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1. Executive summary  

This report forms the third and final output of the Research Project Viruses in Groundwater Ref: DWI 

70/2/325. The aim of this research project is to establish whether there is a potential risk of contamination 

of groundwater, abstracted for human consumption in England and Wales, by viruses emanating from 

sewage or other pollution sources.   

The report presents the findings of a one year monitoring programme into the occurrence of viruses at 

sites across a range of aquifer types and land uses in England.  The report also summarises the findings 

of a literature review presenting current published research into occurrence of enteric viruses in 

groundwater in the UK and internationally; and a questionnaire survey of 20 water companies on their 

virus monitoring capability and historic data records..  These previous outputs are included as Appendix 1 

and 2 respectively. 

1.1 Literature review 

The literature review summarised current published research into the prevalence and measured quantities 

of enteric viruses in groundwater from studies previously conducted in England and Wales and 

internationally.  The following conclusions were reached: 

Transport of viruses in the subsurface is controlled by sorption to clay particles or organic colloids and 

inactivation influenced by moisture, pH, and temperature. Survival is greatest where there are limited 

predatory populations and in cool conditions as well as in the dark. Virus behaviour is likely to be site-

specific. Some viruses, such as adenovirus, can persist in groundwater and in general they survive for 

longer than bacteria.  

The unsaturated zone can play an important role in retarding viruses due, amongst other factors, to 

sorption at the air-water interface. However, vulnerability of the aquifer can be increased during high 

recharge events due to bypass flow and by mobilisation of sorbed viruses. Karst features, fissures and 

abandoned wells can provide rapid routes for virus movement to aquifers. The principal aquifers of 

England can exhibit both intergranular and fissure flow. There is relatively little systematic evidence for 

virus occurrence in groundwater in England. Most of the existing data is derived from site investigations 

and is mainly for the Chalk and Permo-Triassic sandstone aquifers. 

Neither bacteria, such as Escherichia. coli, nor phages, may provide a surrogate for enteric virus transport 

and evidence for their application for water contamination is contradictory. Indicators could be sewage-

related emerging contaminants, such as acesulphame or ibuprofen.  Phages have been used as tracers 

in England but work has not been focussed on studying them in relation to other pathogens; rather for the 

identification of rapid pathways. It remains difficult to identify surrogates for enteric viruses in groundwater 

as risk settings may be different from more-widely studied pathogens, such as coliforms or 

cryptosporidium. 

1.2 Questionnaire survey 

The questionnaire survey canvassed a total of 20 water companies and sought information on 

groundwater abstractions, historic and current groundwater monitoring data and details of water safety 

planning for viruses.  17 of the 20 responded.  Overall, the survey indicated that routine viral monitoring is 
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not being undertaken, and therefore validation of any viral risk where included in drinking water safety 

plans is not being undertaken.  Historically, monitoring was undertaken in the 1980s but the data is 

predominantly unavailable. One off special research investigations into the presence of viruses in 

groundwater have been undertaken over the period 1990 through to present day.  

1.3 Groundwater monitoring study 

The field sampling programme comprised a selection of eight ground water abstraction points representing 

the major aquifers of England and Wales but also covering a mix of rural and urban catchments and mains 

and private sewerage systems.  The eight sites selected were distributed across the country and were 

focused on the four aquifers that are most utilised for water supply, i.e. the Cretaceous Chalk, Permo-

Triassic Sandstone, the Jurassic limestone and Carboniferous limestone.  Four rounds of sampling were 

undertaken between February 2019 and January 2020 focusing on distinct periods of differing microbial 

risk and hydrological conditions. 

Samples of approximately 1000 litres were obtained using a bespoke sampling rig and concentrated by 

filtering through hollow fibre Asahi Polysulfone filters.  Quantitative Polymerase Chain Reaction (qPCR) 

was used to detect viral RNA.  Samples for bacterial analysis were also taken at each site on each 

sampling occasion. Bacterial index organisms were assessed as predictors of virus presence/absence. 

Two thirds or 66% of all the samples taken (29 in total) did not show the presence of any of the target virus 

RNA. However, virus RNA was detected in 34% of samples, and 17% of samples tested positive for 

multiple viruses. Furthermore, the risk varies considerably between seasons, with eight of the ten virus 

RNA positive samples occurring in rounds R3 (Oct/Nov 2019) and R4 (Jan 2020).  Hepatitis A was the 

most frequently detected virus RNA (24% samples, 75% sites), followed by Norovirus GI (14% samples, 

38% sites), Hepatitis E (10% samples, 38% sites), and single detections of Human Adenovirus F and 

Norovirus GII. There were no positive detections of either Enterovirus or Rotavirus A RNA. Hepatitis E co-

occurred with Hepatitis A on all occasions, although there were no consistent patterns of co-occurrence 

amongst other viruses. 

Sites 1 to 7 tested positive for virus RNA on at least a single occasion demonstrating that viruses were 

present in all four aquifers, beneath both rural and urban land uses, and across a range of microbial risk 

settings. Site 8 was the only location testing negative for virus RNA throughout the study. Hepatitis A was 

the only virus detected in all four aquifers.  Virus RNA was most prevalent during sampling rounds in 

October 2019 (R3) and January 2020 (R4) which coincide with the groundwater recharge season. 

All sites with previous evidence of total coliforms and Escherichia coli tested positive for virus RNA on at 

least one sampling round. These sites all tested positive for total coliforms and all but Site 7 tested positive 

for E. coli between February 2019 and January 2020. Site 8 with no previous evidence of any coliforms 

showed no evidence of virus contamination.   

1.4 Risk assessment and quantification 

A source pathway  receptor risk assessment model similar to that developed for Cryptosporidium in the 

Bouchier Report (1998) is proposed to meet the wholesomeness requirement outlined in Regulation 4 of 

the Water Supply (Water Quality) Regulations (HMSO 2016) and the Water Supply (Water Quality) 

Regulations 2018 (Wales) (HMSO 2018).  Viral sources are generally linked to human faecal 

contamination, although some, such as Norovirus GII also has animal (zoonotic) origins.  The most likely 
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route for faecal contaminants to enter the environment and groundwater is via sewage collection systems 

and sewage treatment works discharges.  The depth and connectivity between the unsaturated zone and 

the groundwater beneath is important in the retardation of viruses.  A deep unsaturated zone affords more 

protection than a shallow one, whilst fractures, karst features, man-made soakaways and mines increase 

vulnerability of the aquifer by reducing travel time.  The physical borehole construction and operation of a 

groundwater abstraction and treatment site is the last step in the pathway aspect of the risk assessment.  

The receptor is defined as the raw water as it enters the groundwater abstraction point, with treatment 

before distribution considered the final barrier to protect customers’ health.   

A conceptual source pathway receptor risk model is discussed.  Assuming numerical risk values are 

assigned to each element within the model, water companies could rank sources within their operational 

area based on viral risk.  The basic use of the risk methodology would permit the identification of 

groundwater sources most at risk and this single step forward would aid in the expansion of additional 

targeted monitoring programmes to provide a more extensive data base on which to base and conclude 

more definitive actions as required.  

1.5 Water treatment processes 

Regulation of the treatment of abstracted water is implemented through the Water Supply (Water Quality) 

Regulations 2016 (as amended) (HMSO 2016) in England and the Water Supply (Water Quality) 

Regulations (Wales) (HMSO 2018).  Water treatment processes such as. coagulation, filtration, 

sedimentation, aeration, ozonation are not normally deployed at groundwater abstraction sites.  Removal 

of pathogenic organisms is achieved through the disinfection processes.   

Disinfection with chlorine is the most widely used method for large public water supplies, and is commonly 

the only treatment applied to some groundwater supplies.  Ultra-violet (UV), the most widely used 

alternative to chlorination, whilst commonly used for private groundwater supplies its use is becoming 

more widespread in public supplies. UV provides the added the benefit of potentially both virus and 

cryptosporidium treatment. Other disinfection approaches include the use of ozone (O3), and injection of 

hydrogen peroxide (H2O2), 

Changes in raw water quality such as variable turbidity levels (UKWIR 2016), can affect the disinfection 

process.  Generally, the poorest water quality occurs due to rainfall and recharge occurrence in winter 

months, which also aligns with the understanding that viruses are able to survive in this environment 

whereas other pathogens do not. Thus, the virus risk and treatment challenge to manage virus 

concentrations occurs at the same time as poorer water quality.  

 

1.6 Conclusions  

There have been relatively few well-documented published accounts of pathogenic viruses in groundwater 

supplies with most of the work being undertaken in the USA in the early 2000s.  UK data is primarily 

derived from site investigations rather than monitoring data at abstraction points and is mainly for the Chalk 

and Permo-Triassic sandstone aquifers.  Monitoring was undertaken by Thames Water in the 1970’s and 

1980’s, but the programme was discontinued due to changes in regulatory requirements. 

Virus RNA was recorded in all major aquifers across the 4 sampling rounds, and in both rural and urban 

settings.   Their presence at sites with low, as well as high permeability protective cover is likely to reflect 

the nature of rapid, preferential flow paths in both the unsaturated and saturated zone.  The absence of 
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virus RNA, or any indicator organisms, at Site 8 which is located in an urban setting, with no protective 

geology over the aquifer, and a shallow water table provides further evidence that it is the absence of 

fractures, rather than the depth of the aquifer which has the strongest influence on the presence or 

absence of viruses.   

Based on the results of this study, the qPCR method provides an effective method of detecting and 

quantifying viral RNA.  However, it provides no indication of the viability, and therefore whether viruses 

are infectious whilst present in the aquifer.  There were also no consistent patterns of co-occurrence of 

any viruses, although Hepatitis E co-occurred with Hepatitis A on all occasions in which they were 

detected.   A viral cell culture method may offer a supplementary means of investigating both viability and 

co-occurrence.  However, this requires specialist laboratory facilities and is not suitable for all viruses. 

The occurrence of virus RNA in the samples was closely associated with groundwater recharge.  8 out of 

10 detections were made during rounds R3 and R4 in Oct/Nov 2019 and Jan 2020 respectively, during 

the main groundwater recharge season. 

Hepatitis A, E and Norovirus GI were the most commonly detected viruses.  The presence of Hepatitis is 

unexpected given its low and apparently declining occurrence in the population.  This may be due to 

infections being asymptomatic, and therefore unreported; coupled with the high number of Hepatitis A 

virus particles shed by infected individuals.  The virus also has an enhanced mobility through the 

unsaturated zone.  The presence of Hepatitis E and Norovirus GI is more predictable due to their 

prevalence within the UK population, and in the case of Norovirus, in groundwater sources.   

There was no clear relationship between the occurrence of viruses and other environmental indicator 

organisms such as total coliforms and E. coli when considered for an individual sample.  This supports the 

WHO position that “Generally, faecal bacteria have lower persistence in the environment compared to 

viruses and protozoa and are more sensitive to common disinfectants. Faecal indicators (bacteria) found 

in water therefore do not necessarily correlate well with the presence of viral and protozoal pathogens.”  

(WHO, 2019).  However, this study found that the relationship is stronger if the data is compared at a site 

level over a longer period.    This is supported by the findings by Fout et al. (2017) in their meta-analysis 

data covering 746 boreholes that total coliforms and E. coli had a specificity of 88 and 97%, respectively, 

for the prediction of viruses by molecular methods.  It suggests that they have merit for evaluating whether 

a site is at-risk or not of virus contamination. However, the relative value of using microbial indicators and 

other associated organic compounds, is less relevant now given the ease of use of virus qPCR methods.    

Although the findings of the field study have led to valuable observations on the occurrence of virus RNA 

the data are limited and do not permit the production of a detailed quantitative risk assessment of water 

supplies in England.  In addition, routine monitoring and laboratory analyses at a wider scale is expensive 

and therefore not expected to become common practice unless specific regulations requiring this are 

introduced.  The source pathway receptor model used for drinking water safety plans under the Water 

Supply (Water Quality) Regulations 2016 (HMSO 2016) and the Water Supply (Water Quality) Regulations 

2018 (Wales) (HMSO 2018) could be adapted for assessing the potential risk of groundwater 

contamination by viruses.   

Although the risk assessment methods used for other sources of microbial contamination rely on 

substantial data to predict consumer risk, the basic use of the risk methodology would permit the 

identification of groundwater abstraction sites most at risk.   A potential approach is presented in which 

the presence of potential viral sources is first assessed.  For sites where a viral source is present each of 
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the possible pathways to the aquifer are assigned a numerical weighting relative to their risk level, thus 

allowing potential sources of viral contamination within a catchment to be ranked.   This step would aid in 

identifying vulnerable sources; assist in prioritising sites for targeted monitoring programmes, thus 

providing a more extensive data base on which to base and conclude more definitive actions.    

The review of the current UK monitoring regime concluded that there is a gap in respect of viruses in the 

quality monitoring regimes. It has become obvious from this work that no current virus monitoring is being 

conducted and that the only laboratory capacity exists in the private sector, Government bodies and 

Universities. This leaves a gap in the ability of operators to demonstrate compliance with the 

wholesomeness test as required by Regulation 4 of the Water Supply (Water Quality) Regulations 2016.   

1.7 Suggested next steps 

It is suggested that monitoring capacity and a monitoring programme is established to support and validate 

risks assessments and could incorporate the following 4 principles: 

1. Reviews of drinking water safety plans should incorporate an assessment of the potential 

sources and pathways that may exist for viruses to enter groundwater and arrive at 

groundwater abstractions.   

2. A regular review of all sources to identify which are at the highest risk of viruses being present.  

For sources where an initial viral risk to groundwater is identified, a more detailed risk 

assessment could be undertaken to determine which sources are at the highest risk and 

where monitoring is most appropriate to provide useful confirmatory data   

3. Where confirmatory monitoring is undertaken the frequency and viruses considered should 

reflect the behaviour of the pathway and magnitude of the sources of virus identified over an 

annual water cycle.   
4. Where a risk exists minimum treatment requirements should meet the disinfection 

recommendations of DWI (2018) or WHO (2011) whichever is the most appropriate given the 

viral challenge.  The WHO evidence refers to a maximum contact time (CT) of 30 minutes with 

a free chlorine residual of 1.0 mg/l and pH of less than 8. 

Suggested next steps for further study include: 

1. A wider monitoring programme focusing on aspects identified in the risk assessment including the 

range of viral sources in urban and rural settings; risk of transport through the various aquifer 

types; the influence of antecedent conditions, particularly heavy rainfall on viral presence; and 

environmental indicators and index organisms under a range of conditions.    

 

It is suggested that the programme cover all aquifer types in England and Wales and include a 

range of control sites with little or no known history of viral contamination.  Although qPCR is 

considered the best analytical technique for detecting viral RNA, supplementary methods should 

be considered to determine the viability of viruses.  This could consist of a targeted viral culture 

trial. 

 

2. Refining the risk assessment method including development of a numerical method for weighting 

sources and pathways at both site and aquifer scale based on the findings of the monitoring 

programme. 
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3. Undertaking desk based treatability tests to be conducted to consider tolerance and susceptibility 

to England and Wales based disinfection processes. 

 

4. Reviewing groundwater policy with respect to the definition of Source Protection Zone 1 taking 

account of existing and emerging research into saturated zone groundwater flow travel time for 

viruses. 



 

 

 

Defra  Project No.: I-DEA-133/103/001 13 

 

2. Introduction 

Groundwater sources currently provide around 30 percent of public water supply in England, and around 

5 percent in Scotland and Wales (BGS 2020).  It is the largest component of supply for eight water supply 

companies, largely in the south of England.  The safety of water for potable supply is assessed in water 

safety plans through a risk management process that encompasses all steps in water supply from 

catchment to consumer (DWI 2020b).  For example, in addition to treatment groundwaters used for 

drinking water supply are protected through a hierarchy of measures enforced by the Environment Agency, 

including Source Protection Zones and Drinking Water Protected Areas (DrWPA’s).  Nevertheless, 

approximately 1% of the population of England and Wales use a private water supply where treatment 

may be absent or insufficient (DWI 2020a).   

There are known to be over 100 viral, bacterial and protozoan pathogens that can contaminate 

groundwater from faecal and other sources (Cronin et al. 2006).  Studies from the United States of America 

have identified the presence of viruses in groundwater sources, including deep groundwater not obviously 

influenced by surface water (Borchardt et al. 2003, Borchardt et al. 2007, Borchardt et al. 2004, Borchardt 

et al. 2012, Bradbury et al. 2013, Cronin et al. 2006, Hunt et al. 2010). They also confirmed that standard 

bacteria and chemical indicator parameters are not statistically associated with virus occurrence  

(Borchardt et al. 2004). Populations served by systems that do not employ disinfection are at increased 

risk of exposure to water-borne viruses and the associated health risks (Borchardt et al. 2012). The Water 

Supply (Water Quality) Regulations (HMSO 2016) in England and the Water Supply (Water Quality) 

(Amendment) Regulations (Wales) (HMSO 2018) in Wales require water companies to continuously 

maintain adequate disinfection of drinking water supplies.  

A study published by the Inspectorate in 2012 examined the risks presented by adenovirus and norovirus 

in surface water sources with sewage influence (Merrett et al. 2013). The study used adenovirus and 

norovirus as test organisms. Adenovirus was mainly removed during the first stage of treatment (with 

norovirus removal being difficult to prove due to its absence in raw water). The surface influence on 

groundwater quality can vary depending on the depth of the aquifer, local geology and the water quality 

hazards present in the vicinity. Groundwater often undergoes minimal treatment and the particle removal 

processes used for surface water are not usually employed, with marginal chlorination the only treatment 

before distribution to consumers. 

2.1 Study objectives  

The aim of this research project is to establish whether there is a potential risk of contamination of 

groundwater, abstracted for human consumption in England and Wales, by viruses originating from 

sewage or other pollution sources.  The findings from the study will aid future evidence-based policy 

development.  The scope of the study was defined as follows: 

1. Undertake a literature review summary of current published research into the prevalence and 

measured quantities of enteric viruses in groundwater from studies previously conducted in 

England and Wales. 

2. Collate operational virus sampling data from groundwater held by the water companies and other 

bodies to gain an understanding of how water companies currently routinely monitor for viruses in 

groundwater. 



 

 

 

14 Defra Project No.: I-DEA 133/103/001 

 

3. Select suitable sites used for public supply reflecting range of risk scenarios.  

4. Conduct a sampling programme from different underground strata to determine the levels of any 

virus contamination using the latest PCR methodology. 

5. Quantify the risk of virus contamination of water intended for human consumption sourced from 

groundwater at sites with minimal treatment (where either marginal chlorination or ultraviolet 

irradiation are the only treatment stages) in England and Wales and the impact of seasonal 

variation. 

6. Provide recommendations for the industry for monitoring of viruses in groundwater following a risk 

based approach and any minimum treatment requirements to render such viruses harmless. 

2.2 Report structure and outputs 

The study has three main reporting elements; the literature review; findings from the questionnaire survey 

of water companies and the results from the PCR sampling programme.  Reports presenting the findings 

of the literature review and the questionnaire survey were submitted to DWI in November 2018 and May 

2019 respectively. This final report presents the approach to, and findings from, the sampling programme 

(Section 3); the quantification of risk of contamination from viral sources (Section 4); the approaches to 

monitoring and treatment for viruses (Section 5Error! Reference source not found.); conclusions from this s

tudy (Section 6) and recommendations (Section 7).   Section 7 includes recommendations for changes to 

the approach adopted by water companies in respect of monitoring and surveillance for viruses (Section 

7.1), as well as recommendations for further work arising from this study (Section 7.2)  For completeness, 

a summary of the literature review and questionnaire reports are included in Sections 2.3 and Section 2.4 

respectively.  The full reports are included as Appendix 1 and 2. 

2.3 Literature Review 

The aims of the literature review were defined by point 1 of the terms of reference (Section 2.1).  Evidence 

from England and Wales was put into context by review of a selection of international work.  A search was 

made of published and grey literature.  A systematic approach was used to search Web of Science and 

Scopus for published literature.  Search terms are given in Appendix A Section 3.2.  A total of 381 

documents were identified from the systematic search, including those provided in the invitation to tender 

reference list, background reports and grey literature. 

The literature review first considered the historic context for virus research and monitoring in drinking water 

supply, and early work in detection and treatment.  Early work was focussed on surface, with the analysis 

of tap water for viruses developed at the Metropolitan Water Board in the early 1970s.  The environmental 

factors controlling survival of viruses in groundwater are considered.   Key factors controlling transport and 

fate of viruses in the subsurface are sorption and inactivation. These are controlled by soil matrix 

characteristics, water content, pH, temperature and aqueous chemistry.  The properties of the principal 

aquifers in England are considered in terms of their susceptibility to facilitate the transport of viruses. The 

Chalk, Permo-Triassic sandstone and the Jurassic limestone exhibit both fissure and intergranular flow.  

Fissures and abandoned wells can provide rapid routes for virus movement.  The unsaturated zone can 

play an important role in retarding viruses due to sorption at the air-water interface. However, vulnerability 

of the aquifer can be increased during high recharge events due to bypass flow and by mobilisation of 

sorbed viruses. 

The review of international literature focused primarily on studies published in the early 2000’s in the USA, 

including those by Borchardt et al. on the occurrence of enteric viruses detected in municipal wells fed by 
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the Mississippi River, Wisconsin.  More recent studies dealt with the occurrence of a wide range of enteric 

viruses in drinking water following contamination incidents in Finland and France.  The assumption that 

confined aquifers covered by low permeability aquitards are protected from viral contamination is 

discussed with reference to studies by Borchardt et al. (2007) in the USA.  Infectious echovirus 18 was 

found in a sample from the confined Mount Simon sandstone aquifer leading to the conclusion that natural 

fractures in the shale aquitard may have offered a virus transport pathway.  International studies involving 

the use of indicators and tracers for viral contamination are considered.  Research is cited into the co-

occurrence of viruses with microbial indicators such as Escherichia coli, total coliforms and somatic 

coliphages, as well as emerging organic compounds including ibuprofen and acesulphame.  

The review of literature from England and Wales is based on a source-pathway-receptor approach to 

assessing the risk of viral contamination.  The range of sources are discussed, including wells and 

boreholes, leaking sewers, land-based disposal of sewage sludge and the presence of open wells, and 

their daily and seasonal occurrence.  Evidence regarding the mobility of viruses within the sub-surface 

and their stability in groundwater is presented.  The value of tracers in understanding the transport of 

viruses is considered, including microbial tracers such as bacteria, yeasts, lycopodium spores and 

bacteriophages.  A number of studies are cited which use tracers to investigate the transport of viruses in 

the main UK aquifers.   A review of literature investigating viral transport in each of the main aquifer types 

in England and Wales includes work undertaken on the Triassic sandstone. Viruses have been recorded 

at depths of >50 m under Nottingham.  Recharge of sewage effluent into the Chalk provides some 

indication of attenuation of viruses in the unsaturated zone 

Research into the response of enteric viruses to various disinfection methods found that chlorine and 

monochloramine disinfection were effective for most types of virus with the exception of coxsackievirus.   

Disinfection susceptibility was markedly different between water types for some viruses, but no single 

environmental water type had consistently different inactivation rates.  Viruses have also been shown to 

persist to the prechlorination stage in UK water treatment works.   

The overall conclusions from the literature review are as follows: 

1. There are a large number of viruses which may have a water vector and these have been difficult 

to characterise in the past. Historical studies were focussed on surface water and analyses for 

viruses in tap water were not developed until the early 1970s. 

2. Transport of viruses in the subsurface is controlled by sorption to clay particles or organic colloids 

and inactivation influenced by moisture, pH, and temperature. Survival is greatest where there are 

limited predatory populations and in cool conditions as well as in the dark. Virus behaviour is likely 

to be site-specific. Some viruses, such as adenovirus, can persist in groundwater and in general 

they survive for longer than bacteria.  

3. Viruses in the subsurface predominantly relate to wastewater or from animal wastes.  Human 

sources of viruses could include inadequate sanitary completion of wells and boreholes, siting of 

wells too close to on-site sanitation, leaking sewers, or land-based disposal of sewage sludge.  

4. The unsaturated zone can play an important role in retarding viruses due, amongst other factors, 

to sorption at the air-water interface. However, vulnerability of the aquifer can be increased during 

high recharge events due to bypass flow and by mobilisation of sorbed viruses. 

5. Viruses are small and can penetrate the aquifer matrix, though travel times may then exceed virus 

survival. They may be excluded from the smallest pores and thus travel more quickly than solute 

tracers.  
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6. Karst features, fissures and abandoned wells can provide rapid routes for virus movement to 

aquifers. The principal aquifers of England can exhibit both intergranular and fissure flow. There 

is relatively little systematic evidence for virus occurrence in groundwater in England. Most of the 

existing data is derived from site investigations and is mainly for the Chalk and Permo-Triassic 

sandstone aquifers.  

7. Neither bacteria, such as E. coli, nor phages, may provide a surrogate for virus transport and 

evidence for their application for water contamination is contradictory. Indicators could be sewage-

related emerging contaminants, such as acesulphame or ibuprofen.  

8. Internationally, there have been documented outbreaks of water-borne viral infections associated 

with the consumption of untreated groundwater. Infection outbreaks may be associated with 

intrusion of human or animal waste due to heavy rain or to breakdowns in disinfection. Water 

quality, pH, temperature and disinfectant concentration affect disinfection efficiency for viruses. 

Viruses have been shown to persist to the prechlorination stage in UK sewage works.   

9. In their study of the occurrence of enteric pathogens in the environment and implications for water 

companies UKWIR (2013) note that the ‘ability to obtain pathogen occurrence data by monitoring 

is hampered by the lack of availability of suitable techniques for their recovery and detection in 

sources of water’.  Phages have been used as tracers in England but work has not been focussed 

on studying them in relation to other pathogens; rather for the identification of rapid pathways. It 

remains difficult to identify surrogates for viruses in groundwater as risk settings may be different 

from more-widely studied pathogens, such as coliforms or cryptosporidium. 

2.4 Questionnaire survey 

A questionnaire was prepared to collate data covering the following key areas: 

• Amount of groundwater abstracted; 

• Aquifers from which groundwater is abstracted; 

• Historic virus monitoring data; 

• Drinking water safety planning and the consideration of virus contamination risk; 

• Current data and virus monitoring activity; and 

• Requests for support to the monitoring programme stage of this research. 

Questionnaires were sent to 20 companies and 17 replies were received; a response rate of 85%. 

The only responding companies that confirmed existence of historic viral monitoring of both raw and 

treated water were Thames Water, Affinity Water and Sutton and East Surrey Water. Affinity Water and 

Sutton and East Surrey Water could not locate the data collected. Affinity referred to monitoring in the 

1980s.   

Over the period between 1985 and 2006 when groundwaters were included in the monitoring programme, 

out of a total of ~20,160 results Thames Water recorded a total of 11 positive virus detections from 7 chalk 

boreholes and one Oolitic limestone spring.   

The questionnaire survey indicated that routine viral monitoring is not being undertaken, and is therefore 

not considered to be part of drinking water safety planning.  Historically, monitoring was undertaken in the 

1980s but the data is predominantly unavailable. One off special research investigations into the presence 

of viruses in groundwater have been undertaken over the period 1990 through to present day.  
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The above analysis supports the picture presented by the literature review that the work undertaken in the 

1970s and 1980s (e.g. Holden 1970) closed down in the 1990s with the loss of a number of virology 

laboratories and has not been reinstated, other than individual research projects. 

With the focus taken off virus monitoring and onto water quality compliance with other parameters since 

1989, such as pesticides and cryptosporidium, it is possible that some water quality events attributed to 

cryptosporidium or bacteriological contamination could have been of a viral origin.     

3. Investigative Programme 

3.1 Sampling programme design 

The aim of the sampling programme was to investigate the presence of viruses in groundwater used for 

public supply in a range of settings.  To achieve this the sampling programme comprised a selection of 

ground water abstraction points representing the major aquifers of England and Wales but also covering 

a mix of rural and urban catchments and mains and private sewerage systems. Sites were sampled on 

four individual occasions at contrasting parts of the hydrological year.  A minimum of 8 sites were specified 

in the terms of reference for the project. 

3.2 Site selection 

Eight sites were selected to investigate virus occurrence across the major aquifers of England and Wales 

(Figure 3-1). These sites were distributed across the country with a bias towards aquifers that are most 

utilised for water supply. Three sites (1, 2, 5) were selected in different basins of the Cretaceous Chalk. 

The Chalk is the principal aquifer comprising 53% of total licensed groundwater abstraction in 1977 

(Monkhouse and Richards 1982) and the most important source of freshwater in North western Europe 

(Downing et al. 1993). Two sites (7, 8) were selected in different basins of the Permo-Triassic sandstone. 

It is the second most important aquifer accounting for 25% of licenced abstraction in 1977 in England and 

Wales (Monkhouse and Richards 1982) and covers large parts of West and Central Europe (Crampon et 

al. 1996). A further two sites (4 and 6) were located on Jurassic Limestones that comprises the third most 

important source of groundwater in the UK (Neumann et al. 2003). The final site (3) was located on 

Carboniferous Limestone.  

No samples were obtained from the remaining major aquifers: the Cretaceous Lower Greensand Group 

and Permian Magnesian Limestone (Allen et al. 1997). Virus transport over significant distances was 

deemed unlikely within the sands and clays of the Lower Greensand Group. No samples were obtained 

from the Magnesian Limestone as a range of other limestone aquifers of varying geological ages, hence 

fracture development, were already selected. 
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Figure 3-1 Locations of the eight sampling sites mapped on the outcrop of the four study aquifers. Sites 1a 
and 1b are within 8 km of each other and are not spatially distinguishable at this scale. 

The sites include two springs (2, 3) and five boreholes (1, 4-8) (Table 3-1). The rest water levels at the 

boreholes are shallow (<10 m from the surface), although the screens start up to 61 m below the surface. 

All sites, with the exception of Site 8, have overlying protective cover of between around 2 and 15 m, which 

is either sand/gravel (1, 2, 7) or silt/clay dominated (3, 4, 5, 6). Land use within 500 m of the sites can be 

classified as either rural (1, 3, 4, 6, 7) or urban (2, 5, 8). 

Site 1 comprised two separate boreholes (a and b) that are similar from a hydrogeological and microbial 

risk perspective (Table 3-1; Figure 3-2), and are 8 km apart. Site 1a was sampled at the beginning of the 

study before the site was out of operation, then Site 1b was sampled.
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Table 3-1 Site details, settings, and location of hydrological observations. 

Site Type Screen 

depth 

RWL Bedrock 

aquifer 

Overlying 

lithology 

Rural/Urban Hydrological Obs. 

1a Borehole 10-91 9-10 Chalk 10 m gravel & 

clay 

Rural Borehole 6 km 

1b Borehole 20-67 2 Chalk 3 m gravel & 

sand 

Rural Borehole 2 km 

2 Spring - - Chalk 7-10 m gravel & 

sand 

Urban Site discharge 

3 Spring - - Carb. Lst 2 m clay Rural Site discharge 

4 Borehole ?-10m 2-5m J. Lst 2m clay Rural Borehole 40 km 

5 Borehole ?-45m 8-31 Chalk 15m silt & clay Urban Borehole 11 km 

6 Borehole 12-42 1m J. Lst 10m mainly clay Rural Borehole 2 km 

7 Borehole 61-174 7m PT Sst 14m, mostly 

sand & gravel 

Rural Borehole 28 km 

8 Borehole 18-91m 1-2 m PT Sst None Urban Borehole 4 km 

Carb. Lst = Carboniferous Limestone; J. Lst = Jurassic Limestone; PT Sst = Permo-Triassic Sandstone; ? denotes unknown.



 

  

  

 

3.2.1 Hydrogeology 

The Chalk is a dual porosity soft white limestone comprising a low permeability matrix intersected by 

vertical joints and horizontal fractures. Groundwater recharge is generally considered to occur via piston 

displacement through the matrix, with episodic movement through joints/fractures during periods of 

intense rainfall occurring at times of high soil moisture content (Ireson and Butler 2011, Mathias et al. 

2005, Sorensen et al. 2015b). Water movement through the saturated zone is mainly through 

joints/fractures (Allen et al. 1997). The chalk is more karstified in some locations and groundwater 

velocities from 0.5-6.8 km/day have been reported from sinking streams to discharge locations (Maurice 

et al. 2010). Sites 1 and 2 are both located in areas of the Chalk where karstic features are mapped 

abundantly at the surface and tracer tests have demonstrated travel times from these features to the 

supplies of under 24 hours. There is no evidence that Site 5 is connected to surface karst, although 

features are mapped in the vicinity. 

The Permo-Triassic sandstones are predominantly interlayered sequences of pebbles, sands, and silts of 

varying cementation (Allen et al. 1997). Groundwater movement is typically through the matrix, although 

fracture flow can provide preferential flow paths on a local, or even regional, scale (Price et al. 1982).  

The Jurassic Limestones are relatively thin beds where groundwater flow is almost entirely through 

fractures/joints. Sites 4 and 6 are sited on the Jurassic Inferior Oolite Group and Lincolnshire Limestone 

Formation, respectively. Site 4 is 50 m upgradient from a spring, known to be hydraulically connected to 

the borehole, and historical records report it is drilled into an underground river. Site 6 is protected by 10 m 

of low-permeability deposits and receives recharge from the aquifer outcrop at least 1 km to the West that 

is likely to be through the soil given the lack of proximal sinking streams (Bottrell et al. 2000). Site 3 is a 

Carboniferous Limestone spring in the Yorkshire Dales where groundwater flow is almost entirely along 

solution-enhanced fractures, including caves (Allen et al. 1997, Worthington and Ford 2009). The 

Carboniferous Limestone has the largest fractures of any aquifer in the UK and is the endmember in terms 

of karstic features and behaviour (Atkinson and Smart 1981). 

3.2.2 Hydrological observations 

Hydrological observations comprising spring discharge and groundwater level data were collated from 

January 2010 until February 2020 (Table 3-1). Spring discharge data were collated for Sites 2 & 3 from 

water company records. It was not possible to utilise groundwater level observations from the borehole 

sites due to pump duty cycles, pump rotation, and longer periods of site shutdown. Consequently, 

regionally representative groundwater level data were retrieved from observation boreholes within 2-

40 km of the sites from a combination of Environment Agency flood and river level real-time data API 

(Beta), more historic Environment Agency data, and water company observation boreholes. 

3.2.3 Index organisms and microbial risk 

The sites are named sequentially 1-8 according to the likelihood of total coliform and E. coli presence over 

ten years of water company data between January 2010 and December 2019 (Figure 3-2Figure 3-2). Sites 

1a and 1b are the highest microbial risk sites with total coliforms and E. coli present in >99% and >96% of 

samples, respectively, and the sites behave similarly.  

The lowest risk sites (7, 8) are those in the Permo-Triassic sandstone. 3% of samples have tested positive 

for total coliforms at Site 7, but there is not a single positive detection at Site 8 that is located in the centre 

of a historic town, with no protective geology over the aquifer, and a shallow water table (Table 3-1). Small 

pore throats in the sandstone are likely to negate bacterial transport, which would explain no positive index 

organisms detects at Site 8. Occasional positive index organism detects at Size 7 are likely to be because 

fractures are providing preferential flow horizons within the environs of the site. 
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Sites with the greatest likelihood of the presence of index organisms also tend to have the highest 

maximum concentrations of the organisms. Maximum total coliform concentrations are 241900, 38700, 

72000, >1000, >100, 201, 116, 41, 0 cfu/100 mL at sites 1a-8, respectively. Maximum E. coli 
concentrations are 24200, 9210, 5700, >1000, 77, 60, 17, 6, 0 cfu/100 mL at sites 1a-8, respectively. 

 

Figure 3-2 Empirical cumulative density function plots of total coliforms and E. coli for each site over ten 
years between January 2010 and December 2019. Lines are coloured by aquifer type. Total coliforms n = 
392, 381, 483, 464, 786, 1197, 647, 964, 184 and E. coli n = 392, 381, 530, 464, 772, 545, 647, 964, 218 for 
sites 1a to 8, respectively. Steps in the curves once they have smoothed (for example at 101, 102, 202, 
103 cfu/100 mL at Site 2) are a result of multiple data being at a reduced upper limit of detection. Data were 
collated from water company records. 

3.2.4 Timing of sampling 

Sampling was conducted between 14th February 2019 and 28th January 2020 in four rounds (R1-4) (Figure 

3-3A). The sampling rounds targeted four distinct periods of differing microbial risk and hydrological 

conditions using ten years of E. coli data and hydrological observations, respectively (Figure 3-3 Figure 

3-3B; Table 3-1).  

R1 from mid-Feb until late-May was selected as the period of generally lowest microbial risk, which also 

generally coincides with peak, or close to, groundwater levels/spring discharge, with the exception of Site 

3 (Figure 3-3B). R1 occurred over the longest timeframe, due to site access agreements with the 

respective water companies at the start of the sampling campaign. 

R2 targeted mid-summer when microbial risks tend to be higher than Feb-May and groundwater 

levels/spring discharges are typically falling (Figure 3-3). The summer corresponds to a shift in rainfall 

patterns, with extreme rainfall more common, often convective, as a result of higher air and sea 

temperatures (Dunstone et al. 2018, Hand et al. 2004, Jones et al. 2013). These events can result in rapid 

surface water runoff, overwhelming of the wastewater drainage infrastructure, and flash flooding (Archer 

and Fowler 2018, Chan et al. 2016). Extreme summer rainfall is associated with the faecal contamination 

of public water supplies; for example, the 28th June 2012 supercell and other large storms in June and July 

2012 (Hannaford and Parry 2012, Marsh and Parry 2012, Parry et al. 2013) align with peak E. coli counts 

at Sites 2, 6, and 7.  

R3 was conducted towards the beginning of the hydrological year, when microbial risks are greatest at 

four of the sites (1a, 2, 4, 5) and notable in less frequently contaminated Sites 6 and 7 (Figure 3-3). At this 

time of year, groundwater levels/spring discharges are around their minimum, but soil moisture deficits 

are typically being overcome and the annual recharge season is commencing. R4 was undertaken at least 
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three months into the hydrological year, when groundwater levels/spring discharges have been rising 

rapidly and microbial risks are elevated. 

Samples were not obtained from Site 1a in R3 and R4, Site 4 in R2, and Site 6 in R3. Site 1a was not in 

operation during R3 and R4 due to elevated turbidity and Site 1b was sampled in R4 instead. Site 6 was 

shut down in R3 because of elevated levels of bacterial index organisms. Site 4 had been sampled in R2, 

but the filter cartridge was accidentally destroyed before extraction and there were no remaining filters to 

re-sample. 
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Figure 3-3 (A) Details of the virus RNA sampling campaign that was conducted in four rounds (R1-4). (B) 
Normalised mean monthly groundwater level/spring discharge and E. coli counts for sites 1a-7 over ten years 
between January 2010 and December 2019. Site 8 is not shown because it has never tested positive for any 
coliforms and the hydrograph has an average maximum and minimum in May and December, respectively. E. coli 
data were collated from water company records and hydrological data are as per the locations reported in Table 3-1. 

3.3 Sample collection method 

Virus RNA was concentrated by filtering through hollow fibre Asahi Polysulfone filters (Asahi Kasei, Oita, 

Japan). In sampling rounds R1 and R2 Rexeed-25A filters were used before the global unavailability of 



 

 

 

24 Defra Project No.: I-DEA 133/103/001 

 

the units forced a transition to Leoceed-21H filters in rounds R3 and R4. The two filters are identical with 

the exception of the housing diameters, and the membrane surface areas that are 2.5 and 2.1 m2 for the 

Rexeed-25A and Leoceed-21H, respectively.  It was not possible to compare the filters to determine 

whether there was a material impact on the sample results.  However, the only likely difference is 

considered to be a minor reduction in the likelihood of sampling genetic material using the Leoceed-21H 

filters due to the slightly smaller surface area.  Since virus RNA was found to be present in the samples 

collected following the change in filter type this is not considered to have materially affected the outcome 

of the study. 

A sampling rig was used that allowed a single connection to the raw water sampling tap, which then 

diverged into four separate lines to allow four filters to run in parallel to enhance the volume of water that 

could be filtered within the available timeframe (Figure 3-4). Each line also contained an analogue 

pressure gauge and ball valve to enable pressure regulation below 0.6 bar and ensure there was no risk 

of the filter membranes tearing. After filtration the four lines merged into a single outlet, which passed 

through a flow meter (Digiflow 6710M, Savant Electronics Inc., Taiwan) and then the water was directed 

to waste. Reinforced PVC tubing was used for all connections. The sampling rig was sterilised between 

uses by re-circulating boiling water with a peristaltic pump (410, Solinst, Canada) for one hour. 

 

Figure 3-4 The virus RNA sampling rig 

On arrival at each site, the raw water sampling tap was sterilised with >99.5% ethanol and the tap was run 

to waste for one minute. The rig was then connected to the tap and the tubing was flushed with the sample 

water for a further minute before the filters were attached. The aim was always to filter 1000L of water, 

though this was not always possible where water pressure was insufficient, particularly at gravity-fed 

springs (2, 3), or where site operations restricted the available filtration time. A median of 886 L of water 

was filtered with a range of 235-1039 L, which took between 2.75 and 6 hours. Following completion, the 

filters were transported in a cooler box to the laboratory where they were stored at 4oC.  

3.4 Laboratory analysis methodologies 

3.4.1 Analytical method 

The analytical method deployed for this project was quantitative polymerase-chain-reaction (qPCR). This 

technique was central to the AQUAVALENS research programme “Protecting the health of Europeans by 
improving methods for the detection of pathogens in drinking water and water used in food preparation” 
(Aquavalens 2015). This research aided the development of the qPCR methods for enteric viruses and 

those methods have been used in this work.  Real-time quantitative polymerase-chain-reaction (RT-qPCR) 

is now a standard technique offering simple methods for analysis of Deoxyribonucleic acid (DNA) and 

Ribonucleic acid (RNA) molecules and is used for various applications in microbiological research (Nolan 

et al, 2013).   
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On return of the filters from the field filtration process described in section 3.3, a three stage process of 

sample preparation is undertaken before the RT-qPCR analysis. The three stages are:  

- Back-flushing of the field filters; 

- Secondary concentration by polyethylene glycol (PEG) precipitation; and  

- Nucleic acid extraction followed by RT-qPCR analysis of the samples.  

Pathogens were recovered from the cartridge by back flushing the filter with 250ml of a sterile buffer 

containing Antifoam, 0.01% Tween 80, and 0.01% Sodium Hexametaphosphate solution. Approximately 

400ml-500ml of sample was recovered at this primary concentration stage. 

The samples were further concentrated in the second stage by Polyethylene Glycol (PEG) precipitation 

and centrifugation. The sample was mixed with a PEG-precipitation buffer and 37.5% (w/v) solution of 

beef extract in deionized water. The sample was incubated overnight at 4°C. The samples were then 

centrifuged at 12 000xg for 40 minutes at 4oC to produce a pellet. This will concentrate all microorganisms 

in the eluted sample. Supernatant was aspirated off and the pellet was resuspended in 1.5-4 ml 

resuspension buffer (0.001% Antifoam, 0.01% Tween 80 solution in PBS ).   The volume was kept as small 

as possible but varied depending on the size of the pellet produced. The volume of the suspension was 

recorded, before being transferred to a 7ml bijoux bottle and stored at -80oC until ready to extract the 

nucleic acid. 

The nucleic acid extraction involves 4 steps: Lysis (the disintegration of any cells present by rupture of the 

cell wall or membrane); binding; washing; and finally an elution stage when the eluted nucleic acids are 

finally isolated ready for RT- qPCR analysis (see section 3.4.3 below). Total nucleic acid extractions were 

performed to capture DNA from all pathogens as well as RNA from RNA viruses. Extractions were 

performed in batches. Samples were lysed using UNEX lysis buffer and Proteinase K. Lysed samples 

were mechanically lysed using glass beads glass beads and zirkonia beads in a fast prep bead beating 

instrument. The samples were then transferred to a silica nucleic acid extraction column in a collection 

tube (Qiagen). The sample on the column was washed with ethanol before being eluted in DNA and RNA 

free water.  Samples were stored at -20°C for up to 3 months or at -80°C for later use. 

All methods are provided in detail in Appendix 3.  Proprietary kits for qPCR analysis are now available 

from several suppliers, and these were used for this study.  Those used are presented in Table 3-2. 

Table 3-2: qPCR kits and manufacturers 

 Biomerieux Genetics PCR 

Solutions 

Primer Design Ltd 

Hepatitis A Ceeram 

Tools/ Q Std 

X   

Norovirus GI Ceeram 

Tools/ Q Std 

X   

Norovirus GII Ceeram 

Tools/ Q Std 

X   

Human Adenovirus F 

(40/41) 

  X  

Hepatitis E   X  
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 Biomerieux Genetics PCR 

Solutions 

Primer Design Ltd 

Rotavirus Type A   X  

Enterovirus Advanced     X 

 

3.4.2 Quality Assurance: Controls 

Control samples were inserted into all sample runs.  Controls are used to determine that the analysis is 

running correctly and that there is no contamination. Controls include all PCR reagents except for the 

template. This is a standard negative control used to identify set-up contamination and any potential by-

product produced by the polymerase chain reaction (PCR). All control samples gave expected results.  

3.4.3 Marginal and definitive detections 

The most important measurement is known as the CT value. This is the cycle number at which a signal is 

detected in the qPCR analysis procedure. More accurately, it is defined as the number of cycles required 

to produce a constant emission of fluorescence. The constant fluorescent emission is recorded relative to 

a defined threshold setting and the cycle number at which the fluorescence generated crosses the 

threshold is the reaction. This number can help determine whether a result is real. A low CT means that 

the product is detected earlier in the cycling program, this generally means that there is a larger 

quantity/higher concentration of the gene of the virus of interest/target gene in the sample (Classed as a 

definitive detection in this work). Samples where the CT is high have lower concentrations.  When the CT 

is detected close to the end of the program the result is therefore more questionable. Possibly a positive 

or false positive result. Each kit used has a specific CT value specified. Positive (or definitive results are 

detected early and before the CT number specified). Later and nearer the specified CT number the result 

has been defined as marginal in this work).  

• GPS have a cycle number (CT) of 40 (Rota virus A, Hepatitis E, Human Adenovirus F)  

• Biomerieux have a cycle number (CT) of 45 (Norovirus G1, Norovirus GII, Hepatitis A)  

• Primer design have a cycle number (CT) of 50 (Enterovirus)  

The analysis in this work assumes definitive positive results will be seen 5 cycles before the end, and 

anything amplified after this is marginal positive. 

3.4.4 Bacterial index organisms sampling and analysis 

A sample for total coliforms and E. coli was collected after the virus sample in a 1L PET sample bottle 

(VWR, Cat No. 331-0269) for the first 12 of the 29 samples. These samples were analysed at the University 

of Surrey by Colilert-18/Quanti-Tray method (ISO 9308-2:2012) before enforced closure of the laboratory 

by the university.  

Following closure of the laboratory, the project was reliant upon the routine raw water sampling and 

analysis undertaken by the water companies (SCA 2009). Of the 17 water company samples, five were 

taken on the same day, five within 18 hours, and three within 42 hours of the virus sample. Of the remaining 

samples, three were taken 3-5 days apart from the virus sample, but these were at Sites 7 and 8 where 

index organisms are very rarely or never recorded and were all negative.  Finally, four days either side of 

the R3 virus sample at Site 3 two index organisms samples were both positive.  
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3.4.5 Statistical analyses 

All analysis was conducted in R version 3.4.0 (R Core Team 2017) and figures were produced using the 

ggplot2 package (Wickham 2016). Bacterial index organisms were assessed as predictors of virus RNA 

presence/absence using logistic regression models developed using the core command glm. Models were 

evaluated in terms of significance, true-positive rate (sensitivity), false-positive rate, true-negative rate 

(specificity), and false-negative rate. 

To contextualise the hydrological conditions at the point of sampling, monthly standardised groundwater 

indices (SGIs) (Bloomfield and Marchant 2013) were calculated using the hydrological observations (Table 

3-1).  However, instead of the inverse normal distribution applied by Bloomfield and Marchant (2013), we 

employed an inverse uniform distribution between 0 and 1, so SGIs were more easily interpretable. Before 

estimating SGIs, gaps of three and two months in observations near sites 1 and 6 were infilled by linear 

interpolation. SGI was calculated by splitting data from each site into mean observations for each calendar 

month, these were ordered and assigned a rank, an inverse uniform cumulative distribution function was 

applied, and the normalised monthly indices were merged to form a continuous SGI time series. Therefore, 

a value of 1 refers to groundwater levels/spring discharge being at a monthly high over the ten year period. 

3.5 Description of observed results 

3.5.1 Virus occurrence 

Virus RNA was detected at 7/8 sites, in 34% of samples, and 17% of samples tested positive for multiple 

types of virus RNA (Figure 3-5Figure 3-5). Hepatitis A was the most frequently detected RNA (24% 

samples, 75% sites), followed by Norovirus GI (14% samples, 38% sites), Hepatitis E (10% samples, 38% 

sites), and single detections of Human Adenovirus F and Norovirus GII. There were no positive detections 

of either Enterovirus or Rotavirus A. Hepatitis E RNA co-occurred with Hepatitis A RNA on all occasions, 

although there were no consistent patterns of co-occurrence amongst other viruses. 

Hepatitis A is the only virus RNA to be detected in sequential samples, occurring in R2 and R3 at Site 2, 

though is absent in R1 and R4. Norovirus GI is the only other virus RNA detected multiple times at the 

same site, occurring at fifty times the concentration in R4 (January) than R1 (April) and was absent in 

between (R2 and R3). The three highest concentrations of any single virus RNA all relate to Norovirus GI 

at concentrations up to 3.0 X 109 copies per 10L (Table 3-2). 
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Figure 3-5 Concentration of eight target virus RNA across the sites for all sampling rounds (R1-4). 
Concentration is colour coded by aquifer type and a definitive positive is denoted by ‘*’. Samples were not 
obtained from Site 1a in R3 and R4, Site 4 in R2, and Site 6 in R3. 

Seven sites tested positive for virus RNA on at least a single occasion (Figure 3-5). Therefore, virus RNA 

was present in all four aquifers, beneath both rural and urban land uses, and across a range of microbial 

risk settings (Figure 3-2Figure 3-2;Table 3-1). The lowest microbial risk location according to historic index 

organism data (Site 8), was the only location testing negative for virus RNA throughout the study. Hepatitis 

A was the only virus RNA detected in all four aquifers. 

Virus RNA was most prevalent during sampling rounds R3 and R4 (Figure 3-5). Eight of the ten virus RNA 

positive samples and the only ones testing positive for multiple types of virus RNA occurred in rounds R3 

and R4. Furthermore, the highest concentrations of all five detected viruses was during these rounds.  

Table 3-3 Positive virus RNA detections. A definitive positive is denoted by ‘*’. 

Site Date Round Detected virus RNA Copy numbers  

(per 10 L) 

7 03/04/2019 1 Norovirus GI 4.2 X 106 * 

2 10/07/2019 2 Hepatitis A 1.4 X 106 * 

2 29/10/2019 3 Hepatitis A 7.3 X 102 

3 14/11/2019 3 Hepatitis A 2.8 X 104 * 

4 05/11/2019 3 Norovirus GI 3.0 X 109 * 

5 30/10/2019 3 Hepatitis A 1.5 X 106 * 

5 30/10/2019  Hepatitis E 5.3 X 105  
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Site Date Round Detected virus RNA Copy numbers  

(per 10 L) 

1b 29/01/2020 4 Human Adenovirus F 1.2 X 107 * 

   Hepatitis A 5.3 X 106 * 

4 15/01/2020 4 Hepatitis A 1.1 X 103 

   Hepatitis E 1.9 X 108 * 

6 22/01/2020 4 Norovirus GI 5.0 X 108 * 

   Norovirus GII 2.2 X 103 

7 07/01/2020 4 Hepatitis A 1.1 X 105 * 

 07/01/2020  Hepatitis E 9.7 X 106 * 

 07/01/2020  Norovirus GI 2.1 X 108 * 

 

3.5.2 Viruses related to recent groundwater recharge 

Ninety percent of virus RNA detections were associated with a rising groundwater level/spring discharge 

(Figure 3-6). R1 samples were collected around peak groundwater level/spring discharge, with only a 

sample at Site 7 testing positive for any virus - Hepatitis E RNA (Figure 3-5Figure 3-5). This positive 

sample was taken when the site was responding to recharge from several low-pressure systems bringing 

persistent heavy rainfall that resulted in local pluvial flooding (Turner et al. 2019). Site 2 contained the only 

positive detect on the falling limb of a hydrograph, occurring in R2. The majority of detections were in R3 

and R4, after the main 2019/20 recharge season commenced consistently across the sites in late 

September.  
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Figure 3-6 Presence or absence of virus RNA plotted on min-max normalised hydrographs for all sites. 
Each aquifer is grouped into a separate subplot and areas outside of sampling rounds are greyed. There is 
a gap in the hydrological data at Site 4, which covers R2, and linear interpolation was used to infill following 
confirmation that there was a rise in water level at the next nearest observation borehole (E4473).  
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3.5.3 Virus RNA relationship to bacterial index organisms 

Significant logistic regression models cannot be developed for total coliforms (p-value 0.251) or E. coli (p-

value 0.147) as single-predictors of the presence-absence of virus RNA. Sensitivity for total coliforms and 

E. coli are 70 and 60%, respectively (Figure 3-7Figure 3-7). Specificity for total coliforms and E. coli are 

53 and 68%, respectively.  

All sites (1-7) with previous evidence of total coliforms and E. coli  (Figure 3-2) tested positive for virus 

RNA in at least one sampling round. These sites all tested positive for total coliforms and all but Site 7 

tested positive for E. coli between February 2019 and January 2020. Site 8 with no previous evidence of 

any coliforms showed no evidence of virus contamination.  

 

 

Figure 3-7 Total coliforms and E. coli as predictors of virus RNA presence/absence. TN = true-negative, FP 
= false-positive, TP = true-positive, FN = false-negative. 

 

3.6 Discussion   

3.6.1 Hepatitis A 

Hepatitis is a major waterborne disease resulting in fever, pain, malaise, diarrhoea, vomiting, and jaundice 

(Pinto and Saiz 2007). Hepatitis A was associated with 50% of global hepatitis cases in 2008 (Bosch et al. 

2008). In high-income countries, Hepatitis A infections are considered uncommon and typically considered 

to be imported from low-income countries where the virus is endemic, and sanitation and hygiene may be 

poor, although outbreaks in certain at-risk groups do occur (Carrillo-Santisteve et al. 2017, PHE 2013). In 

2018, Public Health England confirmed 452 cases and reported that cases have been falling from a peak 

in incidence in 1990 of 7545 cases (PHE 2019). The lack of confirmed cases amongst the population 

raises the question of why Hepatitis A was the most commonly detected virus RNA in our study.  

Firstly, infections are frequently asymptomatic or subclinical, particularly amongst children, and are likely 

to be underreported (Matin et al. 2006, PHE 2019). For example, a 2008 blood donor study in Southwest 

England demonstrated an incidence of 0.4% in 4503 assays (Dalton et al. 2008). Secondly, viruses are 

shed in large numbers from infected individuals and are frequently detected in sewage and surface water 

samples in high-income countries. (Hellmér et al. 2014, Pellegrinelli et al. 2019, Pina et al. 2001). Thirdly, 

Hepatitis A has been detected in groundwater in other high-income countries (Borchardt et al. 2003, Serres 



 

 

 

32 Defra Project No.: I-DEA 133/103/001 

 

et al. 1999, Shin et al. 2017); notably 8.6% of 150 public water supply boreholes spread across 35 states 

of the USA (Abbaszadegan et al. 1999). The virus’s occurrence in groundwater has been attributed to its 

enhanced mobility through the unsaturated zone and its persistence in the environment compared to other 

enteric virus (Borchardt et al. 2003, Sobsey et al. 1986). Indeed, Hepatitis A was the only virus RNA 

detected in all four aquifers. 

Hepatitis A has been responsible for multiple virus-related groundwater outbreaks globally (Murphy et al. 

2017) and was the most common pathogen (8.5% of those with known etiology) linked to outbreaks in 

untreated groundwater supplies in the USA between 1971 and 2008 (Wallender et al. 2014). The virus 

has also been one of the most common causes of infectious disease outbreaks related to drinking water, 

both surface water- and groundwater-derived, in Canada between 1971-2001 (Schuster et al. 2005).  

3.6.2 Hepatitis E 

Hepatitis E is an emerging threat in high-income countries and the main cause of acute hepatitis 

worldwide, with an estimated 20 million people infected annually, (Fenaux et al. 2019, Hakim et al. 2017). 

In high-income countries, there is a shift in human infections towards zoonotic genotypes (GIII and IV), 

that also occur in swines (Pavio et al. 2015). Runoff from swine farms, runoff from land treated with pig 

slurry, and wastewater from slaughterhouses can introduce Hepatitis E into the aquatic environment 

(Fenaux et al. 2019, Givens et al. 2016, Krog et al. 2017). Nevertheless, the human source is also 

appreciable and 93% of untreated sewage samples from Edinburgh’s domestic sewage works, receiving 

no agricultural effluent or runoff, tested positive for Hepatitis E over a period of six months (Smith et al. 

2016). Whilst infections are often linked to the consumption of pork and shellfish (Fenaux et al. 2019, Said 

et al. 2014), in France, the consumption of bottled water has been shown to be a significant protective 

factor (Mansuy et al. 2016).  

In England, Hepatitis E infections are increasing year-on-year with numerous indigenously acquired 

infections (Ijaz et al. 2014). A recent study of 225,000 blood donations in Southeast England demonstrated 

3.5% of donors were viraemic (Hewitt et al. 2014). Therefore, there is a large source within the human 

population. Agricultural sources could also be contributory, but the co-occurrence of Hepatitis E and 

Hepatitis A RNA does indicate those sites testing positive for Hepatitis E RNA, both in rural and urban 

areas, were impacted by human waste. There appears a lack of comparable studies who have either 

investigated or documented Hepatitis E in groundwater in high-income countries, despite the consumption 

of groundwater being suggested as a potential pathway (King et al. 2018). 

3.6.3 Norovirus 

Acute gastroenteritis causes the second greatest burden of all infectious diseases globally and 

noroviruses are estimated to account for 20% of all cases (Ahmed et al. 2014). Globally, norovirus is the 

most frequently responsible enteric pathogen for disease outbreaks relating to groundwater in the 

academic literature (Murphy et al. 2017), including examples from the USA (Borchardt et al. 2011, 

Parshionikar et al. 2003), France (Gallay et al. 2006), and South Korea (Kim et al. 2005). In the UK, there 

are estimated to be around 3 million cases per year of gastroenteritis resulting from Norovirus (Tam et al. 

2012). Norovirus GII can also occur in livestock populations. 

Norovirus is commonly detected in treated wastewater and rivers in the UK (Lowther 2011, Merrett et al. 

2013, Palfrey et al. 2011), and has been confirmed in groundwater (Powell et al. 2003). Therefore, our 

results are supported by the prevalence of norovirus within the UK population and aquatic environment, 

as well as its common occurrence in groundwater in high-income countries. UK infections also show 

pronounced seasonality year-on-year: typically being highest from November through to April (PHE 2020). 

This seasonality matches the occurrence of Norovirus GI and GII RNA in our data, with detections only in 

January, April, and November. 
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3.6.4 Viruses most prevalent in recharge season 

Viral contamination was transient, with limited evidence for sequential detections of the same virus RNA, 

which is consistent with a study of 50 wells sampled in four different seasons in USA (Borchardt et al. 

2003). There is limited evidence to indicate virus RNA is persisting in the sampled locations for long 

periods, with virus RNA arriving when groundwater was responding to recharge. If this RNA is transported 

directly from recent sources at the surface, then the associated viruses are more likely to be infectious. 

However, the viruses could equally be re-mobilised from the unsaturated zone, or emanate from older 

sources, which could be treated in the case of certain effluent, and may be non-infectious.  

3.6.5 Viruses transported by preferential flow 

The most commonly detected virus RNA, Hepatitis A, Hepatitis E and Norovirus GI, was all detected at 

Site 7, which has the deepest screen, demonstrating RNA transport to at least 60 m below the ground 

surface in a sandstone aquifer. The absence of E. coli throughout the sampling period highlights that the 

virus RNA is more easily transported than index organisms here. This RNA could potentially have been 

transported through the pores of the sandstone, as viruses are small enough to enter the aquifer matrix 

whereas bacteria are not. However, the travel time to 60 m is likely to be excessive for the survival of virus 

RNA and transport through fractures is deemed more likely and has been hypothesised as the mechanism 

of microbial transport to depth elsewhere in the aquifer (Morris et al. 2006). Virus RNA at the other six 

positive sites are also likely to be have been transported through fractures, given the hydrogeology, depth 

to screen, and seasonal occurrence during the recharge season. There is no evidence for preferential flow 

at Site 8 where virus RNA was absent, with no previous positive detections of coliforms despite the urban 

and shallow water table setting. 

The different location settings were nearly all susceptible to the transmission of virus RNA. These results 

indicate that the immediate environs of the location do not relate to virus risk: be that urban/rural setting 

or protective overlying geology (including 15 m of silt and clay). This is likely to reflect the nature of rapid, 

preferential flow paths in both the unsaturated and saturated zone, which are capable of delivering viruses 

from where sources are present and protective cover is lacking or can be bypassed. Furthermore, 

differences in sorption capacity between aquifers, overlying deposits, and their associated soils appear 

unimportant because virus RNA was omnipresent across aquifer settings, although only Hepatitis A was 

present in all four aquifers.  

3.6.6 Temporal representativeness of results 

The study period encompassed two contrasting recharge years: below normal in 2018/19 followed by 

exceptionally high in 2019/20 when the majority of viruses were detected. Winter and early-spring rainfall 

in 2018/19 was below average across the study area (Barker et al. 2019, Turner et al. 2019) resulting in 

subdued groundwater recharge and groundwater level/spring discharges typically being below normal 

during round R1 (Figure 3-8).  

Contrastingly, June to October 2019 was the wettest on record in England and Wales over last 50 years, 

with the exception of 2012 (Parry et al. 2019), with persistent heavy rainfall continuing during November 

(Muchan et al. 2019). During November, substantial 24h rainfall events were recorded near some of the 

sampling sites; for example, a 1 in 40 year return period event of 78 mm close to Site 7 on 7th November. 

These events resulted in serious flooding across the centre and north of England, including watercourses 

in the environs of Site 6, Site 8, and record daily and peak flows in the major watercourse proximal to Site 

7 (River Don, records >50 years). Consequently, groundwater levels/spring discharges transitioned from 

generally below normal in round R2 to well-above normal by round R3. Notably conditions reached record 

peaks (2010-2019) at Sites 6 and 7 (Figure 3-8), and their second highest at Sites 2 and 4, with only 2012 

that is the wettest year on record in England, being higher. In December, rainfall was still above average 

over much of the study area, excluding Site 3, and was 150% of the mean around Site 1 (Turner et al. 

2020), although was more normal in January (Barker et al. 2020). As a result, groundwater levels/springs 
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discharges continued to receive recharge and increased during round R4 (Figure 3-6Figure 3-6), typically 

maintaining exceptionally high conditions (Figure 3-8).  

It is possible that the exceptionally wet conditions encountered prior to and during the 2019/20 recharge 

season (R3 and R4) enhanced the transport of virus RNA to groundwater, particularly given the identified 

association of virus RNA with recharge. It is also possible that virus contamination follows the same 

seasonal pattern year-on-year and the enhanced precipitation diluted existing sources of viruses arriving 

at the water table. The only available evidence to support either of these two arguments comes from index 

organism data. However, total coliforms and E. coli were typically close to or below monthly means during 

the study period (Figure 3-9), hence there is no strong evidence of the meteorological conditions 

enhancing or diminishing faecal contamination of the sites during the study period.  
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Figure 3-8 Monthly standardised groundwater indices (SGIs) for the study period determined using data 
from January 2010 until January 2020. Each aquifer is grouped into a separate subplot and areas outside 
of sampling rounds are greyed. Site 8 is not shown because historical records were not available from the 
relevant Environment Agency region due to restricted access to data by staff working from home. A 
horizontal line is shown at SGI = 0.5 to illustrate average monthly conditions. 
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Figure 3-9 Monthly mean and range in indicator organisms for sites 1a-7 for the study period (February 
2019 to January 2020) contextualised against historical data from January 2010 to January 2019: (A) total 
coliforms and (B) E. coli. Site 8 is omitted as no coliforms have been detected at the site. 

3.6.7 Viral indicators 

The lack of relationship between either total coliforms and E. coli and virus RNA on an individual sample 

basis in our study is supported by previous meta-analyses (Fout et al. 2017, Wu et al. 2011). Fout et al. 
(2017) compiled data from twelve groundwater studies and demonstrated total coliforms and E. coli had 

very low sensitivity (12 and 2%), but higher specificity (88 and 97%), respectively, for the prediction of 

viruses by molecular methods. Sensitivity was also similarly poor for viruses tested for by culture methods. 

Furthermore, this meta-analysis demonstrated somatic phages are comparable to E. coli as viral indicators 

in groundwater.  

Total coliforms and E. coli appear to have merit for evaluating whether a site is at-risk or not of virus 

contamination and all sites in our study could be correctly classified using historical data. The presence of 

these indicators would confirm a potential rapid pathway to the (near-) surface and potential sources of 

viruses in the environment. The availability of long-term records (10+ years) for this purpose is invaluable 

because viral sources can be transient and rapid pathways more likely to be active during extreme 

hydrological conditions. Strong support for the use of virus risk classification using E. coli is provided by 

Fout et al. (2017) who demonstrated a specificity of 94% for E. coli prediction of viruses by molecular 

methods at the site level. We consider this high specificity at the site level to be the main contributor to the 

high specificity  estimated at the individual sample level in their dataset. Sensitivity remains very low (12%), 

with abundant false-positives, hence why E. coli is not suitable to be used as a viral indicator at the sample 

level. 
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The lack of co-occurrence amongst virus RNA provides no evidence that certain viruses, such as 

Enterovirus (Hot et al. 2003), can be used as indicators of a broader range of viruses. Alternative proposed 

viral indicators include emerging organic contaminants associated with sewage, including ibuprofen (Allen 

2013), or tryptophan-like fluorescence that can be measured in real-time, and is a more mobile and 

resilient microbial indicator in groundwater than bacterial index organisms (Sorensen et al. 2015a, 

Sorensen et al. 2018). 
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4. Risk Assessment 

4.1 Introduction 

The data collected uses the most current sampling and analytical techniques developed by the University 

of Surrey and the British Geological Survey. However, the data is limited and does not permit the 

production of a detailed quantitative risk assessment of water supplies in England and Wales as the 

frequency and scale of sampling is limited in this initial research programme. Therefore, this report 

provides a generic risk assessment methodology based upon previoulsy applied methods deployed in the 

UK by the DWI for other bacteriological contaminants and as required by current regulation. This chapter 

draws upon and references work already conducted in other elements of the research programme. In 

particular the literature review (Section 2.3 and Appendix 1) provides details on the hydrogeological 

properties of and the fate and presence of viruses in the aquifers of England and Wales. 

4.2 Risk assessment methodology 

The risk assesment methodology has been developed using previously adopted groundwater and drinking 

water risk assessment methods and has involved the following: 

• Reviewing previously used risk assessment methods for groundwater contamination, 

bacteriological and public health protection;  

• An understanding of the viruses that have been analysed and detected in groundwater, in 

particular likely sources; 

• A review of the possible and probable routes that viruses could be transported from sources to 

public water supply abstraction boreholes; 

• The development of a conceptual model that covers the source pathway receptor approach for 

virus risk; and  

• The development of a flow diagram from viral source to abstraction borehole for the basis of a 

qualitative assessment of risk upon which a more detailed monitoring programme could be 

based for both future research and the surveillance of water supply sources in England and 

Wales.  

4.3 Review of risk assessment methods 

The objective of a risk assessment is to permit both regulatory standards and customers’ reasonable 

expectations to be met and through the risk(s) identify where interventions to reduce risk to acceptable 

levels are required or where additional data is required to improve the accuracy of the risk assessment 

outcomes. Risk assessment methodologies exist at various levels of sophistication (Pollard et al. 1995) 

and their application should be commensurate with: 

• The magnitude and significance of the risk under investigation; 

• The sensitivities of the risk source; pathways and receptors (DETR 2000, DoE 1995); and 

• The quality of the data available. 

There are many different approaches to risk assessment and many different ‘models’; qualitative, semi-

qualitative and quantitative (deterministic and probalistic) that can be and have been applied before to 

both environmental and water quality risk evaluations. The risk assessment is often limited, particularly 

when the risk assessment is for a group of pathogens (e.g. viruses) or a new novel pathogenic agent like 

Bovine Spongiform Encephalopathy (BSE) (Gale et al. 1998). Microbiological infection risk assessment 

models are commonly probalistic and consider the risk of human exposure. The first which looked 

quantitatively at microbial risks associated with drinking water was by Haas (1983). This was a beta-
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Poisson model which best described the probability of infection. This was further developed by Haas in 

1993 (Haas et al. 1993) to estimate the risk of infection, clinical disease, and mortality from hypothetical 

virus levels in drinking water. More recently, the lack of evidence of the removal or inactivation of viruses 

in commonly used surface water drinking water treatment processes has been highlighted as a limitation 

to quantitative risk assessments (Teunis et al. 2009). Azadpour-Keeley et al (2005) reviewed nineteen 

predictive virus transport codes. However, this extensive review concluded that the results depended on 

the understandng of the conceptual model as well as the quality and availability of input data.  

Any of these methods could be applied to quantify the human health risk associated with viruses being 

present in public supply groundwater sources before and after disinfection in the UK. However, the amount 

of reliable data available from the UK is extremely limited, and the results would be highly dubious and 

unreliable to base any significant conclusions. Unfortunately, the scale and scope of the data collected 

from this specific study is also insufficient to bridge this gap and to permit the quantitative evaluation of 

risk and therefore, a qualitative risk assessment is recommended.   

Many models in water quality assessment of groundwater use the source pathway receptor approach – 

and build a conceptual understanding of risks LPC (1997) and Lytton et al (2003). Therefore, the evaluation 

of the ‘risk’ to public groundwater supplies from viruses presented here uses this source pathway receptor 

approach. Such an approach aligns with risk methodologies already used for regulatory approvals to 

assess discharges to groundwater (Environment Agency 2020) and previous pathogen water quality 

assessments such as cryptosporidium (Boak and Packman 2001, Bouchier 1998, Morris and Foster 2000). 

The Bouchier Report (1998) recommended that water companies should systematically assess and rank 

the potential risk of groundwater contamination by cryptosporidium by applying a source pathway receptor 

risk assessment. This risk assessment methodology aligns with that for the recent Drinking Water Safety 

Plan approach, which enforces Regulation 27 of the Water Supply (Water Quality) Regulations 2016 

(HMSO 2016). The Drinking Water Safety Plan (DWSP) approach suggests the most effective way of 

ensuring that a water supply is safe for human consumption and that it meets the health-based standards 

and other regulatory requirements in that risk is considered from source through any pathway to the 

receptor (the customer). Catchment protection, monitoring changes in quality and treatment are the 

management actions that either control the risk or barriers that break the source pathway receptor 

linkages. The DWSP approach puts as much emphasis on assessing and managing risk in the catchment 

as on treatment and distribution controls. 

Therefore, a source pathway  receptor risk assessment could be used to support in part the meeting of the 

wholesomeness requirement outlined in Regulation 4 of the Water Supply (Water Quality) Regulations  

(HMSO 2016) and the Water Supply (Water Quality) Regulations 2018 (Wales) (HMSO 2018)(. This 

regulation states that water supplied should not contain any micro-organism (other than a recognised 

parameter (of which viruses are not included)) or parasite, at a concentration or value which would 

constitute a potential danger to human health.  

4.4 Source-Pathway-Receptor risk assessment model for viruses 

This section provides details relevant to each of the elements of the source pathway receptor risk 

assessment and applicability to the risk assessment of viruses reaching public supply groundwater 

abstraction points.  

4.4.1 Sources 

The field sampling programme conducted by the British Geological Survey (BGS) collected groundwater 

samples from public water supply boreholes. These were analysed for: Adenovirus 40/41; Enterovirus; 

Hepatitis A; Hepatitis E; Norovirus GI; Norovirus GII; and Rotavirus. The potential sources of these viruses 

in groundwater are discussed in Table 4-1.  
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Table 4-1: Sources of the investigated viruses. 

Virus Virus source details Potential virus 
source  

Enterovirus 

 

The genus Enterovirus (EV) of the picornavirus family contains 
many important human pathogens, which are among the most 
common infections in mankind (Linden et al. 2015).  
Enteroviruses include: 

• Coxsackieviruses A1 to A21, A24, and B1 to 6; 

• Echoviruses (enteric cytopathic human orphan viruses) 
1 to 7, 9, 11 to 21, 24 to 27, and 29 to 33; 

• Enteroviruses 68 to 71, 73 to 91, and 100 to 101; and 

• Polioviruses types 1 to 3. 

Infection is usually transmitted by direct contact with respiratory 
secretions or faeces but can be transmitted by contaminated 
environmental sources (e.g. water). Enteroviral diseases or 
epidemics in the United States of America are more common in 
summer and fall (Tesini 2019). 

Sewage/Wastewater 

and cemeteries* 

Human 
Adenovirus  
(Type F, 
Species 
40/41). 

Adenovirus is unusually resistant to chemical or physical agents 
and adverse pH conditions, allowing for prolonged survival 
outside of the body. Adenovirus has been shown to be resistant 
to both tertiary treatment and UV radiation of urban wastewater 
(Thompson et al. 2003, Thurston-Enriquez et al. 2003).  

Adenoviruses are transmitted by direct contact, faecal-oral 
transmission, and occasionally waterborne transmission. 
Adenoviruses have been found to be prevalent in rivers, coastal 
waters, swimming pools, and drinking water supplies worldwide. 
The adenovirus is persistent and present in the wastewater 
polluted aquatic environment (EPA 2011, Farkas et al. 2018).  

Sewage/Wastewater 

and cemeteries* 

Hepatitis A The virus is primarily spread when an uninfected (and 
unvaccinated) person ingests food or water that is contaminated 
with the faeces of an infected person. The disease is closely 
associated with unsafe water or food, inadequate sanitation, 
poor personal hygiene and oral-anal sex. 

Hepatitis A viruses persist in the environment and can withstand 
food-production processes routinely used to inactivate and/or 
control bacterial pathogens (WHO 2019a).  

Sewage/Wastewater 

and cemeteries* 

Hepatitis E The virus has at least 4 different types: genotypes 1, 2, 3 and 4. 
Genotypes 1 and 2 have been found only in humans. Genotypes 
3 and 4 circulate in several animals (including pigs, wild boars, 
and deer) without causing any disease, and occasionally infect 
humans. The virus is shed in the faeces of infected persons. It is 
transmitted mainly through contaminated drinking water (WHO 
2019b).  

Sewage/Wastewater 

Norovirus 

GI/GII 

Noroviruses are relatively resistant in the environment, being 
able to survive freezing as well as high temperatures (up to 
60°C). The viruses survive long periods on different surfaces. It 
is also recorded the viruses can survive in up to 10 ppm 
chlorine, well in excess of levels routinely present in public 
drinking water systems (less than 2 ppm). Untreated (screened) 

Sewage/Wastewater 
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Virus Virus source details Potential virus 
source  

sewage has been found to contain mean levels of total NoV (GI 
plus GII) ranging from 102 to 104 genome copies/ml. ECDC 
(2020a) (Campos and Lees 2014), GI, GII and GIV are human 
infective strains of Norovirus. With GII having swine derivatives 
and GIV canine derivatives (Patel et al. 2009).  

Rotavirus A Rotaviruses are mainly transmitted from person-to-person 
through the faecal-oral route, but transmission may also occur 
through contaminated objects (e.g. door-handles, water-taps, 
toilet-seats and toys), airborne droplets and contaminated water 
or food. Rotavirus contamination of water is widespread and is 
demonstrated by its detection in sewage and water sources in 
several studies. In the Netherlands, RVs have been detected in 
a water source reservoir and rivers, and it is suggested that 
sewage and receiving surface water may be an environmental 
reservoir and a transmission route (ECDC 2020, Gratacap-
Cavallier et al. 2000, Kiulia et al. 2015, QMRAwiki 2015).   

Sewage/Wastewater 

and cemeteries* 

Astrovirus Astroviruses are transmitted both person-to-person and by 
the faecal–oral route. The work of Abad et al  (1997) considered 
astrovirus survival in drinking water in natural and chlorine 
disinfection scenarios. Astrovirus prevalence has been 
associated with peaks in winter/spring rather than in summer 
(Egglestone et al. 1999, Yates 2014).  

Sewage/Wastewater 

N.B. *The viruses marked “cemeteries*” in the potential virus source column were all identified by Young 
et al  (2002) as present in decomposing human corpses.  

 

Table 4-1 links the monitored viruses entirely to sources that originate from human faecal contamination. 

However, in the case of Norovirus GII for example, this group has both human and animal (swine) sources. 

All farm animals naturally carry a range of diseases, some of which can also affect humans. These 

diseases are known as zoonoses. The work of Bank-Wolf et al  (2010) concluded that the possible role of 

noroviruses and sapoviruses as zoonotic agents required further investigated. Hepatitis E is also 

considered a zoonotic virus. Genotype 1 (G1I) and G2 are specific to humans; with G3, G4 and G7 being 

zoonotic genotypes infecting humans and animals. Whilst transmission is confirmed via water for G1 and 

G2 but only suspected for the zoonotic genotypes (Fenaux et al. 2019). Furthermore, the Health and Safety 

Executive (HSE) has examined the risk for agricultural workers and identified approximately 40 potential 

zoonoses (HSE 2020). None of these are associated with the viruses investigated in this study. On this 

combined basis, potential sources of viral groundwater pollution, such as farm slurry storage and 

spreading from animal husbandry, are not listed as sources in this risk assessment. The area of zoonotic 

behaviour in virology is beyond the scope of this study. Notwithstanding this statement, it would be prudent 

to consider the locations of large intensive animal husbandry facilities, specific animal research 

establishments or zoos in any water quality catchment management risk assessment, and to not exclude 

these sites solely on the viral risk potential. Many such sites are sources of contamination such as E. coli.   

The most likely route for faecal contaminants to enter the environment and groundwater is via sewage 

collection systems and sewage treatment works discharges.  There are several different sources by which 

sewage (treated and untreated) can enter the ground and eventually groundwater. These are: sewer 

network leakage (private and public networks), sewage treatment works that discharge directly into the 

ground; and septic tanks.   

https://www.sciencedirect.com/topics/immunology-and-microbiology/astroviridae
https://www.sciencedirect.com/topics/medicine-and-dentistry/fecal-oral-route


 

 

 

42 Defra Project No.: I-DEA 133/103/001 

 

4.4.2 Sewer networks  

The escape of sewage from sewer networks can occur in four primary ways: 

• Leakage under normal operation: 

• Escape/leakage due to a blockage; 

• Escape/leakage due to sewer integrity failure; and 

• Leakage due to sewer inundation due to rainfall/runoff or groundwater flooding  

Notwithstanding the route of leakage from sewers, sewage has a well-documented linkage with public 

health and the transmission of water borne disease stretching many hundreds of years (Hamlin 2009, 

Tulchinsky 2018). Sewer leakage has been linked to groundwater pollution in England and Wales on many 

previously reported occasions (Bishop et al. 1998, CIRIA 1996, Ellis 2001, Environment Agency 2008, 

Halliday and Lerner 1992). 

The CIRIA report is one of the most extensively conducted on the subject and recorded a total of 56 cases 

where sewers were linked to groundwater pollution between 1928 and 1993. The data was collected from 

published articles and questionnaires to operators and regulators of sewers. The breakdown of instances 

with respect to the major aquifers of the England and Wales is shown in Figure 4-1. Notably these cases 

and many of the investigations only concentrated on the contamination caused by inorganic contaminants 

and bacteria, with viral analysis being absent. Sewer leakage in urban areas is an associated groundwater 

recharge component which has been estimated to be 5% of the total sewer flow in Munich, Germany 

(Reynolds and Barrett 2003) and 5% in Nottingham, UK (Yang et al. 1999). Furthermore, there are factors 

such as sewer infrastructure age and condition, ground movement and aquifer vulnerability which all 

combine to determine the potential of sewers as a source of groundwater viral contamination.  

The Environment Agency (2008) research develops a risk model to predict the impact of sewer leakage 

on groundwater resources beneath Nottingham UK. The model recognises that uncertainties exist 

throughout the modelling process, which includes estimating groundwater flows, catchment zones, and 

the sewer leakage loading component. These uncertainties affect the final predicted pumped 

microbiological concentrations at abstractions. However, the work suggests that pathogens are 

predominantly transported via preferential fracture flow. The model output predicts a high risk of 

contamination at drinking water abstraction boreholes, which is then compared with a sewer replacement 

rate of every 1300 years. This leads to the conclusion that this risk should be expected to increase in the 

future.   

 

Figure 4-1: Recorded instances of sewer contamination of groundwater (CIRIA 1996). 
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4.4.3 Sewage treatment discharges to ground 

In the 1980s the discharge of partially treated sewage effluent to ground via infiltration ditches and other 

drainage facilities was a method of effluent disposal and water resource replenishment. Montgomery  

(1988) reported that 300 Ml/d of sewage effluent was recharged into UK aquifers and 50% of this was to 

the Chalk aquifer. The reported work concentrates primarily on the impact on the receiving groundwater 

chemistry. Bacteriological analysis was conducted, but contained only very limited virus analysis. 

Edworthy et al (1979) indicated effective removal of viruses in the unsaturated zone above the 

groundwater table, although analytical techniques only permitted the classification of ‘viruses’ and no 

further speciation is reported. Montgomery (1984) reported low levels of viruses per litre (range 0 to 94 

per litre) at an effluent recharge site at Whitchurch, Hampshire. In this case none of the boreholes were 

positive outside of the site boundary indicating limited lateral movement. The work undertaken would have 

had limited viral analysis techniques, given the advances in virus detection methods in environmental 

waters in the last 20-40 years, therefore, these seemingly negative results need to be considered in that 

context. Since the late 1990’s some of these sites will have closed, but many remain open and are now 

permitted by the Environment Agency under the Environmental Permitting (England and Wales) 

Regulations and amendments (HMSO 2016). Such permits require a groundwater risk assessment, but 

these do not consider the transport of viruses into and through groundwater to abstraction boreholes. 

Sewage may contain pathogenic (disease-causing) faecal bacteria, viruses, or other microorganisms. 

However, it has been considered too complex to try and detect all groups on a routine basis, and many of 

the pathogens may be present in very small numbers only or not at all. It is therefore normal practice to 

look for ‘indicator bacteria’ (Environment Agency 2007). The convention being to use thermotolerant 

coliform bacteria for this purpose. Thermotolerant coliforms, including E. coli, are a subgroup of the total 

coliform group and they occur almost entirely in faeces. The risk assessment concentrate on the small 

sewage works of  <5 cubic metres per day of sewage discharging to ground are exempt from permitting.  

4.4.4 Septic Tanks 

Over 95% of the UK population is connected to some form of mains sewerage, the remainder using either 

septic or cess tanks. It is estimated that there are around 750,000 septic tanks and small PTPs in the UK 

and that a further   7,000 are installed each year (Payne and Butler 1993). The distribution of these tanks 

was mapped by WWF (2017) and is shown in Figure 4-2. Septic tanks consist of water-tight chambers 

through which wastewater flows during which any solids settle out and floating material rises to form a 

scum layer. The final effluent leaves the tank and enters a ground irrigation system where soakage occurs. 

The unsaturated zone is relied upon to attenuate any residual pollutants to protect the receiving 

groundwater (Lawrence et al. 2001). Septic tanks have been identified as the source of phosphate 

pollution (May et al. 2010), particularly the multiple impact of numerous tanks in single catchments.  No 

assessments of septic tank (or similar package treatment plants (PTPs)) discharges have been identified 

that consider the impact on groundwater from virus contamination in a quantitative manner. Viruses are 

often mentioned as a risk, but not included in surveillance programmes. Given the faecal source of the 

viruses under consideration septic tank systems (and any small domestic sewage works) that discharge 

to groundwater should be considered as a source term in the risk assessment.   
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Figure 4-2: Septic Tank density across England (WWF 2017) 

4.4.5 Cemeteries 

The most recent work on the potential environmental impact of cemeteries has been conducted on the 

groundwater risk associated with the siting of new or extensions of existing cemeteries, and few published 

investigations into the hydrogeological impact of cemeteries.  The microbiology of the decomposition of 

the human corpse was reviewed by Young et al (2002) who identified nine viruses that could originate 

from decomposing corpses from a literature review.  These include Enteroviruses, Poliovirus, 

Coxsackievirus A and B, Echovirus, Hepatitis A, Adenovirus, Reovirus and Rotavirus. Whilst the work of 

Trick et al (2001) confirmed the theoretical risk from viruses, analysis at a site in Wolverhampton UK failed 

to confirm the presence of enteroviruses. This was explained by the difficulty at that time of analysis and 

the potential low numbers of viruses present. 

More than half of all the cemeteries in the UK were constructed between 1851 and 1914 (Hussein and 

Rugg 2003) before any groundwater protection legislation was in place. Groundsure (2019) suggests that 

521 historic graveyards are located within an SPZ 1 and 1,006 within 250m of a drinking water abstraction 

point. The expansion of ‘green burial’, ‘green funeral’ and ‘woodland burial’ in the last 20 years, the first 

was in Carlisle and there are now 300 sites across the UK, pose a further risk to groundwater as the 

attenuation of the necro leachate from decomposing bodies would have a less controlled release due to 

the absence of structural coffins.  

Recent developments in the UK have concentrated on the permitting of cemetery extensions and new 

cemeteries (both traditional and ‘green’ cemeteries). These require groundwater risk assessments to be 

conducted prior to permit approval. However, this has been temporarily suspended during the 2020 Covid-

19 Pandemic (Environment Agency 2020). Permit risk assessments concentrate on chemical and 

bacteriological parameters and not viruses.   Whilst it is not the purpose of this report to explain in detail 

the permitting process, it is worth noting that it is recommended that no human burials should take place 

within a groundwater source protection zone 1 (the closest and most stringently regulated zone to protect 

a water source), 10m from the nearest land drain, 30m from the nearest watercourse (which includes 

ditches and open land drains which may run dry for part of the year) or any other surface water, 50m from 

any well, spring or borehole, irrespective of its current use; 250m from any well, spring or borehole where 
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the water is intended for human consumption or used in food production and areas identified as having 

karstic groundwater flow characteristics (following the groundwater risk assessment).  

4.4.6 Other potential virus sources 

The above viral sources represent point sources of pollution effluent recharge, septic tanks, and 

cemeteries, and diffuse sources: leaking sewers. There are a range of other potential viral source input 

routes into groundwater. The following list is an example and not exhaustive. Storm water runoff from 

urban areas via sustainable drainage systems; sewage sludge and farm slurry spreading onto agricultural 

and non-agricultural land, and sewage overflows to unlined storm tanks. Also, river water, surface water 

flooding, runoff, and combined sewer overflows (CSOs) which transport viruses from a surface source to 

a location where access to groundwater is possible, for example via riverbank side infiltration or via karstic 

features like swallow holes are entry points to groundwater. Collectively these sources can be referred to 

as “induced groundwater recharge sources associated with surface water runoff or surface water sources”. 

4.5 Pathway 

In a source pathway receptor risk assessment, the pathway element consists of the transport route from 

the source of contamination to the receptor. The source has been described in the previous section and 

the initial receptor is the groundwater abstraction borehole (the ultimate receptor is the customer receiving 

the drinking water after treatment). The pathway in this section is the linkage between virus source and 

the abstraction borehole. The key element to the groundwater pathway analysis is the time of travel, for 

any viable viruses to be retarded and attenuated (or not) before treatment. This applies to the distance 

from which the virus leaves the source to the abstraction borehole and includes the unsaturated zone and 

saturated zones of the aquifer.  

4.5.1 Unsaturated and saturated groundwater zones 

The depth and connectivity between the unsaturated zone and the groundwater beneath is important in 

the retardation of viruses. As referenced earlier some investigations indicated viral retardation within 

proximity of sewage effluent recharge sites, although those results need to be compared with the advances 

in analysis since the studies were undertaken. A deep unsaturated zone affords more protection than a 

shallow one. Solution features such as man-made soakaways and swales, and natural sink holes, solution 

pipes and karst features greatly increase the vulnerability of an aquifer to surface derived sources of 

contamination; as does the presence of voids left by mining. In certain areas, there is prior knowledge of 

natural solution or karstic features, such as at the edge of the Tertiary outcrop where this joins the Chalk 

aquifer (Lawrence et al. 1996). 

The potential contamination from losing reaches of rivers adjacent to or near groundwater sources also 

need to be considered. Surface waters represent a higher risk of viruses being present. Therefore, this 

potential short circuit route needs to be considered within any risk assessment, alongside the seasonal 

changes in river flows and groundwater levels. 

The time of travel between a virus source and receptor is measured as the travel time in the saturated 

zone. This will be dependent upon the geology of the catchment, and the degree of any fracture flow in 

the saturated aquifer. For example, the Jurassic Oolitic limestone and Chalk aquifers are considered to 

offer the fastest potential fissure flow rates and least potential for virus retardation, whereas the Lower 

Greensand aquifer with its predominantly intergranular flow mechanism is considered to offer the highest 

potential for retardation. This is best shown in Figure 4-3 which is amended from Morris (2009). 

The second parameter that sits along geology is the aquifer transmissivity. The transmissivity is the 

saturated ability of the aquifer to transmit water. . The transmissivity of an aquifer is defined as the aquifer 

permeability multiplied by the saturated aquifer thickness or depth. The transmissivity gives an indication 

of the degree of fissuring and can vary from location to location within the same aquifer. The range in the 

Chalk aquifer can be from 10000 m2/d to 400 m2/d. 
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The saturated zone groundwater flow travel time is the basis for catchment protection in England and 

Wales and underpins the Environment Agency Groundwater protection guides covering: requirements, 

permissions, risk assessments and controls (https://www.gov.uk/government/collections/groundwater-

protection) previously covered  in Groundwater Protection Policy (Environment Agency 2013, 2018, 2019, 

Morris 2009).  

Inner zone (Zone 1) - Defined as the 50 day travel time from any point below the water table to the source. 

This zone has a minimum radius of 50 metres; 

Outer zone (Zone 2) - Defined by a 400 day travel time from a point below the water table. The previous 

methodology gave an option to define SPZ2 as the minimum recharge area required to support 25 per 

cent of the protected yield. This option is no longer available in defining new SPZs and instead this zone 

has a minimum radius of 250 or 500 metres around the source, depending on the size of the abstraction. 

Total catchment (Zone 3) - Defined as the area around a source within which all groundwater recharge is 

presumed to be discharged at the source. In confined aquifers, the source catchment may be displaced 

some distance from the source. For heavily exploited aquifers, the final Source Catchment Protection Zone 

can be defined as the whole aquifer recharge area where the ratio of groundwater abstraction to aquifer 

recharge (average recharge multiplied by outcrop area) is >0.75. 

 

Figure 4-3: Pathogen diameter and fissure aperture/pore sizes (Environment Agency 2013, 2018, 2019, 
Morris 2009) 

Special interest (Zone 4) - A fourth zone SPZ4 or ‘Zone of Special Interest’ was previously defined for 

some sources. SPZ4 usually represented a surface water catchment which drains into the aquifer feeding 

the groundwater supply (i.e. catchment draining to a disappearing stream).  

Zone 1 was originally described as the ‘microbiology protection zone’. The 50 day travel time being “the 

time required to ensure the natural or appreciable reduction in microbial organisms” (Southern Water 

Authority 1985).This was then subsumed into the National Rivers Authority (NRA) and then Environment 

Agency (EA) groundwater protection policies. The basis of the 50 day travel time was that 99.9% of 

coliforms would be eliminated in 8 days and 99.9% of E.coli in 50 days. These numbers are based upon 

work undertaken by Matthess and Pekdeger (1981), and further developed in Matthess et al (1985). It is 

worthy to note that even in this early work by Matthess and Pekdeger,  there is recognition that Polio virus, 

Hepatitis (not specified) and Enterovirus can survive up to 140 days, and Polio may survive in groundwater 

for up to 250 days.  However, whilst the 50 day travel time remains the basis for zone 1, a more recent 

Environment Agency approach (Environment Agency 2018)acknowledged these longer travel times and 

references the work of Taylor et al. (2004), “there is evidence that some pathogens (particularly encysted 

protozoa and viruses) may persist for longer than the 50-day travel time below the water table”. Therefore, 

https://www.gov.uk/government/collections/groundwater-protection
https://www.gov.uk/government/collections/groundwater-protection
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this analysis of the basis of groundwater protection zone delineation, combined with the persistence of 

virus RNA in the groundwater environment, requires careful due consideration in any risk assessment, 

and potential sources need to be identified beyond zone 1.  

4.5.2 Borehole Integrity 

The physical borehole construction and operation of a groundwater abstraction and treatment site is the 

last step in the pathway aspect of the risk assessment. The advice on this provided for Cryptosporidium 

(Bouchier 1990) applies in the case of protection against virus contamination. Bouchier recommended 

borehole linings and seals should be maintained to a high standard. This aspect of risk applies to 

groundwater sources abstracting from confined and unconfined aquifers. In a confined situation, if 

contamination cannot enter the borehole from groundwater flow from an unconfined (outcrop) area, 

borehole linings and seals provide the only barrier from contamination entering the borehole before 

treatment. Boreholes are constructed with a casing via which the abstraction pump is lowered into the 

ground. Near the surface the casing is ‘grouted’ into the ground for stability and also to avoid the ingress 

of surface water or groundwater from any upper aquifer into the lower aquifer from which abstraction is 

occurring. The borehole pump rising main which conveys the pumped groundwater from the borehole to 

the treatment plant passes from below ground surface to above. The flanges between the borehole casing 

and rising main commonly have access points for monitoring equipment e.g. water level monitors. 

Therefore, to avoid direct infiltration of surface water, particularly under flood conditions, borehole access 

points and headwork covers need to be sealed, watertight and maintained to a high standard.  

Whilst there is no universal relationship between any indicator substance or bacteria and the presence of 

viruses, the water quality of the abstracted borehole does provide an evidence base to understand the 

response behaviour of the groundwater source. For example, the response time between rainfall and 

turbidity, the background bacterial level behaviour and time series provides evidence to identify the 

potential risk of a source to virus contamination.  There is no established relationship between 

microbiological contamination (in particular E.coli) and turbidity and it is not unreasonable to infer the same 

for the presence of viruses. There is no actual evidence to establish this conclusion in the case of viruses, 

other than by relationship to the wider microbiological conclusion based on E.coli.  However, turbidity does 

indicate a rapid flow route to the groundwater borehole from the catchment and this is valuable in 

assessing the overall speed of travel from source to receptor and the possible catchment risk for virus 

contamination. Also, turbidity compromises the effectiveness of water treatment as turbidity particles act 

as a barrier to the disinfection process (e.g. chlorine) (UKWIR 2012) and disinfection is the final and 

essential stage of the protection of customers from viral and bacteriological contamination.   

4.6 Receptor 

In this risk assessment review the receptor is defined as the raw water as it enters the groundwater 

abstraction point. Treatment before distribution is considered the final barrier to protect customers health. 

The efficacy of minimal treatment at groundwater sites, normally disinfection in the form of chlorination or 

ultraviolet (UV) radiation is considered in Section 5.  

4.7 Conceptual model 

Figure 4-4 presents the conceptual risk model (modified from Krauss and Griebler (2011)) which draws 

together the various sources and pathways mentioned in the previous text.  This conceptual model is 

translated into a flow diagram in Figure 4-5. The groundwater treatment processes and customers are 

included in this figure for completeness. If the risk assessment is required to rank sources across England 

and Wales by any individual company a broad numerical risk proportion could be applied to each 

component. An example is shown in Figure 4-6. The source quantum and location in the catchment would 

provide an additional level of numerical sophistication, but this is individual groundwater abstraction 

dependent and therefore not included here. The scores on Figure 4-6 are only provided as indicative levels 

of risk and are not prescriptive or based on any facts. These would need to be set at the commencement 
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of risk assessment if risk ranking of sources was to be completed and then aligned with any other similar 

risk assessment conducted as a part of a drinking water safety plan.  

 

Figure 4-4: Conceptual risk model of virus sources and pathways (modified from Krauss and Griebler 
(2011)) 
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Figure 4-5: Flow diagram indicating the major risk assessment components from source to receptor.  
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Figure 4-6: An example scoring system that could be used to provide a degree of quantitative assessment 
to rank sources owned by an individual water company.  

The above approach, based on the evidence accessed, provides a risk assessment methodology which 

aligns with existing methods used in the water industry and by water supply companies. Should the DWI 

wish for water companies to systematically assess and rank the potential risk of groundwater 

contamination by viruses the source pathway receptor risk assessment outlined can be adapted and 

integrated into existing microbiological and water safety plan assessments. Source ranking is possible 

with the introduction of numerical risk probabilities but these would again need to be aligned with factors 

already used within other risk methodologies deployed in the same catchment.  

The basic use of the risk methodology would permit the identification of groundwater sources most at risk 

and this single step forward would aid in the expansion of additional targeted monitoring programmes to 

provide a more extensive data base on which to base and conclude more definitive actions as required.  

  

Source

Pathway Unsaturated Zone

Example weighting

Pathway Saturated zone

Example weighting

Score

Rank

Pathway Borehole integrity Good Poor Good Poor Good Poor Good Poor Good Poor Good Poor

Example weighting 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6

Score 0.168 0.252 0.072 0.108 0.084 0.126 0.036 0.054 0.028 0.042 0.012 0.018

Receptor score Rank 11 12 7 9 8 10 4 6 3 5 1 2

6 4 5 3 2 1

VIRUS SOURCE

0.42 0.18 0.21 0.09 0.07 0.03

0.3

0.7 0.3

Fast Slow

Slow

0.1

0.7 0.3

Fast Slow

0.7 0.3

Fast Slow

Bypass

0.6

Fast Rapid
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5.  Recommendations for virus monitoring in ground waters 
following a risk based approach and any minimum 
treatment requirements to render such viruses harmless. 

To provide guidance on a risk-based monitoring programme for the detection of viral RNA (and therefore 

the presence of viable viruses) in groundwater sources and minimum treatment requirements to render 

suspected and detected viruses harmless it is necessary to bring together the evidence from the following 

four areas to inform those recommendations. The four areas are: 

1. The likelihood of the presence of viral RNA in raw abstracted groundwater; 

2. Current monitoring regimes for viral RNA in treated and untreated groundwater.   

3. Typical treatment processes deployed at groundwater water supply sites; and 

4. Reported incidences of viral contamination and causes;  

 This section reviews the treatment of groundwater and provides advice on future sampling programmes 

to provide confidence regarding the effectiveness of currently deployed treatment processes at UK 

groundwater abstraction sites used for public water supply. 

  

5.1 Likelihood of the presence of viruses in raw abstracted groundwater. 

The data collected for this work whilst representative of the abstracted water at the time of sampling (Ref 

to this project results data table) it represents a limited sample population compared with the volume of 

groundwater used in water supplies daily, the range of different geological and land use settings from 

which groundwater is abstracted, and the variety of potential virus sources in any one groundwater 

abstraction catchment.  

In summary, to assess the treatment challenge, need and efficacy it is necessary to look at broader 

concepts identified in this research and other reported work from the UK based and beyond. The general 

principles that emerge are: 

• Viruses enter groundwater from a variety of different sources (Section 4.4.1). In summary, these 

are: leaking sewers, septic tank systems discharges, surface water groundwater interactions and 

short circuit systems, treated wastewater discharges to ground, intensive livestock operations, 

and cemeteries. All of which are a potential pathway in the faecal oral transmission route for viral 

infection.   

• Virus adsorption and attenuation processes are limited during groundwater transport due to the 

small size of virus particles and the repulsive electrostatic forces developed between the 

negatively charged surfaces of both viruses and geologic materials at the neutral pH of 

groundwater (Gerba 1984). 

• The common factors that emerge are viruses reach groundwater under above average 

precipitation events, surface water flooding; (Minnesota Department of Health 2017). A situation 

that aligns with the UKCIP 18 climate variability predictions which indicates that the virus risk may 

increase with climate change (UKCIP18 2019).  

• The presence of bacterial indicators (coliforms and E.coli) has been studied and cannot be used 

as a reliable surrogate for viral presence or absence (WHO 2019c).   

• Additionally, the cool temperatures of groundwater in comparison to surface water can prevent 

virus inactivation and ultimately promote virus longevity for over a year (Charles et al. 2009). 
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5.2 Reported incidences of viral contamination and causes. 

Whilst this work has concentrated on the presence or absence of viral RNA in raw abstracted groundwater, 

it is worthy to note before considering the treatment of abstracted groundwater alone, the wide range of 

risks that can cause viral contamination throughout the abstraction, treatment and distribution of drinking 

water to consumer taps.  This is commonly referred to as the source to tap process. For instance, 

considering just the European area, Moreira and Bodelind (2017) reports: 

• 6 cases of raw (untreated) groundwater contamination by norovirus between 2002 and 2011, from 

France, Sweden, Greece, and Italy; 

• 4 cases of where water treatment plant failures are implicated in causing waterborne outbreaks of 

infection involving rotavirus, and norovirus between 2000 and 2006, from France, Switzerland, 

USA, and Italy; and  

• A list of 11 virus outbreaks of waterborne infection due to distribution system failures between 

2000 and 2013. This is of further concern as many relate to a range of reasons that occur after 

treatment during distribution and in-network storage. These include contamination due to cross 

connections, back-siphonage and animal contamination of stored treated water.  

And in addition, Blanco et al (2017) reported an outbreak of gastroenteritis associated with norovirus 

present in a mineral water supplied from a contaminated spring source, in Spain.  These are just two 

papers that report viral contamination occurrences of groundwater on mainland Europe in the last 3 years.  

This range of recorded incidents in the literature across Europe is not reported in full.  In general, whilst 

bacteriological contamination is associated with many cases of infection, wider groups of pathogens such 

as cryptosporidium and viruses are also documented. The virus data above is included here to enable this 

work in terms of monitoring and treatment to be put into a wider perspective in terms of end customer risk. 

It should be noted that minimum treatment alone will not protect customers from potential viral 

contamination, if treatment plants and distribution networks are not managed diligently. Also the expansion 

of rain water and grey water recycling schemes needs careful consideration as water resources become 

scarce and the Environment Agency drives consumer usage from 141 litres per person per day downwards 

to 110 litres per person per day (DWI 2017), these schemes will play an increasing role in meeting both 

housing and planning needs and water company water resource management plan outputs.      

  

5.3 Typical treatment processes deployed at UK groundwater public water supply sites 

The relevant treatment guidance and regulations for abstracted water for public supply, whether 

groundwater or surface water, is managed by the Drinking Water Inspectorate (DWI) and implemented by 

the water companies under Regulation 26 of the Water Supply (Water Quality) Regulations 2016 (as 

amended) (HMSO 2016) in England and the Water Supply (Water Quality) Regulations (Wales) 2018 

(HMSO 2018). Regulation 26 enforces the disinfection and other treatment arrangements, and is 

supported by DWI guidance (DWI 2018). The treatment and removal of viable bacteria, viruses and 

pathogens from groundwater used for drinking water relies on effective disinfection processes. The other 

common forms of water treatment (e.g. coagulation, filtration, sedimentation, aeration, ozonation etc) are 

not normally deployed at groundwater abstraction sites.  Some groundwater sites will have membrane 

treatment to remove cryptosporidium, but these membrane systems are optimised for removal of 

parasites, such as cryptosporidium, which being much larger than viruses and are therefore unlikely to 

contribute to any log removal and thus disinfection (Figure 4-3). 

Disinfection processes employed must be designed to remove and/or inactive pathogenic organisms, 

which viruses are one group.  The significance, persistence, and resistance to chlorine by a group of 

common viruses that align with this work, is summarised and adapted below from WHO (2011) (Table 5-1 

and Table 5-2).  Hill and Cromeans (2010) concluded that overall chlorine was much more effective than 

monochloramine and disinfection proceeded faster at 15oC and at pH 7 for all water types. However, 



 

 

 

Defra  Project No.: I-DEA-133/103/001 53 

 

disinfection effectiveness was markedly different between water types for some viruses but no single 

environmental water type had consistently different inactivation rates.  

A further relevant regulation is Regulation 27 which requires water undertakers to perform risk 

assessments as part of water safety planning. The overall aim of these regulations is an understanding of 

the risks associated with raw groundwater quality, and the installation and operation of treatment 

processes and the management of water supply networks from treatment works to customer taps. The 

end point being a water supply that meets the regulatory standards required and risks to human health 

are mitigated.  

Table 5-1: Estimates for removal or inactivation of viruses of public health significance (Summarised from 

DWI (1998) which presents an original table provided by Dr. T Hall of WRc) 

Unit process Virus log removal 

Chlorine Ct = 15 min >4 

Ozone Ct = 1.6 min >4 

Ultra Violet 25m W/cm2 2-3 

Chlorine dioxide Ct = 10 min 2-3 

  

Table 5-2: Viruses transmitted through drinking-water (Adapted from Table 7.1 WHO (2011)). (Those 
marked * are included in this study). 

Virus Health Significance1 Persistence in water 

supplies2 

Resistance to Chlorine3 

Adenoviruses* Moderate Long Moderate 

Astroviruses Moderate Long Moderate 

Enteroviruses* High Long Moderate 

Hepatitis A Virus* High Long Moderate 

Hepatitis E Virus* High Long Moderate 

Noroviruses* High Long Moderate 

Rotaviruses* High Long Moderate 

Sapoviruses High Long Moderate 

1 - Health significance relates to the incidence and severity of disease, including association with outbreaks. 
2 - Detection period for infective stage in water at 200C: short, up to 1 week; moderate, 1 week to 1 month; Long, over 1 
month. 
3 - When the infective stage is freely suspended in water treated at conventional doses and contact times and pH between 7 
and 8. Low means 99% inactivation at 200C generally in < 1min, moderate 1 – 30 min and high >30 min. 
  
Water suppliers must pre-treat waters to modify their quality in respect of any property known to adversely 

affect the performance of disinfection processes. In particular the turbidity of waters to be disinfected 

should be maintained below 1 NTU and the Regulations define disinfection as being a process of water 
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treatment to remove, or render harmless to human health, every pathogenic micro-organism and 

pathogenic parasite that would otherwise be present in the water.   The disinfection methods used at the 

sites sampled in this study are presented in Table 5-3. 

Several disinfection methods are used in the treatment of groundwater. Disinfection with chlorine is the 

most widely used method for large public water supplies but its application is less common in small private 

supplies.  It is commonly the only treatment applied some groundwater supplies. Chlorination is also more 

suitable for larger schemes where it is necessary to maintain a residual disinfectant during the storage 

and distribution of treated water. Ultraviolet irradiation is the most commonly used disinfection method 

employed on private groundwater supplies. In this later case the use of chlorine is rare.  

Different microorganisms have different susceptibilities to disinfectants, and disinfectants vary in their 

potency. For a given microorganism, disinfection efficiency is affected especially by disinfectant 

concentration and contact time, and by the disinfectant demand of the water, pH and temperature. The 

product of disinfectant concentration (C in mg/l, measured at the end of the contact period) and time (t in 

minutes) is called Ct (in mg/l.min) and is an expression of exposure to the disinfectant (check precise 

units): 

Ct = C × t 

The greater the Ct value, or exposure, the more effective disinfection is. Either concentration or contact 

time, or both, can be manipulated to obtain a desired Ct value. Values of Ct can be useful for comparing 

the efficiency of disinfectants; the lower the value of Ct to attain a given kill of microorganisms, the more 

effective the disinfectant. The Ct value can also be used to rank the relative susceptibility of different 

microorganisms; the higher the Ct value necessary to achieve a given level of kill the more resistant the 

microorganism. 

Table 5-3 Treatment methods at sample sites 

Site Treatment method 

1 GAC, Ultrafiltration, Cl 

2 Coagulation, sand filtration, UV, Cl 

3 Stilling tank, sand filtration, Cl 

4 Ultrafiltration 

5 Cl 

6 Blended (high N), GAC, Cl 

7 Cl 

8 UV, Cl 

 

Chlorination can be achieved by using liquefied chlorine gas, sodium hypochlorite solution or calcium 

hypochlorite granules. Chlorine gas is very reactive and highly toxic and must be carefully stored and 

handled. It is used for treatment of large public supplies but the inherent danger of using chlorine gas has 

resulted in an increased use of sodium hypochlorite or the electrolysis of brine (electro-chlorination) as 

alternative sources of chlorine.  

  

It is recommended that the contact time for chlorination should be at least 30 minutes (this aligns with the 

maximum contact time for moderate resistance viruses as proposed by the WHO (2011) (Table 5-2Table 

5-2). The design of the contact system is very important. Applied chlorine must be mixed rapidly with the 
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water and then passed through a contact tank, ideally with baffles or a serpentine arrangement to prevent 

short circuiting or retention in dead zones.  

  
The treatment of drinking water is wholly dependent on the disinfection process being both suitable, 

managed correctly and changes in water quality not affecting the process efficiency and hence virus kill 

rate. However, changes in raw water quality such as variable turbidity levels (UKWIR 2016), can affect the 

disinfection process. It is also known that some groundwater sources are not used during winter periods 

due to poor water quality, such as high bacteria and turbidity levels. This later situation affected the 

sampling at some sites for this work.  For example, Site 1a was not in operation during R3 and R4 due to 

elevated turbidity and Site 1b was sampled in R4 instead. Site 6 was shut down in R3 because of elevated 

levels of bacterial index organisms. An increase in turbidity may be due to clays, chalk, humic acids, iron, 

or manganese dioxide. Generally the poorest water quality occurs due to rainfall and recharge occurrence 

in winter months, which also aligns with the understanding the virus are able to survive in this environment 

where as other pathogens do not. Thus, the virus risk and treatment challenge to manage virus 

concentrations occurs at the same time as poorer water quality.  

 

Other oxidation approaches include the use of ozone (O3), injection of hydrogen peroxide (H2O2), or 

ultraviolet (UV) irradiation to generate hydroxyl radicals (OH), which then react to oxidize organic matter, 

and are particularly effective at killing bacteria and viruses (Glaze et al. 1987). These oxidation methods 

do not produce the same kinds of potentially harmful by-products for which chlorination methods have 

become known, but are capable of producing others, such as aldehydes (Jyoti and Pandit 2004).  

 

UV is the most commonly used alterative to chlorination at groundwater abstraction sites. It is very 

common for small private water supplies, and is becoming more widespread in its use at public water 

supply sites. It has the added benefit of treating both cryptosporidium and viruses and providing a second 

barrier after chlorination is deployed together. Most UV trials of virus eradication has concentrated on the 

use of the technology to disinfect wastewaters. The major disadvantage with this is the loss of efficiency 

when the UV source either becomes clouded or scaled or the water is turbid.  The recent work of Malley 

et al (2019) confirms through laboratory bench scale testing that UV treatment can achieve a 4-log 

inactivation of viruses in drinking water treatment. The tests were conducted using MS-2 bacteriophage 

(Escherichia virus MS2 is an icosahedral, positive-sense single-stranded RNA virus that infects the 

bacterium Escherichia coli and other members of the Enterobacteriaceae), Hepatitis A, poliovirus and 

rotavirus. The MS-2 bacteriophage was most resistant to UV when compared to the other viruses. Malley 

concluded that providing a 4-log inactivation of MS-2 bacteriophage will ensure a 4-log or greater 

inactivation of Hepatitis A, poliovirus and rotavirus. Malley also concluded the specific groundwater 

chemistry and physical condition affected the inactivation and that bench scale tests would be needed to 

tailor UV use at each site.   
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Table 5-4) suggests a dose of between 100 and 450 J/m2 is sufficient for 99.9% inactivation of Poliovirus, 

coxsackievirus B1 and reovirus (it is uncertain whether these are laboratory bench scale tests or other).  

More recent DWI (2016) guidance in the use of UV is produced to support and aid operators in the use UV 

to meet disinfection requirements of the water supply (water quality) regulations. It is recognised that UV 

can be used to manage viral risk in water supplied from groundwater works and water suppliers will need 

to demonstrate that the approach is robust and appropriate taking into account the water quality and the 

potential viral challenge.  
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Table 5-4: Inactivation of viruses by UV-radiation based on laboratory bench scale testing (Havelaar et al. 
1986, Havelaar and van Olphen 1989) 

Virus Dose for 99.9% inactivation (J/m2) 

Poliovirus 1 250-300 

Coxsackie virus B1 400 

Reovirus 450 

  

5.4 Current monitoring regimes for viruses in treated and untreated groundwater  

The review of existing sampling and historical reports provides a timeline view on the analysis of viruses 

in drinking water. This review has shown that through the 1970s and 1980s there was an active routine 

programme aimed at improving the understanding of the risk that viruses posed to drinking water supplies, 

through both analysis and treatability (WRA 1972, WRc 1987), This work reported the investigation of 

early incidents of contamination and in some cases viruses were established as the ‘pollutant’ (Slade 

1985). 

  

Laboratory analysis of viruses was established as early as 1967 at the Virology Unit of the Metropolitan 

Water Board (MWB) (now Thames Water). Most analysis at this time concentrated on surface water and 

sewage effluents, although a few groundwaters were analysed (MWB 1967, 1969). The focus was mainly 

on enterovirus, polioviruses and coxsackievirus, principally due to both availability and limitation of the 

then available methods. Limited sample numbers were taken from groundwater sites with numbers 

ranging between 6 and 13 samples per year. The Virology Unit also undertook analysis on behalf of other 

water companies, research laboratories and Water Boards. The reports indicate on inspection and 

compared with this work that the sample volumes were small and in one groundwater investigation 

averaged 13 litres.  

  

Laboratories were also established at Severn Trent Water Authority (now Severn Trent Water), and Welsh 

Water Authority  (now Dwr Cymru Welsh Water), and the early establishments that now form Public Health 

England (PHE). Unfortunately, through the period of the late 1980s and early 1990s these laboratories 

relinquished the capacity for viral analysis, probably concentrating on the extended and then demanding 

monitoring requirements of the Water Supply (Water Quality) Regulations 1989 (HMSO 1989) which were 

introduced at water privatisation. At that time, one of the diverting attentions was the development of 

analytical methods to determine the presence and concentration of a wide range of organic compounds 

of industrial (e.g. solvents) and agricultural (e.g. pesticides) origin. This was then replaced by the need to 

understand the risk from Cryptosporidium.  

  

The questionnaire responses for this project (Section 2.4; Appendix 2) indicates that that no or very limited 

inhouse virus analysis capability currently exists within the water industry.  It is understood that the only 

capacity for analysis exists at a few Universities, and the PHE laboratories (or Defence Science 

Technology Limited (DSTL Porton Down)). These establishments are essentially unsuitable for the regular 

analysis volume screening analysis that may be required by the water industry as they are established to 

advise primary of ‘outbreaks’ or ‘incidents’. Therefore, the recommendations made in this report need to 

be considered in light of the absence of analytical facilities available within the industry, and limited 

capacity available commercially. Should regular monitoring be required both facilities, sampling protocols, 

and quality standards will need to be established.  

  
Under section 68 of the Water Industry Act 1991 water suppliers have a statutory duty to supply 

wholesome water. Water supplies provided for human consumption must meet the wholesomeness 
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requirements of the Water Supply (Water Quality) Regulations.  Under regulation 4, water is deemed to 

be wholesome if it contains concentrations or values in respect of various properties, elements, organisms 

and substances that do not contravene the prescribed maximum, and in some cases, prescribed minimum, 

concentrations or value. Furthermore the regulations require that water supplied must not contain any 

micro-organism, parasite or substances at a level which could be a potential danger to human health, 

including where no standard has been set, and that water suppliers are encouraged to take into 

consideration expert opinion on drinking water safety such as that published in the World Health 

Organisation (WHO) Guidelines for Drinking-water quality and independent medical advice from Public 

Health England (PHE) or Public Health Wales (PHW). This project has shown that there is a risk of viral 

contamination to water consumers between abstraction of raw groundwater and delivery to the consumer 

tap.  Suggestions for a way forward to assess and monitor that risk which appears to be a gap in the 

current quality monitoring regimes are presented in Section 7.1. 
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6. Conclusions  

There are a large number of viruses which may have a water vector and these were difficult to 

characterise in the past due to the lack of techniques for recovery and detection.  There have been 

relatively few well-documented published accounts of pathogenic viruses in groundwater supplies.  

Much of the work undertaken to date on viral transport in groundwater is based on sources in America 

and Canada and was published over 15 years ago.   Although observations from these international 

studies are valuable, particularly in terms of the guiding principles regarding risk, American geology is 

different to the UK and so direct applicability is limited.  There is relatively little systematic evidence 

for virus occurrence in groundwater in England. Most of the existing data is derived from site 

investigations rather than monitoring data at abstraction points and is mainly for the Chalk and Permo-

Triassic sandstone aquifers. 

The results from the questionnaire study indicated that routine monitoring for viruses undertaken 

during the 1970’s and 1980’s was discontinued in the 1990’s as the focus changed to water quality 

compliance.  As a result, viral monitoring is not now being undertaken, and is not considered to be 

part of drinking water safety planning, despite the requirement to meet ‘wholesomeness’ regulatory 

criteria.   Of the 17 water companies that responded to the questionnaire survey, only one,  Thames 

Water, was able to provide data for virus monitoring in groundwater.  11 positive results were recorded 

for the period between 1985-2006, derived from 7 chalk boreholes and one Oolitic limestone spring.   

A further 2 water companies referred to monitoring undertaken in the 1980’s, although data could not 

be located.  It appears that only one off special research investigations into the presence of viruses in 

groundwater have been undertaken over the period 1990 through to present day. 

The monitoring programme conducted in this study focused on 8 sites selected to represent  the major 

aquifers used for water supply in England and Wales and prioritised those with direct surface water 

connections.  Viral RNA was recorded in all major aquifers across the 4 sampling rounds, and in both 

rural and urban settings.   They also occurred at sites with low, as well as high permeability protective 

cover (including 15 m of silt and clay at site 5 (Luton, Kent)).  Their presence beneath low permeability 

protective cover is likely to reflect the nature of rapid, preferential flow paths in both the unsaturated 

and saturated zone, which are capable of delivering viral RNA from where sources are present and 

protective cover is lacking or can be bypassed.  Indeed, the presence of viral RNA at Site 7 

(Austerfield) demonstrates their transport to at least 60 m below the ground surface in a sandstone 

aquifer.   

Polymerase chain reaction was used to detect the  RNA of 8 viruses using the Aquavalens 

methodology.   The philosophy behind Aquavalens is to improve water safety at a European scale by 

using existing, commercially available analytical methods for pathogen detection and benefitting from 

relevant research through a network of academic and commercial institutions.  The project promotes 

the use of molecular methods to ‘complement the current time-consuming microbiological techniques, 
which are based on the cultivation of indicator bacteria’ (Aquavalens 2015).   Based on the results of 

this study,  the qPCR method provides an effective method of detecting and quantifying viral RNA.  

However, it provides no indication of the viability, and therefore whether viruses are infectious whilst 

present in the aquifer.  This is clearly fundamental to the assessment and quantification of risk, and to 

decision-making regarding appropriate treatment.  Although viability may be tested through traditional 

cell culture methods, these are conducted in specialist virology labs geared towards biomedical 

research and are therefore unlikely to be a feasible adjunct to nucleic acid testing.  Furthermore, not 

all enteric viruses can be tested for viability using this method.   

The absence of viral RNA, or any indicator organisms, at Site 8 which is located in an urban setting, 

with no protective geology over the aquifer, and a shallow water table provides further evidence that 

it is the absence of fractures, rather than the depth of the aquifer which has the strongest influence on 
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the presence or absence of viral RNA.  This largely accords with previous research into the movement 

of bacteriophages through UK Permo-Triassic sandstone aquifers, which found that although Triassic 

sandstone removes the vast majority of viruses over a few metres through attachment to the 

sandstone matrix, small numbers do penetrate over longer distances (Joyce et al, 2007)   

RNA from Hepatitis A, E and Norovirus GI was the most commonly detected.  The presence of Hep A 

RNA in 75% of sites and 21% samples is unexpected given the low, and apparently declining reported 

incidence of the disease within the population based on Public Health England statistics.  This 

apparent anomaly may be due to infections being asymptomatic, and therefore unreported, particularly 

in children, coupled with the high number of Hepatitis A virus particles shed by infected individuals.  

Furthermore, the virus has an enhanced mobility through the unsaturated zone and a greater 

persistence in the environment compared to other enteric viruses.    The presence of Hepatitis E and 

Norovirus GI RNA is more predictable due to their prevalence within the UK population, and in the 

case of Norovirus, in groundwater sources.   However, Hepatitis E is less well documented in 

groundwater sources in high-income countries.  Further investigation into the transport of both 

Hepatitis A and E is required based on the findings of this study.  

There were no positive detections of either Enterovirus or Rotavirus A RNA and no consistent patterns 

of co-occurrence of any viruses, although  Hepatitis E RNA co-occurred with Hepatitis A on all 

occasions in which it was detected  Traditional cell culture may offer a method for determining co-

existence through a systematic and controlled trial. The occurrence of viral RNA in the samples was 

closely associated with groundwater recharge.  8 out of 10 detects were made during rounds R3 and 

R4 in Oct/Nov 2019 and Jan 2020 respectively, during the main groundwater recharge season.  June 

to Oct 2019 was the wettest on record in the last 50 years, excluding 2012, and this wet weather 

continued into Nov and Dec 2019.  The relationship between levels of recharge and the occurrence 

and concentration of viral RNA requires further investigation.  It is possible that the exceptionally wet 

conditions encountered prior to and during the 2019/20 recharge season enhanced the transport of 

viral RNA to the sites, although, equally, viral RNA could have been diluted by precipitation.  The 

presence of the indicator organisms E. coli and total coliforms at monthly intervals throughout the 

study period suggests that levels of faecal contamination of the water table were not increased by high 

levels of precipitation.  The relationship between antecedent rainfall patterns and the presence of viral 

RNA requires further investigation during future phases of the study. 

There was no clear relationship between the occurrence of viral RNA and other environmental 

indicator organisms such as total coliforms and E. coli when considered for an individual sample.  This 

supports the WHO position that “Generally, faecal bacteria have lower persistence in the environment 

compared to viruses and protozoa and are more sensitive to common disinfectants. Faecal indicators 

(bacteria) found in water therefore do not necessarily correlate well with the presence of viral and 

protozoal pathogens.”  (WHO, 2019).  However, this study found that the relationship is stronger if the 

data is compared at a site level over a longer period.    This is supported by the findings by Fout et al. 
(2017) in their meta-analysis data from twelve groundwater studies covering 746 boreholes, that total 

coliforms and E. coli had a specificity of 88 and 97%, respectively, for the prediction of viruses by 

molecular methods.  It suggests that they have merit for evaluating whether a site is at-risk or not of 

virus contamination. However, the relative value of using microbial indicators and other associated 

organic compounds, is less relevant now given the ease of use of virus qPCR methods.    

Although the findings of the field study have led to valuable observations on the occurrence of viral 

RNA the data are limited and do not permit the production of a detailed quantitative risk assessment 

of water supplies in England.  In addition, routine monitoring and laboratory analyses at a wider scale 

is expensive and therefore not expected to become common practice unless specific regulations 

requiring this are introduced.  The source pathway receptor model has been adopted for Drinking 

Water Safety Plans under the Water Supply (Water Quality) Regulations 2016 (HMSO 2016) and the 

Water Supply (Water Quality) Regulations 2018 (Wales) (HMSO 2018) which are used by UK water 

companies to assess the risk of other types of microbial contamination.  This approach could be 

adapted for assessing the potential risk of groundwater contamination by viruses, and would contribute 
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to meeting the wholesomeness requirement outlined in Regulation 4 of the Water Supply (Water 

Quality) Regulations (HMSO 2016) and the Water Supply (Water Quality) Regulations 2018 (Wales) 

(HMSO 2018).  

Although the risk assessment methods used for other sources of microbial contamination rely on 

substantial data to predict consumer risk, the basic use of the risk methodology would permit the 

identification of groundwater abstraction sites most at risk.   A potential approach is presented in which 

the presence of potential viral sources is first assessed.  For sites where a viral source is present each 

of the possible pathways to the aquifer are assigned a numerical weighting relative to their risk level, 

thus allowing potential sources of viral contamination within a catchment to be ranked.   This step 

would aid in identifying vulnerable sources; assist in prioritising sites for targeted monitoring 

programmes, thus providing a more extensive data base on which to base and conclude more 

definitive actions.    

7. Suggested next steps 

The following section presents suggested changes to existing monitoring and surveillance procedures 

by water companies in respect of viruses.  Suggestions for further work arising from the conclusions 

to this study are presented in Section 7.2. 

7.1 Suggestions for changes to policy regarding water monitoring and surveillance 

The review of the current UK monitoring regime concluded that there is a gap in respect of viruses in 

the current quality monitoring regimes. It has become obvious from this work that no  virus monitoring 

is currently being conducted and that the only laboratory capacity exists in the private sector, 

Government bodies and Universities. no laboratory capacity exists.  The assessment of risk in terms 

of treatment challenge throughout the water cycle/year may therefore, be inadequate.  It is suggested 

that monitoring capacity and a monitoring programme is established to support and validate risks 

assessments (see Section 7.2; recommendations 2 and 3).  The Aquavalens methodology and qPCR 

are fit for purpose and analysis kits are commercially available. The use of these combined with 

industry wide surveillance will provide the best evidence base for both determining risk and providing 

longer term security and public health protection. 

The following risk-based monitoring framework is proposed. 

1. Reviews of drinking water safety plans should incorporate an assessment of the potential 

sources and pathways that may exist for viruses to enter groundwater and arrive at 

groundwater abstractions.   

2. A regular review of all sources to identify which are at the highest risk of viruses being present.  

For sources where an initial viral risk to groundwater is identified, a more detailed risk 

assessment could be undertaken to determine which sources are at the highest risk and 

where monitoring is most appropriate to provide useful confirmatory data   

3. Where confirmatory monitoring is undertaken the frequency and viruses considered should 

reflect the behaviour of the pathway and magnitude of the sources of virus identified over an 

annual water cycle.   
4. Where a risk exists minimum treatment requirements should meet the disinfection 

recommendations of DWI (2018) or WHO (2011) whichever is the most appropriate given the 

viral challenge.  The WHO evidence refers to a maximum contact time (CT) of 30 minutes with 

a free chlorine residual of 1.0 mg/l and pH of less than 8. 
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7.2 Suggestions for further study 

1. Conduct a wider monitoring programme  

The geographical scope and duration of the study is considered to be comprehensive and has 

identified a range of factors influencing viral transport and seasonal occurrence.   However, further 

understanding of these risk factors can only be obtained through a testing programme encompassing 

a larger number of locations, with adequate controls, and over a longer period.  An outline design for 

the programme is discussed below.  

 A wider monitoring programme covering a larger range of sites could be conducted over a 12 month 

period.  This would aim to provide greater certainty regarding the overall prevalence of viral RNA in 

groundwater sources, focusing on important aspects identified in the risk assessment including: 

• the range of viral sources in urban and rural settings;  

• risk of transport through the various aquifer types, and; 

• the influence of antecedent conditions, particularly heavy rainfall on viral presence; 

• environmental indicators and index organisms under a range of conditions.    

 

Site selection should focus primarily on the four main aquifer types (Cretaceous chalk, Jurassic and 

Carboniferous limestone, and Permo Triassic sandstone), but include representative sites from all 

aquifers.  Although viral transport is considered to be limited in the Cretaceous Lower Greensand 

Group and Permian Magnesian Limestone, a limited number of sites from these aquifer types should 

be included.   There should be a greater representation of urban sites than was achieved in the current 

study, particularly site  with known faecal contamination issues.   A representative range of borehole 

constructions, including lining and casing types should also be included. 

Sites with little or no known history of viral contamination should be selected as controls.  These are 

likely to be located on aquifers with predominantly intergranular flow, such as the Lower Greensand 

and Permo Triassic Sandstone, and sites with high levels of protective cover.   The  absence of viral 

detections at Site 8, on the Permo-Triassic sandstone, despite low levels of cover, means further 

investigation of a wider range sites replicating these conditions is recommended.     

The timing and frequency of sampling in the current study is considered adequate for the follow-up 

monitoring.  Given the importance of the autumn recharge season it may be advisable to increase the 

number of samples obtained during this period.  Event based sampling, particularly in the summer 

period following thunder storms would also be beneficial. 

Although qPCR is considered the best analytical technique for detecting viral RNA, supplementary 

methods should be considered to determine the viability of viruses.  This could consist of a targeted 

viral culture trial. 

The field trial for the current study focused on the range of viruses considered by the Aquavalens 

project to be responsible for outbreaks of waterborne infection, and for which reliable qPCR methods 

have been developed.   No change in the range of viruses included are anticipated for the next round 

of monitoring, although a review of relevant emerging research in the field of waterborne viruses and 

the availability of qPCR kits scope should be undertaken as part of the scoping stage for the next 

phase of work.  
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2. Refine risk assessment method including development of a numerical method for weighting 

sources and pathways at both site and aquifer scale 

This study has identified a risk assessment method based on the source pathway receptor model used 

for other causes of microbial contamination.  A method for ranking sources based on risk of viral 

presence requires further development.  The results from the proposed monitoring study and 

subsequent stages will help to refine the risk assessment and prioritise sources for further monitoring. 

3. Undertake desk based treatability tests to be conducted to consider tolerance and susceptibility 
to England and Wales based disinfection processes 
 

The efficacy of water disinfection processes in removing viruses is dependent on a range of 

environmental factors as well as the susceptibility of the virus.  Current guidance around dosing rates 

for disinfection is based on work undertaken some time ago.  With the emergence of new viruses, 

including Covid-19, further laboratory based testing of the disinfection processes is required.  This 

would entail testing samples of both raw groundwater and treated water using each of the main 

disinfection methods.  Testing is also required of samples collected from consumer taps in order to 

identify any possible sources of contamination within the distribution network. 

4. Review of groundwater policy with respect to the definition of Source Protection Zone 1. 

Environment Agency groundwater protection guidance and source protection zone delineation are 

based on saturated zone groundwater flow travel time for bacteria only, and may underestimate virus 

transport. Data from existing and emerging research into virus travel could inform a review of 

groundwater policy, particularly with respect to the 50 day travel time which underpins the delineation 

of Source Protection Zone 1. 
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1. Summary  

This review forms the first output of the Research Project Viruses in Groundwater Ref: DWI 70/2/325. The 

aim of this research project is to establish whether there is a potential risk of contamination of groundwater, 

abstracted for human consumption in England and Wales, by viruses emanating from sewage or other 

pollution sources. 

This report describes the first task: a literature review summary of current published research into the 

prevalence and measured quantities of enteric viruses in groundwater from studies previously conducted 

in England and Wales. That information is put into context by review of a selection of international work. 

There are a large number of viruses which may have a water vector and these have been difficult to 

characterise in the past. Historical studies were focussed on surface water and analyses for viruses in tap 

water were not developed in the early 1970s. 

Transport of viruses in the subsurface is controlled by sorption to clay particle or organic colloids and 

inactivation influenced by moisture, pH, and temperature. Survival is greatest where there are limited 

predatory populations and in cool conditions as well as in the dark. Virus behaviour is likely to be site-

specific. Some viruses, such as adenovirus, can persist in groundwater and in general they survive for 

longer than bacteria.  

Viruses appear to gain entry to the subsurface predominantly in wastewater or from animal wastes, 

although there may not be an obvious connection to the aquifer.  Human sources of viruses could include 

inadequate sanitary completion of wells and boreholes, siting of wells too close to on-site sanitation, 

leaking sewers, or land-based disposal of sewage sludge.  

The unsaturated zone can play an important role in retarding viruses due, amongst other factors, to 

sorption at the air-water interface. However, vulnerability of the aquifer can be increased during high 

recharge events due to bypass flow and by mobilisation of sorbed viruses. 

Viruses are small and can penetrate the saturated zone aquifer matrix, travel times may then exceed virus 

survival. They may be excluded from the smallest pores and thus travel more quickly than solute tracers.  

Karst features, fissures and abandoned wells can provide rapid routes for virus movement to aquifers. The 

principal aquifers of England can exhibit both intergranular and fissure flow. There is relatively little 

systematic evidence for virus occurrence in groundwater in England. Most of the existing data is derived 

from site investigations and is mainly for the Chalk and Permo-Triassic sandstone aquifers. This has 

shown that viruses can penetrate to depth suggesting the presence of fast routes in the sandstone aquifer.  

Neither bacteria, such as E. coli, nor phages, may provide a surrogate for virus transport and evidence for 

their application for water contamination is contradictory. Indicators could be sewage-related emerging 

contaminants, such as acesulphame or ibuprofen.  

Internationally, there have been documented outbreaks of water-borne viral infections associated with the 

consumption of untreated groundwater. Infection outbreaks may be associated with intrusion of human or 

animal waste due to heavy rain or to breakdowns in disinfection. Water quality, pH, temperature and 
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disinfectant concentration affect disinfection efficiency for viruses. Viruses have been shown to persist to 

the prechlorination stage in UK sewage works.   

In their study of the occurrence of enteric pathogens in the environment and implications for water 

companies UKWIR (2013) note that the ‘ability to obtain pathogen occurrence data by monitoring is 

hampered by the lack of availability of suitable techniques for their recovery and detection in sources of 

water’.  Phages have been used as tracers in England but work has not been focussed on studying them 

in relation to other pathogens; rather for the identification of rapid pathways. It remains difficult to identify 

surrogates for viruses in groundwater as risk settings may be different from more-widely studied 

pathogens, such as coliforms or cryptosporidium. 
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2. Introduction 

2.1 Terms of reference  

The aim of this research project is to establish whether there is a potential risk of contamination of 

groundwater, abstracted for human consumption in England and Wales, by viruses originating from 

sewage or other pollution sources. 

Studies from the United States of America have identified the presence of viruses in groundwater sources, 

including deep groundwater not obviously influenced by surface water (Borchardt et al., 2003; Borchardt 

et al., 2007; Borchardt et al., 2004; Borchardt et al., 2012; Bradbury et al., 2013; Hunt et al., 2010). They 

also confirmed that standard bacteria and chemical indicator parameters are not statistically associated 

with virus occurrence and that viruses can occur in groundwater with no direct surface influence (Borchardt 

et al., 2004). Populations served by systems that do not employ disinfection are at increased risk of 

exposure to water-borne viruses and the associated health risks (Borchardt et al., 2012). The Water 

Supply (Water Quality) Regulations (2016) in England and the Water Supply (Water Quality) (Amendment) 

Regulations (Wales) (2016) in Wales require water companies to continuously maintain adequate 

disinfection of drinking water supplies.  

A study published by the Inspectorate in 2012 examined the risks presented by adenovirus and norovirus 

in surface water sources with sewage influence (Merrett et al., 2013). The study used adenovirus and 

norovirus as test organisms. Adenovirus was mainly removed during the first stage of treatment (with 

norovirus removal being difficult to prove due to its absence in raw water). The surface influence on 

groundwater quality can vary depending on the depth of the aquifer, local geology and the water quality 

hazards present in the vicinity. Groundwater often undergoes minimal treatment and the particle removal 

processes used for surface water are not usually employed, with marginal chlorination the only treatment 

before distribution to consumers. 

Undertaking a small scale study using the latest Polymerase Chain Reaction (PCR) analysis method will 

help determine whether groundwater in England and Wales is at risk of significant virus contamination. 

The results from this study will help inform water safety planning and operational monitoring requirements 

to ensure that water intended for human consumption is safe and wholesome to drink.  The project will 

provide the Inspectorate with an understanding of the current risk of contamination of groundwater by 

viruses in England and Wales, aiding future evidence-based policy development. It will also provide details 

of the limitations of the methodology employed. 

This report describes the first task: a literature review summary of current published research into 

the prevalence and measured quantities of enteric viruses in groundwater from studies previously 

conducted in England and Wales. The study is put into context by review of a selection of 

international work. Key points are found at the end of each section. 
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3. Search methodology 

3.1 Databases 

Databases searched were Web of Science and Scopus. Digital copies of documents were obtained using 

Google Scholar. 

3.2 Terms. 

(*VIRUS* OR *PHAGE*) AND (GROUNDWATER OR (GROUND WATER) OR AQUIFER) AND 

(ENGLAND OR WALES OR UK) 

(*VIRUS* OR *PHAGE*) AND (GROUNDWATER OR (GROUND WATER) OR AQUIFER) AND (CHALK 

OR SHERWOOD) 

(*VIRUS* OR *PHAGE*) AND (GROUNDWATER OR (DRINKING WATER) AND (ENGLAND OR WALES 

OR UK) 

Output to include abstract and keywords 

Similar search terms were used to find relevant items in the grey literature, Environment Agency reports, 

conference papers etc. in addition to reports provided by the DWI. Approaches were not made directly to 

commissioning organisations such as the Environment Agency or Public Health England. 

A selection of international references were also included to provide context based on the list provided in 

the tender invitation 

3.3 Outputs 

The UK search produced outputs for locations such as New South Wales and New England and these 

were rejected in the first pass. One article only mentioned groundwater in the reference list and this was 

also rejected. Grey literature included Metropolitan Water Board and Environment Agency reports and 

reports to DWI provided to the project. Numbers of documents at each stage of the search are shown in 

Table 3-1. 

Table 3-1: Numbers of documents identified at each stage of the search process 

Process No of documents  Total 

Search using above terms 45 45 

Reject because not in UK  5 40 

Reject because not relevant to groundwater 4 36 

Reject because no details on viruses 2 34 

International-from tender invitation 6 40 

Selected from articles citing the above 9 49 

Other background articles 12 61 

Grey literature 15 76 
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4. Context 

4.1 Background 

Water can be the vehicle for the transmission of many different types of pathogenic organisms, both 

naturally occurring aquatic organisms and those introduced by an infected host (Pedley et al., 2006). 

Waterborne pathogens include viruses, bacteria, protozoa and helminths. Viruses of concern in 

groundwater include adenovirus, echovirus, norovirus (formerly Norwalk), hepatitis A and C, rotavirus A 

and C, enteric adenovirus, calivirus and astrovirus. 

The viruses which are important from the point of view of drinking water supplies are those which are 

stable to acid pH (Holden, 1970). Only a proportion of the viruses known to affect man are able to pass 

the acid barrier of the stomach and multiply in the intestinal tract. This is the main site of multiplication of 

the small enteroviruses, as well as adenoviruses and reoviruses following spread from the respiratory tract 

or the ingestion of virus-contaminated food or water. Infection is followed by excretion in the faeces, which 

may be prolonged. 

Before 1970 it was already clear that there are a large number of viruses which may be excreted and 

sewage treatment methods of the time were ineffective in their inactivation (Holden, 1970). The problem 

was complicated by the introduction of vaccines containing attenuated living strains of the virus, e.g. 

poliovirus. At that time there were many trickle-filter plants used to treat surface water. Effluents were 

shown to contain enteroviruses on every occasion that they were tested. Storage of river water in 

reservoirs was considered to provide favourable conditions for self-purification, but virus survival was 

unclear. Disinfection methods at this time included halogens, heating, ozone, hydroxyl radicals, ionising 

radiation and ultraviolet. 

Historically many viruses were difficult to characterise and detect. These particularly included the Norwalk 

family of small round structured viruses (Glass et al., 1988). In an example related to an outbreak where 

food was the vector, Lachlan et al. (2002) showed the value of early characterisation of Norwalk-like virus 

during an outbreak. 

4.1.1 Development of viral sampling and investigations at the Metropolitan Water Board 

In the early 1960s, the Metropolitan Water Board were looking at effectiveness of isolating viruses from 

sewage and effluent by ion-exchange and aluminium sulphate flocculation. The work was focussed on 

coxsackievirus, adenovirus and polioviruses. Detected strains are shown in Table 4-1 In 1964 they started 

to attempt to analyse river water samples. In 1961-2 consideration had begun as to the effectiveness of 

water treatment. By 1963-4 work had begun on enteroviruses in river water but a successful procedure 

was not yet available. 

Reports from 1967-68 show the results of disinfection of effluents and the successively treated water. 

These show removal of enteroviruses by ozone or chlorine, but record that methods for reovirus and 

hepatitis virus were not available at this time. Analysis of river water showed a greater variety of viruses 

in the Thames than the River Lee. By 1969 this analysis had been expanded to stored water, chlorinated 

river water, well water and tap water and regular monitoring of the Thames and Lee had been extended 

to include reoviruses.  (Table 4-1) 
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Table 4-1: Development of virus work at the Metropolitan Water Board 1959-1973 

Date Sewage and 

effluent 
River water Stored 

water 
Well water Tap 

water 
Reference 

1959-

1960 

AdV 2, 5 

CVB B5, B6  

P 1 

    (Windle 

Taylor, 1961) 

1961-

1962 
CVB B1, B3, B5 

P 1,2 

    (Windle 

Taylor, 1963) 

1963-

1964 
 Negative    (Windle 

Taylor, 1965) 

1967-

1968 
Reoviruses CVB A9, B4, B5 

E 1, 7, 14, 30 P 

2, 3 

  Negative (Windle 

Taylor, 1969) 

1969-

1970 
 CVB B3, B4, B5 

E 1, 14, 24  

P 1, 2 

Reoviruses 

Reservoirs Wells with 

regular 

coliforms all 

negative for 

viruses 

Negative (Windle 

Taylor, 1971) 

1971-

1973 

 CVB B1, B3, 

B4, B5 

P 1, 2, 3  

CVB B3 

 
Negative Negative (Windle 

Taylor, 1974) 

AdV=adenovirus, CVB=coxsackievirus, E=echovirus, P=poliovirus  

They also examined virus removal by slow sand filters. Important factors were temperature, rate of 

filtration, filter cleaning, and filter maturity.  Viruses and bacteria appeared to behave similarly despite their 

difference in size. Testing of coliphages showed they were very good indicators for use in filtration studies. 

An initial study of coliphages in river water showed that large numbers were present, which were greatly 

reduced by sand filtration. 

4.2 Pathogen movement in the subsurface 

West et al. (1998) set out the key factors controlling transport and fate of microorganisms in the subsurface 

(Table 4-2). They considered that the two most important processes are sorption and inactivation. For 

viruses these vary greatly depending on the type of virus, aquifer matrix characteristics, water content, pH, 

temperature and solution chemistry of the system (Gerba, 1984; West et al., 1998). 

4.2.1 Sorption and inactivation of viruses 

Key survival factors for viruses include low water temperature, saturated conditions, near neutral pH and 

presence of organic matter (Cronin and Pedley, 2002)  Other factors may be presence of certain cations, 

presence of soil particles and hydraulic conditions. In the subsurface reduced exposure to sunlight is also 

important (Pedley et al. 2006). 

Viral transport is controlled by sorption and inactivation. Adsorption of viruses to soil should not be 

confused with inactivation since it is not permanent and can be reversed by the ionic characteristics of the 

percolating water. Solution pH and soil-surface hydrophobicity are both important in attachment and 

detachment from solid surfaces. Adsorption or release of viruses from particles in groundwater and the 
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vadose zone is due to the amphoteric nature of the external viral proteins and are therefore affected by 

pH and the ionic strength and composition of the background electrolyte solution (Azadpour‐Keeley and 

Ward, 2005).  Most enteric viruses are stable over a pH range of 3-9, but survival may be prolonged by 

near neutral pH values (Cronin and Pedley, 2002). 

Table 4-2: Factors affecting transport and fate of microorganisms in groundwater (West et al., 
1998) 

Microorganism characteristic Aquifer environmental properties 

Size Groundwater flow velocity 

Shape Dispersion 

Density Pore size (intergranular or fracture) 

Inactivation rate Kinematic effective porosity 

Irreversible adsorption Organic carbon content 

Physical filtration Temperature 

 Chemical properties of groundwater 

 Mineral composition of aquifer 

 Predatory microflora 

 Moisture content 

 Pressure 

 

Enteric viruses have capsids composed of protein polypeptides that contain amino acids that have 

carboxyl and amino groups that acquire electrical charges upon ionization. As a result, dispersed virus 

particles form electrical double layers in solution. Ionic strength affects the thickness of the electrical 

double layer that surrounds a virus particle. Higher ionic strength shrinks the double layer that promotes 

closer proximity between virus particles and solid surfaces, thereby enhancing attachment and retarding 

transport (Gerba 1984). Viruses vary in their isoelectric points because of the different amino acid groups 

found on their protein capsids. The composition of both cations and anions also influences virus retention 

and transport.  

Association with soil generally increases survival. However, attachment to some mineral surfaces may 

cause deactivation (Cronin and Pedley, 2002). Viruses including polio, hepatitis A (HAV), retrovirus, and 

coxsackievirus sorb more strongly to clay than silt and sand particulates (Azadpour‐Keeley and Ward, 

2005). It should also be noted that most subsurface materials have an enormous buffering capacity to 

maintain a pH balance, thereby averting the release of viruses. 

Most viruses survive longer in moist conditions and even longer in saturated conditions. A moisture content 

of 10-15% has been shown to be optimal for some enteric viruses. The unsaturated zone can play an 

important role in retarding (and in some cases eliminating) pathogens (Pedley et al., 2006). Hydrophobic 

interactions may be responsible for sorption of viruses at the air–water interface in unsaturated soils and 

viruses sorbed at these interfaces may undergo accelerated inactivation rates. However, sorption at the 

solid–water interface, particularly where there is organic matter may enhance virus longevity. These 

mechanisms have been suggested to explain the increased virus sorption or inactivation observed in 

unsaturated systems.  

 



 

 

 

Defra  Project No.: I-DEA-133/103/001 83 

 

Table 4-3: Survival of viruses in groundwater (summarised from Azadour, Keeley and Ward 
(2005). 

Virus Die-off rate 
constant 
(/day) 

Half-life 

(day) 

Comment 

Poliovirus 1 0.01 - >1.42 <0.49-69 Low rates in batch tests, high rates in 
column test in soil water 

Coxsackievirus B3 0.19 3.6 Chamber test 

Rotavirus SA-11 0.2-0.36 1.9-3.5 Chamber and batch test 

Coliphage f2 0.39 1.8 Chamber test 

F+ phage 0.01-0.13 5.3-69 Batch test 

MS2 bacteriophage 0.05-0.19 3.7-14 Batch test in saturated soil 

PDR-1 bacteriophage 0.28-0.55 1.3-2.5 Batch test and field study 

Hepatitis A virus 0.01->0.94 <0.74-69 Low rates in batch tests, high rates in 
column test in soil water 

 

In general, viruses may survive for longer than bacteria, with observed half-lives (the time taken for the 

initial population to be reduced by 50%) that range from 21 hours to over 70 days. Azadpour‐Keeley and 

Ward (2005) tabulate virus survival times in groundwater and surface water. These exhibit a wide range 

of die-off rate constants ranging from 0.01-2.2 /day Values for groundwater are shown in Table 4-3. Rates 

are also correlated with temperature with inactivation rates for enteroviruses 0.06 /hr (10–15ºC), 0.08 /hr 

(15–20ºC), and 0.19 /hr (20–25ºC). 

4.2.2 Size 

Viruses are intermediate in size between true solutes and bacteria and can be regarded as colloids. Pedley 

et al. (2006) set out typical size ranges for viruses and bacteria (Table 4-4). These sizes are compared to 

typical pore sizes for aquifer materials in Figure 4-1. Viruses are small enough to enter pores and to 

penetrate the aquifer matrix.  However, intergranular movement can be very slow particularly in fine-

grained material, and travel time may well exceed virus survival. 

 

Table 4-4 : Approximate sizes of selected microorganisms (Pedley et al 2006) 

Class Microorganism Size 

Virus Bacteriophage 0.02-0.2 µm diameter 

Poliovirus 0.03 µm diameter 

Bacteria Bacterial spores 1 µm 

E. coli 0.5 µm × 1.0 µm × 2.0 µm 

Salmonella typhi 0.6 µm × 0.7 µm × 2.5 µm 

Shigella 0.4 µm × 0.6 µm × 2.5 µm 
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Figure 4-1: Typical pathogen size relative to pore sizes in geological materials 

The principal aquifers of England, the Chalk, Permo-Triassic sandstone and the Jurassic limestone exhibit 

both fissure and intergranular flow (Figure 4-2). Limestones tend to show some karst behaviour with very 

rapid flow rates.  These types of settings are considered high risk for pathogens, as even large pathogens 

such as Giardia can travel rapidly to abstraction points. 

Abandoned wells, increased recharge rates or higher contaminant loading have also been implicated in 

the relatively rapid vertical transport of the pathogenic microorganisms that contaminated wells. 

For viruses the situation is different, they may still travel through fissures and large pores but they may 

also enter smaller pores and move with the bulk flow. There is evidence that compared to tracers in 

solution, such as lithium chloride or fluorescein, there is still some size exclusion from smaller pores, and 

viruses or bacteriophage apparently travel faster than tracers. 

However, the unsaturated zone may increase the vulnerability of the aquifer by providing rapid pathways 

for downward movement and by mobilising adsorbed viruses during periods of high recharge (Pedley et 

al. 2006). 

McGechan and Lewis (2002) discuss modelling of virus mobilisation and transport by colloids such as clay 

particles and organic material and taking into account that evidence that virus survival can be enhanced 

by sorption. 

Katzourakis and Chrysikopoulos (2014) developed a conceptual mathematical model to describe the 

simultaneous transport (cotransport) of viruses and colloids in three-dimensional, water saturated, 

homogeneous porous media with uniform flow. The model accounted for the migration of individual virus 

and colloid particles as well as viruses attached to colloids. Viruses could be suspended in the aqueous 

phase, attached onto suspended colloids and the solid matrix, and attached onto colloids previously 

attached on the solid matrix. Colloids could be suspended in the aqueous phase or attached on the solid 

matrix. Viruses in all four phases (suspended in the aqueous phase, attached onto suspended colloid 

particles, attached on the solid matrix, and attached onto colloids previously attached on the solid matrix) 

could undergo inactivation with different inactivation coefficients. 



 

 

 

Defra  Project No.: I-DEA-133/103/001 85 

 

 

Figure 4-2: Types of groundwater flow in UK aquifers 

 

KEY POINTS 

• There are a large number of viruses which may have a water vector and these have been difficult 

to characterise in the past. 

• Work was focussed on surface water and at the Metropolitan Water Board analysis of tap water 

for viruses was developed in the early 1970s. 

• Key factors controlling transport and fate in the subsurface are sorption and inactivation. These 

are controlled by matrix characteristics, water content, pH, temperature and aqueous chemistry. 

• In general viruses survive for longer than bacteria. 

• Viruses are intermediate in size between true solutes and bacteria and can penetrate the aquifer 

matrix. Travel times may then exceed virus survival. They may be excluded from the smallest 

pores and thus travel more quickly than solute tracers.  

• The principal aquifers of England exhibit both intergranular and fissure flow. Fissures and 

abandoned wells can provide rapid routes for virus movement 

• The unsaturated zone can play an important role in retarding viruses due to sorption at the air-

water interface. However, vulnerability of the aquifer can be increased during high recharge 

events due to bypass flow and by mobilisation of sorbed viruses. 



 

                                                                                                       www.thomsonecology.com 
 

5. International context 

5.1 Occurrence 

There have been relatively few well-documented published accounts of pathogenic viruses in groundwater 

supplies. These were described by Taylor et al. (2004) in Table 5-1. More recent studies are described 

below. 

Table 5-1: Historical incidence of sewage derived viruses in groundwater (from Taylor et al 
2004) 

Viruses N tested % 
positive 

Location Reference 

Enteroviruses 133 40 USA Abbaszadegan et al. 
(1999) 

FRNA coliphages 50 4 Wisconsin Borchardt et al. (2003) 

Hepatitis A 50 6 Wisconsin Borchardt et al. (2003) 

Norovirus, rotavirus, enterovirus 50 2 Wisconsin Borchardt et al. (2003) 

Coxsackievirus, poliovirus 8 38 Accra, 
Ghana 

Addy and Otatume 
(1976) 

Enteroviruses 99 20 Israel Marzouk et al. (1979) 

 

5.2 Wastewater/surface water entry to groundwater 

Borchardt et al. (2004) monitored the municipal wells of La Crosse, Wisconsin, for enteric viruses and 

determine whether the amount of Mississippi River water infiltrating the wells was related to the frequency 

of virus detection. From March 2001 to February 2002, 1 river water site and 4 wells predicted by modelling 

to have variable degrees of surface water contributions were sampled monthly for enteric viruses, 

microbial indicators of sanitary quality, and oxygen and hydrogen isotopes. 18O/16O and 2H/1H ratios 

were used to determine the level of surface water contributions. All samples were collected prior to 

chlorination at the wellhead. 24 of 48 municipal well water samples (50%) were positive for enteric viruses, 

including enteroviruses, rotavirus, hepatitis A virus (HAV), and noroviruses. Of 12 river water samples, 10 

(83%) were virus positive. Viable enteroviruses were not detected by cell culture in the well samples, 

although three well samples were positive for culturable HAV. Enteroviruses detected in the wells by RT-

PCR were identified as several serotypes of echoviruses and group A and group B coxsackieviruses. None 

of the well water samples was positive for indicators of sanitary quality, namely male-specific and somatic 

coliphages, total coliform bacteria, Escherichia coli, and faecal enterococci. Contrary to expectations, 

viruses were found in all wells regardless of the level of surface water contributions. This result suggests 

that there were other unidentified sources, in addition to surface water, responsible for the contamination. 

Hunt et al. (2010) investigated the source, transport, and occurrence of human enteric viruses in municipal 

well water, focusing on sanitary sewer sources. A total of 33 wells from 14 communities were sampled 

once for wastewater tracers and viruses. Wastewater tracers were detected in four of these wells, and five 

wells were virus- positive by qRT-PCR. These results, along with exclusion of wells with surface water 

sources, were used to select three wells for additional investigation. Viruses and wastewater tracers were 

found in the groundwater at all sites.  
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Some wastewater tracers, such as ionic detergents, flame retardants, and cholesterol, were considered 

unambiguous evidence of wastewater. Sampling at any given time did not necessarily show concurrent 

virus and tracer presence; however, given sufficient sampling over time, a relation between wastewater 

tracers and virus occurrence was identified. The presence of infectious viruses at the wellhead 

demonstrated that high-capacity pumping induced sufficiently short travel times for the transport of 

infectious viruses. Drinking water wells were shown to be vulnerable to contaminants that travel along fast 

groundwater flow paths even if these only contribute a small amount of virus-laden water to the well. These 

results suggest that vulnerability assessments require characterization of “low yield-fast transport” in 

addition to traditional “high yield-slow transport”, pathways.  

Kauppinen et al. (2018) describe persistent viral contamination of groundwater supplies following the 

intrusion of wastewater into the aquifer in Finland. They analysed samples for pathogenic human enteric 

viruses (noroviruses and adenoviruses), faecal bacteria (Campylobacter spp. and Salmonella spp.), and 

indicator microbes (E. coli, coliform bacteria, intestinal enterococci, Clostridium perfringens, heterotrophic 

plate count, somatic and F-specific coliphages). At one site the removal of norovirus in a slow sand filter 

downstream of a septic tank was less effective than for the other parameters measured.  Following 

intrusion of sewage into groundwater due to a blocked sewer, norovirus and adenovirus were detectable 

in the contaminated water supplies for 1277 and 1343 days respectively. Together these characteristics 

were considered to explain the capacity of viruses to cause waterborne outbreaks and the poor value of 

indicator bacteria. 

Ogorzaly et al, (2010) investigated the occurrence of both human adenoviruses and F-specific RNA 

phages in different confined and unconfined aquifers located in France.   Groundwater micro-cosms were 

created in 2 aquifers in order to investigate the effect of indigenous microbial activity and temperature; two 

important factors influencing viral stability in human adenovirus.  The confined aquifer comprises a 

permeable layer of sand and gravel protected by clay and boulders.  The unconfined aquifer comprises 

hundreds of metres of sandstone underlain by a fractured rock.  Viral stability was assessed over a one 

year period by both infectivity and real-time PCR methods. The results suggested that adenoviruses have 

the most stable persistence profile and an ability to survive for a long time in groundwater.  However, the 

authors note that the presence of adenoviral DNA in groundwater may be misleading in term of health risk, 

especially in the absence of information on the infective status. 

5.3 Occurrence in confined wells 

Confined aquifers are overlain by low-permeability aquitards that are commonly assumed to protect 

underlying aquifers from microbial contaminants. It has also been considered that deep groundwater is 

protected from contamination by pathogens by long travel times from the surface. In studies investigating 

the transport of viruses through fractured bedrock, Borchardt et al. (2007) and Bradbury et al. (2013) 

demonstrated the vulnerability of the Mount Simon sandstone aquifer to virus contamination through the 

regionally extensive Eau Claire shale aquitard.  

Borchardt et al. (2007) determined the occurrence of human pathogenic viruses in well water from this 

deep sandstone aquifer confined by the regionally extensive shale aquitard. Three public water-supply 

wells were each sampled 10 times over 15 months. Seven of the 30 samples were positive by reverse 

transcription polymerase chain reaction (RTPCR) for enteroviruses; one of these was positive for 

infectious echovirus 18. The virus-positive samples were collected from two wells cased through the 

aquitard, indicating the viruses were present in the confined aquifer. Samples from the same wells showed 
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atmospheric tritium, indicating water recharged within the past few decades. Hydrogeological conditions 

support rapid porous media transport of viruses through the upper sandstone aquifer to the top of the 

aquitard 61 m below ground surface. Natural fractures in the shale aquitard were considered to be one 

possible virus transport pathway through the aquitard; however, windows, cross-connecting well bores, or 

imperfect grout seals along well casings also may be involved.  

During 2008 and 2009 Bradbury et al. (2013) collected a time series of virus samples from six deep 

municipal water-supply wells ranging in depth from approximately 220 to 300 m. Three of these wells drew 

water from beneath the aquitard, and three from both above and below the aquitard. They also sampled a 

local lake and untreated sewage as potential virus sources. Viruses were detected up to 61% of the time 

in each well sampled, and many groundwater samples were positive for virus infectivity. Lake samples 

contained viruses over 75% of the time. Virus concentrations and serotypes observed varied markedly 

with time in all samples. Sewage samples were all extremely high in virus concentration. Virus serotypes 

detected in sewage and groundwater were temporally correlated, suggesting very rapid virus transport, on 

the order of weeks, from the source(s) to wells. In the study aquifer fast pathways could include preferential 

pathways such as fractures, multi-aquifer wells, or poorly grouted well casings. Adenovirus and 

enterovirus levels in the wells were associated with precipitation events. The most likely source of the 

viruses in the wells was leakage of untreated sewage from sanitary sewer pipes. 

5.4 Fractured aquifers 

Allen (2013) sampled 22 wells (11 private, 8 municipal, and 3 monitoring wells) completed in the fractured 

Silurian dolostone aquifers of southern Wellington County, Ontario, Canada for enteric viruses, faecal 

bacteria, artificial sweeteners, pharmaceuticals, and other common constituents of human and animal 

sewage. The vulnerability of fractured bedrock aquifers to sewage-derived contaminants was highlighted 

when 91% of the sampling wells exhibited at least one of the 49 sewage derived contaminants analysed 

in this investigation. Low concentrations of viruses were found in 45% of the wells but each of these wells 

only exhibited viruses on one of the monthly sampling events.   

Allen et al. (2017) collected groundwater samples from 22 wells completed in a regional fractured 

dolostone aquifer in the Guelph region of southern Ontario, Canada, over an 8-month period which were 

analysed for viruses and Campylobacter jejuni. Only 8% of the 118 samples exhibited viruses at extremely 

low concentrations, but of the 22 wells sampled, 10 (45%) were positive for human enteric viruses 

(polyomavirus, adenovirus A, and GII norovirus) including 5 of the 8 public supply wells (62.5%) and 5 of 

the 11 private wells (45%). Each virus-positive well had only one virus occurrence with six sampling events 

during the 8-month sampling campaign and only one virus type was detected in each well. The probability 

of virus detection was positively associated with the length of open or screened interval in the Virus 

concentration (in the wells that were virus-positive) was negatively associated with well depth and open-

interval length and positively associated with overburden thickness (i.e., the thickness of unconsolidated 

materials overlying bedrock facies) and the amount of precipitation 8–14 and 15–21 days prior to the 

sampling date. The ephemeral nature of the virus detections and the low detection rate on a per sample 

basis were consistent with previous studies. The percentage of virus-positive wells, however, was much 

higher than previous studies, but consistent with the fact that the hydrogeological conditions of fractured 

bedrock aquifers create. 
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5.5 Transport 

Jin and Yates (2002) state that to establish the scientific basis to protect public water supplies, it is 

essential to know the length of time that a variety of waterborne disease-causing microorganisms can 

survive in the environment and how far they can travel in the subsurface. They measured the inactivation 

rates of indicator bacteriophages and human enteric viruses in both saturated and unsaturated soils and 

aquifer materials under a range of environmentally relevant conditions and identified the key mechanisms 

responsible for the inactivation of microorganisms in the subsurface soil environment. 

They used batch and well-controlled column experiments. Column experiments were conducted to 

investigate the effects of (1) water content; (2) solution chemistry (ionic strength and composition); (3) 

properties of the porous materials; and (4) properties of the microorganisms on their survival, retention, 

and transport in porous media. 

Several important conclusions were drawn from the studies conducted in this project. In summary: 

• Neither MS-2 nor ΦX174 phage appeared to be surrogates for norovirus when studying fate and 

transport behaviour in porous media.  

• Ionic strength can have a significant effect on virus behaviour in the subsurface environment. The 

effect is likely to depend on the type of virus and the properties of porous materials.  

The effect of water content is significant in some porous media but not in others because the properties of 

the media differ. Results suggested that in the presence of reactive solid surfaces, increased reactions at 

the solid-water interface (SWI), rather than at the air-water interface (AWI), dominate in virus removal 

under unsaturated conditions. The extent to which water content plays a role in determining sorption 

behaviour also appears to depend on the virus type.  

Looking at groundwater remediation Azadpour‐Keeley and Ward (2005) state that the remediation of 

groundwater contaminated with waterborne pathogens, in particular with viruses, is based on their 

probable or actual ability to be transported from the source of origin to a point of withdrawal while 

maintaining the capacity to cause infections. The transport is often associated with both the unsaturated 

and saturated subsurface composed of varying geological settings with commensurate hydrogeological 

variability. Included among the most important hydrogeological factors that can be used to evaluate viral 

transport are the flux of moisture in the unsaturated zone, the media through which the particles travel, the 

length of the flow path, and the time of travel. With respect to the movement and inactivation of viruses in 

the subsurface, the vadose zone can provide an effective barrier for movement into groundwater and for 

the protection of downgradient points of withdrawal and use. Models have been developed to predict viral 

transport in soil and groundwater, including screening models and more sophisticated predictive numerical 

models. As evidenced by the exponential growth of virus transport research in the literature, as well as a 

continuing interest in human health, the subject will continue to be one of critical importance to 

professionals active in the development, treatment, and conveyance of groundwater in the future. 

Hunt and Johnson (2017) compare pathogen impact and transport with dissolved phase contaminants. 

They comment that pathogen outbreaks result from very small exposure (e.g., less than 20 viruses) from 

very large sources (e.g., trillions of viruses shed by a single infected individual). Thus, unlike solute 

contaminants, an acute exposure to a very small amount of contaminated water can cause immediate 

adverse health effects. Pathogens are larger than solutes and interactions with surfaces and settling for 



 

 

 

90 Defra Project No.: I-DEA 133/103/001 

 

protozoa and viruses bound to particulates become important even as processes important for solutes 

such as diffusion become less important. Unbound viruses and bacteria are likely to remain in suspension. 

Consequently, understanding pathogen processes requires changes in how groundwater systems are 

typically characterized, where the focus is on the leading edges of plumes and preferential flow paths, 

even if such features move only a very small fraction of the aquifer flow. Moreover, the relatively short 

survival times of pathogens in the subsurface require greater attention to very fast flow paths (Figure 5-1).  

 

Figure 5-1: Schematic modelled distribution of groundwater age from an idealised aquifer. Short 
travel times associated with pathogens (red-shaded rectangle designating the 0–3 year time 
interval on the modelled distribution) are expected to be a very small component of the water 
pumped from a well (simplified from Hunt and Johnson, 2017) 

5.6 Disinfection 

Between 1971 and 1996, there were 642 outbreaks of waterborne disease in the United States, of which 

371 (58%) were associated with groundwater sources (Borchardt et al., 2004 and references therein). In 

9% of these the etiologic agent was identified as a virus. In the compilation of waterborne disease outbreak 

data for the years 1999 and 2000, 26 of 37 infectious disease outbreaks were attributed to groundwater, 

and a virus was identified in four of these. The etiologic agent could not be identified in roughly half of 

groundwater-related outbreaks, but these outbreaks were presumably viral in origin because of the 

absence of bacterial and protozoan pathogens. The assumption that these outbreaks are caused by 

viruses is likely to be correct; however, a plug of contamination carrying a bacterial pathogen could lead 

to an outbreak but have disappeared from the system by the time samples are collected. 

Of the 818 drinking-water outbreaks recorded by the Centers for Disease Control and Prevention in the 

United States between 1971 and 2008, approximately a third (248) were linked with the consumption of 

untreated groundwater, and of these, 45 (26.2%) occurred in vulnerable hydrogeological settings such as 

karst (Wallender et al., 2014). 

Disease outbreaks associated with drinking water drawn from untreated groundwater sources represented 

a substantial proportion (30.3%) of the 818 drinking water outbreaks reported between 1971 to 2008 used 

by Wallender et al. (2014). The majority of outbreaks had an unidentified etiology (n=135, 54.4%). When 

identified, the primary etiologies were hepatitis A virus (n=21, 8.5%), Shigella spp. (n=20, 8.1%), and 
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Giardia intestinalis (n=14, 5.7%). Among the 172 (69.4%) outbreaks with contributing factor data available, 

the leading contamination sources included human sewage (n=57, 33.1%), animal contamination (n=16, 

9.3%), and contamination entering via the distribution system (n=12, 7.0%). Groundwater contamination 

was most often facilitated by improper design, maintenance or location of the water source or nearby waste 

water disposal system (i.e., septic tank; n=116, 67.4%). Other contributing factors included rapid pathogen 

transport through hydrogeological formations (e.g., karst limestone; n=45, 26.2%) and preceding heavy 

rainfall or flooding (n=36, 20.9%).  

Borchardt et al. (2012) related incidence of gastrointestinal illness to viruses in non-disinfected water 

supplies from groundwater. This was between 6 and 22% and possibly 63% among children <5 years old. 

5.7 Indicators 

Allen (2013) considered that the artificial sweetener acesulfame may act as an effective tracer of sewage-

derived contamination and the combination of ibuprofen and total coliforms may be able to indicate up to 

70% of virus occurrences in southern Wellington County’s fractured bedrock aquifers. The results suggest 

that private well owners consuming untreated groundwater are at risk of acute gastrointestinal illness. 

Fout et al. (2017) examined data from 12 international groundwater studies (conducted 1992–2013) of 718 

public drinking-water systems located in a range of hydrogeological settings. A list of the published studies 

is given in Table 1 of this article and includes predominantly American studies, but also from Canada, Italy, 

Japan and Korea. The focus was on testing the value of indicator organisms for identifying virus-

contaminated wells. One or more indicators and viruses were present in 37 and 15% of 2,273 samples 

and 44 and 27% of 746 wells, respectively. E. coli and somatic coliphage were 7– 9 times more likely to be 

associated with culturable virus positive samples when the indicator was present versus when it was 

absent, while F-specific and somatic coliphages are 8–9 times more likely to be associated with culturable 

virus positive wells. However, single indicators were only marginally associated with viruses detected by 

molecular methods, and all microbial indicators had low sensitivity and positive predictive values for virus 

occurrence, whether by culturable or molecular assays, i.e., indicators are often absent when viruses are 

present and the indicators have a high false-positive rate.  

Wells were divided into three susceptibility subsets based on presence of (1) total coliform bacteria or (2) 

multiple indicators, or (3) location of wells in karst, fractured bedrock, or gravel/cobble settings. Better 

associations of some indicators with viruses were observed for (1) and (3). Findings indicate the best 

indicators are E. coli or somatic coliphage, although both indicators may underestimate virus occurrence. 

Repeat sampling for indicators improves evaluation of the potential for viral contamination in a well. 
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KEY POINTS 

• There have been relatively few well-documented accounts of viruses in groundwater 

supplies. 

• Entry of wastewater or surface water into groundwater can be a source of viral 

contamination, particularly during rainfall events 

• Fractured aquifers are vulnerable to contamination and rapid flow paths are important. 

• Consumption of untreated groundwater has been related to disease outbreaks 

• Neither bacteria nor phages may provide a surrogate for virus transport and water 

contamination. Indicators could be sewage-related emerging contaminants, such as 

acesulphame or ibuprofen.  
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6. Results from England and Wales 

The results of the literature review for work carried out for England and Wales are presented based on a 

source-pathway-receptor approach. 

6.1 Sources 

Pedley and Howard (1997) reviewed microbiological contamination of groundwater. They discuss potential 

sources of groundwater contamination.  These could be inadequate sanitary completion of wells and 

boreholes, siting of wells too close to on-site sanitation, leaking sewers, land-based disposal of sewage 

sludge and the presence of open wells. Information on the relative importance of sources was rarely 

available and survival of bacteria and viruses in the sub-surface environment was poorly understood. 

Cronin et al. (2006) showed that a proper understanding of concentrations in the source loading and in the 

various compartments of the water cycle was needed.  Urban waste waters will often contain viruses, 

including human (and avian) viruses. Rueedi et al. (2005) showed that all analysed micro-organisms in 

the sewage system in Doncaster followed a similar daily pattern, namely high concentrations during the 

morning, dropping around noon, rising again during the afternoon and then falling again in the evening 

and night. A reasonable sampling strategy should therefore cover daily, seasonal and spatial variations. 

Use of waste water in artificial recharge therefore requires an assessment of virus hazard (Tellam et al., 

2007). Taylor et al. (2006) considered that the depth-specific hydrochemistry of groundwater beneath 

Birmingham and Nottingham demonstrated the complexity of contaminant loading from multiple sources. 

Leaky sewers were confirmed to be contributing to urban recharge. Detection of faecal microorganisms 

indicated that there are many rapid flow paths within the Sherwood Sandstone and confirmed faecal 

contamination in urban recharge resulted from contemporary sewer leakage. 

Moreira and Bondelind (2017) reviewed drinking waterborne outbreaks reported in the literature, with the 

perspective of production and distribution of microbiologically safe water, during 2000-2014, including a 

number of examples from the UK and Ireland. The outbreaks were categorised as raw water 

contamination, treatment deficiencies or distribution network failure (Figure 6-1). The main causes for 

contamination for groundwater were ascribed to intrusion of animal faeces or wastewater due to heavy 

rain whereas for surface water, they were discharge of wastewater into the water source and increased 

turbidity and colour. At treatment plants the causes were considered to be malfunctioning of the 

disinfection equipment; and for distribution systems, cross-connections, pipe breaks and wastewater 

intrusion into the network.  

Pathogens causing the largest number of affected consumers were cryptosporidium, norovirus, Giardia, 

campylobacter, and rotavirus. The largest number of different pathogens was found at treatment works 

and the distribution network. Accumulation of pathogens at a treatment works would be likely where they 

are concentrated on the flocs and in the filters.  The largest number of affected consumers with 

gastrointestinal illness was for contamination events from a surface water source, while the largest number 

of individual events occurred for the distribution network. 
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Figure 6-1: Sources of pathogens in drinking water, 200-2014 in the international literature (from 
Moreira and Bondelind, 2017) 

UK Water Industry Research Ltd. (UKWIR) are currently undertaking sampling for pathogens, including 

viruses from a range of water sources including 65 groundwater sources.  The sources were chosen to 

represent those which were subject to some risk factors, rather than pristine sources.  Publication of the 

report presenting the findings from the study is anticipated during 2019.Pathways 

6.1.1 Mobility 

A key facet of urban groundwater that remains poorly understood was the depth and rate at which 

contaminants penetrate urban aquifers (Cronin et al., 2006).  Joyce et al. (2008) assessed the hazard from 

viruses in wastewater recharge of urban sandstone aquifers using a combination of laboratory column and 

field experiments using forced gradient tracer tests on the University of Birmingham field experiment site. 

Laboratory experimentation indicated that low ionic strength, previous exposure to viruses and increased 

types of other types of colloidal particle were important factors in promoting virus mobility. Evidence on 

the role of fractures was less clear, since at this site the fractures are often of small aperture, contain some 

filling material and are of limited lateral extent making them similarly permeable to the host rock.   

6.1.2 Stability in groundwater 

Charles et al. (2009) assessed the stability of human viruses and coliphage in groundwater and related 

this to infectivity.  Groundwater from the Permo-Triassic sandstone aquifer was used for a series of 

laboratory studies. A range of viruses and coliphage was studied: enteroviruses poliovirus 3 and 

coxsackievirus B1; noroviruses GI and GII; adenovirus serotype 2; coliphage PRD1and ΦX174. Detection 

was by PCR.  

Figure 6-2 shows the detection (infectivity) of adenovirus (AdV2) in groundwater over more than 1 year. In 

the same experiment PCR was able to detect AdV2 for up to 672 days.   

The results indicated the relatively short-term stability of enteroviruses, both in terms of infectivity and 

nucleic acid, and supported the conclusions of Powell et al. (2003) that detection of enterovirus in the 

Permo-Triassic aquifer was because of rapid transport mechanisms. The low stability of enteroviruses 

suggested that they are not good indicators of potential faecal contamination of groundwater but that 

norovirus as a pathogen can be used to measure the contamination and the health hazard directly.  
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Adenovirus, which has been shown to have greater stability than enteroviruses, is present more 

consistently in the environment than norovirus and so may be the best marker of human faecal 

contamination.  Alternatively, coliphage would potentially be better indicator than enteroviruses where 

PCR facilities are not available. 

 

Figure 6-2 : Detection of adenovirus in groundwater (after Charles et al, 2009) 

In general, the results showed that the survival of viruses in groundwater over many months is possible 

and indicate that the detection of viruses in groundwater conditions (dark, limited predatory populations, 

low temperature) by PCR has a good potential correlation to infectivity and therefore does indicate a health 

hazard. This study, showed for the first time, the differences in the environmental stability of the 

noroviruses NV GI and GII. 

6.1.3 Value of tracers in understanding the transport of viruses 

Microbial tracers have been applied in studies of groundwater flow and transport in order to assess the 

vulnerability of groundwater sources to microbial contamination (Taylor et al., 2004). They were included 

in this review to evaluate whether information gained could provide additional understanding of viral 

transport. Virus and bacteria tracers have been shown to move ahead of non-reactive salt tracers in 

unconsolidated media and thus, bacteriophage are very useful to shed light on such transport 

characteristics (Cronin et al., 2006). A summary of these tracer tests is shown in Table 6-1 . 

A wide range of microorganisms has been used including bacteria, yeasts, lycopodium spores and 

bacteriophages. Bacteriophages, primarily coliphages (i.e., viruses specific to E. coli), are the most widely 

applied, microbial tracer because they are non-pathogenic, relatively easy to prepare and assay, and 

easily differentiated from indigenous microfauna. In addition, the size and survival of bacteriophages are 

considered to resemble most closely mammalian enteroviruses which are the most serious threat to the 

drinking water quality of groundwater sources. 

Lawrence et al. (1996) carried out a tracer trial in the Oxfordshire Chalk unsaturated zone using 

bacteriophage, various-sized fluorescent beads and lithium chloride. This demonstrated that pathways of 

aperture sufficient for particles up to 1 µm in diameter exist to at least 25 m depth, but that the unsaturated 

zone does provide significant protection to groundwater. 

Following the foot and mouth epidemic in the UK in 2001 the need to better understand the fate and 

transport of pathogenic viruses in the subsurface was highlighted (Collins et al., 2006).  MS2 phage was 



 

 

 

96 Defra Project No.: I-DEA 133/103/001 

 

identified as a potential worst case surrogate due to its significant survival time and conservative transport. 

Other bacteriophages, φX174 and PRD1, were also considered potential surrogates for strongly adsorbed 

or larger pathogenic viruses respectively. Ebdon et al. (2012) suggest GB-124 bacteriophage as suitable. 

In field tracing experiments, transport of applied microbial tracers, primarily bacteriophage, is commonly 

observed to occur more rapidly than non-reactive, conservative tracers (e.g., solutes) that represent the 

average linear velocity of groundwater flow (Taylor et al., 2004). Apart from indicating rapid microbial 

transport, relative to the average linear velocity of groundwater flow, these studies show that this difference 

in flow velocities is intensified in fractured or fissured rock compared with alluvial sands and gravels where 

matrix dominated flow is expected.  

Taylor et al. (2004) state that the results of field studies are supported by numerical modelling which shows 

that, as the heterogeneity of porous media increases, microbial (and colloidal) transport can be facilitated 

to the extent that the arrival of these tracers precedes that of conservative tracers. In karst and sand 

aquifers where larger pore sizes reduce the impact of size exclusion, microbial tracers have been observed 

to move at velocities similar to conservative tracers. 

Joyce et al. (2005) considered that the proper management of urban groundwater requires a detailed 

understanding of. (a) concentrations of microorganisms in sources, mainly leaky sewers, (b) mechanisms 

and volumes of sewer exfiltration, (c) fate and transport characteristics of the microbes once in the 

groundwater, and (d) the levels of microorganisms that are typically picked up in urban water monitoring 

programmes and the subsequent threat posed to public health. They addressed these issues by: (a) 

investigating the fate and transport of bacteriophage as analogues of viral pathogens in field-scale tracing 

work; (b) characterizing typical sewer bacterial and viral concentrations and gaining a better understanding 

of the mechanisms of sewer exfiltration; (c) characterizing the geology and hydrogeology of key urban 

research sites in three UK cities; and (d) frequent temporal and spatial monitoring of water quality at the 

research sites.  

Joyce et al. (2007) carried out field and laboratory experiments to investigate mobility of viruses in the 

Permo-Triassic sandstone aquifer. They used the bacteriophages PRD1, MS2, φX174 and H40/1 as 

surrogates for human pathogenic viruses – specifically adenovirus and rotavirus, poliovirus, norovirus, and 

adenovirus and rotavirus respectively. Only the rates in aqueous suspension were investigated; 

inactivation rates for phage attached to rock surfaces were not studied. 

The half-lives in groundwater at 12°C of the phage (MS2, φX174, PRD1 and H40/1) employed in these 

tests were several months long (12, 21, 21 and 21 months respectively). Measured rates were in the range 

0.0009–0.0052 day-1, suggesting typical survival times of up to around 1.75 years. This suggests that 

phage and hence some enteric viruses may remain viable in aquifers for considerable lengths of time. If 

human pathogenic viruses behave similarly, these figures indicate that travel distances are likely to be 

limited, with average linear velocities in the Sherwood Sandstone Group aquifers of typically of the order 

of tens to a few hundred metres per year.  

The results from column experiments suggest that inactivation rates may change when the virus is 

adsorbed to a surface. Overall, these studies prove phages chosen as surrogates for human enteric 

viruses do survive for extended periods in the environment and may be transported rapidly through the 

Sherwood sandstone. 
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The principal attenuation mechanism for phages is irreversible sorption on fracture walls and/or trapping 

in the pore spaces of the matrix (Maurice et al., 2010).  
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Table 6-1: Tracer tests in England and Wales using phages 

Location Aquifer Phage Other parameters Result Comment Reference 

Coedly, 
Glamorgan 

Coal spoil 
heap 

Aerobacter 
aerogenose 243 

None Demonstrated early arrival 
across fault. Water 
movement 1.5-7 m/h 

 Martin and 
Thomas 
(1974) 

 Chalk Bacteriophage  Rate 30 cm/hour  Skilton and 
Wheeler 
(1989) 

Cottingham, 
East Yorkshire 

Chalk Serratia 
marcescens, 
MS2, 
Enterobacter 
cloacae 

Total coliforms, E. coli, 
enterococci, clostridia, 
enterovirus, rotavirus 

Rapid movement to PS at 54-
160 m/day 

Records enteroviruses found in two 
private boreholes and rotavirus, 
enterococci and clostridia in 
observation borehole all served by 
septic tanks. None at PS 

Chadha et 
al. (1997) 

M25/M1 Chalk  Fluorescent tracers Speed 2 km/day but low 
recovery. 

Consistent with dual-porosity flow in 
Chalk 

Price et al. 
(1992) 

Kilham, East 
Yorkshire 

Chalk   Demonstrated karst 
behaviour130-475  m/day 

 Ward et al. 
(1997) 

Sonning 
Common 

Chalk  Particles to simulate 
different sizes of 
pathogen 

Potential to reach the water 
table but considerable 
attenuation 

 Ward et al. 
(2001) 

Pang/ 
Lambourn,  

S England 

Chalk Serratia 
marcescens, 
Enterobacter 
cloacae 

φX174 

Photine CU (optical 
brightener) 

Demonstrated variability in 
interconnectivity in Chalk. 
Velocities 4.3-5.1 km/day 
from stream sinks 

Observed 75% attenuation of dye 
and 99% attenuation of phage at 
one site 

Maurice et 
al. (2010) 

Vale of 
Pickering 

Corallian Enterobacter 
cloacae 

Photine C, sodium 
fluorescein, SF6 

Showed complex transport 
with rapid breakthrough and 
long tail 

Low recovery of phage relative to 
photine 

Foley et al. 
(2012) 

Birmingham 
University 

Sherwood 
Sandston
e 

PRD1, MS2, 
φX174, H40/1 

fluorescein Demonstrated virus transport 
between boreholes 

Multi-layered convergent test Greswell et 
al. (2014) 
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6.2 Receptor: England and Wales aquifers 

Keswick and Gerba (1980) reviewed viruses in groundwater with respect to entry, survival, detection and 

future research needs. They quote the detection of poliovirus 2 in two samples at 1 pfu/40 L and 4 pfu/10L 

from a well in England drawn from a personal communication. This well was shut down subsequent to 

these findings. 

Powell et al. (2002) reviewed microbiological quality in urban aquifers but did not present any new data 

for UK groundwater. 

Machell et al. (2015) set out a summary of drinking water regulations for the developed world and highlight 

that most drinking water quality parameters are expressed in terms of guidelines, or targets, rather than 

specific requirements. Very few have any legal basis or are subject to enforcement. Two exceptions are 

the European Drinking Water Directive and the United States Safe Drinking Water Act, which both require 

legal compliance with specific standards.  

They consider that water purity is a vague term. Applied to drinking water, the emphasis of pure can mean 

‘free from all types of bacteria and viruses’ as defined by the United States Environmental Protection 

Agency, or as being ‘wholesome’ when defined within Great Britain. As it makes its way into groundwater, 

rivers and lakes, surface water can dissolve many different substances, envelop microorganisms and carry 

solid materials. Most water therefore will contain certain contaminants, bacteria, funguses and viruses; 

depending upon where the water falls and travels. Many of these microorganisms will be harmless 

saprophytes. 

 Montgomery et al. (1985) reviewed studies at 9 wastewater recharge sites, on the Chalk, Triassic 

sandstone and alluvium in England.  At this time about 300 ML/d of sewage effluent were recharged to the 

ground in the UK, about one half of it to the Chalk and much of the remainder to the Triassic sandstones. 

The review showed that the aquifers receiving recharge, and particularly their unsaturated zones, act in 

an analogous way to a biological sewage treatment plant in removing organic matter and in nitrification. In 

the Chalk and the alluvial gravel, but not the Triassic sandstone, there was the bonus of partial nitrogen 

removal at sites where the effluent does not receive prior biological treatment. Removal of bacteria and 

viruses was virtually complete in the unsaturated zone of the sandstone and within 500 m of the recharge 

sites in the Chalk. The results for Chalk and alluvial gravel are similar to those found for generally 

unconsolidated aquifers in the USA. The water quality investigations reviewed were not comprehensive in 

respect of trace organics and of virus removal. 

6.2.1 Chalk 

Pioneering work at the Whitchurch sewage recharge site on the Hampshire Chalk by Baxter et al. (1981) 

showed that pathogenic bacteria and viruses were substantially removed during infiltration. Breakthrough 

of viruses and other microbes occurred at the same time as dye tracer. Thereafter faecal streptococci and 

viruses were reported to be greatly reduced by infiltration but varied in phase. The authors concluded that 

the Chalk must always be considered as unreliable in providing protection to groundwater because of its 

fissured nature. 

In their 1985 review, Montgomery et al. discussed recharge sites at Ludgershall, Alresford, Winchester, 

Caddington and Royston. Generally removal of coliform bacteria in the unsaturated zone was good, 

together with BOD, phosphate and ammonium, and there could be localised denitrification. At Winchester, 
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where effluent mixed with Chalk groundwater enters the River Itchen by diffuse upward flow through 

alluvial deposits along several km length of the river valley, coliform bacteria and viruses were described 

as well removed. 

Montgomery et al. (1988) assessed water quality changes to effluent discharged to the Chalk from a septic 

tank serving the whole village of Snowdown, near Madehurst, Kent. Bucket-type samplers were installed 

in the unsaturated zone.  No viruses had been detected in samples of raw water from the public supply 

borehole at Madehurst which had several defective cesspools within a radius of 1 km and which was 

subject to bacterial pollution after heavy rain. Despite analytical problems, most samples from a sampling 

trench in the unsaturated zone adjacent to land drains taking septic tank effluent gave a positive result for 

coxsackie B viruses.  There were present at 2.1 m depth at mean concentrations of 12.5 PFU/L. 

6.2.2 Sherwood Sandstone 

In their 1985 review, Montgomery et al. discussed sites at Whittington and Worksop. Nitrogen appeared 

not to be lost, in contrast to the Chalk. Pathogens were not covered. 

Barrett et al. (1999) found the frequent presence of coliphage as well as faecal coliforms and streptococci 

in shallow groundwater in Nottingham. This was attributed to a sewage source. Deeper groundwater was 

not analysed for microbiological parameters. 

Reynolds and Barrett (2003) discussed the possible effect of sewer leakage on groundwater quality. They 

report the results of an investigation also in the Nottingham area, in an area of housing built in the 1970s. 

This showed that shallow groundwater was widely contaminated, with detections of E. coli and faecal 

streptococci at all 11 sites and coliphage at 1 pfu/mL at 5 of these.  

Tellam and Barker (2006) note that viable human enteric viruses have been found in pumped well waters 

in Birmingham and Nottingham by (Powell et al., 2000; Powell et al., 2001) and in piezometers to at least 

50 m below ground level (Cronin et al., 2003; Powell et al., 2003). 

Powell et al. (2003) collected groundwater samples from multi-level piezometers over a 15-month period 

(2000-2001) in both Nottingham and Birmingham. Samples were analysed for coliphage and infectious 

enteroviruses. Enteroviruses (Norwalk-like virus) were detected at one site in Nottingham from 2-45 mbgl 

in November 2000 and in a second site from 1-39 mbgl in March 2001.  These detections did not always 

relate to detection of bacterial indicators or coliphage (Cronin et al., 2003). Sewage-derived viruses and 

bacteria were found to have penetrated the entire sandstone aquifer to a depth of >50 m in both 

Nottingham and Birmingham (Powell et al., 2003). Powell et al. (2001) stated that these detections at such 

significant depths challenged the current assumptions regarding transport in consolidated sandstones. In 

addition the discovery of seasonally prevalent viruses demonstrated relatively rapid penetration to depth. 

Whilst there were temporal variations at all levels, certain zones were contaminated more frequently. The 

observations did not support bulk sub-vertical movement through the sandstone matrix but possible lateral 

transport along identified heterogeneities. The preferred explanation for the observed values was for 

infrequent rapid penetration along preferential pathways. Bacteria and viruses can be excluded from small 

matrix pore throats. Pore throats in the Sherwood Sandstone have been reported as 0.1-90 µm, restricting 

the movement of bacteria but less likely to hinder viruses. There was no observed relationship between 

the presence or absence of bacterial indicators of sewage contamination and the presence or absence of 

enteric viruses. 
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Taylor et al. (2004) provides a conceptual model outlining possible routes for the transport of 

microbiological contamination in urban aquifers (Figure 6-3) based on this work. Heavy rainfall results in 

fully saturated soils and reduced unsaturated zone thickness. Contaminants enter the aquifer via surface 

run off into abandoned boreholes or from leaking/overflowing sewers. 

In a similar study in Doncaster, Morris et al. (2006) collected samples for chemical parameters and 

microbiological indicators (faecal coliforms, total coliforms, faecal streptococci, sulphite reducing 

clostridia, coliphage, and enteric virus) from multi-level piezometers over the period 2003-2004 with the 

overall aim of validating an array of models for complex recharge to urban aquifer systems.  Faecal 

streptococci and sulphite-reducing clostridia were consistently detected down to 60 mbgl. Cronin et al. 

(2006) found that this approach using both microbiological and chemical indicators was effective in 

evaluating sewer leakage.  

In contrast to Nottingham, the results, although frequent were low, with median values being below the 

limit of detection (Table 6-2). The authors considered that gross contamination of groundwater was not 

evident. The concentrations of faecal streptococci found, the assumed die-off rate (half-life 46-72 hours), 

and the calculated dilution from sewer to groundwater demonstrated that a proportion of the water samples 

must have been very modern. 

 

Figure 6-3 : Conceptual diagram of possible solute transport routes in an urban aquifer 
(simplified from Taylor et al., 2004) 

  



 

 

 

102 Defra Project No.: I-DEA 133/103/001 

 

Table 6-2 : Results of indicator sampling. Doncaster, results expressed as percentage positive 
detections (from Morris et al., 2006) 

Indicator Individual multilevel 
depths  (n-154) 

Regional well 
(n=45) 

Sewers (n=43) 

Field thermotolerant coliforms (%) 18 11 100 

E coli (%) 18 16 100 

Total coliforms (%) 34 24 100 

Faecal streptococci (%) 40 24 100 

Sulphite-reducing clostridia (%) 44 47 100 

Coliphage (%) 1 (n=60) 7 (n=3) 100 (n=17) 

Enteric virus (%) 12 0 100 

 

6.2.3 Viruses detected 

Gregory et al. (2014) reviewed the literature on pathogens which have been reported in UK aquifers. As 

well as a considerable list of bacteria and protozoans, they also included coxsackievirus, enteric 

adenovirus, hepatitis A virus, Norwalk-like viruses and rotavirus derived from (Environment Agency 2002; 

Powell et al. 2002; Pedley et al. 2006). They consider that few of these have been proven to have water-

borne transmission. 

6.3 Disinfection 

Merrett et al. (2013) developed a series of analytical methods and associated standard operating 

procedures to facilitate the isolation of norovirus (NV) and adenovirus (AdV) from raw and partially treated 

water samples. The concentration procedure utilised a conventional adsorption/elution approach using 

membrane filters and acidified beef extract and appeared to favour recovery of AdV, although NV was 

consistently concentrated from spiked samples. The enumeration of the two viruses was effected using 

quantitative polymerase chain reaction (qPCR) and reverse-transcription qPCR (RT-qPCR) to quantify 

AdV and NV respectively in water sample concentrates. All of the methods were considered robust and 

reliable and could reasonably be transferred to competent water utility laboratories for routine use. 

Raw and partially-treated water samples generated from a waterworks monitoring programme undertaken 

over a nine month period (June 2011- March 2012 inclusive) at 4 water treatment works across the UK 

were analysed. 74% of raw water samples were AdV- positive. AdV was present in raw waters throughout 

the year and, whilst the water treatment process reduced the level of AdV by between 2 and 4 orders of 

magnitude, the virus was apparently able to persist through to the prechlorination stages. Around 20% of 

all pre-chlorination (final stage) samples were AdV positive although none of the isolates proved to be 

infective when assessed by ICC-PCR. 

NV was generally not detected in raw waters except during the winter months, December-March, when 

94% of the raw water samples were positive. In contrast to AdV, there was apparently no significant effect 

of treatment on the level of NV. The levels of NV in raw waters were often so low that the demonstration 

of a significant reduction in numbers was impossible. However, in one instance where NV levels in raw 

waters were considered significant the virus was undetected in post-GAC (pre-chlorination) samples. 
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There was strong evidence that, in raw waters where NV was detected, AdV was also detected. However, 

AdV was frequently detected in the absence of NV. Thus, on the basis of the data presented here, AdV 

may potentially be considered as a conservative indicator for the presence of NV in raw waters 

In raw or pre-chlorinated water, there was no evidence to support the use of a chemical or bacteriological 

parameter to indicate the removal of the target viruses. However, changes in levels of bacteriological and 

chemical parameters did indicate that water treatment had taken place, with an associated decrease in 

AdV levels. For example, where there were reductions in levels of overall organic particulate matter (as 

measured by turbidity, there was also a general reduction in virus numbers). 

Hill and Cromeans (2010) investigated the disinfection efficiency of free chlorine and monochloramine on 

candidate viruses: human adenovirus (HAdV 3 species), coxsackievirus (CVB 2 species), echovirus (E 2 

species), and calcivirus.  Additionally murine norovirus (MNV) was studied as a surrogate for human 

norovirus (HNV). Experiments were carries out in reagent-grade water and in source drinking water to 

assess the effect of water quality, pH, temperature and disinfectant concentration on disinfection efficiency 

(Figure 6-4). 

 

Figure 6-4 : Inactivation curves for HAdV2 (A), CVB5 (B), E1 (C), and MNV (D) in natural water 
with 0.2 mg/l free chlorine at 5oC (from Hill and Cromeans, 2010) 

Few studies had attempted to examine disinfection of aggregated viruses. Only the preparation from 

unpurified cell associated viruses provided some level of aggregation upon dilution in water. 

In all water types, chlorine and monochloramine disinfection were most effective for MNV, with 3-log10 Ct 

values at 5 °C ranging from <0.02–0.03 for chlorine and 53–111 for monochloramine. Chlorine disinfection 

was least effective for CVB5 for all water types, with 3log10 Ct values at 5 °C ranging from 2.3–7.6. 

Monochloramine disinfection was least effective for HAdV2 and E11, depending on pH and water type. At 
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5 °C, 3-log10 Ct values for HAdV2 ranged from 1044–3308, while those for E11 ranged from 814–2288. 

Overall, chlorine was much more effective than monochloramine, and disinfection proceeded faster at 15 

°C and at pH 7 for all water types. Disinfection susceptibility was markedly different between water types 

for some viruses, but no single environmental water type had consistently different inactivation rates. Ct 

values for chlorine and monochloramine disinfection of aggregated HAdV2 were two and 1.4 times higher 

than for monodispersed HAdV2, respectively. 

The results of the aggregated virus disinfection experiments provide further evidence that aggregated 

viruses are less susceptible than monodispersed viruses to free chlorine and monochloramine 

disinfection. 

The results of this project show that water source can have a significant effect on disinfection Ct values 

for free chlorine and monochloramine. 

The results of this project were designed to be used by water utilities to ensure that current and planned 

free chlorine and chloramination systems could be designed and operated to meet specific disinfection 

goals. In addition, the data from this project can be used to model the survival of these viruses in 

distribution systems, whether associated with a treatment system breakthrough or distribution system 

intrusion scenario. 

 

 

KEY POINTS 

• Sources of viruses in groundwater could include inadequate sanitary completion of wells 

and boreholes, siting of wells too close to on-site sanitation, leaking sewers, land-based 

disposal of sewage sludge, animal wastes. 

• Sources of viruses in treated water could include disinfection malfunction or wastewater 

intrusion.  

• Local pathways to aquifers include open wells. Transport is enhanced by large rainfall 

events. 

• Some viruses could potentially survive in groundwater for many months, but in general 

their detection implies a rapid pathway. 

• Most work on bacteriophages has been related to their use as tracers 

• Recharge of sewage effluent into the Chalk leads to some removal of N and some 

indication of reduction in viruses. 

• There has been a substantial body of work on the Triassic sandstone. Viruses have been 

recorded at depths of >50 m with seasonal fluctuations under Nottingham. This challenges 

current assumptions about transport in the aquifer in this area. In contrast concentrations 

under Doncaster are low. 

• Viruses have been shown to persist to the prechlorination stage in UK sewage works.  The 

effectiveness of free chlorine or monochloramine varied with water and virus type. 
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7. Conclusions 

There are a large number of viruses which may have a water vector and these have been difficult to 

characterise in the past. Work was focussed on surface water and analysis of tap water for viruses was 

not developed in the early 1970s. 

Transport of viruses in the subsurface is controlled by sorption and inactivation, Moisture, pH, and 

temperature are key parameters controlling inactivation. Virus behaviour is likely to be site-specific. Some 

viruses, such as adenovirus, can persist in groundwater and in general they survive for longer than 

bacteria. Survival is greatest where there are limited predatory populations and in cool conditions as well 

as in the dark. Their transport and survival can be influenced by sorption to clay particle or organic colloids. 

Viruses are intermediate in size between true solutes and bacteria and can penetrate the aquifer matrix. 

Travel times may then exceed virus survival. They may not enter the smallest pores due to size exclusion 

and thus travel more quickly than solute tracers.  

The unsaturated zone can play an important role in retarding viruses due to sorption at the air-water 

interface. However, vulnerability of the aquifer can be increased during high recharge events due to 

bypass flow and by mobilisation of sorbed viruses. 

Viruses appear to gain entry to the subsurface predominantly in wastewater or from animal wastes, 

although there may not be an obvious connection to the aquifer.  Human sources of viruses could include 

inadequate sanitary completion of wells and boreholes, siting of wells too close to on-site sanitation, 

leaking sewers, land-based disposal of sewage sludge.  

Internationally, there have been documented outbreaks of water-borne viral infections associated with the 

consumption of untreated groundwater and with karst areas with rapid flow paths. Infection outbreaks may 

be associated with intrusion of human or animal waste due to heavy rain or to breakdowns in disinfection. 

Water quality, pH, temperature and disinfectant concentration affect disinfection efficiency for viruses. 

Viruses have been shown to persist to the prechlorination stage in UK sewage works.  The effectiveness 

of free chlorine or monochloramine varied with water and virus type. 

Neither bacteria, such as E. coli. nor phages may provide a surrogate for virus transport and water 

contamination. Indicators could be sewage-related emerging contaminants, such as acesulphame or 

ibuprofen.  

Fissures and abandoned wells can provide rapid routes for virus movement to aquifers. The principal 

aquifers of England exhibit both intergranular and fissure flow. There is relatively little systematic evidence 

for virus occurrence in groundwater in England. Most of the existing data that there is derived from site 

investigations rather than monitoring data at abstraction points and is mainly for the Chalk and Permo-

Triassic sandstone aquifers. This has shown that viruses can penetrate to depth suggesting the presence 

of fast routes, even in the sandstone aquifer. Some viruses could potentially survive in groundwater for 

many months, but in general their detection implies a rapid pathway. 

In their study of the occurrence of enteric pathogens in the environment and implications for water 

companies UKWIR (2013) note that the ‘ability to obtain pathogen occurrence data by monitoring is 

hampered by the lack of availability of suitable techniques for their recovery and detection in sources of 
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water’.  Phages have been used as tracers in England but work has not been focussed to studying them 

in relation to other pathogens, rather for the identification of rapid pathways. 

It remains difficult to identify surrogates for viruses in groundwater as risk settings may be different from 

more-widely studied pathogens, such as coliforms or cryptosporidium. 
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Appendix 3:  Groundwater Analysis Protocols 

  



Laboratory analysis protocols deployed by the University of Surrey. 

 

The laboratory analysis of the groundwater samples comprised of three stages: 

1. Sample preparation via concentration in the laboratory 

2. Nucleic acid extraction from concentrated samples 

3. Analysis following manufacturers qPCR analysis methods 

 

1. Concentration of ground water samples – all pathogens (viruses, bacteria, protozoa) using Centricon 

70-plus 

 

Equipment needed: 

• Centrifuge with swinging bucket rotor that fits 250 ml flat bottom centrifuge flasks and can run at 

3500xg 

• Micropipettes with variable settings from 10-1000 μl 

• Sterile aerosol resistant pipette tips  

• Centricon Plus-70 Centrifugal Filter Devices MNWL 30kDa (Millipore) (Centricon Plus-70 device, 

30K 30,000 UFC703008) (Sigma, UFC703008 EMD Milipore, pack of 8) 

Reagents: 

• PBS with 0.001% Antifoam Y and 0.01% Tween80 (Sigma, A5633 or A5758; Fisher, 10592955) 

• dH2O 

Procedure: 

• Read the protocol provided by Millipore before starting the concentration. 

(https://www.emdmillipore.com/Web-US-Site/en_CA/-/USD/ShowDocument-

File?ProductSKU=MM_NF-

UFC710008&DocumentId=201306.3016.ProNet&DocumentType=UG&Language=EN&Co

untry=NF&Origin=PDP.) 

• Pre-rinse the Centricon Plus-70 device as recommended in the protocol: 

• Centricon Plus-70 membranes contain trace amounts of glycerine, used as a humectant. To remove 

glycerine, fill device with 60 mL of buffer solution or Milli-Q® water and spin for 5 minutes. To 

remove all water and buffer, a recovery spin is required. Do not allow the membrane in the filter 

device to dry out once wet. If the device is not being used immediately after pre-rinsing, leave fluid 

on the membrane until the device is used 

• Add 60 ml of the UF-eluate and spin at 3500xg for 10 minutes 

• Empty the filtrate collection cup, add another 60 ml eluate and repeat the centrifugation. Repeat a 

third time. Note the volume that has been concentrated 

• If the amount of UF-eluate remaining in the sample filter cup is above the top of the filter cores, 

decant to a suitable container before proceeding. If not, add 1 ml PBS with 0.001% Antifoam Y and 

0.01% Tween80 (see above) to the two filter cores and incubate at room temperature for 5 minutes 

• Turn the concentrate cup upside down and place on top of the sample filter cup. Then carefully 

invert the device and place in the centrifuge 

• Spin at 1000xg for 2 minutes to collect the concentrate 

• Add any UF-eluate from step 5 to the concentrate and determine the total volume 

 

2. Nucleic acid extraction from protozoa, viruses, bacteria – water & sewage samples 

Extract all samples simultaneously while including a positive and a negative extraction control: 

https://www.emdmillipore.com/Web-US-Site/en_CA/-/USD/ShowDocument-File?ProductSKU=MM_NF-UFC710008&DocumentId=201306.3016.ProNet&DocumentType=UG&Language=EN&Country=NF&Origin=PDP
https://www.emdmillipore.com/Web-US-Site/en_CA/-/USD/ShowDocument-File?ProductSKU=MM_NF-UFC710008&DocumentId=201306.3016.ProNet&DocumentType=UG&Language=EN&Country=NF&Origin=PDP
https://www.emdmillipore.com/Web-US-Site/en_CA/-/USD/ShowDocument-File?ProductSKU=MM_NF-UFC710008&DocumentId=201306.3016.ProNet&DocumentType=UG&Language=EN&Country=NF&Origin=PDP
https://www.emdmillipore.com/Web-US-Site/en_CA/-/USD/ShowDocument-File?ProductSKU=MM_NF-UFC710008&DocumentId=201306.3016.ProNet&DocumentType=UG&Language=EN&Country=NF&Origin=PDP


 

Equipment and supplies needed: 

• Bead beating instrument (e.g. Fast-Prep, MP BioMedical) 

•  Thermoshaker, up to 60 °C and mixing frequency 1400 rpm or water bath 

• Centrifuge for the lysis buffer tubes used (2 ml or 15 ml tubes) 

• Empty bead beating tube, 2 ml (mpbio.com) 

• Glass beads (0.1 mm) – (stratech.co.uk) 

• Zirconia beads (0.5-0.7 mm) (stratech.co.uk) 

• Qiagen Mini or Midi extraction kit or silica columns 

• OneStep Inihibitor Removal Kit (Zymo Research) for surface waters 

• Microtubes, 1.5 ml 

• Sterile aerosol resistant pipette tips 

• Micropipettes with variable settings from 10-1000 μl 

• Vortex 

Reagents: 

• UNEX lysis buffer (Microbiologics®) (Order from Techpath- £161) 

• Proteinase K (>600 mAU/mL, e.g. Qiagen 19133) 

Procedure: 

A. Lysis 

• Transfer 600 μl concentrate to a 1.5 ml Eppendorf tube. 

• Add 650 μl Unex lysis buffer and 50 μl Proteinase K. Mix by vortexing. 

• Incubate at 56 °C for 1 hour, preferably in a thermoshaker. 

• Spin for a few seconds at 10 000 x g and transfer the entire content to a bead beating tube 

• containing 0.5 g of 0.1 mm glass beads and 0.5 g of 0.7mm zirkonia beads (prepare the tubes in 

advance). 

• Vortex vigorously for 15 sec. 

• Run for 2 x 30 seconds in a FastPrep (Jana’s lab AX Bld) instrument at minimum of setting 4.5 but 

preferably at 6 (for other bead beating instrument, choose a similar setting) 

• Spin for 30s-1min at 10 000xg. 

B. Binding 

• Transfer the supernatant (avoiding pellet) from each bead beating tube to a spin column in a 

collection tube.  

• Centrifuge the spin column at 10 000xg for 1 min. Discard the filtrate in a container with 0.3M 

Sodium hydroxide. 

If there is more than 600 μl of sample in the bead beating tube, repeat steps 8-9. 

C. Washing 

• Add 500 μl of 100% molecular grade ethanol to the spin column.  

• Centrifuge the spin column at 10 000xg for 1 min. Discard the filtrate. 

• Add 500 μl of 70% ethanol to the spin column.  

• Centrifuge the spin column at 10 000xg for 1 min. Discard the filtrate. 

• Centrifuge the spin column again at 10 000xg for 1 min to remove residual ethanol. 

D. Eluting 

• Transfer the spin column in a new microcentrifuge tube. Discard the filtrate and the collection tube.  

• Add 50 μl of nuclease-free water to the center of the spin column and incubacte at room temp. for 3 

min. 

• Centrifuge the spin column at 13 000xg for 1 min. Discard the spin column. 



• Repeat steps 16-17. 

• Transfer the filtrate containing purified nucleic acids to a new microcentrifuge tube. Store at -20°C 

for up to 5months or at -80°C for later use. 

• For surface water or other waters that may contain PCR inhibitors, run the NA extract through an 

OneStepTM Inhibitor Removal column, following the instructions provided by the manufacturer. 

 

3. Analysis following manufacturers qPCR analysis methods 

The methods using the qPCR technique are now available from a number of suppliers and the following 

were used in this work: 

Manufacturer of analysis kit 

Virus  

Biomerieux Genetics PCR 

Solutions 

Primer Design Ltd 

Enterovirus X   

Hepatitis A Ceeram Tools/ Q Std X   

Norovirus GI Ceeram Tools/ Q Std X   

Norovirus GII Ceeram Tools/ Q Std X   

Human Adenovirus F (40/41)  X  

Hepatitis E  X  

Rotavirus Type A  X  

Enterovirus   X 

Enterovirus Advanced   X 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 4:  Virus Sampling Results Data Sheet 

  



  

  

 

Virus sampling results data sheet 

 

 

Code Site Ref (see Table 3-1) Sample date Volume 

filtered 

(L)

Total 

recovere

d volume 

(ml)

Volume 

of PEG 

pellet 

(ml)

Extracted 

volume 

(ml)

Volume 

of Nucleic 

Acid 

concentr

ate (ul)

Total 

coliforms 

(MPN/10

0ml)

E.coli 

(MPN/10

0ml)

Enterovirus Human 

Adenovirus F

Hepatitis A 

Virus

Hepatitis E Virus Noro Virus GI Noro Virus GII Rotavirus A

DWI 4 7 03/04/2019 1000 1690 5 1.4 200 <1 <1 0.00 0 0 0 4184639.91 0 0

DWI 9 7 27/06/2019 1000 1720 5 1.4 200 <1 <1 0.00 0 0 0 0 0 0

DWI 21 7 02/12/2019 1008 1575 4 1.4 200 0.00 0 0 0 0 0 0

DWI 23 7 07/01/2020 1039 1545 4.2 1.4 200 0.00 0 108928.2686 9675813.458 206503006.19 0 0

DWI 8 3 29/05/2019 500 1720 5 1.4 200 13.5 <1 0.00 0 0 0 0 0 0

DWI 15 3 18/07/2019 500 1710 3 1.4 200 <1 <1 0.00 0 0 0 0 0 0

DWI 20 3 14/11/2019 575 1530 8.2 2.8 200 0.00 0 27640.57045 0 0 0 0

DWI 24 3 08/01/2020 886 1570 4 1.4 200 0.00 0 0 0 0 0 0

DWI 2 2 20/03/2019 510 1630 8 1.4 200 0.00 0 0 0 0 0 0

DWI 13 2 10/07/2019 558 1640 3.5 1.4 200 14.8 <1 0.00 0 1399889.553 0 0 0 0

DWI 17 2 29/10/2019 572 1510 5 1.4 200 0.00 0 729.3713974 0 0 0 0

DWI 26 2 14/01/2020 624 1545 4 1.4 200 0.00 0 0 0 0 0 0

DWI 7 5 22/05/2019 1003 1740 5 1.4 200 <1 <1 0.00 0 0 0 0 0 0

DWI 14 5 10/07/2019 235 1290 3 1.4 200 1 <1 0.00 0 0 0 0 0 0

DWI 18 5 30/10/2019 500 1520 5 1.4 200 0.00 0 1451915.714 534534.8558 0 0 0

DWI 25 5 13/01/2020 504 1485 4 1.4 200 0.00 0 0 0 0 0 0

DWI 6 4 22/05/2019 1018 1670 5 1.4 200 2 1 0.00 0 0 0 0 0 0

DWI 19 4 05/11/2019 1001 1555 9 2.8 200 0.00 0 0 0 3009518670.23 0 0

DWI 27 4 15/01/2019 1001 1570 5 1.4 200 0.00 0 1053.227027 186688804.8 0 0 0

DWI 29 1b 29/01/2020 404 1615 14.5 1.4 200 0.00 12367597.01 5271639.419 0 0 0 0

DWI 3 8 20/03/2019 1000 1685 6 1.4 200 <1 <1 0.00 0 0 0 0 0 0

DWI 12 8 03/07/2019 1003 1640 5.5 1.4 200 <1 <1 0.00 0 0 0 0 0 0

DWI 16 8 28/10/2019 1008 1490 5 1.4 200 0.00 0 0 0 0 0 0

DWI 22 8 06/01/2020 1001 1530 4.1 1.4 200 0.00 0 0 0 0 0 0

DWI 1 1a 15/02/2019 1000 1600 12 1.4 200 307.6 36.8 0.00 0 0 0 0 0 0

DWI 11 1a 03/07/2019 858 1740 6 1.4 200 42.8 5.2 0.00 0 0 0 0 0 0

DWI 5 6 17/04/2019 1220 4.5 1.4 200 <1 <1 0.00 0 0 0 0 0 0

DWI 10 6 27/06/2019 270 1640 4.5 1.4 200 1 <1 0.00 0 0 0 0 0 0

DWI 28 6 22/01/2020 934 1520 4.4 1.4 200 0.00 0 0 0 499800634.81 2195.213601 0




