providing more target material for detection. In the case of ICC-qPCR, for
example, amplification of viral nucleic acid occurs after viruses have been grown in cell culture
for as little as 5 hours, to a few days. This is intended to produce more viruses for PCR
amplification and, thus, increase sensitivity. In addition, since samples are diluted with cell
culture media, PCR inhibition is thought to be minimized. Cell culture toxicity (cytotoxic effects
caused by the presence of toxins that typically inactivate the cell monolayer) is also thought to be
minimized since the assays can be stopped, through freezing, and viruses detected prior to cell
death (Reynolds, 2004). Like traditional cell culture, ICC-qPCR is limited to detection of viruses
that grow in cell culture (i.e., cultivable viruses). ICC-qPCR has been successfully applied to the
detection of infectious enteric viruses in environmental samples (Xagoraraki et al., 2007; Balkin
et al., 2010; Dong et al., 2010; Rigotto et al., 2010; Ming et al., 2011; Pang et al., 2012; Fongaro
et al., 2013, 2015; Ogorzaly et al., 2013a). This method has also been used in disinfection studies,
particularly, those assessing the impact of UV on adenovirus (Gerrity et al., 2008; Li et al., 2009;
Mayer et al., 2010; Ryu et al., 2015). While some studies report comparable log inactivation
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estimates using cell culture and ICC-qPCR (Gerrity et al., 2008; Ryu et al., 2015), others have
observed much higher (e.g., 3-fold) inactivation rates using cell culture (Li et al., 2009; Mayer et
al., 2010).
Cell-culture independent approaches for the detection of infectious viruses have also been
examined. Immunocapture-qPCR, for example, has been successfully applied to the detection of
intact (i.e., potentially infectious) viral particles (Haramoto et al., 2010; Ogorzaly et al., 2013b).
However, more research is needed to assess the usefulness of this approach.
6.2

Detection of viral indicators
As mentioned above, methods for the detection of viruses in water are not practical for
routine monitoring. Consequently, various indicators (see Section 5.7) have been proposed for the
presence of enteric viruses in water (Deere et al., 2001; WHO, 2004). The most commonly used
indicators are Escherichia coli (E. coli), total coliforms, enterococci, Clostridium
perfringens spores, and coliphages
6.2.1

E. coli
E. coli is the microbial indicator that is used most often for determining faecal
contamination of water sources. Further information on detection methods for E. coli is provided
in Health Canada (2006a).
6.2.2

Total coliforms
Total coliforms, although not an indicator of faecal contamination, are useful as an
indicator of overall water quality. Further information on detection methods for total coliforms is
provided in Health Canada (2006b).
6.2.3

Enterococci
Enterococci can be used to indicate faecal contamination and indirectly indicate the
presence of viruses (U.S. EPA, 2000; Ashbolt et al., 2001). Standardized methods for the
detection of enterococci in water have been published (APHA et al., 1998; U.S. EPA, 2002a,
2002b). Commercial kits for the detection of these indicators are also available.
6.2.4

Clostridium perfringens
Clostridium perfringens spores are indicators of both recent and past faecal contamination,
but they are not as numerous as coliforms in faeces or contaminated water. The spores are also
used as indicators of treatment efficiency (see Section 6.3 and 7.0). Standardized detection
methods for C. perfringens have been published (ASTM, 2002; HPA, 2004).
6.2.5

Coliphages
Coliphages can be used for microbial monitoring of groundwater systems (U.S. EPA,
2006d), and to assess water treatment efficacy (see Section 6.3 and 7.0). Standardized methods
for the detection of coliphages in water have been published (Mooijman, 2001, 2005; U.S. EPA,
2001a, 2001b; APHA et al., 2005).
6.3

Detection of surrogates
Various surrogate parameters have been proposed to evaluate the fate and transport of
viruses in the environment (see Section 5.2) and water treatment efficiency (i.e., enteric virus
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reductions by natural or engineered filtration). C. perfringens spores and bacteriophages are the
most commonly used surrogates. Three types of bacteriophages are generally used: the somatic
coliphages, male-specific F-RNA bacteriophages (also referred to as F-specific coliphage) and
Bacteroides phages (i.e., phages infecting Bacteroides fragilis, B. thetaiotaomicron and
Bacteroides strain GB-124) (Grabow, 2001; Armon, 2015). In the U.S., standardized methods for
the detection of somatic and male-specific coliphages are available (U.S. EPA, 2001a, 2001b).
The International Organization for Standardization (ISO) has also published standardized
methods (ISO 10705 series) for the detection of bacteriophages (Mooijman et al., 2001, 2005).

7.0

Treatment technology

The primary goal of treatment is to reduce the presence of disease-causing organisms and
associated health risks to an acceptable or safe level. This can be achieved through one or more
treatment barriers involving physical removal and/or inactivation. To optimize performance for
removal and/or inactivation of microbial pathogens, the relative importance of each barrier and
the factors that influence barrier performance should be understood. Some water systems have
multiple redundant barriers, such that failure of one barrier still provides adequate treatment. In
other cases, all barriers must be working well to provide the required level of treatment. For
example, many groundwater supplies rely solely on disinfection to inactivate viruses. For these
systems, failure of the disinfection process could lead to a waterborne outbreak of infectious
disease. Since available analytical methods make it impractical to routinely monitor for enteric
viruses in treated drinking water, the focus should be on characterizing source water risks and
ensuring that effective treatment barriers are in place to achieve safe drinking water. Source water
protection measures to minimize faecal contamination, especially control of sanitary sewage,
should be implemented where feasible.
The source-to-tap approach, including watershed or wellhead protection, is a universally
accepted approach to reduce enteric viruses and other waterborne pathogens in drinking water
(O’Connor, 2002; CCME, 2004; WHO, 2012). Operator training is also required to ensure the
effective operation of treatment barriers at all times (Smeets et al., 2009).
Municipal scale treatment technologies capable of removing or inactivating enteric viruses
in drinking water are discussed in Section 7.1. Systems classified as residential scale may have a
rated capacity to treat volumes greater than that needed for a single residence, and thus, may also
be used in small systems as discussed in Section 7.2. The responsible drinking water authority in
the affected jurisdiction should be contacted to confirm the regulatory requirements that may
apply.
7.1

Municipal scale
There are a variety of physical removal and inactivation technologies available to
effectively reduce enteric viruses to achieve the appropriate treatment goals in drinking water.
Options for treatment of viruses are discussed briefly in this document; however, more detailed
information is available in other sources (U.S. EPA, 1991; Deere et al., 2001; LeChevallier and
Au, 2004; Hijnen and Medema, 2010; AWWA, 2011a). It is essential that treatment goals be
achieved prior to the first consumer in the distribution system.
Physical removal barriers, such as filtration technology, are assigned a “log removal”
credit towards reducing enteric virus levels when they achieve specified individual filter effluent
turbidity limits as discussed in Section 7.1.2. Inactivation barriers include primary disinfection
processes. Log inactivation credits are calculated using the disinfection concepts described in
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section 7.1.3. The log removal and/or log inactivation credits are summed to calculate the overall
virus log reduction for the treatment process being assessed. Since primary disinfection is
important process for virus inactivation, it is critical to understand the established design ranges
and how different parameters can affect the efficacy of primary disinfection (see Section 7.1.3).
Secondary disinfection is used to maintain a residual of disinfectant in the distribution system to
protect against microbial regrowth and serve as a sentinel for water quality changes. Although no
log inactivation credits are awarded for secondary disinfection processes, disinfectant residual
monitoring can provide an early warning that contaminants have entered the distribution system
(see Section 7.1.4). The use of continuous online chlorine residual monitoring in the distribution
system is encouraged by industry experts (AWWA, 2015).
Due to challenges in the routine analysis of enteric viruses, other microorganisms such as
Clostridium perfringens spores and bacteriophages, have been identified as potential surrogates
for assessing the efficacy of treatment processes (Payment and Franco, 1993; Havelaar et al.,
1995; Nasser et al., 1995; Hijnen and Medema, 2010). Surrogates are frequently used in challenge
and pilot-scale studies to estimate the log removal or inactivation of enteric viruses using a
specific treatment process. Several studies have demonstrated that bacteriophages are appropriate
surrogates for enteric viruses and both somatic and F-specific RNA bacteriophages have been
used in a variety of drinking water treatment evaluations. These include but are not limited to
MS2, Qß, F2, PRD-1 and ɸX174 bacteriophages (Mesquita and Emelko, 2012). However, the use
of these organisms as surrogates to assess the effectiveness of full-scale treatment plants has been
limited as their concentrations in source waters are generally insufficient to make them useful for
verifying treatment adequacy on a routine basis (Payment and Locas, 2008). Sinclair et al. (2012)
noted that selection of an appropriate surrogate depends on a variety of factors including the type
of enteric viruses found in the source water and the treatment process to be evaluated. It is
important to note that the use of different virus detection methods (see Section 6.0) can yield
different assessments of treatment effectiveness.
Given the uncertainty associated with the use of log removal and log inactivation credits
estimated from scientific literature, it is recommended that a site-specific assessment of treatment
efficacy be conducted by each drinking water system (Smeets, 2011). Bench- and pilot-scale
testing can be used for process optimization, and full-scale tracer testing and hydraulic modeling
can provide more accurate estimates of the contact time for use in primary disinfection
inactivation calculations. For water utilities wishing to conduct additional studies, Hijnen (2011)
developed a generic approach that can be used to conduct a site-specific assessment of the log
reduction capacity of the treatment processes of an individual treatment plant. The approach is
based on establishing the ratio between the log reduction of enteric viruses (or a specific virus)
and the log reduction of routinely monitored indicators/surrogates such as E. coli or C.
perfringens spores using data collected at a full-scale treatment plant. Since direct monitoring of
viruses is not feasible in many cases, the author proposed that determining the log reduction of
bacterial faecal indicators, using large volume sampling, could be used as a crude estimate of the
log reduction of viruses. Alternatively, challenge and pilot-testing simulating full-scale conditions
can be used to obtain quantitative data on the site-specific log reduction of enteric viruses or
surrogates.
7.1.1

Level of treatment necessary
To determine the necessary level of treatment, source water should be adequately
characterized. Source water characterization generally includes a number of steps including
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delineating the boundary of the source water area, identifying threats and risks to the source water
and measuring its microbiological, physical, chemical and radiological quality (WHO, 2017,
2012). Monitoring of seasonal changes is also important to ensure that water utilities consistently
produce high quality treated water for the full range of raw water conditions (Valade et al., 2009;
Huck and Sozański, 2011).
Where possible, source water enteric virus concentrations should be characterized based
on actual water sampling and analysis. Such characterization should take into account normal
conditions as well as event-based monitoring, such as spring runoff, storms or wastewater spill
events. Sampling results should take into account recovery efficiencies for the analytical method
and pathogen viability in order to obtain the most accurate assessment of infectious pathogens
present in the source water (Emelko et al., 2008, 2010; Schmidt and Emelko, 2010; Schmidt et al.,
2010). In many places, source water sampling for enteric viruses may not be feasible and a source
water characterization, including water quality parameters that can provide information on the
risk and/or level of faecal contamination, can be used to establish the necessary level of treatment.
Further guidance on characterizing risks in small systems can be found elsewhere (WHO, 2012).
Identification of the most appropriate control strategies requires site-specific evaluation and
should be made after suitable analysis and/or pilot testing. More variable weather patterns
associated with climate change will place increased importance on proper process selection (Huck
and Coffey, 2004).
Subsurface sources should be evaluated to determine whether the supply is vulnerable to
contamination by enteric viruses (see Section 5.6) and protozoa (Health Canada, 2012c). Sitespecific hydrogeological assessments should, at a minimum, inventory faecal sources in the
source water area (e.g., human and domestic animal waste, wildlife, recreational pressures) and
define the subsurface (e.g., aquifer depth, protection zones, composition of the subsurface layers,
preferential flow path conditions, rainfall risks). Sources determined to be vulnerable to viruses
should achieve a minimum 4 log reduction of enteric viruses. Additional monitoring of
indicators/surrogates may be required by the responsible drinking water authority as part of the
risk assessment (Mesquita and Emelko, 2015).
Treatment technologies should be in place to achieve a minimum 4 log (99.99%) removal
and/or inactivation of enteric viruses for sources vulnerable to virus contamination. With this
level of treatment, a source water concentration of 1 virus/100 L can be reduced to 1 × 10−4
virus/100 L, which meets the population health target of 10−6 disability adjusted life year
(DALY)/person per year (see Section 8.0 for a detailed discussion of the DALY). However, in
many cases, raw water will have higher virus concentrations and therefore require additional
treatment to meet health-based log removal and/or inactivation requirements. It is important to
note that existing treatment may provide greater than 4 log virus inactivation. For example,
surface water treatment plants providing free chlorine residual disinfection to meet 0.5 log Giardia
inactivation, generally provide at least 8 log inactivation of viruses (Health Canada, 2018).
Process monitoring (e.g., turbidity, disinfectant dose and residual, pH, temperature, and flow) is
important to verify that water has been adequately treated and is therefore of an acceptable
microbiological quality.
7.1.2

Physical removal
Physical removal of viruses can be achieved by a variety of technologies, including
chemically-assisted, slow sand, diatomaceous earth, and membrane filtration or an alternative
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proven filtration technology. In-situ filtration is a passive filtration approach to remove
microorganisms that may also be recognized by the responsible drinking water authority.
In general, the physical removal of enteric viruses can be challenging due to their small
size (20 to 350 nm) and variations in the isoelectric point and hydrophobicity of the different
viruses that may be present in source water (Boudaud et al., 2012). Due to differences in the size,
shape, and isoelectric point of enteric viruses and their surrogates, their removal can vary for a
given treatment process. Isoelectric points for selected enteric viruses and surrogates have been
reported by Mayer et al. (2015) and Michen and Graule (2010).
Monitoring at full-scale treatment plants has indicated that the physical removal of enteric
viruses is variable and therefore disinfection is an important treatment barrier for waterborne
enteric viruses (Bell et al. 1998). A detailed review of the studies that have been conducted on the
physical removal of viruses is provided in Hijnen and Medema (2010).
7.1.2.1 Chemically-assisted filtration

The goal of coagulation is to destabilize (i.e., neutralize the charge of) colloidal particles
(including pathogens) so that they effectively aggregate during flocculation and are subsequently
removed by clarification (sedimentation or dissolved air flotation) and/or filtration. Solids contact
units including ballasted sand flocculation processes combine coagulation, flocculation, and
clarification in one process. Granular media filtration acts as a polishing step for further removal
of small, colloidal particles not removed during clarification (where applicable). Effective
removal during filtration requires that colloidal particles be destabilized during coagulation. For
this reason, the combination of coagulation, clarification and/or granular media filtration
processes is recognized as a physico-chemical treatment process and is commonly referred to as
chemically-assisted filtration. Direct filtration does not include the clarification step and inline
filtration plants do not include either flocculation or clarification (AWWA, 2011a; MWH, 2012).
In addition to the physical removal of viruses by chemically-assisted filtration, recent research has
shown that viruses may also lose their infectivity after exposure to hydrolyzing aluminum species
during the coagulation process (Matsushita et al., 2011).
A number of full-scale studies examining the removal of enteric viruses and/or surrogates
using chemically-assisted filtration have been reported in the literature (Stetler et al., 1984;
Payment et al., 1985, Payment and Franco, 1993; Havelaar et al., 1995). In addition, several pilot
and bench-scale studies have also been conducted where enteric viruses or surrogates were spiked
into raw water so that removal efficiencies could be determined (Rao et al., 1988; Bell et al.,
1998; Gerba et al., 2003; Hendricks et al., 2005; Abbaszadegan et al., 2007, 2008; Mayer et al.,
2008; Shin and Sobsey, 2015). These studies examined removals of a variety of enteric viruses
including enteroviruses, noroviruses, rotaviruses, adenovirus and hepatitis viruses as well as
surrogates. The log removals reported for these studies demonstrated that 0.6 to 3.2 log removal
was achieved in the clarification process followed by an additional 0.5 to 3.8 log in the filtration
process. The overall removal (i.e., clarification and filtration) ranged from 1.0 to 5.1 with the
majority of the treatment plants achieving 2.2 to 3.8 log removal. In general, the removal of
enteric viruses using chemically-assisted filtration can be highly variable depending on the degree
of process optimization and the type of viruses present in the source water (Bell et al., 1998;
LeChevallier and Au, 2004). A detailed review of the studies discussed above, as well as other
studies, was conducted by Hijnen and Medema (2010). The authors conducted a statistical
analysis of enteric virus removal data, including weighting of the data based on the scale of the
process and the type of microorganism, and determined an average log removal of 3.0 can be
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achieved using chemically-assisted filtration. However, this study also highlighted the large
variation observed in virus removal across the reported studies indicating the limitations in
applying average log removal values to estimate the effectiveness of drinking water treatment
processes.
From an operational perspective, coagulant dose, coagulant type, pH and temperature have
been reported to be important variables in the removal of viruses (LeChevallier and Au, 2004,
Hendricks et al., 2005; Hijnen and Medema, 2010). Hendricks et al. (2005) reported that a
decrease in the alum dose from 26 mg/L to 13 mg/L in a pilot-scale chemically-assisted filtration
plant resulted in a decrease in the log removal of MS2 from 3.0 to 1.0 and a decrease in the log
removal of ɸX174 from 5.1 to 1.5. The authors noted that log removals when no alum was dosed
in the process were near zero for MS2 and ɸX174. This is consistent with other studies that have
reported little to no virus or surrogate removal when filtration is not preceded by coagulation
(Nasser et al., 1995; Hijnen et al., 2010). The removal of enteric viruses has also been studied
under enhanced coagulation conditions with higher coagulant doses. Abbaszadegan et al. (2007)
and Mayer et al. (2008) reported maximum log removals ranging from 1.75 to 3.0 for adenovirus,
feline calicivirus, coxsackievirus, echovirus and poliovirus in jar tests where DOC removal was
optimized using 40 mg/L of FeCl3 at a pH between 5 and 6. The authors noted that virus removals
generally improved as coagulant dose increased and pH decreased. Temperature also affects the
removal of particles, including viruses. In general, the rate of floc formation and the efficiency of
particle removal decrease as temperature decreases (AWWA, 2011a).
Studies have also shown that a filter effluent of 0.1 NTU or less is required to maximize
pathogen reduction (Harrington et al., 2001, 2003; Xagoraraki et al., 2004). In pilot-scale studies
conducted by Xagoraraki et al. (2004) the mean log removal of MS2 bacteriophage (median 3.2,
range 2.5–3.6) was maximized when filter effluent turbidity was less than 0.2 NTU compared
with removals (median 2.4, range 0.25–3.5) obtained when turbidity was less than 0.3 NTU. The
filter-ripening and end-of-filter-run periods have also been identified as periods vulnerable to
pathogen breakthrough into filtered water (Amburgey et al., 2003; Soucie and Sheen, 2007).
Thus, filters must be carefully controlled, monitored and backwashed to optimize filter
performance. It is recommended that filter backwash water not be recirculated through the
treatment plant without additional treatment. Recirculation of filter backwash was recognized as a
major causal factor for Cryptosporidium outbreaks in the United Kingdom and may have
exacerbated the Milwaukee Cryptosporidium outbreak (Hrudey, 2017).
In summary, most well operated chemically-assisted filtration plants optimized for particle
and natural organic matter (NOM) removal should be capable of achieving an average of 2 log
removal of enteric viruses (Payment et al., 1985, Payment and Franco, 1993; Hendricks et al.,
2005; Health Canada, 2012d). For this to occur, it is critical that the coagulation and flocculation
steps be optimized. Jar tests should be conducted to optimize the coagulation process (U.S. EPA,
2004; AWWA, 2011b). Monitoring the net surface charge of particles following coagulation may
also be helpful where source water quality is highly variable (Conio et al., 2002; Newcombe and
Dixon, 2006; AWWA, 2011b; Kundert, 2014; McVicar et al., 2015; Sharp, 2015).
7.1.2.2 Slow sand filtration

Slow sand filtration generally consists of untreated water flowing by gravity at a slow rate
through a bed of submerged porous sand. During operation, biological growth occurs within the
sand bed and gravel support. In addition, bacteria, protozoa, algae, and other materials in the
source water accumulate on the surface to form a “schmutzdecke”. As raw water flows through
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the sand bed, physical, chemical and biological mechanisms remove viruses from the source
water (Anderson et al., 2009). Attachment of viruses to filter media and biofilms, as well as
inactivation of viruses by biologically-mediated processes such as predation, are recognized as the
key removal mechanisms (Anderson et al., 2009; Hijnen and Medema, 2010). Pilot testing is
recommended to ensure slow sand filtration will successfully treat source water (Bellamy et al.,
1985; Logsdon et al., 2002).
Numerous pilot-scale studies as well as a limited number of full-scale studies using
surrogates and/or enteric viruses have been conducted demonstrating that removals in the range of
0.6 to 4.0 log can be achieved using slow sand filtration (Poytner and Slade, 1977; Slade, 1978;
McConnell et al., 1984; Hijnen et al., 2004a; Anderson et al., 2009; Hijnen and Medema, 2010;
Bauer et al., 2011; Schijven et al., 2013).
Pilot-scale studies have shown that temperature, age of the schmutzdecke and hydraulic
loading rates are important operational parameters that impact the removal of viruses in slow sand
filters. Poynter and Slade (1977) reported up to 4 log removal of poliovirus 1 in a filter with a
sand depth of 600 mm, hydraulic loading rate of 4.8 m/day (0.2 m/h) and temperatures between
16 and18°C. Removals decreased to less than 1 log with a loading rate of 12 m/day (0.5 m/h) and
temperatures between 5 and 9°C. Anderson et al. (2009) reported MS2 removals between 1.5 and
2.2 log under both cold (3–10°C) and warm water (21–22°C) conditions when the hydraulic
loading rate was 0.1 m/h (bed depth = 0.4 m). Removals decreased to between 0.2 and 1.3 log
when the hydraulic loading rate was increased to 0.4 m/h. Recently, Schijven et al. (2013) showed
that age of the schmutzdecke is also an important operational parameter in the removal of viruses
in slow sand filters. Pilot-scale experiments conducted at temperatures between 10 and 16°C and
a filtration rate of 30 cm/h (0.03 m/h) found that removal of MS2 increased from 1.6 log with a
schmutzdecke age of 4 days up to 3.1 log after 553 days.
Slade (1978) monitored enteric virus concentrations in the raw and treated water from two
full-scale slow sand filters and found similar removal efficiencies to those reported in the pilotscale studies discussed above. Removals of enteric viruses (coxsackievirus and poliovirus) ranged
from 1 to 2 log in filters with bed depths of 0.3 to 0.45 m, flow rates between 1.12 and 4.15 m/day
(0.05 and 0.17 m/h) and temperatures ranging from 6 to 11°C. Less than 2 log removal was
observed under several conditions including at the lower temperatures and higher flow rates
(Slade, 1978).
In summary, properly designed and operated slow sand filters can be effective in
achieving an average log removal of 2.0 for enteric viruses. However, the potential impacts of
lower temperatures, increased hydraulic loading rates and filter scraping should be carefully
monitored during filter operation.
7.1.2.3 Membrane filtration

Four types of pressure-driven membranes are currently used in drinking water treatment:
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO).
Membranes are generally classified by the type of substances they remove, operating pressure and
pore size or molecular weight cut-off (MWCO). MF and UF are referred to as low-pressure
membranes and are typically used for particle/pathogen removal. However, the small size of
enteric viruses can result in lower removal compared with other larger microbial pathogens (e.g.,
Cryptosporidium and Giardia). NF and RO are referred to as high-pressure membranes and are
typically used for the removal of organics (e.g., dissolved NOM) and inorganics (e.g., sodium,
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chloride, calcium, magnesium). The general classes of membranes, their sizes and the substances
that are removed are discussed in Kawamura (2000), AWWA (2005, 2011a) and MWH (2012).
Virus removal mechanisms using MF and UF membranes include size exclusion,
electrostatic repulsion between the virus and the membrane and adsorption of the virus to the
membrane (Jacangelo et al., 1995). Size exclusion is the predominant mechanism for removal
when the membrane pore size is smaller than the viruses present in the source water. In cases,
where the membrane pore size is larger than the size of the virus, electrostatic repulsion and
adsorption dominate. Removal efficiency will depend on both virus and membrane properties
including surface charge, hydrophobicity, and virus size and shape (ElHadidy et al., 2013).
Filtration and adsorption due to the presence of a particulate layer that forms on membranes
during operation (cake layer) and irreversible fouling also play a role in the removal of viruses
using MF/UF membranes (Jacangelo et al., 1995; ElHadidy et al., 2013).
The predominant removal mechanism for NF and RO membranes is differences in
solubility or diffusivity. However, because NF and RO membranes are not porous they also have
the ability to screen microorganisms from the feed water (U.S. EPA, 2005), but they are typically
not designed for verifiable removal (ANSI/AWWA, 2010; Alspach, 2018).
The potential for removing enteric viruses using a specific membrane filtration system is
typically determined by challenge testing the system using surrogates under conditions where
their removal may be similar to those of enteric viruses. Bacteriophages MS2, PRD1 and Qß are
the most frequently used surrogates for challenge testing membranes and comprise the bulk of the
removal data reported below. Removal efficiencies obtained from full and pilot-scale testing
using surrogates are summarized in U.S. EPA (2001d, 2005), AWWA (2005) and Antony et al.
(2012) and are briefly discussed below. Limited data are also available on removal of enteric
viruses from drinking water using membrane processes (Jacangelo et al., 2006).
MF membranes do not provide an absolute physical barrier to viruses because of the size
of the pores, which typically range from 0.05 to 5 µm. However, pilot-scale studies have found
log removals of surrogate viruses (i.e., MS2, Qß, and PRD1) from surface water, groundwater and
buffered deionized water ranging from 0.2 to 3.0 using a variety of MF membranes (Adham and
Jacangelo, 1994; Jacangelo et al., 1995; Jacangelo et al., 1997; Kruithof et al., 1997). Due to the
inconsistent removal of viruses using MF, several researchers have investigated the use of
coagulation prior to MF to improve virus removal. Studies have demonstrated that surrogates can
be removed to a 4 log level or greater when a coagulation process precedes MF (Zhu et al., 2005a,
b; Fiksdal and Leiknes, 2006; Matsushita et al., 2005, 2013).
UF membranes have pore sizes ranging from 0.005 to 0.05 µm and in most cases are
capable of achieving a high level (> 4 log) of virus removal. An extensive number of pilot-scale
studies using a variety of water sources, membrane materials and operating modes have been
reported in the literature. Data reported in these studies indicates that UF membranes (MWCO 10500 kilodaltons) can achieve between 3 and > 7 log removal of MS2 (Jacangelo, 1991; Jacangelo
et al., 1991; Adham et al., 1995; Kruithof et al., 1997; Jacangelo et al 2006). Using data from over
17 pilot-scale studies, the U.S. EPA (2001d) reported that UF systems with MWCOs greater than
100 kilodaltons (kD) were frequently able to reduce MS2 concentrations to below the detection
limit. Kruithof et al. (2001) challenge tested a full-scale (15 MGD or 68,190 m3/d) UF surface
water treatment plant and demonstrated log removals of MS2 from 4.8 to >5.4. Jacangelo et al.
(2006) found that MS2 was a good surrogate for poliovirus, HAV and feline calicivirus during
bench-scale testing of UF membranes. These tests demonstrated that UF membranes with
MWCOs of 10kD and 100kD were capable of removing 3 to >5 log of polio virus 1, HAV, and
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feline calicivirus. Full-scale data on the removal of enteric viruses using UF is limited. Qui et al.
(2015) reported 4.6 to 7.0 log removal of several enteric viruses including norovirus, rotavirus,
enterovirus and adenovirus using UF membranes (0.04 µm pore size) in a full-scale wastewater
treatment plant.
NF and RO membranes are not typically used for particle removal therefore less data is
available demonstrating their ability to remove viruses. Lovins et al. (2002) reported between 5.4
and 6.8 log removal of MS2 using NF membranes (MWCO 100 to 300 daltons) in a pilot-scale
plant. Similarly, pilot-scale testing conducted by Lozier et al. (2003) demonstrated >6 log
removal of MS2 using RO membranes (MWCO not available) and between 3 and 5.5 log removal
using NF membranes. Kruithof et al. (2001) demonstrated 3.0-4.8 log removal of MS2 using RO
membranes during challenge testing in a full-scale treatment plant.
As discussed above, intact UF, NF and RO membranes can achieve greater than 4 log
removal of viruses. However, integrity breaches can compromise membrane effectiveness
therefore, it is critical that regular monitoring of membrane integrity be conducted. Several
studies have demonstrated that compromised membranes (e.g., pinhole in membrane, cracked oring, etc.) can reduce log removal of MS2 by 0.4 to 3.8 logs (Kruithof et al., 2001; Kitis et al.,
2003; ElHadidy et al., 2014). It has also been reported that fouling layers can partially recover the
ability of membranes to remove viruses even when breaches are present (Kitis et al., 2003;
ElHadidy et al., 2014). Comprehensive reviews of integrity monitoring methods for membrane
process can be found in Guo et al. (2010a) and Antony et al. (2012).
In practice, the use of membrane filtration to achieve log removal credit for virus
reduction is limited due to the challenges in using common direct integrity testing methods to
detect a virus-sized breach (U.S. EPA, 2005; Antony et al., 2012). A discussion of the various
indirect and direct integrity testing methods available for both low and high pressure membrane
systems can be found in other sources (Jacangelo et al., 1997; Lozier et al., 2003; U.S. EPA 2005;
Kumar et al., 2007; Guo et al., 2010a, Pype et al., 2016). In addition, standardized test methods
are available (ASTM, 2010, 2014). A very small integrity breach not detected by existing
integrity testing methods could allow the passage of viruses, affecting the filtrate quality. Existing
integrity testing methods perform well for low- or high-pressure membrane operations, but only
for particle sizes greater than 0.4 to 1 μm (i.e., bacteria and protozoa) (U.S. EPA, 2005; Antony et
al., 2012). For example, in order for a pressure decay test to have sufficient resolution to detect a
virus-sized breach in a polymeric hollow fiber membrane, the transmembrane pressure that would
need to be applied would rupture the membrane (U.S. EPA, 2005). Although the removal
efficiency of viruses demonstrated in challenge testing of membrane systems may be high, it is
difficult to verify this removal during operation of the membranes. For these reasons, Antony et
al. (2012) determined that in most cases it is difficult to credit membranes with > 2 log removal
for viruses. Emerging technologies such as pulsed integrity tests using fluorescent dye or
nanoscale probes may offer solutions to verifying > 2 log virus removal (Pyper et al., 2016).
In summary, membrane filtration is a well-established drinking water treatment process
that can achieve some virus removal. Limitations currently exist with regard to demonstrating
membrane integrity and verifying virus log removals. Thus, the responsible drinking water
authority in the affected jurisdiction should be contacted to determine whether any virus log
removals would be awarded for membrane filtration. Water utilities considering membrane
filtration should be aware that challenge testing is typically conducted by membrane
manufacturers using a third party. As such, third party certification results should be requested
from the manufacturer.
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The new NSF International/American National Standards Institute (NSF/ANSI) Standard
419 includes minimum performance requirements for Cryptosporidium removal using membrane
filtration, but has no such requirements for virus removal. Consequently, membranes cannot be
certified for that purpose. However, the testing procedures include challenge testing using the
MS-2 coliphage virus, which is considered a conservative surrogate for Cryptosporidium. When
this testing procedure is used, manufacturers may also include in their listing the virus removal
efficiency achieved for UF membranes certified for Cryptosporidium removal under this standard
(NSF/ANSI, 2015).
It is noteworthy that all membranes become fouled over the course of operation and
consequently, the flux (flow per unit area) for a given pressure differential can substantially
decrease (AWWA, 2005; MWH, 2012). Regular backwashing and periodic chemical cleaning,
using proper foulant-based cleaning chemicals, is required to remove accumulated foulants.
Health Canada strongly recommends that cleaning chemicals be certified by an accredited
certification body as meeting NSF/ANSI Standard 60 (NSF/ANSI, 2017). When the flux can no
longer be restored to acceptable conditions, the membranes must be replaced (Alspach et al.,
2014).
7.1.2.4 In-situ filtration

Soil passage by natural in-situ filtration is considered an important barrier to
microorganisms. Given sufficient flow path length and time, natural in-situ filtration can improve
microbial water quality to levels protective of public health (Schijven et al., 2002). Published
studies report virus log reductions for different natural settings including: river bank filtration, the
colmation layer zone at the bottom of a pond (i.e., lake bank filtration). River or lake bank
filtration involves locating vertical or horizontal water supply wells near a river or lake to use the
bank and adjacent aquifer as a natural filter to remove particles, pathogens and other contaminants
(Kuehn and Mueller, 2000; Ray et al., 2002a, 2002b; Sharma and Amy, 2011; Harvey et al.,
2015). Many studies use non-pathogenic bacteriophage or coliphage to measure transport
distances (see Section 5.2). These surrogates tend to not adsorb as strongly as pathogenic viruses
because they generally have lower isoelectric points; they are also easy to measure and can be
seeded into the environment (Bales et al., 1989; Havelaar et al., 1993; Schijven and Hassanizadeh,
2000; Tufenkji and Emelko, 2011).
Havelaar et al. (1995) reported a 4 log reduction in enterovirus and reovirus in wells
located 25 to 30 m from the rivers. The authors noted that the reduction was greater than expected
for the short distance and travel time (2 to 10 weeks). The beneficial effect was attributed to the
removal of suspended solids to which the majority of viruses were adsorbed. Schijven et al.
(1998) reported a 3.8 log reduction in F-specific RNA bacteriophages in wells located 2 m from
surface water infiltration basins. The authors attributed the reduction to the small grain size of the
sand and a high collision efficiency. Schijven et al. (1999) reported 3 log reduction in
bacteriophage PRD1 and coliphage MS2 in wells located 2.4 m from surface water infiltration
basins and an additional 5 log reduction within 30 m. The authors noted that adsorption was the
major process due to the presence of oxalate-extractable iron and a high concentration of divalent
cations. The authors concluded that 8 log reduction could be achieved within 30 m which
corresponded to a travel time of about 25 days. Borchardt et al. (2004) was unable to establish a
relationship between virus occurrence and surface water recharge for wells located at various
distances from the Mississippi River because all wells were virus-positive regardless of the
surface water contribution. The well closest to the river and receiving the highest surface water
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contribution was virus-positive in 4 of 12 samples taken over a one-year period whereas two wells
further from the river with no detectable surface water contribution were virus-positive in 5 and 6
of 12 samples, respectively. Another well with an intermediate amount of surface water recharge
was virus-positive in 9 of 12 samples. The well closest to the river was reported to be in a nonresidential area while the other wells were located in residential areas underlain with a network of
sanitary sewers. The authors concluded that virus transport into the wells was likely due to
surface water infiltration and leaking sanitary sewers. The authors cautioned that wells in urban
areas may be at increased risk of viral contamination due to leaking sanitary sewers.
Harvey et al. (2015) reported >3 log reduction for coliphage MS2 through a 25 cm deep
colmation layer (i.e., “schmutzdecke”) at the bottom of a pond. The authors concluded that the
colmation layer was very effective at removing viruses. Dizer et al. (2004) drew similar
conclusions regarding the benefits of a colmation layer.
7.1.2.5 Physical log removal credits for treatment barriers

Drinking water treatment plants that meet the turbidity limits established in the guideline
technical document on turbidity (Health Canada, 2012d) can apply the average removal credits for
enteric viruses given in Table 3. Alternatively, log removal rates can be established on the basis
of demonstrated performance or pilot studies. For in-situ filtration (i.e., riverbank or lakebank
filtration), the responsible drinking water authority should be consulted for site-specific
requirements. Although the literature demonstrates that in situ filtration has the ability to reduce
virus concentrations, water quality monitoring may be required during the risk assessment to
determine log reduction treatment goals. Sinclair et al. (2012) describes a process to select one or
several monitoring parameters for natural or engineered systems.
Overall treatment goals for viruses can be achieved through a combination of physical log
removal credits and/or disinfection credits (see Section 7.1.3). For example, if an overall 6 log
(99.9999%) virus reduction is required for a surface water supply and conventional filtration
provides 2 log removal, then the remaining 4 log reduction must be achieved through another
barrier, such as disinfection, while having regard to meeting treatment goals for enteric protozoa.
Similarly, a GUDI source should achieve treatment goals for enteric viruses and protozoa through
a combination of physical log removal (natural or engineered) and/or disinfection credits.
Subsurface supplies determined to be vulnerable to viruses only would typically achieve 4 log
reduction for viruses using disinfection credits (see Section 7.1.3).
Table 3. Virus removal credits for various treatment technologies
Treatment barrier
Virus removal credita (log10)
Conventional filtration
Direct filtration
Slow sand filtration
Diatomaceous earth filtration
Microfiltration

Ultrafiltration
Nanofiltration and reverse
osmosis

2.0
1.0
2.0
1.0
Microfiltration membranes may be eligible for virus removal credit
when preceded by a coagulation step. Removal efficiency
demonstrated through challenge testing and verified by direct
integrity testingb
Removal efficiency demonstrated through challenge testing and
verified by direct integrity testingb
Removal efficiency demonstrated through challenge testing and
verified by direct integrity testing c
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In-situ filtration

Site-specific, as determined by the responsible drinking water
authority

a

Credits are awarded when in compliance with the individual filter effluent turbidity specified in Health Canada
(2012d). When considering membrane filtration, the responsible drinking water authority in the affected
jurisdiction should be contacted to confirm regulatory requirements.
b
Current direct integrity testing technologies for virus removal may not be able to verify > 2 log removal.
Acceptable verification methods should be approved by the responsible drinking water authority.
c
NF/RO membranes do not currently come equipped with direct integrity testing capability.
d
As required by the responsible drinking water authority.

7.1.3

Inactivation
Primary disinfection can be used to achieve log reduction of enteric viruses and is
typically applied after treatment processes that remove particles and NOM. This strategy helps to
ensure efficient inactivation of pathogens and minimizes the formation of disinfection byproducts (DBPs). It is important to note that when describing microbial disinfection of drinking
water, the term “inactivation” is used to indicate that the pathogen is non-infectious and unable to
replicate in a suitable host, although it may still be present. Virus inactivation using disinfection is
affected by a variety of factors including type and physiological condition of the virus and type of
disinfectant. In addition, physical and chemical water quality parameters such as pH, temperature,
inorganic and organic constituents, as well as hydraulic conditions such as reactor design and
mixing conditions also affect the efficiency of disinfection (Sobsey, 1989).
Five disinfectants are commonly used in drinking water treatment: free chlorine,
monochloramine, ozone, chlorine dioxide and UV light. All are chemical oxidants except UV
light which uses electro-magnetic radiation. Chemical disinfectants inactivate microorganisms by
destroying or damaging cellular structures, metabolism, biosynthesis and growth whereas UV
light damages pathogens’ nucleic acid which prevents their replication such that they are unable
to complete cycles of infection.
Free chlorine is the most common chemical used for primary disinfection because it is
widely available, is relatively inexpensive and provides a residual that can also be used for
secondary disinfection to maintain water quality in the distribution system. Free chlorine is an
effective oxidant for inactivation of enteric viruses (U.S. EPA, 1991). For example, a moderate
chlorine concentration of 0.5 mg/L with 15-min contact time can achieve 4 log virus inactivation
at 7°C. The use of monochloramine tends to be restricted to secondary disinfection (i.e., residual
maintenance) due to low oxidation potential. Ozone and chlorine dioxide are effective
disinfectants against enteric viruses although they are typically more expensive and complicated
to implement, particularly for small systems. However, ozone decays rapidly after being applied
and does not provide a secondary disinfectant residual (Health Canada, 2008a). UV disinfection is
effective at inactivating most enteric viruses with the exception of adenovirus, which requires a
high dose for inactivation. UV does not provide any secondary disinfectant residual.
7.1.3.1 Chemical disinfection

The efficacy of chemical disinfectants can be predicted based on knowledge of the
residual concentration of a specific disinfectant and factors that influence its performance, mainly
temperature, pH, contact time and the level of disinfection required (U.S EPA, 1991). This
relationship is commonly referred to as the CT concept, where CT is the product of “C” (the
residual concentration of disinfectant, measured in mg/L) and “T” (the disinfectant contact time,
measured in minutes) for a specific microorganism under defined conditions (e.g., temperature
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and pH). To account for disinfectant decay, the residual concentration is usually determined at the
exit of the contact chamber rather than using the applied dose or initial concentration.
The contact time T is typically calculated using a T10 value, which is defined as the
detention time at which 90% of the water meets or exceeds the required contact time. The T10
value can be estimated by multiplying the theoretical hydraulic detention time (i.e., tank volume
divided by flow rate) by the baffling factor of the contact chamber. U.S. EPA (1991) provides
baffling factors for sample contact chambers. Other methods for assessing disinfection efficacy
include median disinfection exposure (CT50) and continuously-stirred tank reactors in-series (NCSTR) (Tfaily et al., 2015). Alternatively, a hydraulic tracer test can be conducted to determine
the actual contact time under plant flow conditions. Because the T value is dependent on the
hydraulics related to the construction of the treatment installation, improving the hydraulics (i.e.,
increasing the baffling factor) is more effective to achieve CT requirements than increasing the
disinfection dose Improving the hydraulic baffling of a chlorine contact chamber can be an
important control strategy to address any shortfall in virus inactivation credits and improve the
reliability of the disinfection process (Douglas, 2016).
CT tables for 2 log, 3 log and 4 log inactivation of viruses can be found in U.S. EPA
(1991). Selected CT values are presented in Table 4 for 4 log (99.99%) inactivation of enteric
viruses using chlorine, chloramine, chlorine dioxide and ozone. The CT values illustrate the fact
that chloramine is a much weaker disinfectant than free chlorine, chlorine dioxide or ozone, since
much higher concentrations and/or contact times are required to achieve the same degree of virus
inactivation. Consequently, chloramine is not recommended as a primary disinfectant.
Table 4. CT values for 99.99% (4 log) inactivation of enteric virusesa by various disinfectants at
5°C and 20°C (pH 6–9)
CT values (mg-min/L) for 99.99% (4 log) inactivation
Temperature
Free chlorine
Chloramine
Chlorine dioxide
Ozone
(°C)
(Cl2)
(NH2Cl)
(ClO2)
(O3)
5
8
1988
33.4
1.2
20
3
746
12.5
0.5
a

Based on studies using HAV (with the addition of a safety factor), with the exception of the CT values for ozone
which are based on poliovirus 1 (U.S. EPA, 1991)

Research studies involving several enteric viruses have shown varying levels of resistance
to chemical disinfectants (Engelbrecht et al., 1980; Payment et al., 1985; Hoff, 1986; Sobsey et
al., 1988; Payment and Armon, 1989; U.S. EPA, 1989; AWWA, 1999, 2011a; Thurston-Enriquez
et al., 2003a, 2005a, 2005b). In these studies, HAV was found to be more resistant to chemical
inactivation using chlorine dioxide and ozone than other types of viruses. For free chlorine
disinfection, HAV was often more resistant than rotavirus and adenovirus 40; however, the
susceptibility of coxsackievirus B5 and poliovirus 1 varied significantly between studies and were
occasionally reported to be more resistant than HAV. As a result, virus disinfection targets and
guidance tables of CT values have been based on HAV with the exception of ozone which is
based on inactivation of poliovirus (U.S. EPA, 1991). Table 5 presents CT values from various
research studies for 2 log (99%) inactivation of several viruses using various chemical
disinfectants.
Since human norovirus is not culturable, surrogates such as feline calcivirus and murine
norovirus have been used to estimate the CT values required to effectively inactivate human
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norovirus in drinking water. Lim et al. (2010) reported CT values of 0.141 and 0.071 mg-min/L
for murine norovirus using chlorine and chlorine dioxide (5°C and pH 7.2). The authors noted that
these results indicate that murine norovirus is much less resistant than other enteric viruses (e.g.,
poliovirus type 1). Furthermore, they suggested that the commonly recommended CT values
(Table 5) for virus inactivation using chlorine and chlorine dioxide are sufficient to achieve a 4
log reduction of human norovirus. These conclusions are supported by RT-PCR assays that
demonstrated that norovirus is less resistant to chlorine disinfection than poliovirus type 1 (Shin
and Sobsey, 2008; Kitajima et al., 2010b).
Physical characteristics of the water, such as temperature, pH and turbidity, can have a
major impact on inactivation and removal of pathogens. For example, inactivation rates increase
2- to 3-fold for every 10°C rise in temperature. When temperatures are near 0°C, as is often the
case in winter in Canada, the efficacy of disinfection is reduced, and an increased disinfectant
concentration or contact time, or a combination of both, is required to achieve the same level
of inactivation. The effectiveness of some disinfectants is also dependent on pH. When using free
chlorine, increasing the pH from 6 to 10 reduces the level of virus inactivation by a factor of 8–10
times (U.S. EPA, 1991). Similarly, disinfection using chloramine decreases as pH increases
(Cromeans et al., 2010; Kahler et al., 2011). In contrast, Thurston-Enriquez et al. (2005a) reported
that chlorine dioxide was 1.9 and 19.3 times more effective at pH 8 than at pH 6 for adenovirus
type 40 and feline calicivirus, respectively. Similar findings have been reported for other enteric
viruses using chlorine dioxide (Alvarez and O’Brien, 1982; Noss and Olivieri, 1985). pH has been
shown to have little effect on virus inactivation efficiency of ozone, although a higher pH will
impact ozone stability and therefore increase ozone demand.
Reducing turbidity is an important prerequisite in the inactivation of viruses and other
microorganisms. Chemical disinfection may be inhibited because protection of viruses and
other microorganisms can occur within the associated particles. Additionally, turbidity will
consume disinfectant and reduce the effectiveness of chemical disinfection. LeChevallier et al.
(1981) reported an eight-fold decrease in free chlorine disinfection efficiency when turbidity
increased from 1 to 10 NTU. Negative impacts of particle-associated viruses on disinfection
processes have been demonstrated in several studies (Templeton et al., 2008). The effect of
turbidity on treatment efficiency is further discussed in the guideline technical document on
turbidity (Health Canada, 2012d).
Table 5. Comparison of CT values from research studies for 99% (2 log) inactivation of selected
viruses by various disinfectants at 5–15°C
CT values for 99% (2 log) inactivation

Virus
Poliovirus 1a,b,c
Rotavirus

c

Hepatitis A virusd
a,b,d,f

Coxsackievirus B5
e,f

Adenovirus 40

Free chlorine
(Cl2)
pH 6–7

Chloramine
(NH2Cl)
pH 8–9

Chlorine dioxide
(ClO2)
pH 6–7

Ozone
(O3)
pH 6–7

1.1–6

768–3740

0.2–6.7

0.1–0.2

0.01–0.05

3806–6476

0.2–2.1

0.006–0.06

0.7–1.18

428–857

<0.17–2.8

0.5

1.7–12

550

n.a.

n.a.

0.02–2.4

360

0.25

0.027

n.a. = not available
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a

Engelbrecht et al. (1980); b Payment et al. (1985); c Hoff (1986); d Sobsey et al. (1988); e Thurston-Enriquez et al. (2003a, 2005a,
b); f Cromeans et al., (2010)

Chemical disinfection can result in the formation of DBPs, some of which pose a health
risk. The most commonly used disinfectant, chlorine, reacts with NOM to form trihalomethanes
(THMs) and haloacetic acids (HAAs), along with other halogenated organic compounds (Rook,
1976; Krasner et al., 2006). N-nitrosodimethylamine may also be formed for systems that use
monochloramine and, to a lesser extent, free chlorine. For systems that use commercially
available or on-site generated hypochlorite solutions, bromate may be formed (Health Canada,
2016). The use of chlorine dioxide and ozone can also result in the formation of inorganic DBPs,
such as chlorite/chlorate and bromate, respectively. When selecting a chemical disinfectant, the
potential impact of DBPs should be considered but it is essential that efforts made to minimize
DBP formation, not compromise the effectiveness of disinfection. This is critical because the
certainty of human illness caused by inadequate disinfection greatly exceeds the certainty of
adverse health effects caused by drinking water exposure to DBPs (Hrudey, 2017). More
information can be obtained from the appropriate guideline technical documents (Health Canada,
2006, 2008a, 2008b, 2011, 2016).
7.1.3.2 Ultraviolet light disinfection

For UV disinfection, the product of light intensity “I” (measured in mW/cm2 or W/m2) and
time “T” (measured in seconds) results in a computed dose (fluence) in mJ/cm2 for a specific
microorganism. This relationship is referred to as the IT concept. UV disinfection can be achieved
using low pressure (LP) lamps, which emit UV light at essentially a single (monochromatic)
wavelength (~254 nm), or medium pressure (MP) lamps, which emit radiation across a broader
(polychromatic) spectrum. Ultraviolet light-emitting diodes (UV-LEDs) are an emerging
technology for UV water treatment (Wright et al., 2012). However, in a review of published
studies on the application of UV-LEDs, Song et al. (2016) concluded that a standard method for
the UV-dose determination of UV-LEDs is needed to reduce the inconsistent and incomparable
dose-response data currently available in the literature.
Numerous studies have been conducted under well-defined laboratory conditions to
determine the sensitivity of viruses to monochromatic (LP) UV radiation. Table 6 summarizes the
range of UV dose requirements to achieve various levels of inactivation using LP lamps. The data
indicate that, in most cases, with the exception of adenovirus, 4 log inactivation of viruses can be
achieved with a UV dose of 40 mJ/cm2 using LP UV radiation (Chang et al., 1985; Arnold and
Rainbow, 1996; Meng and Gerba, 1996; AWWA, 2011a; U.S. EPA, 2000; Cotton et al., 2001;
Hofmann, 2015). Based on a review of published LP UV dose response data, Hijnen and Medema
(2010) reported inactivation rate constants for poliovirus, rotavirus, calicivirus, hepatitis A virus,
and coxsackievirus ranging from 0.10 to 0.19 mJ/cm2. Maximum inactivations of 4.1 – 5.7 log at
UV doses of 28 – 50 mJ/cm2 were also reported (Hijnen and Medema, 2010). Detailed tables of
UV doses and inactivation rate constants for various viruses are presented in Chevrefils et al.
(2006), Hijnen and Medema (2010) and Hofmann (2015).
As indicated in Table 6, adenoviruses are much more resistant to monochromatic (LP) UV
disinfection compared with other enteric viruses (Eischeid et al., 2009; Cotton et al., 2001;
Thurston-Enriquez et al., 2003b; Nwachuku et al., 2005; Guo et al.,2010b; Rochelle et al., 2011;
Beck et al., 2014; Sangsanont et al., 2014). Data from these studies indicated that doses between
82 and 261 mJ/cm2 were required for a 4 log (99.99%) inactivation of adenovirus 2, 5, 40 and 41
in buffered demand-free water. It appears that double-stranded DNA viruses, such as
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adenoviruses are more resistant to LP UV radiation than single-stranded RNA viruses, such as
HAV (Meng and Gerba, 1996; Calgua et al., 2014). Guo et al. (2010b) observed that the UV
resistance of adenovirus is not due to resistance to initial DNA damage by UV, but rather, to the
ability of the infected cell to repair the DNA of the adenovirus to make it virulent again.
Several studies have demonstrated higher inactivation of adenovirus, rotavirus and
caliciviruses using MP UV radiation compared with LP radiation (Malley et al., 2004; Linden et
al., 2009; Beck et al., 2014). Linden et al. (2007) reported 3 log inactivation of adenovirus 40
using a polychromatic UV source at a dose of approximately 30 mJ/cm2 and wavelengths of 220
nm and 228 nm. A 4 log inactivation of rotavirus was achieved using a mean UV dose of 40
mJ/cm2. Beck et al. (2014) demonstrated that doses between 9 and 25 mJ/cm2 at wavelengths of
210, 220 and 230 nm were capable of achieving 4 log inactivation of adenovirus 2. Additional
studies have reported that doses ranging from 22 to 117 mJ/cm2 are needed to achieve 4 log
inactivation of adenovirus 2, 5, 40 or 41, using MP lamps (Eischeid et al., 2009; Linden et al.,
2007, 2009; Shin et al., 2009; Guo et al., 2010b; Sangsanont et al., 2014).
Adenovirus has been shown to have a higher UV sensitivity to low wavelengths than
typical validation microbes (i.e., MS2) (Linden et al., 2015). Therefore, it may be useful for
utilities using MP lamps to include low wavelengths in their UV disinfection performance
calculations. Beck et al. (2014) developed action spectra correction factors and implementation
approaches to help these facilities achieve virus inactivation objectives for regulatory compliance,
however, current UV sensor technologies do not allow for monitoring low wavelengths in a UV
reactor. Technology is under development to facilitate low UV wavelength monitoring.
For municipal water supply systems in Canada, a UV dose of 40 mJ/cm2 is commonly
accepted as sufficient to achieve a 4 log inactivation of many enteric viruses, including poliovirus,
rotavirus, caliciviruses, HAV, and coxsackieviruses. However, a UV dose of 40 mJ/cm2 using LP
lamps would not provide a 4 log inactivation of adenovirus. It is possible to combine UV with
other inactivation technologies (i.e., multi-disinfectant strategy) to provide 4 log reduction of
viruses. For example, in a laboratory study, Baxter et al. (2007) found that a concentration of 0.22
mg/L of chlorine with 1 minute of contact time in a demand-free water (pH = 8.5, T = 5°C),
provided a 4 log inactivation of adenovirus. Rattanakul et al. (2015) reported that 4 log
inactivation of adenovirus 5 could be achieved at LP UV doses up to 50 mJ/cm2 followed by a
chlorine dose of 0.15 mg/L with 40 seconds of contact time (pH = 7.2, T = 20°C).
Alternatively, a responsible drinking water authority may choose an enteric virus such as
rotavirus as the target organism (i.e., as found in Table 6) on the basis that although adenovirus
has been detected in water, it has not been associated with AGI (Borchardt et al., 2012). The
responsible drinking water authority in the affected jurisdiction should be contacted to confirm
which virus should be targeted for UV treatment as this will impact dose requirements.
Table 6. Typical UV dose requirements using monochromatic (LP) lamps for 1 log (90%), 2 log
(99%), 3 log (99.9%) and 4 log (99.99%) inactivation of various enteric virusesa

Virus
Hepatitis A virus
Coxsackievirus B5, B6
Poliovirus type 1
Rotavirus SA-11b, HRV-Wa

1 log
4.1–5.5
6.9–9.5
4.0–8
7.1–10

UV dose requirements (mJ/cm2)
2 log
3 log
8.2–13.7
12.3–22
13.7–18
20.6–27
8.7–15.5
14.2–29
14.8–26
23–44

4 log
16.4–29.6
36
20.6–38
36–61
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Adenovirus 2, 5, 40, 41
a

b

10–76

26–137

39–199

51–261

Adapted from Malley et al. (2004); Chevrefils et al. (2006); Hijnen et al. (2006); U.S. EPA (2006b); Hofmann
(2015).
Malley et al. (2004) reported that 3 and 4 log rotavirus inactivation required greater than 40 mJ/cm2

In practice, the UV dose delivered in full-scale treatment plants depends on a number of
factors, including the hydraulic profile within the reactor, flow rate, the UV transmittance of the
water, UV intensity, lamp output, lamp placement, lamp aging, fouling and microbe inactivation
kinetics (U.S. EPA, 2006b; Bolton and Cotton, 2008). Validation testing should be conducted to
determine the operating conditions under which the reactor will deliver the UV dose. Several
different approaches to UV validation testing are available and are discussed in ONORM (2001,
2003) and U.S. EPA (2006b). These approaches are based on biodosimetric testing to determine
the log inactivation of specific challenge microorganisms for a specific reactor in combination
with known fluence-response relationships. Using this data a corresponding equivalent fluence
can be determined for a specific system. Minimum temperature conditions should also be
considered as low temperature can reduce light intensity “I” and affect alarm set points. The
system should be appropriately designed for these conditions otherwise an increase in “T” may be
necessary during minimum temperature conditions (Oosterveld, 2017).
Continuous monitoring with regularly calibrated sensors should be conducted to verify
that the unit remains within validated conditions and is delivering the required dose. The efficacy
of full-scale UV systems can be further verified by monitoring the inactivation of environmental
spores of sulphite-reducing clostridia (Hijnen et al., 2004b). Operational issues should also be
considered to ensure performance is not compromised (e.g., start-up, failure shutdown, lamp
fouling and cleaning, UV sensor maintenance; U.S. EPA, 2006b). In addition, the accumulation of
materials on the quartz sleeves (i.e., fouling) can interfere with the disinfection process by
absorbing radiation that would otherwise be used to inactivate pathogens (Wait et al., 2005,
2007;Wait and Blatchley, 2010). Iron and calcium tend to comprise the bulk of the foulant
material, although aluminum, manganese and zinc may also contribute (Wait and Blatchley,
2010). Wait et al. (2005) found that fouling potential cannot be predicted on the basis of mineral
content alone, as the redox potential significantly influences the fouling process. Wait et al.
(2005, 2007) recommend that UV reactors be placed prior to oxidation steps to minimize fouling
or after precipitated particulates have been removed. Pilot testing may be required to assess
fouling potential. Foulant material must be removed to maintain high UV reactor performance
(Bolton and Cotton, 2008).
UV disinfection is usually applied after particle removal barriers, such as filtration, to
minimize shielding of pathogens by suspended particles. Several studies have examined the effect
of particles on UV disinfection efficacy, and most have concluded that the UV dose–response of
microorganisms is not affected by variations in turbidity up to 10 NTU (Christensen and Linden,
2002; Batch et al., 2004; Mamane-Gravetz and Linden, 2004; Passantino et al., 2004). However,
the presence of humic acid particles and coagulants has been shown to significantly affect UV
disinfection efficacy, with lower inactivation levels being achieved (Templeton et al., 2005).
Templeton et al. (2007) found lower inactivation of MS2 during the filter-ripening and end-offilter-run periods when turbidity was >0.3 NTU. The authors also noted that in unfiltered influent
samples (range of 4.4–9.4 NTU), UV disinfection of phage in the presence of humic acid flocs
was reduced by a statistically significant degree (roughly 0.5 log) compared with particle-free
water (Templeton et al., 2005, 2007).
Templeton et al. (2005) also found that UV-absorbing organic particles (i.e., humic
substances) shielded particle-associated MS2 phage from UV light whereas inorganic kaolin clay
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particles did not. Templeton et al. (2008) concluded that particle characteristics of particleassociated viruses (size, structure, chemical composition) and disinfectant type applied were more
relevant than the turbidity level. As such, utilities should strive to maintain optimum filtration
conditions upstream of UV disinfection (Templeton et al, 2007).
For groundwater supplies with elevated iron content, Templeton et al. (2006) found that
iron oxide precipitate in air-oxidized groundwater samples could interfere with UV disinfection.
Turbidity-causing iron oxide particles in the raw water (2.7 NTU) resulted in a lowering of 0.2
log inactivation for MS2 at a UV dose of 40 mJ/cm2 (Templeton et al., 2006). The authors
commented that the fact that iron particles demonstrated an effect at relatively low turbidity
suggests that some types of inorganic particles may be capable of protecting viruses from UV
inactivation.
Minimal DBP formation is expected from UV light (Peldszus et al., 2000; Hijnen et al.,
2006; Bolton and Cotton, 2008). However, Wang et al. (2015) reported chlorate and bromate
formation for advanced oxidation processes (AOPs) using UV/chlorine (UV > 1000 mJ/cm2; free
chlorine = 5 –10 mg/L) and UV/hydrogen peroxide (data not shown). The literature also suggests
nitrite formation from nitrate. In contrast, Sharpless and Linden (2001) reported less than
0.1 mg/L nitrite-nitrogen formed with a nitrate-nitrogen concentration of 10 mg/L when dosed up
to 400 mJ/cm2. The authors concluded that nitrite formation is unlikely to pose a health concern
during UV disinfection using MP lamps. As with chemical disinfectants, the potential impact of
DBPs should be considered when using UV. It is essential, however, that efforts made to
minimize DBP formation not compromise the effectiveness of disinfection. More information can
be obtained from Health Canada (2008a, 2015).
7.1.3.3 Multi-disinfectant strategy

A multiple disinfectant strategy involving two or more primary disinfection steps (i.e.,
sequential combination of disinfectants) is effective for inactivating enteric viruses, along with
other microorganisms, in drinking water. For example, UV light and free chlorine are
complementary disinfection processes that can inactivate protozoa, viruses and bacteria. As UV
light is highly effective for inactivating protozoa (but less effective for certain viruses) and
chlorine is highly effective for inactivating bacteria and viruses (but less effective for protozoa),
the multi-disinfectant strategy allows for the use of lower doses of chlorine. Consequently, there
is decreased formation of DBPs. In some treatment plants, ozone is applied for the removal of
taste and odour compounds, followed by chlorine disinfection. In such cases, both the ozone and
chlorine disinfection may potentially be credited towards meeting the overall treatment goals,
depending on factors such as the hydraulics of the ozone contactor and the presence of an ozone
residual at the point of contactor effluent collection.
Supplies that use liquid chlorine as part of a multi-disinfectant strategy should use
hypochlorite solutions that are certified as meeting NSF International (NSF)/American National
Standards Institute (ANSI) standard 60 (NSF/ANSI, 2017) and follow the handling and storage
recommendations for hypochlorite outlined in (Health Canada (2016).
7.1.4

Distribution system
A well-maintained distribution system is a critical component of providing safe drinking
water (Fisher et al., 2000). Several studies have reported, however, that post-treatment
contamination in the distribution system may be responsible for a portion of endemic AGI
(Payment et al., 1991, 1997; Hunter et al., 2005; Nygård et al., 2007). Lambertini et al. (2012)
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provided clear evidence that viruses directly enter distribution systems and cause AGI for
distribution systems without a disinfectant residual (see Section 5.4.1). Fox et al. (2016)
demonstrated that contaminants external to a small leak (5 mm diameter) in a pressurized pipe
could enter the pipe and be transported within the system when negative transient pressures occur.
Low and negative transient pressures can occur as a result of distribution system
operation/maintenance or unplanned events such as power outages or water main breaks. Low and
negative transient pressures also allow contamination to enter the distribution system from cross
connections and/or backflow from domestic, industrial or institutional facilities (Gullick et al.,
2004).
Viruses can enter a distribution system during water main construction (e.g., fixing a
water main break or installing new water mains) or when regular operations and maintenance
activities create pressure transients (e.g., valve/hydrant operation, pump start-up/shut-down), and
cause illness (see Section 5.1.2) (LeChevallier et al., 2003; Nygård et al., 2007; Lambertini et al.,
2011). Lambertini et al. (2011) reported that pipe installation in the distribution system was
significantly associated with virus contamination. Viruses can enter the distribution system
through leakage points, faulty seals or other openings (LeChevallier et al., 2003). Air release and
air vacuum valves located in underground vaults that are prone to flooding are another pathway
for pathogen intrusion (Kirmeyer et al., 2001; LeChevallier et al., 2003; Ebacher et al., 2012).)
Distribution system biofilms may also accumulate and release human infectious pathogenic
viruses following a contamination event (Quignon et al., 1997; Storey and Ashbolt, 2003; Skraber
et al., 2005; Wingender and Flemming, 2011; Kauppinen et al., 2012). Factors influencing virus
intrusion into the distribution system include the duration of a negative- or low-pressure event, the
size of the leak, and the virus concentration in the soil/water adjacent to the water main, which
can be significant if a sanitary sewer is leaking (Teunis et al., 2010). Distribution systems with no
or inadequate floating storage tend to be more vulnerable to pressure transient events
(LeChevallier et al., 2011). Deadend water mains tend to experience larger transients compared to
well-looped water mains (Gullick et al., 2004). The ability of a secondary disinfectant to
inactivate viral intrusions depends on the residual type (i.e., free chlorine or chloramine) and
concentration and residual demand generated by the water/soil entering the distribution system.
Typical secondary disinfectant residuals have been reported as being ineffective for inactivating
viruses in the distribution system (Payment, 1999; Betanzo et al., 2008).
The potential exists for viruses to enter and become attached to pipe biofilms, accumulate
in the distribution system and subsequently detach. Source water protection measures, treatment
optimization, maintenance of the physical/hydraulic integrity of the distribution system and
minimizing negative- or low-pressure events are therefore key to limiting the entry of viruses into
the distribution system (Karim et al., 2003; Yang et al., 2011). Underground valve vaults should
be inspected on a monthly basis and drained if flooded (Ebacher et al., 2012). In closed systems
with no elevated storage, the installation of hydropneumatic tanks or water main upsizing may be
necessary to minimize impacts due to pressure transients (LeChevallier et al., 2011). Distribution
system hydraulic modeling and surge modeling can provide guidance on which areas of the
system are most at risk of experiencing negative- or low-pressures (Teunis et al., 2010;
LeChevallier et al., 2011). Distribution system water quality should be regularly monitored (e.g.,
microbial indicators, disinfectant residual, turbidity, pH), operations/maintenance programs
should be in place (e.g., water main cleaning, cross-connection control, asset management) and
strict hygiene should be practiced during all water main construction, repair or maintenance to
ensure drinking water is transported to the consumer with minimum loss of quality (Kirmeyer et
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al., 2001, 2014). Opening only one valve prior to releasing water from an isolated section
following water main repair has also been reported to reduce risk (Blokker et al., 2014).
Distribution system pressure monitoring is also recommended to optimize distribution system
performance (Feffer et al., 2016). Additional guidance to assist water utilities develop best
practices to manage the water quality impacts of transient pressures is available in LeChevallier et
al. (2011). Disinfection standards to ensure hygienic conditions during water main construction or
repair are also available (ANSI/AWWA, 2014).
7.2

Residential scale
Municipal scale treatment of drinking water is designed to reduce the presence of diseasecausing organisms and associated health risks to an acceptable or safe level. As a result, the use of
residential-scale treatment devices on municipally treated water is generally not necessary, but is
based primarily on individual choice.
Groundwater is a common source of drinking water for small or individual water supplies.
As discussed in Sections 5.1.2 and 5.6, viruses have been detected in many different types of
aquifers, including unconfined and confined sand, gravel, fractured bedrock and karst aquifers. In
most cases, subsurface faecal sources such as leaking sanitary sewers or septic system effluent
have been identified as the likely source of viral contamination to these types of wells. Table 1
lists factors that influence the likelihood of viral contamination of groundwater. Studies have also
found that viruses can survive and travel hundreds to thousands of meters in groundwater
depending on the type of aquifer material (e.g., coarse sand, gravel, fractured rock). In addition,
epidemiological evidence has linked the consumption of untreated faecally contaminated
groundwater to enteric illness. As a result, small groundwater supplies providing drinking water
to the public (i.e., semi-public systems) that are vulnerable to viral contamination should be
treated to remove and/or inactivate enteric viruses.
Many private wells serving individual households draw water from shallow or fractured
bedrock aquifers (Conboy and Goss, 2000: Novakowski, 2015). It is reported that over 40% of
rural wells in Canada have been impacted by agricultural activities or faecal sources (Government
of Canada, 2006). Further, studies have reported virus detections in 35 to 78% of private wells
where septic systems were present (Francy et al., 2004; Trimper et al., 2010; Allen et al., 2017).
Although it is difficult for homeowners to conduct a detailed assessment of the vulnerability of
their well to viral contamination, steps can be taken to improve a homeowners understanding of
the likelihood of a well becoming contaminated from a faecal source. General guidance on well
construction, maintenance, protection and testing is typically available from provincial/territorial
jurisdictions. When considering the potential for viral contamination specifically, well owners
should have an understanding of the well construction, type of aquifer material surrounding the
well and location of the well in relation to sources of faecal contamination (e.g., septic systems,
sanitary sewers, animal waste) (see Table 1). This information can be obtained from records
provided to the homeowner during well and septic system construction, as well as well log
databases, aquifer vulnerability maps, and regional groundwater assessments that are generally
available from provincial/territorial jurisdictions. If insufficient information is available to
determine if a well is vulnerable to viral contamination, treatment of the well is a way to reduce
risk. In general, surface water is not recommended as a private or semi-public water supply unless
it is properly filtered, disinfected and monitored for water quality.
Testing well water can provide well owners with additional information that can be used
in conjunction with information on well construction, location and aquifer characteristics to help
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assess if their well may be vulnerable to viral contamination. In particular, it is recommended that
testing for parameters that can provide an indication that well water may be contaminated by a
septic system or from surface water due to poor well integrity be conducted. Private well owners
should regularly test (at a minimum of two times per year) their well for bacteriological
parameters (e.g., total coliforms and E. coli). More frequent testing should be conducted if the
well is shallow or in bedrock (as discussed above) and there is a septic system on the property or
nearby. The presence of total coliforms and E.coli in well water indicates an increased likelihood
that a well is vulnerable to faecal contamination (see Section 5.7.2) (Abbaszadegan et al., 2003;
Allen, 2013; Fout et al., 2017). Additional information on how to interpret total coliform and
E.coli test results are available in Health Canada (2012a, 2012b).
Other water quality parameters can also be used to help assess if a well may be vulnerable
to contamination. The presence of nitrate (NO3-N) and chloride (Cl–) above background
concentrations (> 0.90 to 2.0 mg NO3-N/L; > 10 mg/L Cl–) can be indicative of the impact of
septic system effluent on well water quality (Robertson et al., 1989; Harman et al., 1996; Katz et
al., 2011; Health Canada, 2013; Robertson et al., 2013; Schaider et al., 2016). Studies have also
linked the presence of nitrate and chloride (above background) to the presence of enteric viruses
in private wells (Borchardt et al., 2003; Francy et al., 2004). Therefore, periodic testing of these
parameters is useful for assessing if septic system effluent is impacting a well.
While testing for the presence of the parameters discussed above provides information that
can help to determine if a well may be impacted by faecal contamination, their absence does not
indicate the absence of viral pathogens. Results from this testing should be considered in
conjunction with other information gathered by the homeowner, such as well construction and
location, type of aquifer, and location of faecal source, to determine if the well is vulnerable to
faecal contamination.
Where treatment is necessary, various options are available for treating source waters to
provide high-quality pathogen-free drinking water. These include filtration and disinfection with
chlorine-based compounds or alternative technologies, such as UV light. These technologies are
similar to the municipal treatment barriers, but on a smaller scale. For example, installing a UV
system that is certified to deliver a dose of 40 mJ/cm2 (see below) is an effective way to reduce
the risk from enteric viruses commonly associated with human illness in Canada. In addition,
there are other treatment processes, such as distillation, that can be practically applied only to
small or individual water supplies. Most of these technologies have been incorporated into pointof-entry devices, which treat all water entering the system, or point-of-use devices, which treat
water at only a single location—for example, at the kitchen tap. Point-of-use technologies should
not be installed at the point-of-entry as the treated water may be corrosive to internal plumbing
components. These systems also require larger quantities of influent water to obtain the required
volume of drinking water and are generally not practical for point-of-entry installation.
Health Canada does not recommend specific brands of drinking water treatment devices,
but it strongly recommends that consumers look for a mark or label indicating that the device has
been certified by an accredited certification body as meeting the appropriate NSF/ANSI standard.
These standards have been designed to safeguard drinking water by helping to ensure the material
safety and performance of products that come into contact with drinking water
Certification organizations provide assurance that a product or service conforms to
applicable standards. In Canada, the following organizations have been accredited by the
Standards Council of Canada (SCC) to certify drinking water devices and materials as meeting
the appropriate NSF/ANSI standards (SCC, 2018):
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•Canadian Standards Association International (www.csa-international.org);
•NSF International (www.nsf.org);
•Water Quality Association (www.wqa.org);
•Underwriters Laboratories Inc. (www.ul.com);
•Bureau de Normalisation du Québec (www.bnq.qc.ca); and
•International Association of Plumbing and Mechanical Officials (www.iapmo.org).
An up-to-date list of accredited certification organizations can be obtained directly from the SCC
(2018).
Periodic testing for E. coli and total coliforms should be conducted by an accredited
laboratory on both the water entering the treatment device and the finished water to verify that the
treatment device is effective. Treatment devices lose their removal capacity through usage and
time and need to be maintained and/or replaced. Consumers should verify the expected longevity
of the components in their treatment device according to the manufacturer’s recommendations
and establish a clearly defined maintenance schedule. Treatment devices should be inspected and
serviced in accordance with the maintenance schedule and manufacturer’s recommendations.
Private and semi-public supplies that use disinfection typically rely on chlorine or UV
light because of their availability and relative ease of operation. In the case of UV, scaling or
fouling of the UV lamp surface is a common problem when applying UV light to raw water with
moderate or high levels of hardness, such as groundwater. UV light systems often may require a
pre-treatment filter to reduce scaling or fouling. A pre-treatment filter may also be needed to
achieve the water quality that is required for the UV system to operate as specified by the
manufacturer. In addition, the regular cleaning and replacement of the lamp, according to
manufacturer’s instructions, are critical in ensuring the proper functioning of the unit.
Alternatively, special UV lamp-cleaning mechanisms or water softeners can be used to overcome
this scaling problem.
Private and semi-public supplies that use UV systems can refer to NSF/ANSI Standard 55
(NSF/ANSI, 2016a), which provides performance criteria for two categories of certified systems,
Class A and Class B. Treatment units meeting NSF/ANSI Standard 55 Class A are designed to
deliver a UV dose at least equivalent to 40 mJ/cm2 in order to inactivate microorganisms,
including bacteria, viruses, Cryptosporidium oocysts and Giardia cysts, from contaminated water.
As such, UV systems certified to NSF/ANSI Standard 55 Class A can provide 4 log reduction for
most viruses (Table 6) and are suitable for this use. However, it must be noted that they are not
designed to treat wastewater or water contaminated with raw sewage and should be installed in
visually clear water. It is important to note that systems certified to NSF Standard 55 Class B are
designed to deliver a UV dose at least equivalent to 16 mJ/cm2 and cannot provide 4 log reduction
for most viruses (Table 6). Class B systems are not intended for the disinfection of
microbiologically unsafe water. Class B system are only certified for supplemental bactericidal
treatment of disinfected public drinking water or other drinking water that has been tested and
deemed acceptable for human consumption. Class B systems are designed to reduce normally
occurring non-pathogenic nuisance microorganisms only.
Some jurisdictions may require semi-public systems to provide a UV dose of 186 mJ/cm2
if adenovirus may be present (e.g., when there is sewage influence). UV systems, designed in
accordance with the U.S. EPA UV Disinfection Guidance Manual, are commercially available to
deliver 186 mJ/cm2 for supplies up to 24 USgpm and >68% UV transmittance (U.S EPA, 2006b).
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Private and semi-public supplies that use liquid chlorine should use hypochlorite solutions
that are certified as meeting NSF/ANSI Standard 60 (NSF/ANSI, 2017) and follow the handling
and storage recommendations for hypochlorite outlined in (Health Canada, 2016).
Reverse osmosis membranes have a pore size smaller than viruses and could provide a
physical barrier to remove them. However, NSF/ANSI Standard 58 (NSF/ANSI, 2016b) does not
include a claim for virus reduction. Ultrafiltration membranes have pore sizes ranging from 0.005
to 0.05 µm and could also provide a physical barrier to viruses, although there is currently no
NSF/ANSI standard for residential-scale (e.g., POU) ultrafiltration systems. For drinking water
systems requiring larger capacity, some ultrafiltration units certified to NSF/ANSI Standard 419
(NSF/ANSI, 2015) have been tested for virus reduction. However, similar to municipal scale
systems (see Section 7.1.2), direct integrity testing does not have sufficient resolution to verify
virus log removals. The responsible drinking water authority in the affected jurisdiction should be
contacted to confirm the acceptability and/or applicability of these units.

8.0

Risk assessment

Quantitative microbial risk assessment (QMRA) is a process that uses mathematical
modelling, source water quality data, treatment barrier information and pathogen-specific
characteristics, to estimate the burden of disease associated with exposure to selected pathogenic
microorganisms in a drinking water source. QMRA can be used in two ways. It can be used as
part of a source-to-tap approach for management of a drinking water system, or, as is the case for
this document, QMRA can be used to support the development of drinking water quality
guidelines.
Further information and direction on how to use QMRA as part of a source-to-tap
approach on a site-specific basis is published elsewhere (WHO, 2016; Health Canada, 2018). The
following sections will focus solely on using QMRA to demonstrate how the drinking water
quality guideline (i.e., health-based treatment goal of a minimum 4 log removal and/or
inactivation) for enteric viruses was derived.
8.1

Health-based targets
Health-based targets are the “goal-posts” or “benchmarks” that have to be met to ensure
the safety of drinking water. In Canada, microbiological hazards are commonly addressed by two
forms of targets: water quality targets and health-based treatment goals. An example of a water
quality target is the bacteriological guideline for E. coli, which sets a maximum acceptable
concentration for this organism in drinking water (Health Canada, 2012a). Health-based treatment
goals specify a pathogen reduction that needs to be achieved by measures such as treatment
processes (see Section 7.0). Treatment goals assist in the selection of treatment barriers and
should be defined in relation to source water quality (see section 8.3.2). The wide array of
microbiological pathogens makes it impractical to measure for all of the potential hazards; thus,
treatment goals are generally framed in terms of categories of organisms (i.e., bacteria, viruses,
and protozoa) rather than individual pathogens. The health-based treatment goal for enteric
viruses is a minimum 4 log removal and/or inactivation of viruses. Many source waters will
require a greater log removal and/or inactivation to maintain an acceptable level of risk.
8.2

Reference levels of risk
The reference level of risk is the disease burden that is deemed tolerable or acceptable
from exposure to drinking water. This value is used to set health-based treatment goals.
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Risk levels have been expressed in several ways. The WHO Guidelines for Drinkingwater Quality (WHO, 2017) use disability-adjusted life years (DALYs) as a unit of measure for
risk. The basic principle of the DALY is to calculate a value that considers both the probability of
experiencing an illness or injury and the impact of the associated health effects (Murray and
Lopez, 1996a; Havelaar and Melse, 2003). The WHO (2011) guidelines adopt 10−6 DALY/person
per year as a reference level of risk. The Australian National Guidelines for Water Recycling
(NRMMC-EPHC, 2006) also cite this target. In contrast, other agencies set acceptable microbial
risk levels based on the risk of infection and do not consider the probability or severity of
associated health outcomes. For example, both the U.S. EPA and the Netherlands have used a
health-based target of an annual risk of infection of less than 1/10, 000 (10−4) persons (Regli et al.,
1991; VROM, 2005).
This risk assessment estimates the disease burden in DALYs. There are several advantages
to using this metric. DALYs take into account both the number of years lost due to mortality and
the number of years lived with a disability (compared with the average healthy individual for the
region) to determine the health impact associated with a single type of pathogenic organism. The
use of DALYs also allows for comparison of health impacts between different pathogens and
potentially between microbiological and some chemical hazards. Although no common health
metric has been accepted internationally, DALYs have been used by numerous groups, and
published, peer-reviewed information is available. The WHO (2011) reference level of 10−6
DALYs/person per year is used in this risk assessment as a tolerable level of risk.
8.3

Quantitative microbial risk assessment approach
As noted above, the purpose of this risk assessment is to support the development of a
health-based treatment goal for enteric viruses in drinking water. QMRA is an important tool in
developing such goals. It follows a common approach in risk assessment, which includes four
components: hazard identification, exposure assessment, dose–response assessment and risk
characterization. In this case, the risk is already characterized as a reference level of 1 × 10-6
DALYs/person per year. Thus, this risk assessment examines the treatment performance required
to reduce enteric virus concentrations in source water to a level that will meet that health
outcome, assuming a given source water quality, under set exposure conditions and specific doseresponse information.
8.3.1

Hazard identification
The enteric viruses of most concern as human health hazards in Canadian drinking water
sources include noroviruses, rotaviruses, hepatitis viruses, enteroviruses and adenoviruses.
Although all enteric viruses that may impact human health are identified, risk assessments do not
usually consider each individual enteric virus. Instead, the risk assessment includes only specific
enteric viruses whose characteristics make them a good representative of all similar pathogenic
viruses. It is assumed that if the reference virus is controlled, this would ensure control of all other
similar viruses of concern. Ideally, a reference virus will represent a worst-case combination of
high occurrence, high concentration and long survival time in source water, low removal and high
resistance to inactivation during treatment and a high pathogenicity for all age groups. Numerous
enteric viruses have been considered as reference viruses, including adenoviruses, noroviruses,
and rotaviruses. None of these viruses meet all of the characteristics of an ideal reference virus.
Adenoviruses represent a worse-case for inactivation during treatment when using UV, however,
they are less prevalent in the population than noroviruses or rotaviruses. Noroviruses are a
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significant cause of viral gastroenteritis in all age groups; and a published dose-response model is
available (Teunis et al., 2008). However, there is much debate surrounding the model, and some
suggestion that it overestimates infectivity of noroviruses (Schmidt, 2015). Rotaviruses are a
common cause of infection in children, have the possibility of severe outcomes, and a dose–
response model is available, however, rotaviruses are more susceptible to treatment than some
other enteric viruses. As no single virus has all the characteristics of an ideal reference virus, this
risk assessment uses characteristics from several different viruses. The dose-response model and
UV inactivation data are based on studies of rotavirus. However, the CT values for the chemical
disinfectants are based on HAV and poliovirus (U.S. EPA, 1991, 1999) as the best currently
available chemical disinfection information for enteric viruses commonly found in surface water
and groundwater sources.
8.3.2

Exposure assessment
Exposure is determined as the dose of pathogens ingested by a consumer per day. The
principal route of exposure considered in this risk assessment is consumption of drinking water.
To assess exposure, both the volume of water ingested and the concentration of enteric viruses in
the drinking water need to be known or estimated.
8.3.2.1 Source water concentration estimates

To inform the development of health-based treatment goals, the QMRA process was
conducted in reverse. In other words, the QMRA process was used to answer the following
question: Given a reference level of risk 1 × 10-6 DALYs/person per year (Section 8.2), together
with an average volume of water ingested (Section 8.3.2.3) and the treatment reduction for the
drinking water system (Section 8.3.2.2), what is the associated average concentration of enteric
viruses in the source water?
Average concentrations have been shown to be suitable for quantifying treatment targets
for drinking water exposure (Petterson et al., 2015.) When determining average source water
concentrations, it is necessary to consider whether the presence of viruses is continuous or
intermittent, has seasonal patterns, and how rare events, such as droughts or floods, can impact
levels. Short-term peaks in virus concentration may increase disease risks considerably and even
trigger outbreaks of waterborne disease. Monitoring programs should be designed with these
factors in-mind in order to capture the variability that occurs in the water source (Dechesne and
Soyeux, 2007). The Microrisk project suggested that monthly sampling for one year should be
conducted to establish baseline levels and then at least two events should be characterized to
understand peak conditions. Due to the temporal variability of viruses in surface water, intensified
sampling (i.e., five samples per week) may be necessary to quantify peak concentrations (Westrell
et al., 2006a). It should also be noted that for river sources with a high volume of wastewater
treatment plant effluents, peak contamination events may occur during low flow conditions
(Deschesne and Soyeux, 2007). In addition to monitoring, uncertainty analysis should also be
used as a means to help evaluate the estimated source water concentrations (Petterson et al.,
2015). Further information on how to monitor or estimate pathogen concentrations in source
water is provided in Health Canada (2018). Other factors that should be taken into consideration
when determining source water concentrations are the recovery efficiencies of the virus detection
methods, which are much less than 100%, and whether the viruses found are infectious to
humans.
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8.3.2.2 Treatment reductions

Different combinations of log reductions achieved through treatment processes and source
water concentrations of enteric viruses were examined in this risk assessment and compared to a
defined risk endpoint. It is important to note that treatment can be impacted by numerous factors
(see section 7.0). Any viruses that were not removed or inactivated during treatment are assumed
to still be capable of causing infection and illness.
8.3.2.3 Volume of water ingested

For the volume of water ingested, only the unboiled amount of tap water consumed is
considered, as boiling the water inactivates pathogens and will overestimate exposure (Gale,
1996; Payment et al., 1997; WHO, 2017). In Canada, an average of approximately 1 L of
unboiled tap water is consumed per person per day (Statistics Canada, 2004, 2008). Therefore,
this risk assessment uses an average consumption of 1 L of water per person per day for
determining exposure. This estimate is similar to consumption patterns in other developed nations
(Westrell et al., 2006b; Mons et al., 2007). WHO (2011) also suggest using an estimate of 1 L for
consumption of unboiled tap water. The treated drinking water concentration and the volume of
water ingested can then be used to determine exposure (i.e., the dose of viruses being consumed
per person per day).
8.3.3

Dose–response assessment
The dose–response assessment uses dose–response models to estimate the probability of
infection (Pinfection) and the risk of illness after exposure to viruses. This dose-response
relationship can also be used, as is done in this assessment, to estimate the concentration of a
virus associated with a specified level of risk under defined conditions.
The dose–response model for rotavirus is used in this risk assessment. The rotavirus dose–
response data are characterized by the beta-Poisson model (Haas et al., 1999).The beta-Poisson
dose-response model makes the following assumptions:
•
•

One virion can initiate infection (no threshold);
The dose of the pathogen in the water sample is Poisson distributed (i.e. randomly
distributed), with a known mean concentration (d);
• The probability that each individual pathogen that is consumed will survive the hostpathogen response and initiate infection is beta distributed, with shape parameters α and β;
and
• The number of pathogens consumed that survive the host-pathogen response to initiate
infection is binomially distributed.
Additional information on the derivation of the beta-Poisson model can be found in
Schmidt et al. (2013).
The α and β parameters are derived from dose–response studies of healthy volunteers and
may not adequately represent effects on sensitive subgroups, such as immunocompromised
persons, young children or the elderly (Ward et al., 1986). An individual’s daily dose of
organisms is estimated using the information from the exposure assessment (see 8.3.2). An
individual’s yearly probability of infection is estimated using equation 1. For this risk assessment,
it is assumed that there is no secondary spread of infection.
Pinfection/year = 1 − (1 − Pinfection)365

(1)
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Not all infected individuals will develop a clinical illness. The risk of illness per year for
an individual is estimated using equation 2:
Risk of illness = Pinfection/year × S × I
where:
Pinfection/year =
S
=
I
=

(2)

the probability of infection per year obtained from the beta-Poisson model
the proportion of the population susceptible to infection
the proportion of individuals who develop symptomatic illness after infection

The fraction of the population that is susceptible to infection and illness varies with the
type of enteric virus being considered. This risk assessment uses rotavirus as a representative of
all enteric viruses that may be present in drinking water, including those to which greater
proportions or most of the population may be susceptible (e.g., norovirus). Given its role as a
reference virus, rotavirus vaccination rates are not taken into account; instead, 100% of the
population is assumed to be susceptible to infection (i.e., S is assumed to be 1). Not all infections
result in symptomatic illness. Based on U.S. data, 88% of individuals will develop symptomatic
illness after infection with rotavirus (Havelaar and Melse, 2003).
To translate the risk of illness per year for an individual to a disease burden per person,
this assessment uses the DALY as a common unit of risk. The key advantage of the DALY as a
measure of public health is cited as its aggregate nature, combining life years lost (LYL) with
years lived with disability (YLD) to calculate the disease burden. DALYs can be calculated as
follows:
DALY = YLD + LYL
where:
YLD =
LYL

=

(3)

the sum of the [(outcome fraction) × (duration) × (severity weight)] for each health
outcome contributing to morbidity
[(life expectancy) − (age at death)] × severity weight

For rotavirus, the health effects vary in severity from mild diarrhea to more severe
diarrhea and potentially death. The disease burden of gastroenteritis resulting from infection with
rotavirus in drinking water is 8.28 DALYs/1000 cases (8.28 × 10−3 DALY/case) (Table 7).
Table 7. Disease burden calculation for rotavirus (DALYs/case)
Outcome Duration of
Health outcome
fractiona illnessb

DALYs/case

Morbidity (YLD)

Mild diarrhea
Severe diarrhea

0.50
0.49

0.01918 (7 days)
0.01918 (7 days)

0.067
0.39

6.43 × 10−4
3.74 × 10−3

Mortality
(LYL)

Death

0.0001

Life expectancyd;
age at deathe

1

3.90 × 10−3

Disease burden
a

Severity
weightc

8.28 × 10−3

Macler and Regli (1993); b Havelaar and Melse (2003); c Murray and Lopez (1996b).
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d
e

Life expectancy for Canadian population = 80.88 years (Statistics Canada, 2012).
Age at death is the mean weighted age of the population (assuming no difference in fatality rates between ages) = 38.98.

Using this disease burden (DALYs/case) and the risk of illness per year in an individual,
the disease burden in DALYs/person per year can be estimated:
Disease burden (DALYs/person per year) = Risk of illness × Disease burden (DALYs/case) (4)
where:
Risk of illness
Disease burden (DALYs/case)

=
=

the value calculated from equation 2
8.28 × 10−3

As mentioned previously, since the disease burden was set to equal to the reference level
of risk, the DALY calculations are used to translate the reference level of risk into values for the
dose-response model for rotavirus.
8.3.4

Risk characterization
In this risk assessment, the risk characterization step is used to determine a minimum
health-based treatment goal to meet the reference level of risk.
As illustrated in Figure 1, as the source water concentration of viruses increases, a greater
log reduction is needed to continue to meet the reference level of risk. For example, when source
waters have a virus concentration of 1/100 L and the treatment plant consistently achieves at least
a 4 log reduction in virus concentration, the burden of disease in the population would meet the
reference level of 10−6 DALY/person per year (less than 1 case/1000 people per year). However,
Canadian source waters, including groundwaters, are likely to have virus concentrations above
1/100 L (see Section 5.0) and thus, would require a higher log reduction to meet the acceptable
health burden. In addition, it is important to consider the impact of environmental conditions on
source water concentrations (i.e., peak events), as these may necessitate a higher log reduction to
meet the acceptable health burden. It is important for drinking water providers to consider these
peak events in their site-specific assessments, in order to fully understand the potential risks to
their drinking water (Health Canada, 2018). The level of treatment being achieved needs to take
into account not only normal operating conditions, but also the potential for variations in water
quality and/or treatment performance. Based on the limited enteric virus data available for
Canadian water sources, a health-based treatment goal of 4 log reduction of enteric viruses is a
minimum requirement. Additional removal/inactivation may be needed to meet treatment goals. A
site-specific assessment should be conducted to determine the level of virus reduction needed for
a given source water. Monitoring source waters for enteric viruses will result in the highestquality site-specific assessment. However, if measurements are not possible, information obtained
from system assessments and information on other water quality parameters can be used to help
estimate the risk and/or level of faecal contamination in the source water. This information can
then be used to help determine if more than the minimum level of treatment is required for enteric
viruses.
It is important to understand the log reductions that can be achieved by the treatment plant
when it is running under optimal conditions, and the impact of short- and long-term treatment
upsets on log reductions. Understanding and planning for the variations that occur in both source
water quality and in the treatment plant creates a more robust system that can include safety
margins. It is also important to take into consideration the level of uncertainty that is inherent in
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carrying out a QMRA, to ensure that the treatment in place is producing water of an acceptable
quality. A sensitivity analysis using a QMRA model can also help identify critical control points
and their limits. Further information on site-specific assessments and the use of QMRA as a tool
in a source-to-tap approach can be found elsewhere (Health Canada, 2018).
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Figure 1. Health-based treatment goal for enteric viruses to meet an acceptable level of risk of
10−6 DALY/person per year based on 1 L daily consumption of drinking water, as determined
using a QMRA approach. This figure is not intended to be applied to enteric virus monitoring
data.
8.4

International considerations
QMRA is increasingly being applied by international agencies and governments at all
levels as the foundation for informed decision-making surrounding the health risks from
pathogens in drinking water. WHO, the European Commission, the Netherlands, Australia and the
United States have all made important advances in QMRA validation and methodology
(Staatscourant, 2001; Medema et al., 2006; NRMMC-EPHC, 2006; U.S. EPA, 2006a, 2006b;
WHO, 2017). These agencies and governments have adopted approaches that use QMRA to
inform the development of health targets (i.e., reference levels of risk or disease) and risk
management (e.g., water safety plans, as described in WHO, 2017). Guidance documents on
QMRA of drinking water have been published by both the European Commission’s MicroRisk
project (Medema et al., 2006), and the U.S. EPA (2014).
The Netherlands and the U.S. EPA provide two examples of QMRA-based regulatory
approaches. In the Netherlands, consistent with the WHO approach, water suppliers must conduct
a site-specific QMRA on all surface water supplies to determine if the system can meet
a specified level of risk. Dutch authorities can also require a QMRA of vulnerable groundwater
supplies. In contrast, recent regulatory activity in the United States has seen the U.S. EPA assess
the health risks from waterborne pathogens through QMRA and apply this information to set
nationwide obligatory treatment performance requirements (U.S. EPA, 2006a, 2006c). In general,
drinking water systems must achieve a 4 log removal and/or inactivation of enteric viruses to
address risk from enteric viruses (U.S. EPA, 2006a, 2006c).
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Health Canada and the Federal-Provincial-Territorial Committee on Drinking Water
have chosen the same approach as WHO (2011), providing QMRA-based performance targets as
minimum requirements. Site-specific QMRA is also recommended as a tool that can be used as
part of a source-to-tap approach. A site-specific QMRA approach offers a number of advantages,
including 1) the ability to compare the risk from representative groups of pathogens (e.g., viruses,
protozoa, bacteria) in an overall assessment; 2) the transparency of assumptions; 3) the potential
to account for variability and uncertainty in estimates; 4) the removal of hidden safety factors
(these can be applied as a conscious choice by regulatory authorities at the end of the process, if
desired); 5) the site-specific identification of critical control points and limits through sensitivity
analysis; and 6) the clear implications of system management on a public health outcome. Further
information on using QMRA for site-specific assessments is provided in Health Canada (2018).

9.0

Rationale

More than 140 types of enteric viruses are known to infect humans. These pathogens are
excreted in the faeces, and sometimes the urine, of infected persons and animals and can
potentially be found in source water. Their occurrence in source water varies over time and can be
significantly affected by extreme weather or spill events (i.e., increases in virus levels associated
with these events). The best way to safeguard against the presence of hazardous levels of enteric
viruses in drinking water is based on the application of the source-to-tap approach, including
source water protection and adequate treatment, as demonstrated using appropriate process
monitoring, followed by the verification of the absence of faecal indicator organisms in the
treated water.
The protection of public health is accomplished by setting health-based treatment goals.
To set health-based treatment goals, a reference level of risk deemed tolerable or acceptable needs
to be determined. The Federal-Provincial-Territorial Committee on Drinking Water has chosen a
reference level of risk of 10−6 DALY/person per year, which is consistent with the reference level
adopted by the World Health Organization. This is a risk management decision that balances the
estimated disease burden from enteric viruses with the lack of information on the prevalence
of these pathogens in source waters, limitations in disease surveillance and the variations in
performance within different types of water treatment technologies.
The QMRA approach used in this guideline technical document demonstrates that if a
source water has a virus concentration of 1/100 L, water treatment (i.e., removal and/or
inactivation) would need to consistently achieve at least a 4 log reduction in virus concentration in
order to meet the reference level of 10−6 DALY/person per year. Thus, a minimum 4 log removal
and/or inactivation of enteric viruses has been established as a health-based treatment goal for
sources vulnerable to virus contamination. Many water sources in Canada, including
groundwater, may require more than the minimum treatment goal to meet the reference level of
risk. Where possible, watersheds or aquifers that are used as sources of drinking water should be
protected from faecal waste.
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Appendix A: List of Acronyms
AGI
ANSI
C
CC
CDC
CPE
CT
DALY
DBP
DNA
EPA
GC
GUDI
HAV
HEV
I
ICC-PCR
IPIU
ISO
KD
LYL
MF
MPN-IU
MWCO
NF
NSF
PCR
POE
POU
QMRA
q-PCR
RBF
RNA
RO
RT-PCR
T
UF
UV
WHO
YLD

acute gastrointestinal illness
American National Standards Institute
residual concentration of disinfectant
cell culture
Centers for Disease Control and Prevention
clear cytopathogenic effect
concentration of disinfectant (C) × disinfectant contact time (T)
disability adjusted life year
disinfection by-product
deoxyribonucleic acid
Environmental Protection Agency (U.S.)
genomic copies
groundwater under the direct influence of surface water
hepatitis A virus
hepatitis E virus
ultraviolet light intensity
integrated cell culture polymerase chain reaction
immunoperoxidase infectious units
International Organization for Standardization
kilodaltons
life years lost
microfiltration
most probable number of infectious units
molecular weight cut-off
nanofiltration
NSF International
polymerase chain reaction
point-of-entry
point-of-use
quantitative microbial risk assessment
quantitative polymerase chain reaction
riverbank filtration
ribonucleic acid
reverse osmosis
reverse transcriptase polymerase chain reaction
disinfectant contact time
ultrafiltration
ultraviolet
World Health Organization
years lived with disability
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Appendix B: Tables
Table B.1. Characteristics of waterborne human enteric viruses
Virus or virus
group

Enterovirus

Group (i.e.,
nature of
nucleic
acid)
Group IV:
linear
ssRNA(+)

Envelope,
shape and
diameter

Taxonomy

Serotypes/
Genotypes

Transmission

nonenveloped

Family:
Picornavirid
ae
Genus:
Enterovirus

12 species; seven
associated with
human illness: EVA to EV-D and
rhinovirus (RV)-A,
B and C

fecal-oral route via personto-person contact; ingestion
of contaminated food or
water (little information);
contact with fomites;
respiratory or eye mucosa

Family:
Picornavirid
ae
Genus:
Hepatovirus

N/A

fecal-oral route via personto-person contact or
ingestion of contaminated
food or water

20–30 nm

Hepatovirus
(Hepatitis A,
HAV)

Group IV:
linear
ssRNA(+)

nonenveloped,
icosahedral
27–32 nm

Infectious
dose

Incubation
period

Associated health effects,
complications &
immunity

unknown

2 – 35 days;
median: 7–14
days

unknown, but
assumed to be
low (10-100
viral particles)

15–50 days;
average: 28
days

unknown

15–60 days;
average 40
days

meningitis, encephalitis,
poliomyelitis, myocarditis;
gastroenteritis; respiratory
diseases; eye infections
possible complications:
Type 1 diabetes, myalgia,
chronic fatigue syndrome
mild hepatitis, usually < 2
months; in small % of
cases, prolonged or
relapsing illness for up to 6
months
70% of infections
asymptomatic in children
<6 yrs; typically
symptomatic in older
children, adults, with
jaundice in majority of
patients
Hep A vaccine
hepatitis; high mortality
rate during pregnancy

shedding can occur 3-10
days before appearance of
symptoms

Hepevirus
(Hepatitis E,
HEV)

Group IV:
linear
ssRNA(+)

nonenveloped
27–34 nm

Norovirus

Group IV:
linear
ssRNA(+)

nonenveloped,
icosahedral
35–40 nm

Family:
Hepeviridae
Genus:
Hepevirus

4 genotypes: 1 to 4,
and over 24
subtypes

Family:
Caliciviridae
Genus:
Norovirus

6 geno-groups: GI,
GII, GIII, GIV, GV,
GVI; 25 distinct
genotypes
GI detected only in
humans
GII, GIV detected

fecal-oral route via ingestion
of contaminated water and
food (less common);
zoonotic;
blood-borne (rare); vertical
(mother to child); person-toperson (uncommon)
fecal-oral route via personto-person contact, or
ingestion of contaminated
food, water or aerosolized
vomit
shedding can occur in

no vaccine

much
uncertainty re:
infectious
dose, but
considered
highly
contagious

12–48 hours
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Virus or virus
group

Rotavirus

Group (i.e.,
nature of
nucleic
acid)

Group III:
linear
doublestranded
RNA
(dsRNA)

Envelope,
shape and
diameter

nonenveloped
80 nm

Taxonomy

Family:
Reoviridae
Genus:
Rotavirus

Serotypes/
Genotypes

Astrovirus

ssRNA(+)

Group IV:
linear singlestranded
RNA
positive
strand

nonenveloped
35 nm

Family:
Picornavirid
ae
Genus:
Kobuvirus
Family:
Astroviridae
Genus:
Avastrovirus
Mamastrovir
us

Incubation
period

asymptomatic individuals
(before appearance of
symptoms, and 2 or more
weeks after recovery

8 serological
groups: A, B, C, D,
E, F, G and H

fecal-oral route via personto-person contact, contact
with fomites; ingestion of
contaminated food or water
(uncommon)
shedding can occur up to 10
days after onset of
symptoms

median
infectious
dose of ~ 6
viral particles

< 48 hrs

fecal-oral route via personto-person contact;
contaminated water (less
common) or ophthalmic
solutions; contact with
fomites; respiratory or eye
mucosa
shedding can occur in
asymptomatic individuals,
sometimes for months after
recovery
faecal–oral route; seafood

varies with
type:
>150 particles
for
adenovirus
serotype 7, but
can be as few
as 5 particles

2 – 14 days

Group A
subdivided into 28
G types and 39 P
types

nonenveloped,
icosahedral
30 nm

Infectious
dose

in humans and
animals
GIII, GV and GVI
not detected in
humans

Infrequently and/or potentially associated with human illness
Adenovirus
Group I:
nonFamily:
7 species: A, B, C,
linear
enveloped
Adenovirida D, E, F and G
doublee
stranded
70–100 nm Genus:
over 60 recognized
DNA
Mastadenotypes of human
(dsDNA)
virus
adenovirus

Aichi viruses

Transmission

Associated health effects,
complications &
immunity
Dehydration most common
complication, which may
result in hospitalization
May develop immunity to
specific types, but unclear
how long it lasts
Gastroenteritis; severe
watery diarrhea, resulting
in dehydration, especially
in young children
Symptoms usually 3 – 8
days
Vaccines exist

gastroenteritis; respiratory
diseases; eye infections
vaccine for human
adenovirus E serotype 4
and human adenovirus B
serotype 7

diarrhea, nausea, vomiting,
abdominal pain and fever

shed in feces; detected in
raw and treated wastewater
8 serotypes

fecal-oral route

1 – 5 days
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Virus or virus
group

Polyomaviruse
s

Group (i.e.,
nature of
nucleic
acid)
[ssRNA(+)]
Group II:
circular
dsDNA

Envelope,
shape and
diameter

Taxonomy

nonenveloped

Family:
Polyomaviri
dae
Genus:
Polyomaviru
s
Species: JC
virus, BK
virus
Family:
Caliciviridae
Genus:
Sapovirus

40–45 nm

Sapoviruses

Group IV:
linear
ssRNA(+)

nonenveloped,
icosahedral
38–40 nm

Serotypes/
Genotypes

Transmission

Infectious
dose

Incubation
period

uncertain; possibly,
respiratory, mucosa;
contaminated food or water;
excreted in urine (including
in asymptomatic individuals)

5 genogroups (GI to
GV)

fecal-oral route via personto-person contact, or
ingestion of contaminated
food or water

Associated health effects,
complications &
immunity

most infected individuals
are asymptomatic;
progressive multifocal
leukoencephalopathy
play a role in certain
human carcinomas

low

1–2 days

Gastroenteritis, but many
asymptomatic

Table B.2. Occurrence of enteric viruses in surface waters in Canada and the U.S.
Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples

Concentration

Other findings

Reference

Milwaukee, WI (U.S)
Milwaukee River
watershed: 3 stream
locations (urban and
rural subwatersheds)
Feb. 2007 –Jun. 2008

Collected during low-flow
periods and periods of increased
run-off (rainfall and snowmelt)
63 samples (43 run-off events +
20 low-flow periods)
RT- qPCR1
Cell culture
Sampled every 2-4 weeks,
including 26 events
RT-qPCR

Adenovirus
GI & GII
Norovirus
Enterovirus
Rotavirus
HAV

Viruses (all): 31/63 (49%)
Adenovirus: 26/63 (41%)
Norovirus: 7/63 (10%)
Enterovirus: 5/63 (8%)

Average (all viruses) =
56 gc/L

Corsi et al.,
2014

Adenovirus
GI & GII
Norovirus
Rotavirus
HAV

Viruses (all): 82 %

Range = non-detect. –
530 gc/L
Mean = 44 gc/L
Median = 5 gc/L

Highest concentrations
during spring run-off
events, Infective
adenovirus and
enterovirus detected;
only observed during
run-off events
N/A

Madison, WI (U.S)
Local lake
Sept. 2007 – Apr. 2009
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Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples

Concentration

Other findings

Reference

No viruses detected (n
= 15) from Apr.– Sep.;
viruses only detected
(44%, n = 41) in
influents at WTPs in
colder months (Oct.–
Mar.)
Inhibition detected in
all samples, therefore,
may be an
underestimate of risk
exposure

Edge et al.,
2013

N/A

EPCOR,
2011

Enterovirus

Credit River, Lake
Ontario (CAN)
Intakes of three drinking
water treatment plants
Apr. 2007 – Dec. 2010

Sampled every 2 weeks, along
with rain events
67 samples
Cell culture

Cultivable
enteric viruses

WTP1= 28% (n=25)
WTP2 = 15% (n=13)
WTP3 = 50% (n=18)

Maximum conc. = 0.33
MPN-IU2/L (at WTP1
on March 15, 2010)

Lower Yakima Valley,
WA (U.S.)
11 sites
Jul. 24 & Aug. 4, 2008

21 samples
RT-PCR

Norovirus
Adenovirus
Polyomavirus
Enterovirus

Norovirus: 2/11 (18%)
Adenovirus: 2/11 (18%)
Polyomavirus: 2/11 (18%)
Enterovirus: 1/11 (9%)

N/A

Edmonton, AB (CAN)
Raw water at two
treatment plants:
Rossdale & E.L. Smith

Monthly sampling for 5 months
(n = 5) at each plant
Cell culture

Human enteric
viruses

N/A

Edmonton, AB (CAN)
Raw water at two
treatment plants:
Rossdale and E.L. Smith

Monthly sampling (n=12) at
each plant
Cell culture

Human enteric
viruses

Milwaukee, WI (U.S.)
Lake Michigan
Source water for two
local drinking water
treatment plants
Aug. 1994 – Jul. 2003

Modified U.S. EPA ICR organic
flocculation cell culture
procedure

Culturable
viruses

Rossdale:
Geometric mean
= 7 ipiu3/100L
Max = 63 ipiu/100L
E.L. Smith:
Geometric mean
= 4 ipiu/100L
Max = 14 ipiu/100L
Rossdale:
Geometric mean = 5
ipiu/100L
Max = 23 ipiu/100L
E.L. Smith:
Geometric mean = 3
ipiu/100L
Max = 4.4 ipiu/100L
WTP1: calculated max.
= 59.0 MPN4/100 L
(Feb. 2001)
WTP2: calculated max
= 15.8 MPN/100 L
(Apr. 1999)

WTP1:
7/103 (6.8%)
WTP2:
11/101 (10.9%)
All viruses were reoviruses
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Table B.3. Occurrence of enteric viruses in groundwater in Canada and the U.S.
Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples/wells

Concentration

Other findings

Reference

Northern AB (CAN), 5 wells

54 samples

6/54 (11%) from two
wells

N/A

real-time multiple (rtMP)qPCR integrated with cell
culture

Rotavirus most commonly
detected;
Sapovirus and astrovirus
detected with rotavirus;
No norovirus, adenovirus,
enterovirus or JC detected

Pang et al.,
2014

Jun.– Oct. 2013

Southern Wellington County,
ON (CAN)
Jun. 2012 – Jan. 2013
Private, municipal and
monitoring wells in fractured
bedrock aquifers

118 samples from 22 wells

Norovirus
Rotavirus
Astrovirus
Adenovirus
Sapovirus
Enteroviruses
JC virus
Human enteric
viruses

10/118 (8.5%) samples :
5 from private wells;
5 from municipal wells
10/22 (45%) of wells
were positive once
during sampling period

Private wells =
1.16 –15.16
GC/L
Municipal wells
= 0.09 – 15.63
GC/L

Each positive well
exhibited presence of
viruses only once
throughout sampling
period

Allen et al.,
2013; 2017

Madison, WI (U.S.), 6 deep
(220 – 300 m) municipal wells:
3 from a sandstone/dolomite
aquifer beneath regional
aquitard (confined);
3 are multi-aquifer wells
drawing from above and below
aquitard
Sept. 2007 – Apr. 2009

Sampled every 2-4 weeks,
26 times over an 8 month
period

Adenovirus
Enteroviruses
Rotavirus
HAV
Norovirus I
and II

67/147 (46%) of samples

Range =
nondetectable to
6.3 gc/L

Bradbury et
al., 2013

Lower Yakima Valley, WA
(U.S.), well of varying depths
(10–250 feet deep)
Jul. 24 – Aug. 4, 2008

n = 10

Adenovirus 41 most
frequently identified
serotype
Infectious adenovirus and
enterovirus detected
Temporal coincidence
between virus serotypes
present in sewage and
those in groundwater
Increased virus detection
(prevalence and concs)
with groundwater recharge
events
Inhibition detected in 4/10
GW samples: may be an
underestimate of risk
exposure

Sampled monthly for six
months
RT-qPCR

n = 147

6/6 (100%) of wells were
repeatedly positive
during the sampling
period

RT-qPCR1

Mean = 0.7 gc/L
Median = 0.2
gc/L

Cell culture (infectivity)

RT-PCR

Enterovirus
Norovirus
Adenovirus
Polyomavirus

4/10 (40%)

N/A

No enterovirus detected
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Gibson and
Schwab,
2011

Enteric Viruses (April 2019)
Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples/wells

Concentration

Other findings

Reference

WI (U.S.), multiple
communities 2005–2007
Municipal wells drawing water
from unconfined glacial sand
and gravel aquifers, or
unconfined transmissive
bedrock aquifers overlain by
sand and gravel aquifers

33 wells from 14
communities sampled once

Enterovirus
Norovirus
HAV
Rotavirus
Adenovirus

5/33 (15%) wells,
including 2/33 (6%)
wells for adenovirus,
2/33 (6%) wells for
enterovirus and 1/33
(3%) for norovirus GII;
both enterovirus tested
(+) for infectivity

Adenovirus: 0.8
and 5.4 gc/L

Multiple virus samples
over several seasons are
necessary to adequately
characterize well
vulnerability to virus
contamination

Hunt et al.,
2010

3 municipal wells sampled
monthly for one year
Two-step RT-qPCR
Infectivity testing using
ICC-PCR2

Canadian provinces: AB, ON
and QC
Municipal wells in 25 sites
QC = Oct. 2005 – Nov. 2006
ON = Mar. – Dec. 2006
AB = Nov. – Dec. 2006
Quebec (CAN), 12 municipal
wells from different aquifers
(confined and unconfined),
varying soil types, depths and
contamination
-Group A (sites 1-4): no known
contamination
-Group B (sites 5-8): sporadic
contamination
-Group C (sites 9-12): historic
and continuous contamination
Dec. 2003 – Nov. 2004

Serotyping (sequencing)
167 samples (129 from clean
sites; 38 from contaminated
sites); 130 analysed for
viruses
Cell culture
RT-PCT for noroviruses,
ICC-PCR for adenovirus 40
and 41, and ICC-RT-PCR
for enteroviruses and
reoviruses 1, 2 and 3
Sampled monthly, plus
2X/month in the spring and
fall
113 analyzed for human
enteric viruses
Cell culture
RT-PCR to detect norovirus

Total
culturable
viruses, and:
Noroviruses
Adenoviruses
Enteroviruses
Reoviruses 1,
2&3

3/3 (100%) of wells
sampled monthly were
positive using ICC-PCR
1/130 (0.8%) using cell
culture; came from
known contaminated
site; microscopy id’d
picornaviruses

Enterovirus: 1.7
and 4.8 gc/L
Norovirus: 77
gc/L

10 MPN-IU
/1000 L

N/A

Locas et al.,
2008

Range = 3 – 589
MPN-IU /1000
L

N/A

Locas et al.,
2007

0/130 All (-) using
molecular methods
No noroviruses, or other
viruses detected

Total
culturable
viruses and
norovirus

9/113 (8%) samples and
5/12 (42%) of wells for
culturable viruses
Enteric viruses detected
in site 8 (B);
TC detected in all sites,
inc. site 8
Enteric viruses detected
in sites 10, 11 & 12 (C)
Norovirus detected in
sites 2 and 4 (A)
Norovirus also detected
in site 9 (C)
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Enteric Viruses (April 2019)
Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples/wells

Concentration

Other findings

Reference

Southeastern Michigan (U.S.)

Culturable
viruses
Enterovirus
HAV

RT-PCR for all samples

Enteroviruses
HAV
Reoviruses
Rotaviruses
Norwalk virus

- 50/321(16 %),
N/A
representing 21/29 (72 %)
of sites
- 31/50 (62%) from 7 sites
- Reoviruses most
frequently detected (10%)
- Enteroviruses in 5% of
samples
- Norwalk virus in 3% of
samples
- HAV in 1% of samples
- No rotavirus detected

Enterovirus found in 4
wells (10.5 %) using RTPCR
HAV found in 5 wells
(13.2%) using RT-PCR
Culturable viruses found in
wells negative for viruses
by RT-PCR
Sewage system type was
found to be related to the
presence of enteric viruses.
More virus positive
samples were found at
sites serviced by septic
systems than those served
by sewer lines.
N/A

Francy et al.,
2004

July 1999 to July 2001

- 2/93 (2%) samples
positive for culturable
viruses, representing
2/34 wells (6%)
- 9/169 (5%) samples
positive using RT-PCR,
representing 9/38 wells
(24%)
- 9/38 (24%) wells
positive by either cell
culture or RT-PCR

N/A

Small public water supply wells
from predominantly semiconfined and confined sand and
gravel aquifers.

169 samples and 32
replicate pairs were
collected from 38 wells. 31
wells were sampled 5-6
times. Remaining wells
sampled 1-2 times.

93/169 samples RT-PCR
and cell culture

U.S., Virgin Islands and Puerto
Rico

Sampled monthly
n = 321

29 sites
Cell culture
1 yr study
Multiplex RT-PCR
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Fout et al.,
2003

Enteric Viruses (April 2019)
Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples/wells

Concentration

Other findings

Reference

Wisconsin, U.S.

Sampled four times over a
year, once each season

Enteroviruses,
rotavirus,
HAV,
Norwalk-like
viruses

5/194 (3%) of samples
using RT-PCR
4/50 (8%) wells, using
RT-PCR
4/26 wells (13%) located
in subdivisions with
septic systems

N/A

N/A

Borchardt et
al., 2003

Range (cell
culture) = 0.09 1.86 MPN-IU
/100L

N/A

Abbaszadeg
an et al.,
2003

N/A

N/A

Banks et al.,
2002

N/A

N/A

Lindsey et
al., 2002

50 private, household wells in 7
hydrogeological
districts

RT-PCR (all viruses) and
cell culture (enteroviruses)

January 1999 to June 2000
3 samples contained
HAV, and the other
contained rotavirus,
Norwalk-like virus and
enterovirus

448 sites across 35 U.S.

RT-PCR (all viruses) and
cell culture (enteroviruses)

Wells ranging in depth from 15
to 152 m, from different
hydrogeological areas

n= 539

Enteroviruses
Rotavirus
HAV
Norwalk-like
viruses

No culturable viruses
detected
22/539 (4%) samples
and 21/448 (4.6%) of
wells (+) for infective
viruses
141/448 (31.5%) of wells
positive using RT-PCR

Baltimore and Hartford
Counties, MD (U.S.)
Small public water supply wells
from confined crystalline rock
aquifer
1999
PA (U.S.) Sept. 2000–Jun. 2001
59 non-community supply
wells, 4 aquifer types

45 sites sampled in each
county, along with a random
site
RT-PCR (all viruses) and
cell culture (enteroviruses)
59 wells sampled once
during the sampling period

Enteroviruses
Rotavirus
HAV
Caliciviruses

No culturable viruses
detected

Culturable
viruses

5/59 (8.5%), across all
four aquifers

1 sample (+) for
rotavirus using RT-PCR

Cell culture
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Enteric Viruses (April 2019)
Location and date

Sampling and detection
methods

Virus(es)

Frequency of positive
samples/wells

Concentration

Other findings

Reference

Worcester and Wicomico
Counties, MD (U.S.)

n = 27

Culturable
viruses
HAV
Enterovirus
Rotavirus
Calicivirus
Enteroviruses,
Rotavirus
HAV

3/27 (11%) (+) for
viruses: one using cell
culture and two using
RT-PCR

N/A

N/A

Banks et al.,
2001

Culturable viruses
detected in 13/150
(8.7%).Using RT-PCR,
40/150 (26.7%) for
enterovirus, 8/150 (5.3%
for rotavirus, and 12/150
(8 %) for HAV

N/A

Cell culture
Small public water supply wells
in semi-confined sand aquifer
Mar.–Oct. 1999
Groundwater from different
geographical locations (U.S.)

RT-PCR
n = 150
RT-PCR and cell culture

1
2

RT-qPCR, real-time quantitative polymerase chain reaction
ICC-PCR, integrated cell culture polymerase chain reaction
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Abbaszadeg
an et al.,
1999

Enteric Viruses (April 2019)
Table B.4. Occurrence of enteric viruses in drinking water in Canada and the U.S.
Location and date

Sampling and
detection methods

Virus(es)

Frequency of
positive samples

Concentration

Other findings

Reference

Wisconsin (U.S.), drinking water
from multiple wells, drilled at
different depths (23-169 m), and
in different hydrogeological
settings, with UV disinfection in
place

Sampled monthly

Adenoviruses
Enteroviruses
Rotavirus
HAV
Norovirus I
and II

287/1,204 (24%)
were (+) for at least
one virus type, and
3% (41/1,204) were
(+) for 2 or more
virus types

1,843 AGI episodes over
48 surveillance weeks

Borchardt et
al., 2012

Apr. 2006– Nov. 2007 (3
sampling periods)

qPCR

Maximum:
All viruses = 854 gc/L
Enterovirus = 851 gc/L
Norovirus GI = 116 gc/L
Adenovirus = 10 gc/L
HAV = 4 gc/L
Rotavirus = 0.03 gc/L
Norovirus GII = 0 gc/L

Well water sampled
immediately after UV
disinfection (before
distribution system)

Adenovirus was most
frequently detected
virus [157 (13%)],
then enterovirus [109
(9%)], then norovirus
GI [51 (4%)]

Serotyping (using
sequencing) and cell
culture of adenovirus
and enterovirus (+)

HAV = 10 (1%)
Rotavirus = 1 (0.1%)
Norovirus GII = 0
(0%)

Mean:
All viruses = 1.5 gc/L
Enterovirus = 0.8 gc/L
Norovirus GI = 0.6 gc/L
Adenovirus = 0.07 gc/L
HAV = 0.006 gc/L
Rotavirus = 0.00002
gc/L
Norovirus GII = 0 gc/L
Cell cultures of
adenovirus and
enterovirus qPCR (+)
samples never exhibited
cytopathic effect BUT
integrated cell culture
(ICC)-qPCR culturable
adenoviruses and
enteroviruses detected in
25% and 28% of these
samples, respectively
5 adenovirus serotypes
id’d in qPCR (+) samples

Wisconsin (U.S.)
Tap water from 14 communities
(pop range = 1,363 to 8,300) that
use nondisinfected groundwater

Sampled from 6–8
households (homes
selected based on their
location along

Human enteric
viruses

Adenovirus most
frequently detected,
followed by
enterovirus and

Mean virus conc. highest
in the wells, reduced 1-6
logs by UV disinfection,
and then increased by a
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AGI incidence
(episodes/person-yr)
All ages: 1.71
Adults: 1.78
Children 6-12 yrs: 1.67
Children ≤ 5 yrs: 2.66
Mean conc. of all viruses
in tap water associated
with AGI incidence; AGI
IRR (relative risk)
elevated by 22% when
mean virus conc. > 1.9
gc/L; at highest mean
conc., AGI IRR
increased 52%;
maximum conc. of all
viruses also associated
with AGI incidence
Adenovirus exposure not
positively associated
with AGI
QMRA
6-22% of AGI in study
communities was
attributable to viruses
qPCR measurements
were associated with
incidence of AGI in
study population
Study provides evidence
that human pathogenic
viruses can directly enter
into distribution systems

Lambertini
et al., 2011,
2012

Enteric Viruses (April 2019)
Location and date

Sampling and
detection methods

as drinking water source;
supplied by wells drilled 23–169
m (various hydrogeological
settings, primarily sandstone
aquifers)

distribution system)
once a month in wells
before and after UV
disinfection, and at
household taps in the
distribution systems

8 communities had UV installed
1st yr of study; other 6 had no
treatment (flipped in yr 2)
***One community excluded
because of recurring coliforms
(had to chlorinate)
Surveillance periods:
• Apr.–Jun. 2006
• Sep.–Nov. 2006
• Mar. 2007
• Sep.– Nov. 2007
Montreal, QC (CAN)

Frequency of
positive samples

Concentration

Other findings

norovirus GI

log in distribution system
(i.e., viruses directly
entering distribution
system)

and that level of virus
contamination was
related to common
distribution system
events

Of 18 post-UV
samples that were
(+), 17 contained
adenovirus

Mean sample volume =
877 L (n = 902);
filtered on site

Adding (not replacing) a
pipe was most highly
significantly associated
with increased virus
concs.

Water utility managers
completed
questionnaire every 4
months (captured
details re: 12 types of
events)

Chlorination events not
associated with either
virus prevalence or mean
virus conc.

RT-qPCR
Cell culture

Finished water from 3 water
treatment plants (WTPs) using
conventional or better treatments
Montreal, Ottawa and Toronto
(CAN)

Virus(es)

Cell culture

Reference

Culturable
viruses

0/8

N/A

N/A

Payment and
Franco, 1993

Culturable
viruses

0/16

N/A

N/A

Payment et
al., 1984

Three water treatment plants
from each city
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Enteric Viruses (April 2019)
Table B.5. Selected viral outbreaks related to drinking water (1971–2012)
Date

Location

Causative
agent

Est.
cases

Water system

Attributable causes

References

i) North America
septic contamination of the well
water supply
septic contamination of the spring
coupled with inadequate treatment

1971

U.S. (AR)

HAV2

98

small non-community

Oct. 1972

U.S. (AL)

HAV

50

small non-community

Jul. 1978

U.S. (PA)

norovirus

120

small non-community

inadequate treatment of well water

Wilson et al., 1982

Jul. 1982

U.S.(GA)

HAV

35

small non-community

unknown

Bloch et al., 1990

Aug. 1986

U.S. (SD)

norovirus

135

small non-community

inadequately treated well water

Levine et al., 1990

Sep. 1987

U.S. (PA,
DE, NJ)

norovirus

5000

small non-community

inadequately treated well water

Levine et al., 1990

Jun. 1988

U.S. (ID)

norovirus

339

small non-community

untreated well water

Levine et al., 1990

Feb. 1989

CA (QC)

norovirus

26

small non-community

unknown

Todd, 1971-2001

Mar. 1989

CA (ON)

norovirus

68

small non-community

inadequate treatment of well water

Todd, 1971-2001

Apr. 1989

U.S. (AZ)

norovirus

900

small non-community

septic tank contaminated well water

Herwaldt et al., 1991
Lawson et al., 1991

Jul. 1989

CA (QC)

norovirus

159

small non-community

unknown

Todd, 1971-2001

Aug. 1989

CA (QC)

norovirus

57

small non-community

unknown

Todd, 1971-2001

Sep. 1989

CA (QC)

HAV

8

small non-community

unknown

Todd, 1971-2001

Apr. 1990

CA (QC)

rotavirus

67

small non-community

animal contamination of the well
water

Todd, 1971-2001

May. 1990

U.S. (PA)

HAV

22

small non-community

untreated well water

Herwaldt et al., 1991

Apr. 1992

U.S. (MO)

HAV

46

small non-community

untreated well water

Kramer et al., 1996
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AWWA, 1975
Baer and Walker, 1977

Enteric Viruses (April 2019)
Date

Location

Causative
agent

Est.
cases

Water system

Attributable causes

References

Mar. 1993

CA (ON)

rotavirus

11

small non-community

unknown

Todd, 1971-2001

May, 1994

CA (SK)

HAV

6

small non-community

contamination entered through the
distribution system

Todd, 1971-2001

Jun.–Jul.
1995

CA (YT)
/U.S.(AK)

multiple, incl.
small round
structured virus

126

restaurant (water source:
well)

contamination of well by septic pit

Beller et al., 1997

Aug. 1995

CA (QC)

HAV

8

small non-community

unknown

Todd, 1971-2001

Sep. 1995

U.S. (TN)

HAV

8

private residence (water
source: well, spring)

untreated groundwater

Yoder et al., 2008

Dec. 1997

U.S. (NY)

norovirus

1450

small non-community

inadequately treated well water

Lee et al., 2002

Jul. 1999

U.S. (NM)

small round
structured virus

70

small non-community

inadequately treated spring water

Lee et al., 2002

Jun. 2000

U.S. (KS)

norovirus

86

small non-community

untreated well water

Lee et al., 2002;
Blackburn et al., 2004

Jun. 2000

U.S. (WV)

norovirus

123

small non-community

inadequately treated well water

Lee et al., 2002

Jul. 2000

U.S. (CA)

norovirus

147

small non-community

untreated well water

Lee et al., 2002

Jan. 2001

U.S. (WY)

norovirus

230

small non-community

Feb. 2001

U.S. (WY)

norovirus

35

small non-community
(snowmobile lodge)

Sep. 2001

U.S.A. (WY)

norovirus

83

small non-community

inadequately treated well water

Parshionikar et al., 2003
Blackburn et al., 2004

Jun. 2002

U.S. (CT)

norovirus

142

small non-community

untreated well water

Blackburn et al., 2004

heavy rains and septic
contamination of untreated well
water
septic tank contamination of well
water due to overloaded sewage
disposal system
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Blackburn et al., 2004;
Gelting et al., 2005
Anderson et al., 2003

Enteric Viruses (April 2019)
Date

Location

Causative
agent

Est.
cases

Water system

Attributable causes

References

Jul. 2002

U.S. (NH)

norovirus

201

small non-community

untreated well water

Blackburn et al., 2004

Jan, 2004

U.S. (PA)

norovirus

70

small non-community

contamination entered through the
distribution system

Liang et al., 2006

May–Sep.
2004

U.S. (OH)

1450

well on island

fecal (sewage) contamination of
groundwater

Fong et al., 2007
O'Reilly et al., 2007

Jun, 2006

U.S. (WY)

139

small non-community

untreated well water

Yoder et al., 2008

Jul, 2006

U.S. (MD)

norovirus

148

small non-community

contamination entered at the point
of use, inadequately treated well
water

Yoder et al., 2008

Dec, 2006

U.S. (OR)

norovirus

48

small non-community

untreated well water

Yoder et al., 2008

Jan, 2007

U.S. (WA)

norovirus

32

small non-community

untreated well water

Brunkard et al., 2011

May, 2007

U.S. (WI)

norovirus

229

small non-community

untreated well water

Borchardt et al., 2011
Brunkard et al., 2011

Jun, 2007

U.S. (CO)

norovirus

77

small non-community

inadequate treatment of well water

Brunkard et al., 2011

Jun, 2007

U.S. (MD)

norovirus

94

small non-community

inadequate treatment of well water

Brunkard et al., 2011

Jun, 2008

U.S. (OK )

norovirus

62

community (water source:
well)

treatment deficiency, and
distribution system deficiency

Brunkard et al., 2011

Mar, 2008

U.S. (TN)

HAV

9

untreated groundwater

Brunkard et al., 2011

Jul, 2009

U.S. (ME)

HAV

2

unknown

CDC, 2013

Jun, 2010

U.S. (CA)

norovirus

47

unknown cause in well water

CDC, 2013

multiple, incl.
norovirus
norovirus;
Campylobacter

individual (source water:
well)
private residence (source
water: well)
small non-community,
restaurant (source water:
well)
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Enteric Viruses (April 2019)
Date

Location

Causative
agent

Est.
cases

Water system

Attributable causes

References

Jun, 2011

U.S. (NM)

norovirus

119

transient noncommunity
(water source: spring)

untreated groundwater

CDC, 2015d

Aug, 2012

U.S. (WI)

norovirus

19

transient noncommunity
(water source: well)

untreated groundwater

CDC, 2015d

norovirus

> 100

small rural supply

untreated groundwater

Gunnarsdóttir et al., 2013

New Zealand

norovirus

218

ski resort, community water
supply (water source: well)

water supply contaminated by
human sewage

Hewitt et al., 2007

2007

Finland
(Nokia)

at least 7
pathogens,
including
norovirus

6500

municipal system (water
source: groundwater and
artificial groundwater);
including filtration and
chlorine disinfection

sewage contamination

Maunula et al., 2009
Laine et al., 2010
Rimhanen-Finne et al.,
2010

2008

Montenegro
(Podgorica)

1700

municipal system (water
sources: karstic spring water
and groundwater);
chlorinated but no residual

sewage contamination

Werber et al., 2009

public (municipal) system

contamination of the well and
springs supplying the public water
network

Giammanco et al., 2014

ii) International
Iceland
2004
(Lake
Myvatn)
2006

Mar. 2011
1
2

Italy (Sicily)

viral

norovirus

156

These represent well-documented outbreaks.
HAV, hepatitis A virus
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