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Abstract 

Approximately one third of the U.S. population uses public supply wells (PSWs) 

as their drinking water source and recently a greater focus has been placed on 

assessing the risk of contaminants entering PSWs.  Among the many contaminants of 

concern are chemical and microbiological indicators of wastewater contamination.   This 

research project used a variety of field methods to better understand the primary 

mechanisms that control the transport of human enteric viruses and other wastewater 

contaminants in bedrock multi-aquifer systems and to develop effective methods for 

assessing the vulnerability of PSWs in such settings.   

At a field site in Madison, WI, borehole investigations suggest that fractures in 

siliclastic bedrock are important transport pathways from the surface to the deep 

aquifer.  Some fractured intervals have transmissivity values several orders of 

magnitude higher than non-fractured intervals.  In a siliciclastic aquifer near a public 

supply well, fractures may have an important role in the transport of sewer-derived 

wastewater contaminants.  Reverse water-level fluctuations (RWFs), a phenomenon in 

which water levels rise briefly in response to pumping, were detected in monitoring 

wells.  Data from pressure transducers located at varying depths and distances from a 

PSW suggest that the RWFs propagate rapidly through fractures to influence wells 

hundreds of meters from the pumping well.  The rate and cycling frequency of pumping 

is an important factor in the magnitude of RWFs.  The pattern of RWF propagation can 

be used to better define fracture connectivity in an aquifer system.   
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Time sequenced sampling for geochemical wastewater indicators and human 

enteric viruses is a useful tool for characterizing transport within an aquifer system.  

There is an apparent connection between recharge events and increased flow in 

sanitary sewers and, based on limited data, these increased wastewater flows appear 

linked with virus detection in groundwater at short times after these events.  In order to 

accurately assess the vulnerability of PSWs to near surface contaminants it is important 

to characterize fracture flow and the impact of PSW pumping.  The use of RWFs to 

determine fracture connectivity is an important method to accomplish this goal.  
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Chapter 1.  Introduction  

1. Background 

1.1. Public water supply vulnerability to contamination 

Approximately one third of the U.S. population uses public supply wells (PSWs) 

as their drinking water source (Eberts et al. 2005).  The presence of contaminants in 

these wells has been variable and unpredictable (U.S. Environmental Protection Agency 

1999).  During the past decade a greater focus has been placed on assessing the risk 

of contaminants entering PSWs.  Among the many contaminants of concern are 

chemical and microbiological indicators of wastewater contamination.  The U.S. 

Geological Survey’s National Water-Quality Assessment (NAWQA) program has 

conducted research related to PSW vulnerability as one of its five focus areas.  The 

NAWQA Transport of Anthropogenic and Natural Contaminants to Supply Wells (TANC) 

study strives to better understand the transport pathways and geochemical processes 

related to selected contaminants that may be found in groundwater captured by PSWs 

in a variety of hydrogeological settings (Landon et al. 2010).  Sampling of monitoring 

wells at multiple depths within an aquifer in conjunction with PSW sampling has allowed 

for increased understanding of contaminant transport and associated health risks.  

Although the TANC program evaluated many representative aquifer systems throughout 

the U.S., not every hydrogeological setting has been covered.   

Human impacts on groundwater used as drinking water sources have been 

evaluated using many different methods to quantify contamination levels and associated 

health risks.  Indicator organisms have been utilized for more than 100 years to assess 
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the microbiological quality of water supplies with coliform bacteria serving as the 

primary indicator (Yates 2007).  However, coliform bacteria are not ideal indicators of all 

pathogenic organisms in water.  This is especially true in groundwater environments 

where the smaller sizes of viruses (23-80 nm) compared with bacteria (0.5-3 μm) and 

protozoans (4-15 μm) result in significantly different transport behavior (Abbaszadegan 

et al. 2003).  The direct evaluation of virus concentrations in the groundwater 

environment poses several challenges but also holds promise as a tool for improving 

the understanding of groundwater flow between the surface and confined aquifers. 

Human enteric viruses in drinking water pose a substantial public health risk.  

There are more than 100 enteric viruses that are known to cause illness in humans 

(Bosch 1998; Abbaszadegan et al. 2003).  More than 50% of the waterborne outbreaks 

in the U.S. are attributed to contaminated groundwater, with approximately 65% of 

those cases caused by enteric viruses (Yates et al. 1985).   Half of waterborne 

outbreaks involving acute gastrointestinal illness have an unknown origin but viruses 

are suspected in most of these cases (Lambertini et al. 2008; Yeh et al. 2009).  In the 

developed world, human enteric viruses have been responsible for causing thousands 

of people to become ill each year (Dongdem et al. 2009) and gastroenteritis is 

responsible for killing millions world-wide (Bosch 1998).   It has been demonstrated that 

water meeting regulatory standards for coliform bacteria still may contain human enteric 

viruses (Dongdem et al. 2009).  In one outbreak study involving treated drinking water, 

the level of chlorine disinfection in the distribution system was high enough to inactivate 

coliform bacteria but human enteric viruses were still present (Bosch 1998).  Recent 



3 
 

research on non-disinfected groundwater systems serving small communities suggests 

that viruses in the groundwater pose an increased risk of acute gastrointestinal illness 

(Borchardt et al. 2012). 

Recognizing the threat of microbial contamination in groundwater, the U.S. 

Environmental Protection Agency (U.S. EPA) finalized the Ground Water Rule in 

October 2006 to address the risk of microbial contamination in drinking water supplied 

from groundwater sources (U.S. Environmental Protection Agency 2006).  The U.S. 

EPA has added four human enteric viruses (adenovirus, calciviruses, enterovirus, and 

hepatitis A virus) to the Drinking Water Contaminant Candidate List 3 (U.S. 

Environmental Protection Agency 2009), which indicates their study in drinking water 

sources is a priority.  The direct monitoring of enteric viruses may be the best method of 

determining if they are present in water supplies (Bosch 1998). 

1.2. Sewer exfiltration as a source of contamination 

Unlike other viruses, human enteric viruses have only one source:  human waste.  

There are many potential sources of human enteric viruses but all are linked to human 

waste.  The most common sources of viruses in groundwater are leaking sanitary 

sewers, sewage treatment plant effluent/biosolids, onsite septic systems, and sanitary 

landfill effluent (Yates et al. 1985; Bosch 1998; Abbaszadegan et al. 2003; Hunt et al. 

2010).  Sewers are the most likely source of viruses and other wastewater contaminants 

that enter groundwater in urban environments and may contaminate PSWs.  In order to 

evaluate the potential volume of wastewater entering an aquifer it is important to 

quantify sewer exfiltration.  Many urban areas have miles of aging clay pipe sanitary 
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sewers that are not well maintained.  Estimates of sanitary sewer leakage in the U.S. 

are as high as 50% of the total flow, with exfiltration rates on the order of 0.01 L/sec/km 

(Hunt et al. 2010).  An review of several reports indicated a range of exfiltration rates 

between 1 and 9 L/sec/km with a controlled experiment of exfiltration yielding a rate of 2 

L/sec/km  (Blackwood et al. 2005).  A study in Nottingham, UK determined that average 

exfiltration rates in the UK range from 0.01 to 0.1 L/sec/km (Chisala and Lerner 2008) 

and another UK study estimated that 10% of the flow in sanitary sewer leaked  and was 

recharging the aquifer (Rueedi et al. 2009).    

Sewer exfiltration in significant quantities has been documented in urban areas in 

the U.S. and Europe. Urban areas typically use sewers instead of private, onsite septic 

systems for wastewater disposal due to high population density.  The aging, leaking 

sewer pipes in many urban areas are a likely distributed source of wastewater 

contamination to groundwater that may be used as municipal drinking water.  Due to the 

high concentration of pathogenic and chemical contaminants in wastewater, only a 

small volume of sewage is required to measurably contaminate a large volume of 

groundwater. 

1.3. Human enteric virus sampling and detection 

Recent advances in sampling and analytical methods have made it feasible to 

conduct broad scale monitoring for viruses in groundwater.  Environmental virology as a 

scientific field has been evolving for more than 60 years (Yeh et al. 2009).  Initial virus 

detection methods relied on cell cultures and those are still in widespread use today.  

Newer, polymerase chain reaction (PCR)-based molecular methods have been 
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developed to increase the sensitivity of virus detection in the environment.  A recent 

decrease in the high cost of conducting environmental virus sampling has made it 

feasible to apply this method to larger projects.  Each of these methods has advantages 

and disadvantages. 

Most methods for detection and quantification of waterborne viruses from 

environmental samples require concentration from large volumes (100 to 1,000 L) of 

water.  The ideal method of virus concentration would be inexpensive, simple, fast, and 

be capable of recovering a high percentage of viruses, be useful for a wide range of 

enteric viruses, and produce a small volume of concentrate;  no one method meets all 

of these criteria (Bosch et al. 2008).  Lambertini et al. (2008) summarized the 

concentration methods that have been successfully used during the past 20 years.  The 

most popular concentration method is adsorption by the use of a 1MDS electropositive 

cartridge, which is approved by the U.S. EPA for enteric virus analysis.  Another method 

of concentrating virus samples by adsorption is use of electropositive glass wool filters.  

The efficacy of glass wool filters was demonstrated by several recent studies (Cronin et 

al. 2003; Powell et al. 2003; Lambertini et al. 2008; Albinana-Gimenez et al. 2009; 

Borchardt et al. 2010) and the $10 cost of a glass wool filter is significantly less than a 

$300 1MDS filter.   

Polymerase chain reaction methods rely on amplification of DNA or RNA from 

the target organism and are able to detect very low concentrations of genetic material.  

Bosch (2008) calls PCR the current gold standard for virus detection.  Most enteric 

viruses of concern contain RNA, which must be converted to DNA using reverse 
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transcription PCR (RT-PCR) methods for analysis.  The PCR methods are rapid (1-4 

hours), are 100 times more sensitive than cell culture methods (Abbaszadegan et al. 

2003) with detection limits of less than one genomic copy of virus per liter of sample, 

are highly specific, and can detect non-culturable viruses.  There are, however, some 

disadvantages with PCR techniques.  There is a high potential for contamination of 

samples, a potential for amplification of non-target sequences, and limitations due to the 

fact that only a small portion of the concentrated sample is analyzed. Furthermore, there 

is no way to distinguish between infective and non-infective viruses.  This inability to 

detect infectiveness with PCR hampers efforts to determine the human health risk from 

virus genomes found in the sample. Nevertheless, PCR still can provide information 

about virus transport (Abbaszadegan et al. 1993; Abbaszadegan et al. 1999; Bosch 

1998; Mattison and Bidawid 2009; Yeh et al. 2009). 

1.4. Viral Decay Rates 

Determining the survival rate of viruses in the subsurface is important because, 

unlike many chemical contaminants, enteric viruses pose a health risk for only a 

relatively short time.  If the travel time for a virus genome to reach a target well or spring 

is greater than the time the virus can remain infectious, the public health risk is low.  

Viruses will survive longer in the environment than pathogenic bacteria so it is important 

to understand that the absence of indicator bacteria may not correlate with an absence 

of pathogenic viruses.  Some of the factors that influence viral decay in groundwater 

include the virus type, temperature, dissolved oxygen, pH, electrical conductivity, and 

presence of native micro-organisms (Gordon and Toze 2003).  Most viruses are thought 
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to lose infectivity after one to two years (Hunt et al. 2010) and several researchers have 

investigated what impact the above factors have on the decay rate of virus genomes in 

groundwater.   

Virus genome decay can be described in terms of reduction of virus 

concentration per unit of time and can be calculated using the following first order decay 

formula.   

𝑑𝐶
𝑑𝑡

=  −𝑘 𝐶        (1) 

where C is the concentration, genomic copies per liter (gc/L) for PCR, and k is the 

decay constant [day-1].  Equation 1 can be integrated and rewritten as  

𝐶(𝑡) = 𝐶0 𝑒−𝑘𝑡       (2) 

Where C0 is the initial virus genome concentration.  Equation 2 can be rewritten as  

𝑘 = −�1
𝑡
� ln � 𝐶

𝐶0
�        (3) 

to solve for the decay constant.   

Field and laboratory studies have evaluated virus genome decay over time and 

determined decay constants for several virus groups.  A study of virus genome decay 

over long time periods determined that an initial concentration of 104 Adenovirus was 

detectable by PCR for 364 days in groundwater and had a decay constant of 0.01 d-1 

while an initial concentration of 104 enterovirus was detectable for 140 days and had a 

decay constant of 0.073 d-1 (Charles et al. 2009).  Many researchers report the decay 

constant as a log10 reduction in virus genome concentration per day (log/d) to match the 
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virus inactivation nomenclature typically used in drinking water treatment. Using that 

nomenclature, the above-mentioned rates would be reported as 0.004 log/d and 0.03 

log/d. 

Work by Yates et al. (1985) indicated that temperature was the most important 

factor in determining virus persistence in groundwater.  Samples were collected from 

locations across the U.S. and seeded with bacteriophage MS-2, poliovirus 1, and 

echovirus 1 before decay rates were determined at different temperatures.  There was a 

strong correlation between virus decay rates and temperatures and it was noted that 

decay rates were much lower in groundwater than for other water types (e.g. marine, 

river, lake, and tap) at the same temperature.   

A more recent review of microbial survival in groundwater (John and Rose 2005) 

compiled data from many studies on this topic.  Temperature was cited as a major 

controlling factor in virus decay rates from the reviewed studies (Figure 1.1) but it was 

recognized that predicting virus decay based solely on groundwater temperature and 

virus type will lead to inaccurate rates.  Native microorganisms, dissolved oxygen, soil 

media and attachment were all determined to have an impact on decay rates.  Most 

studies only observed microbial survival in a water column without considering the role 

of the aquifer material.  It was also noted that most of these studies only lasted 30 days 

and were unable to determine if rates were constant over a 3 log reduction in virus 

concentrations.  Decay rates below 0.01 log/d may not be accurately measured unless 

data are collected for periods of a year or longer.  A longer study of virus survival in an 
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aquifer determined that viruses persist much longer in situ than would be predicted on 

the basis of bench-scale experiments (DeBorde et al. 1998).   

 
Figure 1.1. Virus decay rates from reviewed studies, averaged by temperature group (from John and 
Rose, 2005). 

Given the above data on virus decay rates, it is possible to determine 

approximate times that virus genomes may remain viable in groundwater.  A typical 

concentration of a virus genomes in wastewater may be between 104 to 105 gc/l and 

PCR can detect viruses genomes at 10-2 gc/l in groundwater; therefore a 6 to 7 log 

reduction must occur before the virus genome is no longer detectable.  Although PCR 

specifically detects the RNA or DNA of viruses and does not directly indicate infectivity, 

previous research has indicated that virus genomes detected in PSWs using PCR are 

likely to be infectious and have negative health impacts on the local community 

(Borchardt et al. 2012). For most enteric virus genomes detected in groundwater at a 

temperature below 15°C the decay constant varies between 0.01 log/d and 0.1 log/d 
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(John and Rose 2005).  A 6 to 7 log reduction in virus genome concentration would take 

only 60 to 70 days with a 0.1 log/d decay constant but 600 to 700 days with a 0.01 log/d 

decay constant.  The dilution of wastewater mixing with groundwater in an aquifer may 

further result in a 1 to 2 log reduction in virus genome concentration.  Based on this 

information it is reasonable to assume most viruses in groundwater at these 

temperatures will be detectable for no more than two years and might be infectious for a 

shorter period.  Because decay constants increase with groundwater temperature, the 

survival time is reduced as temperature increases. 

1.5. Transport pathways and velocities 

A key assumption made when siting new drinking water wells is that if sources of 

contamination are not present within a set distance from the well (wellhead protection 

area) then the water source has a low risk of contamination because of natural 

attenuation and filtering processes (Hunt et al. 2010).  This assumption does not 

account for actual groundwater flow paths and velocities involved in the transport of 

human enteric viruses and other microbial pathogens (DeBorde et al. 1999; Taylor et al. 

2004).  Aquitards have lower hydraulic conductivities and are assumed to reduce 

vertical contaminant transport through them.   Viruses have been documented to travel 

up to 67 m vertically and over 400 m laterally in aquifers (Keswick and Gerba 1980).   

Groundwater velocities are typically reported as an average linear velocity but 

the tortuosity of pore scale flow pathways results in a distribution of velocities around 

the mean (Figure 1.2).  Rapid, statistically extreme groundwater velocities may involve 

only a small portion of the total flow volume but it is possible for water moving at these 
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extreme velocities to transport small numbers of viruses (Figure 1.3).  While the longer, 

smaller diameter pathways through the matrix are more likely to attenuate viruses by 

filtration or sorption, viruses can remain mobile in the larger, more direct, higher velocity 

pathways.  Increasing heterogeneity of the aquifer material may lead to the preferential 

transport of microbial pathogens at velocities that greatly exceed the average velocities 

of conservative ionic tracers such as chloride or bromide. 

 
Figure 1.2. Microscopic flow paths in an aquifer can significantly increase average flow path length and 
flow velocity (from Taylor et al., 2004). 
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Figure 1.3. Normal distribution of groundwater flow velocities in a homogeneous aquifer highlighting the 
existence of rapid, statistically extreme velocities (from Taylor et al., 2004). 

While it is important to recognize the effects of pore scale flow, it is also 

important to understand larger scale flow pathways that allow viruses to travel over 

distances of hundreds of meters in the subsurface.  Studies in the United Kingdom of 

sandstone aquifers with sanitary sewer microbial contamination have identified possible 

mechanisms for increased macroscopic flow (Cronin et al. 2003; Powell et al. 2003).  

Vadose zone transport was linked to rainfall levels (recharge) and saturated zone 

transport included (1) short circuiting the well annulus, (2) bulk flow through the aquifer, 

and (3) bulk flow along preferential pathways (e.g. fractures).   

The most likely route for wastewater from leaking sewers to rapidly reach a deep, 

confined aquifer is through macroscopic preferential flow pathways.  These are the least 

well understood mechanism for transport of viruses into deep aquifer systems. As noted 

previously, only a small amount of sewer effluent is required to contaminate a drinking 

water well with viruses. Therefore, the fastest pathway with the shortest travel time to a 

well is the primary concern (Hunt et al. 2010).  Unlike chemical contaminants in 

groundwater, and as discussed in the preceeding section on virus decay, viruses are 
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only infectious for a relatively short period of time. For that reason, only pathways that 

allow for travel times of less than two years to PSWs are of concern.  

There are several potential routes for rapid transport of enteric viruses into 

aquifers.  In the case of wastewater contamination in deep confined aquifer wells, the 

bedrock geology may lead to hydrostratigraphic conditions that promote preferential 

flow. Highly transmissive fractures are likely preferential flow pathways in sedimentary 

units (Runkel et al. 2006).  Natural groundwater velocities in porous sandstone units 

with high hydraulic conductivity may experience increased flow rates when public supply 

wells are pumping, thereby increasing the head gradient.  The installation of public 

supply wells may create new preferential flow pathways if the well annulus is not 

properly sealed and grouted to prevent vertical flow of groundwater (Lacombe et al. 

1995).  Open boreholes in fractured bedrock may also act to “short circuit” flow and 

increase downward migration (Williams and Conger 1990).  All of these preferential flow 

pathways are possible and must be evaluated to find which are responsible for the 

travel times that will result in the arrival of infectious viruses in a PSW. 

2. Public supply well vulnerability in Madison, Wisconsin 

The Madison, Wisconsin area is an excellent location for investigating 

preferential flow pathways that may lead to virus contamination of PSWs.  Madison is a 

medium-size (population 220,000), Midwestern city that relies on groundwater from 27 

deep high-capacity production wells for its drinking water (Borchardt et al. 2007; 

Bradbury et al. 2010).  The principal aquifer used for drinking water supply is the 

confined Cambrian Mount Simon aquifer, which is approximately 75 m below the 
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surface and overlain by the Eau Claire aquitard.  The upper aquifer consists of 

Paleozoic siliciclastic and carbonate units overlain by 30 to 100 feet of glacially-

deposited sediments.  The Madison area has a temperate continental climate averaging 

78 cm of precipitation per year with cold winters and warm summers.  It is similar to 

many other cities of its size in terms of the age of water and wastewater infrastructure 

and it has extensive, but separate, storm and sanitary sewer networks across the city.   

2.1. Viruses in Madison Public Supply Wells 

Virus genomes have been detected in Madison area PSWs during research 

conducted by the Wisconsin Geological and Natural History Survey (WGNHS) on the 

confined Mount Simon aquifer, the drinking water source for the City of Madison.  

Historically, it was thought that deep, confined aquifers were protected from microbial 

contamination by natural attenuation and filtering.  The WGHNS set out to test the 

validity of this assumption. Initial work in 2003 and 2004 detected human enteric virus 

genomes in 2 of 3 deep public supply wells sampled (Borchardt et al. 2007).  The virus 

positive wells are hundreds of meters deep and cased through the regional aquitard 

(Eau Claire aquitard).  This work utilized 1MDS filters to concentrate an average of 

1,450 L of groundwater at the wellheads before water was treated with chlorination.  

Samples were analyzed by RT-PCR for enterovirus, rotavirus, hepatitis A virus, and 

norovirus genogroups I and II.  Seven of the 30 samples (23%) were positive for 

enteroviruses, but no samples were positive for other virus groups.  The seven 

enterovirus positive samples were evaluated for infectivity using established cell culture 

methods; none of the positive samples were infective.   
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A subsequent study (Bradbury et al. 2008; Bradbury et al. 2010) conducted from 

2007 to 2009 sampled a larger number of Madison PSWs for viruses on a monthly 

basis.  Due to lower costs for glass wool filters compared with 1MDS filters, sample 

concentration was accomplished using glass wool filtration (Lambertini et al. 2008) with 

acid pH adjustment to between 6.5 and 7.0 before filtration if groundwater pH exceeded 

7.5.  Sample volumes ranged from 700 to 1,000 liters with flow rates below 4 L/min to 

maximize virus adsorption to the glass wool.  Samples were analyzed by RT-PCR for 

enterovirus, rotavirus, adenovirus, hepatitis A virus, and norovirus genogroups I and II.  

Enterovirus positive samples were evaluated for infectivity by cell culture.  During the 13 

months of the study, the percentage of wells with virus genomes positive results each 

month varied from zero to 80%, with an overall average of 43% positive samples.  Both 

adenoviruses and enteroviruses were detected.  Infectious enteroviruses were found in 

3 of the wells sampled.  Although not all wells were virus positive during the same 

month, each of the 6 wells that were continuously sampled were virus positive at some 

point during the study.    

It was necessary to sample over many months to accurately determine levels of 

virus contamination in each well.  Virus presence appeared to follow high recharge 

events (i.e. high rainfall or snow melt), which could facilitate virus transport.  Preferential 

flow pathways were not investigated in those studies, but would be required to explain 

the presence of infective viruses in the PSWs.  These studies suggested several 

potential mechanisms by which viruses could reach the Mount Simon aquifer including 

(1) transport through the aquitard by porous-media flow, (2) transport through “windows” 
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or areas where the aquitard is not present, (3) fracture flow, and (4) leaks associated 

with poorly constructed wells (Bradbury et al. 2008).   

2.2. Source of contamination in the Madison area 

The WGNHS study evaluated sources of virus contamination.  Surface water was 

considered as a potential source of the viruses but no correlations were found between 

samples from local lakes and from PSWs for the virus serotypes, 18O/2H ratios, or virus 

genome concentrations. The sanitary sewer was, therefore, suggested as the most 

likely source of the viruses detected in the Madison wells.   A study at LaCrosse, 

Wisconsin (Borchardt et al. 2004) found the highest virus genome concentrations in a 

PSW that is located near a pressurized lift station.  Madison sanitary sewer lines are 

primarily gravity mains that are not pressurized but that flow into pressurized mains 

operated by the Madison Metropolitan Sewerage District (MMSD), which serves 

Madison and surrounding communities.  During a period of heavy rainfall in south-

central Wisconsin during June 2008 it was observed that inflow to the MMSD operated 

Nine Springs Wastewater Treatment Plant (WWTP) rose from an average flow of 150 

million liters per day (MLD) to a high of 460 MLD, with a flow of 300 MLD for several 

days afterward (Bradbury et al. 2008).  The additional water in the sanitary sewer pipes 

most likely caused some gravity mains to fill with effluent and become pressurized, 

resulting in increased leakage into the subsurface and eventually into the aquifer.  In 

urban environments like Madison, leaking sanitary sewers are in close proximity to 

public supply wells and could act as a distributed source of virus contamination. 
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In summary, the Madison area has many kilometers of old, leaking sewers that 

provide a source of viruses.  The average groundwater temperature in Madison is 

approximately 11°C, which is favorable for relatively long virus survival times.  The 

hydrostratigraphy of the area is suitable for the development of fracture flow and 

defective PSWs may serve as preferential flow pathways.  The physical and 

hydrogeologic setting in Madison is representative of other areas not only in the upper 

Midwest, but also in other areas around the world.  This makes a study of Madison 

public supply well vulnerability relevant to other locations. The least understood part of 

this setting is the mechanism of transport by preferential flow pathways that allows 

effluent to travel at relatively high velocities and contaminate public supply wells. 

3. Research Objectives 

The overall goals of this research were to better understand the primary 

mechanisms that control the transport of human enteric viruses and other wastewater 

contaminants in bedrock multi-aquifer systems and to develop effective methods for 

assessing the vulnerability of public water supply wells in such settings.  A thorough 

study of one PSW was chosen as the best approach for achieving these goals, with the 

expectation that results of this work will be applicable across the hydrogeologic region 

and other areas with similar hydrostratigraphy characteristics.   

One of the Madison PSWs in which viruses had been detected in previous work, 

Unit Well 7, was selected as the site for field studies. The Madison Sewer Utility 

conducted video logging of the sanitary sewers in the neighborhood surrounding Unit 

Well 7.  These logs indicated that most sections of the 70 year old vitrified clay pipes 



18 
 

contain multiple cracks and holes that may lead to exfiltration.  Simulations using 

porous-media assumptions indicate that transport of viruses by porous media flow alone 

is very unlikely.  The WGNHS had used the Dane County hydrogeological model 

(Krohleski et al. 2000) to predict capture zones based on porous media flow in the 

Mount Simon Sandstone for many PSWs, including Unit Well 7 (Figure 1.4).  The Dane 

County model utilized a MODFLOW finite difference grid with a 400 m horizontal 

spacing and three layers.  The predicted 5 year capture zone in the Mount Simon 

aquifer extended only to a radius of 300 m from the unit well.  Preliminary work as part 

of this dissertation included creating a telescopic mesh refinement of the Dane County 

model for the area surrounding Unit Well 7.  This more detailed model (not shown) 

contained 6 layers and a central grid spacing of 2.4 m.  Particle tracking using 

MODPath indicated that under porous media flow, particles at the water table at a radial 

distance of 30 m from the well would not enter the unit well after 600 days of pumping. 

In fact the model predicted that pumping of the lower aquifer for 10,000 days had no 

noticeable effect on transport at the top of the upper aquifer. 
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Figure 1.4. Predicted capture zone for flow in the Mount Simon aquifer at Madison Unit Well 7 (Ken 
Bradbury, personal communication). 

Based on groundwater flow modeling with porous media assumptions, it 

appeared that contaminants at the water table would not enter the deep confined PSW 

in time frames appropriate for virus survival.  The most likely explanation for the virus 

detects in Unit Well 7 and other PSWs in Madison was the existence of preferential flow 

pathways. Stratigraphically controlled preferential flow paths  have been identified in the 

same Cambrian age siliciclastic units in south-central Wisconsin (Anderson 2002; 

Swanson 2007; Swanson et al. 2006) and also in equivalent units found in southeastern 

Minnesota (Runkel et al. 2006).   
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Field investigations at Unit Well 7 in Madison, Wisconsin were undertaken to 

address the following hypotheses and related questions:  

1. Preferential flow pathways associated with leaky aquitards, fracture flow and/or 

defective well casings promote rapid downward transport of wastewater 

contaminants into the subsurface.  What are the dominant transport pathways and 

how might one distinguish among these? What is the contribution of fracture flow in 

a siliciclastic aquifer? 

2. The cycling frequency and discharge of high capacity public supply wells affects 

the rate of transport for sewer effluent in a multi-aquifer system.  What is the 

mechanism responsible for reverse water-level fluctuations that are observed in the 

upper aquifer during pumping of the lower aquifer?  How do RWFs rapidly propagate 

through the upper aquifer and what might these indicate about connectivity of 

fractures or other preferential flow paths?   

3. Because they are detectable even after significant dilution and decay, human 

enteric viruses are a useful spatial and temporal tracer of sewage contaminant 

transport in the subsurface.  Can virus data provide constraints on preferential 

pathways and processes that contribute to rapid contaminant migration?  Is there a 

correlation between large recharge events, high rates of sewer flow, and detection of 

virus genomes at various depths in the subsurface?   

4. Because the cost and effort of virus genome sampling may not be practical for 

routine monitoring, other chemical and physical parameters may be more useful for 

identifying preferential flow pathways in a multi-aquifer system subject to wastewater 
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contamination.  Which chemical constituents are the most appropriate indicators of 

wastewater effluent in these settings?  Which chemical or physical parameters 

correlate with virus genome detection in groundwater? 

4. Introduction to the Dissertation 

As stated previously the purpose of this research was to better understand the 

primary mechanisms that control the transport of human enteric viruses and other 

wastewater contaminants in bedrock multi-aquifer systems and to develop effective 

methods for assessing the vulnerability of public water supply wells in such settings.  

The first step in this study was to evaluate physical flow in the upper aquifer.  Chapter 2 

describes the use of several methods to assess the hydrogeological properties of the 

upper aquifer and the contribution of fracture flow.  The use of borehole geophysics, a 

straddle packer, and a pumping test allowed for the collection of data that indicate 

fracture flow is substantial and that horizontal and vertical fractures may be connected 

to form transport pathways.  

Water level data collected from several wells in the upper aquifer provided insight 

into the effects of pumping on the aquifer system.  Chapter 3 provides an analysis of 

poroelastically generated reverse water-level fluctuations (RWFs) observed in several 

monitoring wells in the study area.  The water level data were collected over a two year 

period and under a variety of pumping rates.  These data indicate that public supply well 

pumping rate and cycling frequency impact the magnitude of RWFs in the upper aquifer.  

The RWFs also appear to propagate rapidly through the upper aquifer via fractures and 

may play a role in enhancing contaminant transport. 
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The presence of human enteric viruses and other wastewater contaminants 

provide the most direct evidence of public supply well vulnerability.  Chapter 4 presents 

results of time sequenced microbiological and chemical sampling of groundwater at the 

site.  Factors that may influence the transport of wastewater contaminants temporally 

and spatially through the system are evaluated.  Chapter 5 provides a summary of the 

research, conclusions, overall significance of the work, and suggests future related 

research. 
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Chapter 2. Characterization of fracture connectivity in a siliciclastic 
bedrock aquifer near a public supply well 

1. Introduction 

In order to protect public water supply wells from a wide range of contaminants, it 

is imperative to understand physical flow and transport mechanisms in an aquifer 

system.  With regard to microbiological contamination, determining the travel time 

between source and target has increased importance due to limited timespan of viability 

for these organisms.  Human enteric viruses may only be viable for 1-2 years in a 

groundwater environment depending on factors such as water temperature (Yates et al. 

1987; John and Rose 2005).  If the time of transport to a well exceeds the viability 

period of the microorganism in groundwater, the risk of infection is low.   

Many recent studies have highlighted the impact of microbiological contaminants 

on aquifer systems.  Research in the United Kingdom by Powell et al. (2003) has 

identified microbial contaminants in urban sandstone aquifers at depths up to 90 m 

below ground surface.  Hunt et al. (2010) have detected viruses in public supply wells 

that access a variety of aquifer types and are located in several Wisconsin communities.  

Previous work by the Wisconsin Geological and Natural History Survey (WGNHS) has 

revealed the presence of infectious human enteric viruses in public supply wells in 

Madison, Wisconsin, USA that draw groundwater from a deep (75+ m), confined 

siliciclastic aquifer system (Borchardt et al. 2007; Bradbury et al. 2010).   

It has been challenging to identify specific pathways for viruses and other 

contaminants to rapidly reach public supply wells in these settings.  Standard 
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calculations of porous media transport in siliciclastic aquifer systems are made using 

the advective transport equation 

v = - (K/ne)(dh/dl)         (1) 

where v is the average linear velocity (L/T), K is the hydraulic conductivity (L/T), ne is the 

effective porosity (dimensionless), and dh/dl is the hydraulic gradient (dimensionless).  

Using equation 1, it does not seem likely that microbiological contaminants could travel 

these distances quickly enough to remain viable upon entering a public water supply 

well.  One hypothesis to explain the presence of infectious viruses at depth is that a 

small quantity of groundwater can travel along the most direct pathways through porous 

media at rapid, statistically extreme velocities, which enable a portion of the 

microbiological contamination to reach the target well (Taylor et al. 2004).  However, 

only a very small fraction of the initial contaminant would be able to reach the target well 

in this scenario.  Another transport mechanism that could explain rapid transport in 

these aquifer systems is groundwater flowing through fractures. 

Fracture patterns and fracture flow in carbonate sedimentary rocks have been 

the focus of many studies (Bradbury and Muldoon 1994; Muldoon et al. 2001; Rayne et 

al. 2001; Underwood et al. 2003) and carbonate rocks can have a wide range of 

hydraulic conductivity values that result in the unit acting either as an aquifer or aquitard 

(Brahana et al. 1988).  Although flow through fractures has typically been associated 

with crystalline and carbonate rocks, there is growing evidence it is also important to 

flow in relatively shallow sandstone aquifers.  Research by Runkel et al. (2006) on 

fractures and fracture flow in the Cambrian siliciclastic sedimentary rocks of the North 
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American craton concluded that fracture flow may dominate intergranular flow even in 

highly permeable coarse grained sandstone aquifers.  These fractures were associated 

with certain lithostratigraphic intervals and even at great burial depths the fractures were 

hydraulically significant.  Recent work on the Cambrian Tunnel City Group of southern 

Wisconsin (Swanson 2007; Swanson et al. 2006) has demonstrated the importance of 

bedding parallel fractures to spring flow and also a correlation between changes in 

lithofacies and the presence of these fractures.  Detailed hydraulic head measurements 

at another site in southern Wisconsin delineated several distinct hydrogeological units 

within this formation based on large vertical variations in head related to the vertical 

connectivity and presence of fractures (Meyer et al. 2008).  Thermal tracer tests in open 

boreholes near Madison, Wisconsin identified hydraulically significant fractures in the 

local Cambrian age formations (Leaf et al. 2012). 

The purpose of this work is to test the hypothesis that fracture connectivity in 

siliciclastic aquifer systems is a likely mechanism for rapid transport of microbiological 

organisms and other wastewater contaminants.  Urban areas with aging, leaky sanitary 

sewers in proximity to public water supply wells may be at increased risk of wastewater 

derived contaminants entering the municipal water supply.  A detailed field investigation 

at a site near a public water supply well determined the distribution, orientation, and 

hydraulic properties of fractures; the response of the fracture system to pumping stress; 

and the presence of geochemical indicators in individual fractures.  Fracture data were 

obtained from a single borehole, which resulted in limited spatial resolution.  The data 

collected from both the overall aquifer and from individual fractures were utilized to 
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determine the role of fractures in the rapid transport of wastewater contaminants in the 

upper aquifer.   The primary means to identify and characterize fracture connectivity in 

these settings involved the use of borehole methods, including a combination of 

geophysical logging, vertical flow assessment, and discrete interval evaluation of 

physical and chemical groundwater parameters.  The construction and use of a custom 

made, light-weight straddle packer allowed for the isolation and evaluation of individual 

fractures.   

2. Background 

2.1. Location 

The study area includes Madison Unit Well 7 (UW-7), a public water supply well 

where viruses have been detected previously, and the surrounding residential 

neighborhood in the City of Madison, Dane County, Wisconsin, USA (Figure 2.1).  The 

UW-7 was drilled in 1939 and is one of 23 high capacity wells used by the City of 

Madison Water Utility as a potable water source.  The well is cased and grouted through 

the Eau Claire aquitard and is a 41 cm open borehole through the full thickness of the 

Mount Simon aquifer.  Unit Well 7 has a maximum discharge of 8,300 liters (2,200 

gallons) per minute that fills an adjacent 568,000 liter (150,000 gallon) reservoir, which 

supplies the distribution system.  The well had historically been used as a seasonal well 

(May to November) but more recently it supplied water year-round and produced 

approximately 950 million liters (250 million gallons) during 2010 (Madison Water Utility 

2011).  Sanitary sewers in the neighborhood were installed in the late 1940s and consist 

primarily of vitrified clay pipe.  Video logging of the sanitary sewer by the Madison 
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Sewer Utility indicates that some sewer pipe has cracked sections that may allow 

wastewater to leak out.  Madison has separate sanitary sewer and storm sewer 

systems. 

 
Figure 2.1.  Study area location. 

2.2. Stratigraphy and geologic setting 

The site is underlain by approximately 10 m of unlithified till and more than 200 m of 

Cambrian age sandstone, siltstone, and shale units as depicted in Figure 2.2.  Bedding 

within these units is primarily horizontal, with only a slight regional dip of 2-3 m per 

kilometer southeast away from the Wisconsin Arch (Cline 1965).  The Cambrian units 
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are underlain by Precambrian age granite that is considered a barrier to groundwater 

flow.  The Mount Simon Formation, a sandstone unit that forms the confined lower 

bedrock aquifer, is used as a primary water source by the City of Madison and 

surrounding Dane County. The shale and siltstone intervals of the overlying Eau Claire 

Formation act as a regional aquitard (Aswasereelert et al. 2008).  The Wonewoc 

Formation and Tunnel City Group form a semi-confined upper bedrock aquifer at this 

location.   The Tunnel City Group consists of several lithofacies that contain either 

glauconitic layers or thin silt and clay drapes (Swanson 2007).  These fine grained 

layers act as a leaky confining unit.  Public supply wells pump tens of millions of gallons 

per day from the Mount Simon aquifer beneath Madison, resulting in a substantial cone 

of depression across the area.  Hydraulic gradients due to this cone of depression result 

in downward vertical flow from the upper aquifer to the lower aquifer in Madison 

(Bradbury et al. 1999). 
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Figure 2.2.  Study area stratigraphy.  a Ostrom 1978 b Description from MW-C geological log based on 
drilling cuttings (Roger Peters, WGNHS) 

2.3. Installation of monitoring wells 

Three monitoring wells were installed at the site in order to investigate the upper 

aquifer.  Figure 2.3 illustrates the position of the monitoring wells in relation to the public 

supply well and the geological units.  A rotary drill rig was used to complete boreholes 

on site with an air rotary technique and a 15 cm (6 inch) tricone bit.  The boreholes are 

located approximately 6 m from UW-7 and approximately 2 m from each other.  Table 

2.1 summarizes the construction details of each borehole and monitoring well.  Cuttings 

were collected at 1.5 meter intervals from MW-B and MW-C and used to create geologic 

logs (Appendix A).  The two shallower wells (MW-A and MW-B) were drilled in April 

2010 and 5 cm (2 inch) diameter schedule 40 PVC monitoring wells were installed the 
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same day.  The shallowest well (MW-A) is screened across the water table and the 

intermediate well (MW-B) is screened across the Tunnel City – Wonewoc contact.  The 

deepest well, MW-C, was drilled a year later, in April 2011, to the top of the Eau Claire 

aquitard as an open borehole with a 15 cm (6 inch) steel casing driven approximately 10 

m to the top of bedrock. This open borehole was utilized for most of the subsurface 

characterization at the site.  When the MW-C borehole was not in use, a blank FLUTe™ 

flexible liner system was installed to minimize vertical circulation of groundwater in the 

borehole.  The MW-C 5 cm (2 inch) diameter schedule 80 PVC monitoring well was 

completed in December 2011.   
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Figure 2.3.  Cross section of field site with location of monitoring wells with respect to the unit well.  
Numbers next to each monitoring well screen and the Unit Well 7 borehole are hydraulic head elevations 
(in meters) from May 2012 while the aquifer system was at steady state during well maintenance. 

 

Table 2.1.  Construction data for monitoring wells adjacent to Unit Well 7 

Well 
Name 

Date Drilled Borehole 
Diameter 

(cm) 

Borehole 
Depth (m) 

PVC Well Casing 
Diameter (cm) 

MW Screen 
Interval (m) 

Screen 
Length 

(m) 
MW-A 13 April, 2010 15 14.6 5 10.0 – 14.6 4.6 
MW-B 13 April, 2010 15 30.5 5 27.5 – 30.5 3 
MW-C 20 April, 2011 15 66.4 5 62.5 – 65.5 3 
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2.4. Motivation and initial work 

Results of previous work that detected human enteric viruses in Madison public 

supply wells were the motivation for this study (Bradbury et al. 2010; Borchardt et al. 

2007).  Two previous rounds of time sequenced sampling detected viruses in both the 

sanitary sewer and at several public supply wells in Madison.  The temporal pattern of 

virus detections in the sewers and the public supply wells indicated that the viruses 

reached the wells on a time scale (days to weeks) much faster than expected for porous 

media flow (years to tens of years).   Preferential flow pathways between the sewers 

and the deeper monitoring well appeared necessary to explain these apparently rapid 

transport rates.  The earlier studies did not investigate the upper aquifer or the specific 

pathways responsible for virus transport to the public supply wells. 

The sanitary sewer, Unit Well 7, MW-A, and MW-B were sampled six times over 

a 12 week period during the summer of 2010.   Each sample was evaluated for the 

presence of human enteric viruses and major ions.  Virus sampling required pumping 

1,000 liters of groundwater through electropositive glass wool filters at less than 5 

L/min.  As expected, the sanitary sewer chemistry samples contained high levels of 

typical wastewater indicators including nitrate, chloride, and bromide.  In addition, most 

homes in Madison use water softening devices that require sodium chloride salt. 

Backflushing these systems discharges high levels of chloride and sodium into the 

sanitary sewer.  The deeper groundwater samples from MW-B contained significantly 

higher levels of wastewater indicators than samples from the water table well MW-A.  

Data provided in Table 2.2 demonstrate that wastewater indicators are higher at 29 m 

below ground surface (MW-B) than  at the water table (MW-A) or in  the confined 
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aquifer (UW-7).  It is important to note that the relatively low levels of nitrate in the 

sanitary sewer are due to reducing conditions under which the primary nitrogen species 

in wastewater is ammonia, which then oxidizes to nitrate in groundwater.  Ammonia was 

not analyzed in these samples.   The distinct pattern of wastewater indicators at depth 

suggested that a preferential flow pathway exists that allows sewer effluent to rapidly 

migrate to discrete intervals within the upper aquifer. 

Table 2.2.  Wastewater indicator concentrations from 2010 sampling locations.  

Sample Location 
    Depth 

(m) Name 
Sodium 
(mg/L) 

Chloride 
(mg/L) 

Nitrate as N 
(mg/L) 

Bromide 
(μg/L) 

2.0 Sanitary Sewer 183 263 0.024  138 
12.3 MW-A 45 105 0.72 29 
29.0 MW-B 194 488 6.1 228 

75+ Unit Well 8 14 0.026 29 
 

In May 2010, pressure transducers were placed in the monitoring wells to 

continuously record water level readings at 5 minute intervals.  The shallower 

monitoring well (MW-A) did not respond noticeably to pumping but the deeper 

monitoring well (MW-B) responded almost immediately each time Unit Well 7 began 

pumping.  The MW-B water level dropped by approximately 50 cm after three UW-7 

pumping/recovery cycles over a 12 hour period.  Between MW-B and the Unit Well, the 

Eau Claire Formation acts as a regional aquitard (Figure 2.3).  The strong hydraulic 

connection between MW-B and the Unit Well suggested fracture flow between 30 m 

below ground surface (bgs) and the Mount Simon aquifer may be influencing the water 

level response in MW-B.  Well construction records indicate UW-7 is cased and grouted 

through the upper part of the Eau Claire Formation and this was confirmed by recent 
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geophysical logging of the Unit Well.  This portion of the upper Eau Claire Formation 

includes a silty shale interval approximately 3 m thick, while the rest of the formation 

consists mainly of fine to medium grained sandstone.  Other possible explanations for a 

hydraulic connection between the upper and lower aquifers are that the casing and/or 

grouting has failed, or the drilling of the well may have compromised the integrity of the 

aquitard near the borehole. 

3. Methods and Results  

3.1. Borehole logging and fracture identification 

The MW-C borehole was geophysically logged with several downhole tools 

during the spring and summer of 2011 in order to characterize the aquifer system and 

identify fractures.  Several of the borehole logs are presented in Figure 2.4.  An 

Advanced Logic Technology (ALT) OBI-40 optical borehole imager captured an oriented 

360 degree visual image of the borehole at 3 mm intervals and the ALT ABI-40 acoustic 

borehole imager transmitted ultrasonic pulses at 3 mm intervals to collect data on the 

diameter of the borehole.  The OBI-40 images were used to identify potential fractures, 

bedding planes, and color changes.  The ABI-40 data identified changes in borehole 

diameter that may indicate fractures.  Gamma logging measured background levels of 

gamma radiation at 1.5 cm intervals that reflect differing percentages of potassium 

feldspar clasts, glauconite layers, and clay drapes in siliciclastic units (Swanson 2007).  

At this site the Tunnel City Group and Eau Claire Formation have higher gamma 

readings while the clean, quartz sandstone of the Wonewoc Formation has a relatively 

low gamma signature (Figure 2.4).  Fluid temperature and conductivity of the 
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groundwater in the borehole were measured at 3 cm intervals and a mechanical caliper 

determined borehole diameter at 3 cm intervals.   

 
Figure 2.4.  Selected borehole logging data from MW-C.  The “Image-NIM” log was generated using the 
Optical Borehole Imager (OBI) and the “Acoustic Caliper” log was generated using the Acoustic Borehole 
Imager (ABI). 
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Fracture identification in borehole MW-3 was accomplished with a combination of 

logs from the mechanical caliper, ABI, and OBI tools.  One or more of these methods 

identified a total of 12 potential hydraulically significant fractures (Figure 2.5).  The OBI 

log identified all fractures but that method was subjective and based on a visual 

examination of the log for sections that appeared to be fractures.  The OBI produces a 

“virtual core” that can be examined as a three dimensional cylinder or “unrolled” and 

viewed as a flat, oriented surface as depicted in Figure 2.4.  Fractures are typically 

bedding plane parallel with an extremely narrow apparent aperture, and some surface 

oxidation or staining.  A log of fracture position and orientation was created from the 

OBI data and is superimposed on the OBI log (Figure 2.4).  The mechanical caliper and 

ABI both were more quantitative and measured the diameter of the borehole, with sharp 

increases of more than 1.5 cm taken as an indication of a potential fracture.  Some 

intervals were likely enlarged during drilling based on the width of the interval and lack 

of fracture evidence in the OBI log.  The mechanical caliper log identified the fewest 

fractures (6) and was the least sensitive of the three methods used.   
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Figure 2.5.  Summary of downhole logging methods that indicated potential fractures in borehole MW-C.  
Hydraulic conductivity values based on straddle packer slug tests for selected intervals reveal which 
fractures are hydraulically important.  Fractures 4 and 5 have the same hydraulic conductivity value 
because they were in the same packer interval. 

3.2. Packer slug tests  

The MW-C borehole was evaluated at discrete intervals with an inflatable 

straddle packer assembly.  The straddle packer was constructed using customized flow 

through packers designed for use in isolating sections of sewer pipe. These devices are 

lightweight but only suitable in settings with less than 10 m of head difference across 

the packer.  When used with 5 cm (2 inch) PVC riser pipe, the packer assembly has the 

advantage of being light enough that it can be deployed down a borehole with a hand 

winch.  Construction and operation details are given in Appendix B.  The straddle 

packer was deployed at a total of 16 intervals in the borehole with 11 of those 

containing fractures.  The open interval between the packers was 70 cm, which, in most 

cases, allowed the isolation of single fractures for physical testing and water chemistry 

sampling.   
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At each interval the packer was inflated and the water level in the riser pipe was 

monitored with a pressure transducer using a direct read cable to ensure equilibrium 

with the packed interval hydraulic head.  After the head measurement was recorded, the 

transducer was set to record water levels at one second intervals.  A 2.5 cm diameter 

and 1.5 m long solid slug was rapidly inserted fully below the water level in the riser pipe 

for the “slug-in” test.  After the water level stabilized, the slug was rapidly removed from 

the water column as a “slug-out” test. Two sets of “slug-in” and “slug-out” tests were 

conducted at most intervals.  The results of the head measurements and hydraulic 

conductivity values calculated from slug tests analysis for the straddle packer intervals 

are shown in Figure 2.6. 

Hydraulic conductivities for many packer  intervals were evaluated using the 

KGS, Hvorslev, and Bower-Rice methods for unconfined aquifers (Butler 1998).  Some 

intervals with particularly rapid responses and/or oscillation in the recovery data 

required utilization of the Springer-Gelhar method (Butler 1998) instead of the KGS 

method.  Although there is some variation in values obtained by the three different 

methods at each interval, most vary by less than 15%.  The unit well was inactive for the 

majority of the testing but was pumped intermittently based on requirements of the 

Madison Water Utility.  This pumping of the lower aquifer influenced water levels in the 

isolated zones of the upper aquifer.  Changes in water levels due to pumping drawdown 

or recovery after pumping ceased were accounted for during slug test data analysis by 

using a trend removal function in the software. 
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Figure 2.6.  Flow characterization results from borehole MW-C.  Head and hydraulic conductivity and 
measurements from straddle packer testing.  Lighter bars are measurements from unfractured intevals, 
solid bars are fractured intervals, and striped bars are key fractures highlighted in this paper and indicated 
by fracture numbers in boxes.  Fractures are shown by lines on OBI log with the gamma log used to show 
changes in lithology.  Flow logging data presented under ambient and pumping conditions with negative 
flow in the downward direction.   

Interval hydraulic conductivity values from the slug tests (Figure 2.6) vary by 

more than three orders of magnitude.  The highest value was from a fractured interval in 

the Tunnel City Group while the lowest value was from an unfractured interval in the 

Wonewoc Formation.  Although some fractured intervals had higher hydraulic 

conductivities, other fractured intervals had values similar to those of unfractured 

intervals.  An interval with fractures was considered to be matrix dominated if the 

hydraulic conductivity was similar to unfractured intervals. Fractured dominated interval 

values range from  

9.4 x 10-3 cm/sec to 5.5 x 10-1 cm/sec with a geometric mean of 5.2 x 10-2 cm/sec.  

Values for the matrix dominated intervals range from 2.0 x 10-4 cm/sec to 7.0 x 10-3 
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cm/sec with a geometric mean of 2.7 x 10-3 cm/sec.  Changes in hydraulic conductivity 

do not appear to be related to depth or lithology.   

In addition to identifying fractures, it is important to determine which methods are 

best for identifying the most hydraulically significant fractures.  The results of straddle 

packer slug test hydraulic conductivity values for 12 of the fractured intervals identified 

in the borehole are listed in Figure 2.5.  The hydraulic conductivity values range from  

3.1 x 10-3 cm/sec to 5.5 x 10-1 cm/sec but only four of the values exceed 10-2 cm/sec.  

The two fractured intervals with the highest hydraulic conductivity values were detected 

by all three logs, while the third and fourth highest values were only detected by the OBI 

and ABI logs.  In order to locate the most hydraulically significant fractures for rapid 

transport of contaminants, a combination of all three methods is ideal.  However, the 

ABI and OBI tools appear to be superior to using only the mechanical caliper tool for 

identification of the most hydraulically significant fractures.   The potential fractures were 

considered confirmed when they were detected by both the OBI log and either the 

mechanical caliper or the ABI log.   

3.3. Borehole pumping test 

A pumping test in the MW-C borehole was conducted in May 2011 to evaluate 

aquifer properties.  The borehole was pumped for approximately 20 hours at a 

discharge of approximately 95 liters per minute.  Water levels from the shallower 

monitoring wells and the pumped borehole were analyzed using the Moench (1984) 

solution for a fractured aquifer with slab blocks.  Pumping test data and analyses are 

included in Appendix C.  The bulk transmissivity of the borehole was calculated as 49.9 
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cm2/sec with a fracture system value of 28.8 cm2/sec and a matrix system value of 21.1 

cm2/sec based on a saturated borehole thickness of 54.25 m. 

3.4. Vertical Flow Assessment 

Vertical groundwater flow in the borehole was measured with two devices: an 

impeller flow meter for higher flows and a heat pulse flow meter for flows below 3.8 liters 

per minute.   Data were recorded while trolling the tools both upward and downward in 

the borehole.  Flow meter logging was conducted initially under ambient conditions and 

with the unit well inactive, followed by dynamic flow meter logging by pumping the 

borehole to stress the system.  Logging under ambient conditions initially used the heat 

pulse flow meter.  This instrument was not useful due to high vertical flow in the 

borehole and the impeller flow meter was required for ambient and dynamic flow 

logging.  The first iteration of dynamic logging utilized a submersible pump with a 

maximum discharge of approximately 15 liters per minute but this did not adequately 

stress the system.  The second iteration used a larger submersible pump with a 

discharge of approximately 95 liters per minute.  The pumps were placed at the top of 

the water column and the flow meter logged from the bottom of the borehole upward 

and then from near the top of the water column downward. 

The vertical flow assessment allowed for characterization of the flow in the 

borehole and identified locations that substantially contributed to changes in flow.  

Figure 2.6 shows the results of the ambient and pumping flow logging in the borehole 

using the impeller flowmeter.  The ambient flow data are from upward trolling only 

because at some points during downward logging the tool was moving at nearly the 
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same velocity as the flow in the borehole.  This resulted in relative flow velocities too 

low to accurately measure with the impeller.  Flow at the top of the ambient log is 

initially downward at approximately 1 liter per minute, then increases to approximately 5 

L/min at 23 m bgs before rapidly increasing to greater than 40 L/min after 24 m bgs.  

This rapid increase in downward flow corresponds to the large fracture at 24.1 m 

(Fracture 3).  The flow decreases steadily between 24 m and 55 m and then remains 

relatively stable until a sharp decrease at the bottom of the borehole.  The reduction in 

downward flow is probably due to a loss of water into Fractures 8 and 9, although some 

loss into the matrix of the Wonewoc Formation is possible.  Due to a concern of fouling 

the impeller at the bottom of the borehole, logging was not conducted below 63 m.  

Because the downward flow has to exit the borehole in order to balance the inflow (i.e. 

there is no increase in well bore storage) it is assumed that remaining flow exits the 

borehole from the lowest fractures near 64 m.  The pumping flow log data were highly 

variable and a 3 point moving average is shown in Figure 2.6 to reduce the signal noise.  

Even with this attempt to smooth the data, two data points near 37 m bgs deviate 

enough to indicate an apparent reversal of flow in an unfractured, relatively low 

hydraulic conductivity zone of the Wonewoc Formation.  The apparent flow reversal is 

likely due to an error with the flow meter, possibly due to sediment becoming 

temporarily lodged in the impeller.  It is unlikely that flow reversed in this section of the 

borehole.  Even with the variability in the data it is still possible to see the same sudden 

shift in flow as was observed in the ambient flow log at Fracture 3.   
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3.5. Conceptual model for fracture connectivity 

Analysis of the shapes of the fracture traces from the OBI log implemented in the 

software package WellCAD version 4.3 (Advanced Logic Technologies Inc 2009) 

yielded the orientation of each fracture.  Many of the fractures in the OBI log have dip 

angles between 3 and 11 degrees from the horizontal.  The true dip angle may be 

several degrees different than the measured values due to errors in manually drawn 

fracture traces on the OBI log. Table 2.3 lists the orientation of the six most important 

fractures discussed in this paper.  The Tunnel City Group and Wonewoc Formation are 

nearly horizontal at the regional scale but locally some beds may dip at higher angles 

(Swanson 2007).  It is possible that many of the low angle fractures listed in Table 2.3 

are bedding plane controlled and detailed analysis of the OBI log indicates these 

fractures do not cross bedding planes within the MW-C borehole. 

Table 2.3.  Orientation of selected fractures in borehole MW-C based on WellCAD analysis of fracture 
log. Transmissivity and head data are from straddle packer slug testing of those intervals. 

Fracture 
Number 

Depth  
(m) 

Azimuth  
(deg) 

Dip  
(deg) 

Transmissivity 
(cm2/sec) 

Head 
(m) 

2 20.9 183 5  0.5 259.5 

3 24.1 178 9 39.0 259.2 

6 29.0 148 5  1.2 258.7 

8 45.5 168 4  0.7 258.6 

9 50.0 12 84  4.0 258.8 

12 64.3 126 3  5.2 258.5 

 

High angle fractures are difficult to detect in vertical boreholes but are important 

to understanding fracture connectivity.  One high angle fracture was discovered in the 

borehole at 50.0 m (Fracture 9).  This fracture has a dip azimuth of 12 degrees (strike of 
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102 degrees) and dips to the north at 84 degrees from the horizontal.  At this dip angle 

and direction, if the fracture continues downward, it would intersect the Eau Claire 

aquitard between the monitoring wells and the unit well with the potential of intersecting 

Unit Well 7 in the Mount Simon Formation open borehole.  Projecting Fracture 9 

upward, it would not intersect the other two monitoring wells but would intersect other 

fractures within a few meters of the MW-A and MW-B well screens.  

Work by Runkel et al. (2006) and Swanson (2007) used several methods to 

identify bedding parallel fractures in these same Cambrian-age siliclastic units based on 

lithological controls.  These methods sought to associate fractures with either 

stratigraphic position or physical properties of the bedrock in order to facilitate 

identification of connected fractures between locations.  Those methods are useful for 

fractures that run parallel to bedding planes in a stratigraphic section that does not vary 

laterally.  However, fractures that are not parallel to bedding or not controlled by 

changes in lithology may be difficult to identify with those methods.  Work by Meyer et 

al. (2008) described the presence of many low angle, bedding plane fractures in these 

units in addition to some vertical and oblique fractures present in the Tunnel City Group.  

Data from Table 2.3 indicate some fractures are not horizontal and may not be 

associated with bedding planes.  This is especially true for Fracture 9, which is nearly 

vertical. 

To best visualize the relationships among the fractures, monitoring wells, and the 

unit well, a conceptual model was created from data obtained from the site.  The 

fractures, monitoring wells, and the unit well were incorporated into a 3D visualization  
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with the software package FracMan version 7.3 (Golder Associates Inc. 2010).  The 

visualization was then projected onto a north-south oriented 2D plane viewed from the 

east similar to Figure 2.3.  This conceptual model of fracture connectivity (Figure 2.7) 

was completed by including information about the stratigraphy and fracture hydraulic 

heads.  The data on the orientation and position of the fractures in the upper aquifer are 

from the MW-C borehole OBI log but the model assumes the fractures extend far 

enough to connect with each other.   

During May 2012 the Madison Water Utility removed the pump from Unit Well 7 

in order to perform maintenance.  The unit well is cased to 72 m bgs, which is the 

middle of the Eau Claire Formation, and beneath a 3 m thick shale layer.  Geophysical 

logging data from the UW-7 borehole revealed fractures in the lower portion of the Eau 

Claire Formation and the Mount Simon Formation.  The UW-7 borehole has a much 

larger diameter than MW-C, ranging from 41 cm to more than 1.0 m in several open 

voids.  This greater diameter reduced the resolution of the OBI and ABI tools.  The OBI 

log indicated a vertical fracture along most of the Unit Well 7.  This fracture is likely to 

be related to blasting of the borehole during well construction to increase production.  

The fracture in UW-7 is probably not the same high angle fracture (Fracture 9) 

discovered in MW-C.   It is possible a high angle fracture may connect the upper and 

lower aquifers, but in Figure 2.7 the extension of Fracture 9 in these formations is 

displayed as a dotted line due to the amount of uncertainty. 
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Figure 2.7.  Conceptual model of fracture connectivity at Unit Well 7 based on a FracMan model 
projected onto a north-south plane viewed from the east.  The deepest monitoring well (MW-C) deviates 
approximately 3 m to the south at the bottom of the hole and fracture orientations were adjusted to 
account for the deviation.  Hydraulic head data for each fracture is based on straddle packer testing in the 
MW-C borehole.  The lower 100+ m of the Mount Simon Formation and Unit Well 7 are not shown. 

When placed in their proper spatial orientations, the fracture hydraulic heads 

provide a good match to the expected vertical hydraulic gradient in the upper aquifer 

that would generate downward flow.  In Figure 2.7, the fracture heads in the near 

horizontal fractures steadily drop with depth from 259.5 m to 258.5 m.  The head in 
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Fracture 9 is 258.8 m, which is close to the 258.9 m average value of the other five 

fractures and supports the view that this high angle fracture is connected to the others.  

If Fracture 9 were either not connected to other fractures or terminated before reaching 

Fractures 8 and 12, the expected head would be between 258.5 m and 258.6 m based 

on the vertical gradient in this section of the upper aquifer.  The head in UW-7, which is 

open to the Mount Simon Formation, was measured after the well had not been pumped 

for more than week.  In this approximately static condition the head in the lower aquifer 

was 1.4 m less than the head measured at the base of the upper aquifer in MW-C 

(Figure 2.3).  This is approximately the head difference between the Mount Simon 

aquifer and the upper aquifer simulated using the numerical groundwater flow model for 

Dane County, Wisconsin (Krohleski et al. 2000) under similar conditions.   Based on 

head data, it appears that if Fracture 9 extends through the Eau Claire Formation, it is 

not well connected to the Mount Simon Formation while UW-7 is not pumping.  During 

pumping, the head in the UW-7 borehole can drop up to 49 m from static levels.  It is 

possible that based on the head drop in both MW-B and MW-C that the head in 

Fracture 9 might drop substantially when UW-7 is pumping and reflect a hydraulic 

connection with the lower aquifer as the head difference increases substantially. 

3.6. Evaluation of hydrogeological properties 

As described in previous sections, three methods were used to evaluate 

hydrogeologic properties of flow in the MW-C borehole:  pumping test, straddle packer 

slug tests, and flow logging.  The pumping test investigated bulk properties of the entire 

saturated thickness of the borehole while the straddle packer determined properties of 
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distinct intervals, many of those containing fractures.  The pumping test data indicate 

that approximately 60% of the borehole transmissivity is from fractures.  Since the 

fractures are assumed to be responsible for the much higher interval hydraulic 

conductivities determined from analysis of packer slug tests, the effective hydraulic 

conductivity value for each packed-off interval containing a fracture was attributed 

entirely to flow through the fracture.  The hydraulic conductivity was multiplied by the 70 

cm straddle packer open interval to determine the fracture transmissivity (Tfi) [L2/T] for 

each fracture using the following formula 

Tfi = Kfi x bfi        (2) 

where Kfi is the hydraulic conductivity [L/T] of packed interval i and bfi is the length of 

packed interval i [L].  (Note that the slug tests actually measured transmissivity for the 

intervals but each T had been converted to effective K by dividing by the interval length 

of 70 cm during the initial data analysis.) 

The five fractured intervals accounting for 96% of the fractured transmissivity 

(Fractures 3, 6, 8, 9, and 12) were added together to calculate the total Tf value of 50.1 

cm2/sec.  The other fractured interval data were similar to unfractured intervals and 

assumed to be dominated by matrix flow.  Each of the five fractures was estimated to 

have a negligible aperture. Therefore, the total matrix thickness (bm) was assumed to be 

equal to the saturated thickness of 54.25 m. The matrix hydraulic conductivity (Km) 

values of the five unfractured packer intervals had an geometric mean of 1.4 x10-3 

cm/sec and Tm was determined by the formula 

 Tm = Km x bm        (3) 
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as 7.6 cm2/sec.  The total transmissivity of 57.7 cm2/sec is the sum of the matrix and 

fracture transmissivity values.  Based on packer data, these five fractures represent 

more than 80% of the total transmissivity in the borehole.  

The borehole flow logging provided data for analyzing the contributions of 

different zones to overall flow.  The vertical flow assessment (Figure 2.6) revealed 

several important pieces of information about flow in the borehole and the importance of 

fractures.  The ambient flow log inflow data from 12 m to 23 m account for 

approximately 20% of the maximum flow and may be due to a combination of inflow 

from fractures and aquifer matrix.  The remaining 80% of maximum inflow can be 

attributed to Fracture 3, which had the highest transmissivity value (Table 2.3).  Below 

25 m the flow decreases, but not uniformly.  Approximately 20% of the flow is lost in the 

vicinity of Fracture 6.  Approximately 50% of flow is lost in the next 27 m interval, which 

contains Fractures 8 and 9, both with high transmissivity values.  One of these is the 

high angle Fracture 9 at 50 m that had the third highest straddle packer transmissivity 

value.  The remainder of the flow (approximately 30% of maximum flow) exits the 

borehole via Fracture 12, which had the second highest straddle packer transmissivity 

value. 

A more quantitative approach to analyzing borehole flow logging data involves 

the use of a numerical model to determine transmissivity values of fractured intervals 

(Paillet 1998; Paillet 2000).  The computer program FLASH (Flow-Log Analysis of 

Single Holes) provides an easy to use interface for modeling flow in boreholes using a 

multi-layer Thiem solution based on data from ambient and steady state pumping 
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conditions (Day-Lewis et al. 2011).  The FLASH program was used in “Fracture” mode 

instead of “Layer” mode because even with a combination of fracture and porous media 

flow in the data, it appeared fracture flow dominated the system.  The left side of Figure 

2.8 contains the flow logging data overlain with an interpreted profile required by the 

FLASH program to determine each layer.  Interpreted profiles were used as a best fit to 

the field data and highlighted substantial changes in borehole flow.  The greatest 

inflections in the interpreted data were used as the depths of fracture zones.  The right 

side of the figure is the FLASH output, which includes field data (circles), user defined 

fracture zone boundaries (dashed lines), and a program simultaneously generated a 

best fit solution (solid line) for both ambient and pumping data.   

The FLASH solution is a good match to the fracture zone boundaries.  The 

solution slightly overestimates the flow at the top of both ambient and pumping flow but 

closely matches all other sections of the graphs.  The transmissivity results of the 

analysis are presented in Table 2.4.  The majority of the transmissivity in the model is 

from Zones D and C, which approximate the positions of Fractures 12 and 9, 

respectively.  Zones B and A also contain hydraulically significant Fractures 6 and 3, 

respectively, which account for a substantial portion of the overall transmissivity.  Only 

four layers with substantial borehole flow changes were evaluated with the FLASH 

program and consequently not all of the transmissivity was accounted for in this 

analysis.  The transmissivity of these four layers associated with fracture flow was 

calculated at 39.3 cm2/sec, which compared with straddle packer data is approximately 

80% of the fracture T and 65% of the total T.  
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Figure 2.8.  Results of borehole flow logging including data from both ambient and pumping conditions.  
Interpretated lines and layer numbers were used for determining transmissivity values in the FLASH 
computer program. 

 
Table 2.4.  Transmissivity data from the FLASH computer program for layers in borehole MW-C. 

FLASH 
Layer 

Fracture 
Number 

Depth 
[m] 

Layer T 
[cm2/sec] 

Fraction of total 
transmissivity 

A 3 24.9 9.2 0.23 

B 6 28.3 3.7 0.10 

C 9 55.2 13.3 0.34 

D 12 64.3 13.0 0.33 

 

The three methods used to evaluate the aquifer provide similar information about 

the nature of fracture contribution to flow in the upper aquifer.  The total T value for the 
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pumping test data was 49.9 cm2/sec with 60% (29.9 cm2/sec) of the contribution from 

fractures.  The straddle packer data indicate a total T of 57.7 cm2/sec with 80% (46.2 

cm2/sec) of the contribution from fractures.  The flow logging analysis with the FLASH 

computer program only evaluated the four intervals with the greatest change in flow.  

Those fractured intervals had a T value of 39.9 cm2/sec, which is comparable to the 

fracture values of the other methods.  Based on these methods, the majority of 

transmissivity in the MW-C borehole can be attributed to fractures. 

3.7. Comparison of groundwater chemistry between fractures 

During August and September 2011 water chemistry samples were collected 

from 12 of the 16 packed intervals.  A submersible pump was used to purge three well 

volumes from the 5 cm (2 inch) riser pipe before collecting a 1 liter grab sample.  Each 

sample was sent to a laboratory and analyzed for major anions, major cations, and 

alkalinity.  Field measurements of pH, temperature, and conductivity were also recorded 

from the pumped water at the time of sampling.  Plots of selected water chemistry 

parameters are shown in Figure 2.9.  For reference, the position of fractured intervals 

and monitoring well screens are given on the right side of the figure.   
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Figure 2.9.  Water chemistry data from straddle packer intervals.  Diamond data points are fractured 
intervals and square data points are matrix intervals.  Fractured intervals and position of monitoring well 
screens are included for reference. 

The water chemistry data from the summer 2010 preliminary sampling (Table 

2.2) revealed higher concentrations of sodium, chloride, bromide, and nitrate in the 

deeper monitoring well (MW-B) compared with the water table monitoring well. The 

straddle packer was used in borehole MW-C to sample groundwater with greater spatial 

resolution than possible using the monitoring wells.  The focus was primarily on isolating 

fractures for sampling, but unfractured intervals were also sampled for comparison.  

Intervals with fractures were evaluated to determine if they contained high levels of 

wastewater indicators similar to those found in MW-B.  It proved impossible to sample 

an interval at the same depth as the MW-A well screen because the interval pumped 

dry during purging and the recovery period following purging was very long. 

A comparison of chemical parameters at each interval sampled in the borehole 

MW-C (Figure 2.9) highlights several interesting relationships.  Specific intervals had 
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concentrations that were either significantly above or below the average values for all 

straddle packer samples.  Fracture 2 contained elevated levels of several constituents 

also found in MW-B samples.  However, the screened interval of MW-B is from 27.5 – 

30.5 m and none of the fractures (4, 5, and 6) in that zone that were sampled with the 

straddle packer contained similar levels of chloride, bromide, or sodium.  The 

wastewater indicator values from Table 2.2 are compared with the addition of data from 

Fracture 2 in Figure 2.10.  The concentrations of chloride, bromide, and sodium in both 

MW-B and Fracture 2 were higher than other intervals.  Conductivity values for Fracture 

2 and MW-B (2900 μS/cm and 2428 μS/cm respectively) were approximately twice the 

values from other sampling locations at the site.  The concentration of nitrate was 

elevated in all packer samples below 20 m and not correlated with other potential 

wastewater indicators.  The source of these wastewater indicators was most likely not 

groundwater from fractures that intersect the MW-B well screen, but from Fracture 2 

that is located at a shallower depth in the aquifer.   
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Figure 2.10.  Water chemistry data from 2010 sampling (Table 2.2) with the addition of data from 
Fracture 2 straddle packer interval.  Error bars indicate one standard deviation from 6 sampling events. 

A preferential flow pathway is the most probable mechanism to allow the 

groundwater in Fracture 2 to reach the MW-B well screen during sampling.  Based on 

the fracture conceptual model (Figure 2.7), it is likely that the pumping of 1,000 liters of 

groundwater from MW-B over several hours during virus sampling lowered the head in 

Fracture 6 and likely the high angle Fracture 9.  This enabled the groundwater from 

Fracture 2 to travel though these other fractures to reach MW-B.  The head in Fracture 

2 is higher than that for any of the other intervals tested although the T value is lower 

than that of other fractures in the conceptual model.  The reduction in head in Fractures 

6 and 9 near the MW-B well screen during sampling may have generated a head 

difference that was great enough to allow groundwater to rapidly travel to the MW-B well 

screen.   
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Electrical conductivity measurements (Table 2.5) taken from several packer 

intervals in MW-C and the adjacent MW-B well screen under a variety of conditions 

provide additional evidence of fracture connectivity.  Water conductivity measurements 

during static conditions within the straddle packer were collected with a combination 

pressure/conductivity logger lowered into the screened interval after heads reached 

equilibrium with the packed interval.   Conductivity measurements from a shallow 

fracture (Fracture 2) and fractures at the same depth as the MW-B screen (Fractures 4, 

5, and 6) during static (non-sampling) conditions were much lower than during sampling 

conditions.  Conductivity measurements collected during geophysical logging of MW-C 

(Figure 2.4) also show distinct changes near fractured intervals. 

Table 2.5.  Conductivity measurements of groundwater from selected MW-C straddle packer intervals 
and MW-B well screen interval. 

  Conductivity Measurements (μS/cm) 
 MW-C Straddle Packer Data MW-B Well Screen 

Fracture 
Number 

Fracture 
Depth (m) 

Static 
Conditions 

1 Liter chemistry 
grab sample 
(Unit Well off) 

1,000 liter Virus sampling 
at ~4 L/min 

(Unit Well pumping) 
2 20.9 1125 2900 -- 

4 - 5 27.7 - 28.0 1250 1760 2220 – 2630 
(6 samples) 6 29.0 1240 1773 

 

Changes in conductivity values from static to pumping conditions are useful in 

analyzing the transient nature of transport through fractures.  Beside static conditions, 

two other types of measurements are listed in Table 2.5.  During straddle packer 

sampling in MW-C, the Unit Well was inactive and the packed interval was pumped with 

a submersible pump at a rate of 8-10 L/min for approximately 10 minutes to purge the 

temporary piezometer and collect water chemistry samples.  Conductivity readings in all 

intervals taken after sample collection were somewhat elevated compared with the 
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static readings, but the conductivity in the Fracture 2 interval was substantially higher 

than those in the intervals at the same depth as the MW-B screen.  During six virus 

sampling rounds of the monitoring wells in 2010, the Unit Well was pumping due to the 

need to collect virus samples from that well.  A submersible pump sampled MW-B at a 

low rate (4 L/min) for several hours in order to obtain the required volume of 1,000 liters 

for the virus sample.  Conductivity readings were usually taken from MW-B near the 

beginning and at the end of sampling and readings were significantly higher than either 

static levels in MW-B or in the other sampled wells.  As mentioned earlier, pressure 

transducer data indicate pumping of the Unit Well causes a head change in MW-B on 

the order of tens of centimeters.  Sampling of MW-B likely allowed water with higher 

conductivity and wastewater indicators to reach the MW-B screened interval.  Under 

conditions where sampling is conducted at a higher discharge but for a shorter period of 

time, the conductivity and wastewater indicator values were much lower. 

The data in Figure 2.9 indicate that some fractures in the MW-C borehole contain 

groundwater with a distinctive chemical composition characterized by either above 

average or below average concentrations of major ions compared with other sampled 

intervals.  The sample from Fracture 2 contained groundwater with elevated levels of 

chloride, bromide, and sodium while the sample from Fracture 8 contained high levels of 

aluminum, iron, and total phosphorus.  Although some fractures may have a distinct 

chemical signature, many other fractures share a similar profile of major ions.  These 

fractures are likely to be more hydraulically connected to each other than fractures with 

a different major ion profile.  Based on the head data from Figure 2.6, there appears to 
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be no uniform hydraulic gradient in the upper aquifer.  However, only looking at fracture 

head data (Figure 2.7) there appears to be a uniform vertical gradient indicating 

downward flow.  Comparison of fractured interval water chemistry revealed correlations 

that may indicate they are part of the same flow pathway.  The high angle fracture 

(Fracture 9) and Fracture 6 have similar concentrations of major ions and have similar 

head values.  Fractures that have similar groundwater chemistry and similar head 

measurements are more likely to be connected to each other. 

4. Discussion 

Recognition of fractures in an aquifer system may alter the way in which the 

hydrostratigraphy of the system is evaluated.   Although hydrostratigraphic units have 

been in use for several decades, the general trend is to define units based on the ability 

of lithologic units to transmit and store groundwater (Maxey 1964; Seaber 1988).  More 

recent work by Meyer et al. (2008) divided the bedrock aquifer system at a site near 

Madison, Wisconsin using a hydrogeological unit (HGU) concept, which is based on 

changes in detailed head measurements with depth in a borehole.  A head loss of 

between 2 and 35 percent of the total head in the borehole was used as a basis for 

delineating distinct HGUs and head values showed a progressive decrease with depth.  

The boundaries between HGUs are explained by Meyer et al. as poorly connected 

bedding parallel fractures which limit vertical flow.  However, at locations near an active 

public supply well these changes in head may be dynamic and reflect differences in 

responses to pumping. 
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Hydraulic heads measured using a straddle packer in borehole MW-C varied 

substantially between individual fractures (Figure 2.6) and did not decrease uniformly 

with depth.  In most cases heads increased or decreased between individual intervals 

with a range of 5 and 46 percent of the total head loss.  The unit well was pumping 

during shallow interval testing but not during periods when data were collected below 30 

m.  The unit well was pumped each night during the several days of straddle packer 

testing.  This dynamic system likely resulted in fractured intervals achieving steady state 

heads quickly while the matrix heads took longer to respond.  If analyzed separately 

from other data, the heads in the low angle, high T fractures (Fractures 2, 3, 6, 8, and 

12 in Figure 2.6) show a uniform decrease with depth. 

In general, straddle packer tests yielded greater interval hydraulic conductivities 

for intervals containing fractures (Figure 2.6). Both straddle packer and vertical flow 

logging data indicate the majority of transmissivity in the borehole is related to flow from 

a small number of fractures.  When considering contaminant transport in settings similar 

to Unit Well 7, the individual fractures may be considered the actual “aquifers” due to 

much higher transmissivity and contribution to overall flow.  The siliciclastic bedrock 

(mostly sandstone) may therefore act as a “relative aquitard” (especially in the vertical 

direction) due to transmissivity values several orders of magnitude lower than those of 

adjacent fractures.  This is especially relevant for issues of transport related to viruses 

and other contaminants that are an acute health threat at very low levels.  Fractured 

sandstone may act as a dual porosity system horizontally and vertically, with certain 

fractures containing wastewater contaminants under static conditions.  Other fractures 
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may function as vertical and horizontal pathways through which those contaminants 

migrate under the influence of pumping and the resulting change in hydraulic gradients 

within the fracture network.   

High angle and/or vertical fractures are important for connectivity in a system 

where the majority of fractures have low dip angles.   Logs from the MW-C borehole 

revealed only one high angle fracture in the Wonewoc Formation that may serve as a 

near vertical conduit of contaminants.  The OBI-40 tool revealed a vertical fracture along 

most of the Unit Well 7 borehole.  The vertical fracture in UW-7 is possibly related to 

blasting during well construction.  Detecting vertical or high angle fractures can be 

problematic in a vertical borehole due to relative orientations.  In addition, high angle 

fractures may terminate at lithologic boundaries making it difficult to determine if a 

single fracture extends vertically through the aquifer system to connect several 

important fractures.  It is likely that the high angle fracture (Fracture 9) in MW-C extends 

upward and connects to the other important fractures previously mentioned.  It is also 

possible Fracture 9 extends downward through the Eau Claire and Mount Simon 

Formations and connects directly with Unit Well 7.  Other boreholes in the Madison area 

logged by the Wisconsin Geological and Natural History Survey using the same 

methods as this study have intersected multiple high angle fractures in the same 

bedrock units involved in this study, specifically high angle fractures in both the Eau 

Claire and Mount Simon Formations.   
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5. Conclusion 

Microbiological contamination of deep, confined public supply wells in siliciclastic 

bedrock has generally been considered to be minimal due to assumed travel times that 

exceed the periods for which viruses remain infective.  Advective flow calculations 

based on porous media assumptions indicate that viruses from sanitary sewers will not 

reach Madison Unit Well 7 during the 1-2 year period in which the viruses are able to 

infect humans.  However, infectious human enteric viruses have been detected in Unit 

Well 7 and other deep, confined public supply wells in Madison.  Rapid travel times 

required for infectious viruses to reach public supply wells suggests a preferential flow 

pathway is the most likely mechanism. 

The results of this study support the hypothesis that fractures play an important 

role in movement of groundwater and transport of sewer derived wastewater 

contaminants near a public supply well.  Based on the work reported here, fracture flow 

can serve as the primary mechanism of horizontal and vertical contaminant transport in 

a siliciclastic aquifer system.  We have shown that fractures are present and have 

individual transmissivities several orders of magnitude higher than the remainder of the 

aquifer system.  Most fractures at the study site dip less than 10 degrees from the 

horizontal and could allow long range, shallow transport of near surface contaminants.  

Groundwater chemistry is variable among fractures on spatial and temporal scales.  The 

presence of wastewater indicators in Fracture 2 make it the likely source of 

contaminants detected in MW-B.  These contaminants may also reach Unit Well 7, 

although dilution minimizes the level of major ions to near background levels.  Viruses, 

with their much lower detection limit, can be detected in a public supply well even after 
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large amounts of dilution.  This work has demonstrated a combination of geophysical 

logging, straddle packer, pumping test, and flow logging data that can be used to 

quantify the amount of transmissivity attributed to fractures.  Furthermore, these 

methods can be used to identify the most hydraulically important fractures, which is 

essential to development of a conceptual model of fracture connectivity.   

The identification and characterization of fracture flow and its contribution to 

contaminant transport is an important component of assessing the vulnerability of public 

supply wells in these settings.  In urban areas with sandstone aquifers and public supply 

wells, leaking sewer effluent may travel greater lateral distances more rapidly than 

previously considered.  The presence of vertical or high angle fractures adjacent to a 

public supply well could allow contaminants to rapidly migrate downward and enter the 

well.   In fractured aquifers at risk of groundwater contamination, the proximity of a high 

capacity well is a major factor in contaminant transport.  The frequent pumping of a high 

capacity public supply well can cause rapid, substantial head changes that may 

propagate through a fracture network.  These head changes may alter the flow through 

the fracture network and allow contaminants to migrate into wells on time scales much 

faster than under steady state conditions.  Wellhead protection strategies for this and 

similar sites must account for the presence of fractures and their potential role in 

contaminant transport.   

Even in sandstone aquifers it is important to identify fractures and characterize 

their role in groundwater flow to wells.  Unlike traditional applications of 

hydrostratigraphy, in fractured siliciclastic aquifer systems a small number of individual 
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fractures with high transmissivity values may serve as the relative “aquifers” supplying 

the majority of flow to wells and serving as conduits for contaminant transport.  The 

sandstone matrix that may normally be considered the aquifer (but with a much lower 

transmissivity than the fractures) may serve as a relative “aquitard” that inhibits the 

migration of viruses and other near surface contaminants on a time scale of several 

years.  
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Chapter 3.  Pumping induced reverse water-level fluctuations in a 
fractured siliciclastic aquifer system 

1. Introduction 

Pumping a confined or semi-confined aquifer can affect hydraulic heads in 

overlying aquitards and aquifers.  In some instances a “reverse water-level fluctuation” 

(RWF) is observed in which the initial head responses during pumping are the opposite 

of what is normally expected (Andreasen and Brookhart 1963); pumping of a well in one 

aquifer causes heads in adjacent units to temporarily rise before falling.  Similarly, when 

pumping ceases, the heads rapidly decrease for a period of time before increasing.  The 

increase in head at the initiation of pumping is termed the “Noordbergum effect” based 

on the location in the Netherlands where it was first described (Verruijt 1969).  The initial 

decrease in head after the cessation of pumping is called the “Rhade effect” after the 

location in Germany where it was studied (Langguth and Treskatis 1989).  The head 

changes associated with these RWFs may only be on the order of centimeters and last 

for a few minutes, which makes them difficult to detect unless the aquitard and/or 

unpumped aquifers are monitored closely.  Anecdotal reports from well drillers and 

hydrogeologists indicate these phenomena may be more common than reported in the 

literature and, when observed, they are often ignored. 

A RWF in a well is normally caused by poroelastic (also referred to as 

hydromechanical) coupling between the solid and fluid components in an aquifer system 

(Wang 2000).  An increase in effective stress on the aquifer or aquitard skeleton results 

in a pore pressure increase.  The change in pore pressure is temporary, as the 

increased pressure diffuses horizontally and vertically through the aquifer system.  
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Aquitards generally shows more pronounced RWFs than aquifers and play key roles in 

generating RWFs due to slower head changes and faster mechanical changes across 

aquitards (Kim and Parizek 1997, 2005).  The terms “Noordbergum effect” and “Rhade 

effect” generally refer to poroelastically coupled responses in aquitards and aquifers at 

the start of pumping and the start of recovery, respectively.  In this paper the more 

general terms “Noordbergum response” and “Rhade response” are used to apply both 

to RWFs directly attributed to poroelastic effects in aquitards and also to RWFs that 

may involve transmission of a poroelastically generated RWF through fractures. 

Most documented poroelastic water level changes are caused by pumping, 

although loading of an aquifer skeleton may also be the cause of these events.  A 

classic example of water fluctuations in a well caused by poroelastic loading was 

described by Jacob (1939).  In Jacob’s study as a train entered a station, the additional 

weight compressed the aquifer and resulted in a temporary increase in water level in a 

nearby well.  When the train left the station the load was removed from the aquifer and 

the water level decreased.  The release of upstream dam water and resulting increase 

in stream stage has also been shown to increase poroelastic loading of an aquifer and 

generate water level changes in wells (Boutt 2010).  Hsieh (1996) developed a model to 

simulate deformation-induced effects of pumping on a confined multi-aquifer system.     

Understanding the mechanisms and consequences of RWFs might help explain 

contaminant transport processes near water-supply wells in bedrock aquifers.  Work by 

the Wisconsin Geological and Natural History Survey (WGNHS) has detected human 

enteric viruses in multiple public supply wells in Madison, Wisconsin (Borchardt et al. 
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2007; Bradbury et al. 2010).  The viruses likely originate in leaky sanitary sewers and 

travel through the aquifer system before entering the deep public supply well.  The 

WGNHS work did not determine transport pathways or how the pumping rate, duration, 

and cycling frequency of the public supply wells may contribute to the rate of virus 

transport.  Anecdotal reports from Madison water utility workers indicate that RWFs in 

observation wells occur commonly during pumping tests of many Madison wells, though 

these short-term effects are usually ignored.  Another unresolved question is whether 

the cased and grouted portions of the public supply wells have failed and now act as 

preferential flow pathways for near surface contaminants to enter the well. 

The purpose of the research described in this paper is to utilize water level 

changes and the presence of RWFs to assess the potential impact of public supply well 

pumping on contaminant transport in a fractured siliclastic aquifer system.  Pressure 

transducers were placed in a number of wells in a shallow, semi-confined, fractured 

sandstone aquifer to assess the impact of pumping from a deeper confined aquifer.  

Monitored wells varied in depth and distance from the public supply well.  Reverse 

water-level fluctuation data were analyzed to determine magnitude and duration of the 

fluctuations with respect to depth in the aquifer and distance from the pumping well.  

Parameters that may affect RWFs include pumping rate, pumping cycle duration, 

fracture connectivity, and the integrity of the public supply well casing.  The combination 

of RWFs, fractures, and public supply well pumping may result in more rapid transport 

of contaminants through the system than previously considered.  Hydromechanical 

modeling of a simulated layered aquifer system by Kim and Parizek (1997) suggested 
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that irregular pumping and associated poroelastic effects may increase vertical transport 

of solutes.   

The study area is centered on Unit Well 7 (UW-7), a public supply well located in 

Madison, Wisconsin, that was constructed in 1939 and has a capacity of approximately 

8,300 liters per minute.  The well is fully cased and grouted through two Cambrian-age 

units: the Tunnel City Group and Wonewoc Formation, two sandstone units that form 

the upper aquifer, and partially cased through the Eau Claire Formation, a regional 

aquitard that includes a 3 m thick shale interval at the field site (Figure 3.1).  The well is 

open to the primary sandstone aquifer in Madison, the Cambrian Mount Simon 

Formation, and well logs from the time of construction report a diameter of 41 cm within 

the uncased interval.  Three 5 cm diameter PVC monitoring wells (MW-A, MW-B, and 

MW-C) were constructed near UW-7 to evaluate the upper aquifer.   

Most of the neighborhood surrounding UW-7 consists of single family homes that 

predate the construction of the unit well.  Many of these houses were built before public 

water supply was available in the area and, therefore, most houses had a private well 

that was open to the upper aquifer.  Although the neighborhood eventually connected to 

the city water supply, not all private wells were properly abandoned.  Some of these 

wells are still present in basements as open conduits to the subsurface, including three 

in the neighborhood that were recently identified by the Madison Water Utility.  Instead 

of being immediately abandoned, these were temporarily left open and included in the 

study as additional monitoring wells.  Details of these house wells are listed in Table 3.1 
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and the location of each is shown schematically in Figure 3.1 and in map view in Figure 

3.2. 

 
Figure 3.1. Cross section including Unit Well 7, monitoring wells, and house wells.  The three monitoring 
wells are approximately 6 m from the unit well.  The total thickness of the Mount Simon Formation is more 
than 150 m and the unit well is open to most of the Mount Simon Formation, but only the top portion is 
shown. 
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Table 3.1.  Construction data for monitoring and house wells in the study.  Open Interval refers to lengths 
of slotted screen for monitoring wells and of the open borehole for house wells. 

Location Diameter 
(cm) 

Top of Casing 
Elevation (m) 

Well 
Depth (m) 

Open 
Interval (m) 

Distance 
from UW-7 

(m) 

MW-A 5 271.2 14.6 4.6 6 

MW-B 5 271.1 30.5 3 6 

MW-C 5 271.2 65.5 3 6 

House 1 13 267.2 20.4 Unknown 155 

House 2 13 265.1 24.8 Unknown 235 

House 3 13 268.6 32.0 10.7 345 

  

  
Figure 3.2.  Location map of Unit Well 7 with monitoring well nest and instrumented house wells in 
Madison, Wisconsin. 
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In order to determine the impact of UW-7 pumping on the upper aquifer, the wells 

listed in Table 3.1 were each instrumented with a data logging pressure transducer.  

Both MW-A and MW-B were instrumented shortly after construction in April 2010; MW-

C received a transducer in December 2011.  The three house wells were instrumented 

during the summer of 2011, after they were identified by the Madison Water Utility and 

the home owners agreed to participate in the study.  From April 2010 to April 2011 data 

were collected at 5 minute intervals; after April 2011 the sampling interval was 

decreased to 1 minute to allow for greater resolution. 

2. Methods and Results 

2.1. Initial RWF observations 

The data collected during 2010 from MW-A and MW-B revealed RWFs in the 

upper aquifer.  The hydraulic head in MW-A was 77 cm higher than in MW-B under the 

relative steady state conditions prior to UW-7 pumping on June 14, 2010 (Figure 3.3a).  

This head difference indicates that vertical flow was in the downward direction.  Once 

UW-7 began pumping from the lower aquifer at approximately 7:00 AM (Figure 3.3b), 

the situation in the upper aquifer changed.  The head in UW-7 declined on the order of 

10 to 30 m during each pumping cycle.  The water table (MW-A) remained relatively 

stable, but the water level in the deeper well (MW-B) experienced a sudden, substantial 

response to each of the three pumping cycles.   



71 
 

 
Figure 3.3. a. Monitoring well water elevation data from a 24 hour period in June 2010 showing both MW-
A and MW-B.  b. Unit well elevation for the same period with three pumping and recovery cycles during 
this time span   c. The detailed figure of MW-B highlights the four responses related to pumping of the 
unit well over a 6 hour period. 
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Not only were the water level responses in MW-B substantial, they were unusual.  

A more detailed view of the MW-B responses (Figure 3.3c) displays four separate 

components, which are identified as (1) an initial Noordbergum response, (2) drawdown 

due to pumping, (3) a Rhade response as the well ceased pumping, and (4) recovery.  

These four components of response in MW-B were seen consistently each time the unit 

well was pumped.  The presence of RWFs suggested, first, a poroelastic response in 

the Eau Claire formation and, second, a hydraulic connection between the upper and 

lower aquifer. 

2.2. Subsequent site changes 

Between June 2010 and June 2012, UW-7 pumping rates changed and a new 

monitoring well MW-C was installed at the site.  During June 2010, UW-7 produced 

approximately 8,300 liters per minute (Table 3.2).  From summer 2011 until May 2012, 

the UW-7 pump discharge steadily decreased, apparently due to a failing pump, and 

pumping duration was increased to compensate.  During February 2012, with discharge 

at approximately 3,500 liters per minute and other unit wells offline for maintenance, 

pumping at UW-7 was almost continuous to meet demand.  In June 2012 a new pump 

motor was installed, which allowed the well to again produce approximately 8,500 liters 

per minute.  
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Table 3.2. Comparison of Noordbergum and Rhade responses and Unit Well 7 discharge in MW-B for 5 
periods during the study.  

 
In April 2011 the MW-C borehole was drilled to a depth of 65 m.  This borehole 

was left open for approximately five months to allow for analysis of fracture connectivity 

in the upper aquifer using borehole geophysics, vertical flow logging, straddle packer 

slug testing, and pumping tests .  While the borehole was not being logged or tested, a 

blank FLUTe ® flexible borehole liner was installed and pressurized by filling it with 

water to approximately 30 cm above the static water level.  The liner was used in a 

manner similar to that described by Keller (2012) to seal the wall of the borehole and 

prevent vertical flow that may allow contaminants to migrate rapidly.  

Well responses to pumping during the time periods listed in Table 3.2 were 

compared to determine what factors might contribute to the occurrence of RWFs in the 

upper aquifer.  The relative magnitude and duration of RWFs in MW-B for each period 

are presented in Table 3.2.  The responses of the other wells are presented as ratios 

with respect to MW-B in Table 3.3.   Unexpected responses in MW-A, MW-B, and the 

three house wells were observed after the liner was installed in MW-C.  These 

responses over a 48 hour period in August 2011, spanning two pumping cycles, are 

displayed in the left column of Figure 3.4.  Unlike the initial responses from June 2010 

(Figure 3.3), MW-A responses to UW-7 pumping included noticeable RWF events.  The 

Jun-10 Aug-11 Dec-11 Feb-12 Jun-12
magnitude (cm) 12.42 10.14 1.53 3.08 21.94
duration (mm:ss) 10:00 13:47 02:52 05:04 15:12
magnitude (cm) -20.24 -10.03 -3.80 -3.21 -24.29
duration (mm:ss) 06:40 14:00 03:52 03:58 09:20

8,300 5,400 4,400 3,500 8,500

MW-B Comparison Data

Unit Well Discharge (L/min)

Noordbergum

Rhade
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three house wells also responded in a similar manner as MW-A.  The responses in all 

wells were nearly simultaneous.   For each pumping cycle the magnitudes of the 

corresponding Noordbergum and Rhade responses were roughly equal, as quantified 

by the magnitude ratios listed in Table 3.3.   

  Table 3.3.  Ratio of reverse water-level fluctuation magnitude and duration in instrumented wells for 
several periods compared with MW-B. 

 

It is important to note that although the arrival of RWFs occurred at similar times 

in all wells, the magnitudes of the RWFs were largest in MW-B (Table 3.3).  The two 

farthest wells (Houses 2 and 3) had larger magnitude ratios than MW-A and House 1 

but are also deeper than MW-A and House 1.  Both MW-A and House 1 are completed 

entirely within the Tunnel City Group and are less likely to intersect the high 

transmissivity fractures detected in MW-C by geophysical logging.  The RWF 

magnitudes are more closely correlated to well depth than to distance from the pumping 

well.  The durations of RWFs in the house wells do appear to correlate with increasing 

MW-A MW-B MW-C House 1 House 2 House 3

magnitude 0.12 1.00 0.06 0.35 0.30
duration 4.41 1.00 1.38 2.58 3.51
magnitude 0.16 1.00 0.06 0.31 0.28
duration 3.86 1.00 1.39 2.43 3.36
magnitude -- 1.00 12.49 -- -- --

duration -- 1.00 9.13 -- -- --

magnitude -- 1.00 3.18 -- -- --

duration -- 1.00 8.86 -- -- --

magnitude -- 1.00 4.13 -- 0.74 0.61
duration -- 1.00 4.99 -- 6.30 9.22
magnitude -- 1.00 4.69 -- 0.63 0.34
duration -- 1.00 5.80 -- 5.81 7.60
magnitude -- 1.00 1.16 -- 0.20 0.14
duration -- 1.00 1.66 -- 2.01 2.83
magnitude -- 1.00 1.21 -- 0.21 0.11
duration -- 1.00 2.13 -- 2.05 1.74

       --  No reverse wate-level fluctuation detected

Noordbergum

Rhade

Noordbergum

Rhade

No Data

Rhade

Noordbergum

Rhade

Aug-11

Dec-11

Feb-12

Jun-12

Noordbergum
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distance from the unit well.  However, the longest durations are for MW-A, which is 

closest to the unit well. 

 
Figure 3.4.  Water level data from monitored wells during August 2011 and February 2012.  The vertical 
scale is different for each site with a range between 5 cm and 50 cm. 

Once MW-C was installed and instrumented, with the annular space grouted in 

December 2011, another set of unexpected changes occurred in the instrumented 

wells.  The right side of Figure 3.4 displays water levels in all instrumented wells over a 
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24 hour period in February 2012, which included a recovery cycle between two long 

pumping cycles.  Wells MW-B, MW-C, House 2, and House 3 display RWFs (Table 3.3).  

The magnitudes of RWFs in MW-B were much lower with MW-C grouted than they had 

been when the borehole was lined with the FLUTe.  The responses to pumping of the 

lower aquifer that were detected in the house wells and MW-A during August of 2011 

appear to be enhanced by the presence of the borehole liner in MW-C. 

3. Discussion 

3.1. Mechanisms for RWF propagation 

All the observation wells, except MW-C, are open in the upper aquifer tens of 

meters vertically and/or hundreds of meters laterally from the location of pumping in the 

lower aquifer.  Inducing and sustaining a classic ”Noordbergum effect” as described 

originally by Verruijt (1969) is unlikely because a poroelastic mechanism at such 

distances requires high compressibility and low hydraulic conductivity, common in 

aquitards, but uncommon in aquifers.  Alternatively, reduced heads in the lower aquifer 

may generate a poroelastic effect in the overlying aquitard, which then may 

subsequently affect the overlying aquifer.  In a setting with RWFs at distances of more 

than 100 m radially from a pumping well, Burlingame (2008) used inverse 

hydromechanical modeling to match field data from the pumped aquifer and two 

overlying aquitards.  However, the RWFs were observed only in aquitards, RWFs lasted 

for several hours, and there was a time lag between pumping and the observed RWFs.  

The modeling did not simulate any wells adjacent to the pumping well to evaluate RWF 
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propagation or radial head change.   It does not appear that this scenario is the same as 

that at Unit Well 7. 

It is unlikely that pumping of UW-7 caused simultaneous poroelastic effects in the 

Eau Claire aquitard both adjacent to the unit well and at a radial distance of more than 

100 meters.  Using hydrogeologic data for Dane County, Wisconsin (Bradbury et al. 

1999) a Theis drawdown solution for the Mount Simon Formation was calculated for 

radial distances of 6 m  and 150 m while UW-7 was pumping at 8,300 l/min.  After one 

minute of pumping, the Theis solution predicted 8.2 m of drawdown at a radial distance 

of 6 m from UW-7.  The same 8.2 m drawdown was not predicted at a distance of 150 

m until after 10 hours of pumping and the solution predicted only 34 cm of drawdown 

after 5 minutes.  Rapid head changes in the pumped aquifer are required to generate a 

poroelastic response in the overlying aquitard.  The pumping rate also varied 

substantially over the two year study period and the reduced pumping rate during part of 

the study period would have increased the time for head changes to propagate radially 

and reduced the likelihood of a large poroelastic response.   

It is also possible that surface loading may be responsible for the RWFs.  

Adjacent to the UW-7 pump house is a 568,000 liter above ground reservoir.  As the 

reservoir fills and drains it changes the surface load similar to the trains described by 

Jacob (1939).   If surface loading were the cause of the RWFs, the shallowest wells 

would experience the greatest magnitude fluctuations and the RWF magnitude would 

diminish rapidly with radial distance.  The water table well (MW-A) close to UW-7 does 

not exhibit typical RWFs in most cases.  It should also be noted that during the near 
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constant pumping of UW-7 in early 2012 the reservoir was not filling and draining but 

RWFs were still observed when the unit well briefly ceased pumping. Therefore, it is 

unlikely that surface loading at UW-7 is the mechanism for generating RWFs at this site. 

After eliminating the above scenarios, the focus in this discussion is to examine 

how RWFs can occur tens of meters above and hundreds of meters radially outward 

from the open portion of the unit well. Each hypothesis is based on an initial poroelastic 

Noordbergum effect in the Eau Claire Formation near UW-7. 

The first possibility examined is that the induced Noordbergum effect just below 

the bottom of the MW-C borehole (the top of the Eau Claire Formation) caused a 

change in pore pressure in the water filled borehole liner (FLUTe).  This increased fluid 

pressure in the water filled liner would then cause mechanical loading outward from the 

borehole and influence the other wells.  The Kirsch solution, developed in 1898 and 

commonly used in rock mechanics, describes the effect of stress acting on boreholes 

(Jaeger et al. 2007).  The relevant portion of the solution is the pore pressure term, 

which indicates that the effect of a pore pressure change decreases away from the 

borehole as the ratio (a/r)2, where a is equal to the borehole radius and r is equal to the 

radial distance from the borehole center to the observation point.  Using this 

relationship, given a borehole with a diameter of 0.15 m and a radial distance of 100 m, 

the pore pressure effect in the observed well would be approximately 10-6 of the 

borehole change.  However, the observed RWFs in the house wells during August 2011 

were only one order of magnitude less than those in MW-B, which is adjacent to the unit 
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well.  Although the Kirsch solution might explain a near instantaneous response in the 

house wells, the calculated magnitude is much lower than what was observed. 

A more likely scenario is that the sudden poroelastic fluid pressure changes at 

the bottom of the borehole propagate through a thin layer of water between the 

borehole wall and the FLUTe liner.  The hydraulic head inside the liner following 

installation was initially 30 cm greater than the head in the borehole, but measurements 

several weeks later indicated the internal head had fallen over time.  The FLUTe used in 

MW-C had been used previously by the Madison Water Utility on other projects and 

may have developed a small leak.  The Noordbergum response observed at the top of 

the Eau Claire could increase the hydraulic head at the bottom of the borehole enough 

to overcome this head difference and allow a pressure change to propagate along the 

outside of the liner.  

This scenario offers a second potential mechanism for RWF propagation over 

large radial distances in the upper aquifer, namely that the fluid pressure change 

outside of the liner propagates outward as a pore pressure change based on hydraulic 

diffusivity.  In order to test the feasibility of this mechanism, hydraulic diffusivity was 

calculated for the aquifer matrix as 

𝐶 = 𝐾
𝑆𝑆� = 𝑇

𝑆�        (1) 

where C is hydraulic diffusivity, K is hydraulic conductivity, Ss is specific storage, 

T is transmissivity, and S is storativity.  Slug tests of matrix intervals for the MW-C 

borehole yielded estimates of these parameters, which are listed in Table 3.4.  Matrix S 
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values varied between 10-1 and 10-11 for KGS slug test analyses (Accompanying 

material CD) and ranged from 10-1 to 10-9 using the Moench (1984) solution for pumping 

test analyses (Appendix C).  The highest matrix S value of 5.4 x 10-2 (Table 3.4) was 

used because it was within the range of expected values for the semi-confined upper 

aquifer.    

Table 3.4.  Aquifer matrix and fracture properties based on straddle packer slug test data and pumping 
test data.   

 Transmissivity 
(cm2/sec) 

Storativity 
(dimensionless) 

Hydraulic 
diffusivity 
(cm2/sec) 

Aquifer Matrix 7.6 5.4 x 10-2 1.4 x 102 
Horizontal Fracture (max T) 39 5.0 x 10-6 7.8 x 106 

Horizontal Fracture  
(base of Wonewoc ) 

5.2 5.0 x 10-6 1.0 x 106 

Vertical Fracture 4.0 5.0 x 10-6 8.0 x 105 

 

Once the hydraulic diffusivity, C, was estimated, the travel time of a pore 

pressure signal between points was calculated as 

𝑡 = 𝑥2
4𝐶�         (2) 

an equation derived from heat flow literature (Carslaw and Jaeger 1959) and adapted 

for poroelasticity (Wang 2000) where t is travel time and x is distance between points.  

Assuming the poroelastic effect originates near the bottom of the MW-C borehole, 

vertical and horizontal distances were calculated for the other monitoring wells and the 

house wells.  The results of travel time calculations for each location are presented in 

Table 3.5.  It would take hours to days for pore pressure changes to propagate outward 

by matrix diffusion.  Therefore it is unlikely that a change in borehole pressure 

propagating outward by matrix diffusion is the cause of the house well RWFs.   
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Table 3.5.  Estimated travel time (in seconds) between the base of the Wonewoc Formation at borehole 
MW-C and other instrumented locations. 

 Vertical Horizontal 
Name MW-B MW-A House 1 House 2 House 3 

Distance 35m 53m 155m 235m 345m 
Aquifer Matrix 2 x 104 5 x 104 4 x 105 1 x 106 2 x 106 

Horizontal Fracture (max)   8 18 38 
Horizontal Fracture (base)   60  130 290 
Vertical Fracture 4 9    

 

It is reasonable to assume that groundwater flows along preferential pathways 

within highly transmissive fractures.  This has been demonstrated in other fractured 

systems to account for larger than expected responses in wells at early times 

(Schweisinger et al. 2011). While it would be desirable to conduct a set of calculations 

for propagation of a pressure pulse through fractures for comparison to the matrix travel 

times, estimating the appropriate parameters for fractures can be problematic because 

fracture pathways are not likely to have uniform apertures and the presence of 

asperities further complicates any estimates.   

Nevertheless, preliminary calculations were conducted using available parameter 

estimates In order to provide an “order of magnitude” comparison between fracture and 

matrix travel times. Values of fracture T were taken from slug tests of fractured intervals 

in MW-C.  Most fractures identified at the site are horizontal or have a dip of less than 5 

degrees.  Two values for horizontal fractures were used in these calculations and are 

listed in Table 3.4.  One is the highest T measured for a horizontal fracture, located 

more than 40 m above the Eau Claire Formation (labeled “max” in the table); the other 

is for a fracture located at the base of the Wonewoc Formation (labeled “base” in the 
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table).  Only one high angle, near vertical fracture was identified in the MW-C borehole 

and that T (4.0 cm2/sec) was used for vertical calculations.   

Slug tests for the fractured intervals yielded responses that were too rapid to 

allow estimates of fracture storativity. For that reason, a rough estimate of this 

parameter was obtained using results from the pumping test conducted on MW-C 

(Appendix C). The Moench (1984) double porosity solution for pumping tests provides a 

specific storage value for the entire “fracture system” that includes all fractures in the 

total saturated thickness of the aquifer.  The “fracture system” Ss value of 1.1 x 10-8 was 

obtained from observations in MW-B, which have the best early time type curve fit of the 

three wells (Appendix C) and also approximated values based on similar research 

(Rutqvist et al. 1998). The average fracture S of 5.0 x 10-6 (Table 3.4) was obtained by 

multiplying the “fracture system” Ss by the saturated thickness of 54.25 m and then 

dividing by the total number of fractures (12) identified in the upper aquifer.  Travel 

times to the house wells calculated for the fractures (listed in Table 3.5) range from 8 

seconds to about 5 minutes, short enough to account for the rapid propagation of RWFs 

observed at these locations. 

Based on these calculations, as well as the fact that RWFs continued to be 

observed in multiple wells following grouting of the annular space in MW-C, it appears 

likely that the RWFs propagate through fractures.  The increased water pressure at the 

top of the Eau Claire Formation could propagate radially outward away from UW-7 

through one of the several low angle, high transmissivity fractures identified in the MW-

C borehole.  The responses in wells indicate that the pressure pulse travels in both 
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vertical and horizontal directions.  The high angle fracture is likely to also propagate the 

RWFs vertically, although less effectively than through the MW-C borehole liner annular 

space.   

3.2. Water level changes prior to RWFs 

While examining the data related to the RWFs, another effect was also detected 

in some wells.  At the initiation of pumping, the water level suddenly dropped for one 

recording interval (between 15 seconds and 1 minute) before the Noordbergum 

response caused the water level to increase.  The opposite occurred when pumping 

ceased and there was a brief increase in water level before the Rhade response caused 

levels to decrease.  These effects are evident in the MW-C data from December and 

June in Figure 3.5 and had magnitudes approximately one tenth of the subsequent 

RWFs.  They were normally detected in MW-C, House 2, and House 3; when the 

FLUTe liner was installed in August 2011 the effect was also observed in MW-B. 

A likely mechanism for these short duration water-level fluctuations before the 

RWFs is a rapid response to pumping transmitted via fractures.  When pumping begins, 

a head drop can propagate from the lower aquifer through a fracture network that 

includes the Eau Claire aquitard and the upper aquifer.  This head drop can then be 

briefly detected in some wells before poroelasticity can generate a RWF.  A short time 

later, the pumping creates a poroelastic effect in the Eau Claire aquitard and a 

Noordbergum response begins to propagate through the upper aquifer using the same 

fractures.  As the Noordbergum response reaches each well, the much smaller initial 
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Figure 3.5.  Comparison of MW-B and MW-C RWF effects after the MW-C borehole was grouted during 
December 2011 and June 2012.  Each plot represents one pumping cycle although the time period in 
June is much shorter due to a higher pumping rate.  The circled sections highlight FID and FIR. 

drawdown is negated.  The drop in water level at the beginning of pumping will be 

referred to as the Fracture Flow Initial Drawdown (FID) and the increase in water level 

as pumping ceases will be referred to as the Fracture Flow Initial Recovery (FIR).   

The distribution of FID and FIR observations in the instrumented wells can be 

used to shed light on fracture connectivity in the upper aquifer.  Only the deepest wells 

(MW-C, House 2, and House 3) consistently experience FIDs and FIRs.  This indicates 

that these wells are likely the best connected by fractures to the lower aquifer.  It is 

possible for both the fractures at the base of the Wonewoc Formation and a shallower, 

higher T fracture to be pathways for propagation of RWFs (Table 3.5).  The higher T 

fracture is shallower than the screened interval of MW-B.  Any FIDs or FIRs that travel 

along this fracture are likely to influence MW-B, but that well does not normally 

experience them.  It is more likely that the fracture at the base of the Wonewoc is the 
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part of the preferred pathway connecting MW-C, House 2, and House 3.  The FIDs and 

FIRs observed in MW-B while the MW-C borehole was lined indicate that during this 

time the pathway was altered to include the borehole.  This temporary pathway allowed 

MW-B to be influenced by the fracture effects. 

3.3. Evaluation of unit well annulus as a preferential flow pathway 

Rapid transport of near surface contaminants into a deep, confined aquifer 

requires a preferential flow pathway.  One hypothesis to explain the detection of viruses 

in UW-7 is that the grouting outside the UW-7 casing, which extends through the upper 

aquifer and Eau Claire Formation, had failed to the point where it created a highly 

transmissive conduit between the water table and well pump.  In this scenario 

contaminants at the water table would migrate rapidly downward during unit well 

pumping and enter the water supply.  It is possible to test this hypothesis with the data 

collected in this study. 

The borehole liner installed in MW-C likely formed an imperfect seal along the 

borehole wall.  During this time (August 2011 in Table 3.3) each of the five instrumented 

wells experienced RWFs in response to UW-7 pumping.  The water table well (MW-A) 

adjacent to UW-7 experienced low magnitude, but distinctly visible, RWFs (August 2011 

in Figure 3.4).  After MW-C was grouted, MW-A no longer experienced distinct RWFs 

(February 2012 in Figure 3.4) even though it was closer to UW-7 than were House 2 

and House 3.  The absence of RWFs following grouting of MW-C suggests that RWFs 

in MW-A while the FLUTe was installed were caused by propagation of RWF head 

changes from the top of the Eau Claire Formation upward along the MW-C borehole 
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liner and then radially outward along shallow fractures.  House 2 and House 3 must 

then intersect deeper fractures that are connected to a high angle fracture, as is also 

suggested by analysis of head data.  When pumping discharge increased substantially 

in June 2012, and the RWFs in MW-B were the largest (Table 3.2), RWFs were still 

absent from the shallowest wells (Table 3.3). 

The comparison of water level responses while the liner was installed and after 

its removal can be used to evaluate whether the UW-7 annulus is a preferential flow 

pathway.  Although not intended, the borehole liner served as a proxy for a leaking 

public supply well annulus.  The lack of RWFs in MW-A after the borehole liner was 

removed and MW-C grouted suggest that the borehole liner, and not a defective unit 

well, was responsible for those responses.  If faulty UW-7 grout extended to shallow 

depths, the shallowest, closest well would be expected to respond to pumping at all 

times.  A faulty annular seal would also allow rapid propagation of FID and FIR effects 

such that these would be observed in MW-A and MW-B at all times.  Thus, it appears 

unlikely that a failure in the UW-7 grouting is the source of the preferential flow pathway 

responsible for rapid transport of contaminants between the water table and the UW-7 

pump.   

3.4. Effect of pumping rate and amplitude on RWF magnitude and duration 

A comparison of head data from December 2011 and June 2012 for both MW-B 

and MW-C (Figure 3.5) highlights the impact of pumping on RWFs.  The unit well 

pumping rate in December was 4,400 liters per minute.  In June the pump was replaced 

and the well discharge increased to 8,300 liters per minute.  The Noordbergum 
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response in MW-B increased substantially from 1.5 cm to 21.9 cm (Table 3.2).  While 

MW-C also experienced an increase in RWF magnitude, the ratio of magnitudes in MW-

C to MW-B decreased from more than 12:1 in December to nearly 1:1 in June.  It is 

evident that higher pumping rates not only increase the magnitude of RWFs, they also 

expand the portion of the aquifer that experiences large RWFs.  The lack of observable 

RWFs in the house wells during December is likely because they were too small to be 

detected as evidenced by the low magnitude of the RWFs in MW-B (Table 3.2).  

In addition to a higher pumping rate in June, the unit well also began to cycle 

more frequently compared to the one cycle per day during December.  The June cycles 

each lasted an hour or less, as the adjacent reservoir quickly filled and the well ceased 

pumping while the reservoir drained.  The shortened pumping cycles resulted in the 

Noordbergum response persisting through a substantial portion of the period when the 

well was active.  Instead of the pumping-induced head change in MW-C occurring over 

several hours during pumping and non-pumping periods, the majority of the head 

change occurred over tens of minutes and shifted to the initial portion of the RWFs at 

the beginning and end of each pumping cycle.  The result was rapid changes in head 

during each of the ten daily cycles and these cyclic changes may serve as a mechanism 

for contaminant transport in a similar manner as barometric pumping may induce gas 

transport in fractured rocks (Nilson et al. 1991).  First, the magnitudes and durations of 

RWFs are not equal for each pumping cycle (Table 3.2), with Rhade water level 

declines generally exceeding Noordbergum water level rises.  This suggests that flow in 

the fractures might result in net transport towards the PSW.  Second, the dual porosity 
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nature of the system might result in contaminants migrating from the fractures into the 

aquifer matrix during periods of higher head (Noordbergum response) and subsequently 

migrating back into the fractures during periods of lower head (Rhade response) and 

then travelling along the fracture toward the pumping well.  Combined with high 

transmissivity fractures, these rapid fluctuations in head may promote rapid transport of 

contaminants through high T fractures in the upper aquifer. 

4. Summary and Conclusion 

Reverse water-level fluctuations may be more common than generally reported, 

and were studied in several wells in the vicinity of a public supply well, Unit Well 7, in 

Madison, Wisconsin.  The RWF magnitude in instrumented wells was more closely 

related to well depth and to apparent connections to low angle fractures than to radial 

distance from UW-7.  The lack of RWFs in the shallowest, closest well (MW-A) and the 

lack of FIDs and FIRs in both MW-A and MW-B suggest that the unit well casing is 

neither defective nor the source of the preferential flow pathway between the upper and 

lower aquifers.    

The presence of RWFs in a well is commonly attributed to poroelastic effects in 

an aquitard due to pumping of an adjacent aquifer.  The initial RWFs observed in MW-C 

at the top of the Eau Claire Formation are likely generated by such poroelastic effects.  

However, it is suggested here that RWFs observed in the other wells originate near 

MW-C and propagate by pressure changes transmitted rapidly through fractures over 

300 meters radially from the pumping well.  This behavior allows RWFs to appear in 

wells more quickly and much farther from the pumping well than expected.  The link 
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between RWFs and fractures is important for the evaluation of pumping impacts on 

transport in the aquifer.  The pattern of RWF propagation can be used to better define 

fracture connectivity in an aquifer system.   

The unit well pumping discharge and the duration of pumping cycles affected not 

only the drawdown in the upper aquifer but also the short term head changes due to 

RWFs.  A combination of rapid, pumping induced head changes and fracture flow are a 

potential mechanism for rapid transport of contaminants into UW-7.   Analysis of RWF 

magnitude data for several time periods under a variety of pumping conditions indicates 

that pumping UW-7 at a lower discharge but for longer periods of time will result in 

RWFs that occur less often and with a smaller magnitude.  Pumping at high rates with 

multiple pumping cycles per day will maximize the number and magnitude of RWFs in 

the upper aquifer and might lead to more rapid transport of contaminants into the unit 

well.  By developing a better understanding of how public supply well pumping in a 

fractured aquifer system influences contaminant transport, it may be possible to identify 

strategies such as modified pumping schedules and the use of variable frequency drive 

well pumps to minimize risk of near surface contaminants entering the public water 

supply. 
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Chapter 4.  Use of groundwater geochemistry and human enteric 
virus detection to characterize transport in a fractured siliciclastic 
aquifer 

1. Introduction 

The presence of microbial and chemical wastewater indicators is the most direct 

evidence of public supply well (PSW) vulnerability to near surface contaminants.  As 

discussed in Chapter 1, there are substantial public health risks associated with virus 

contamination of drinking water supplies and recent research has demonstrated a link 

between viruses in non-disinfected PSWs and the incidence of acute gastrointestinal 

illness (Borchardt et al. 2012).  Human enteric viruses originate from human waste and 

are therefore a specific indicator of wastewater contamination.  In urban environments 

sanitary sewers are the most likely source of human waste containing infectious viruses 

that may enter groundwater.  Precipitation might play a role in introducing viruses into 

an aquifer through direct recharge to groundwater and increased flow in leaky sanitary 

sewers. 

Over time the population sheds different human enteric viruses into the sanitary 

sewer system, which may subsequently leak into the underlying aquifer.  This means 

that viruses have the potential to be used as both spatial and temporal tracers.  

Although virus genomes have advantages in terms of detection limits and temporal 

variability compared with chemical tracers, previous virus sampling projects (Borchardt 

et al. 2007; Borchardt et al. 2004; Bradbury et al. 2008; Bradbury et al. 2010; Hunt et al. 

2010) have shown that virus genomes in groundwater may not be detected consistently 

during individual sampling rounds, thus necessitating sampling over long time periods.   
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Travel times to deep PSWs are important because virus genomes are only 

detectable in the groundwater environment for 1-2 years (Hunt et al. 2010).  In 

siliciclastic aquifer systems there are several potential pathways for near surface 

contamination to reach deep confined wells while the viruses are still infective.  Porous 

media flow is normally associated with transport in sandstone aquifers and small 

volumes of wastewater might travel along the fastest pathways at statistically extreme 

velocities (Taylor et al. 2004).  High transmissivity fractures have the potential to rapidly 

transport contaminants substantial distances over short periods of time.  A defective 

PSW casing or grouting of the annular space could allow rapid vertical transport into the 

public water supply (Lacombe et al. 1995).  These pathways need to be identified and 

travel times quantified to determine if infectious viruses are able to reach a PSW.   

In addition to the immediate and direct health risks that viruses in PSWs 

represent, viruses might serve as tracers to help identify the most likely preferential flow 

pathway between the wastewater source and the PSW.  Chemical wastewater 

constituents may also provide an indication of the route taken between assumed 

sources and PSW.  Although viruses can be detected at lower concentrations (individual 

viruses per liter of water) than major ions (mg/l), the chemical constituents have the 

potential to be present more continuously over time.  However, one drawback to using 

major ions as indicators of wastewater is that some of these may have other sources 

such as road salt or fertilizer (Panno et al. 2006). 
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1.1. Site description 

The research described in this chapter was conducted from 2010 to 2012 at the 

Unit Well 7 (UW-7) site in Madison, Wisconsin (Figure 2.1).  Unit Well 7 is a public 

supply well constructed in 1939 and pumps approximately 8,300 liters per minute.  The 

well is cased and grouted through the upper aquifer and Eau Claire aquitard and draws 

water from the confined Mount Simon Sandstone.  The site is surrounded by a 

residential neighborhood and the sanitary sewer is constructed mostly of vitrified clay 

pipe that was installed in the 1940s.  Before installation of the sewers, homes in the 

area used septic systems or cesspools for wastewater disposal but none of these have 

been in use for decades and can be ruled out as a source of infectious viruses in 

groundwater.  Previous studies in Madison have detected infective human enteric 

viruses in UW-7 (Bradbury et al. 2010).  The Nine Springs Wastewater Treatment Plant 

(WWTP), which is operated by the Madison Metropolitan Sewerage District, collects all 

wastewater, approximately 120 million liters per day (MLD), from the Madison 

metropolitan area. 

1.2. Purpose and approach 

The analyses described in this chapter are intended to demonstrate the 

combined use of chemical and microbiological indicators of wastewater contaminants to 

identify the most likely preferential flow pathways in a fractured siliciclastic aquifer 

system near a public supply well.  The amounts of recharge and sanitary sewer flow 

were compared for specific time periods in order to determine the role large recharge 

events have on increased sewer flow and subsequent loading of the aquifer.  Spatial 
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and temporal patterns in both water chemistry and human enteric virus genome 

detection were used to evaluate transport pathways.  Samples were collected at regular 

time intervals from the unit well, three monitoring wells, a sanitary sewer adjacent to the 

site, and the intake to the WWTP.  Groundwater sampling was not conducted in the Eau 

Claire aquitard.  The nature of the connection between the upper and lower aquifers 

across the aquitard was investigated by examining physical and chemical parameters of 

the UW-7 borehole.  The chemical and microbial data were then used to construct a 

conceptual model to evaluate preferential flow. 

2. Methods 

2.1. Strategy 

The constituents sampled included human enteric virus genomes detected in 

earlier Madison projects (Borchardt et al. 2007; Bradbury et al. 2010), coliform bacteria, 

E. coli, and chemical wastewater indicators.  Potential chemical indicators included 

major ions, alkalinity, trace metals, and optical brighteners.  In order to address the 

questions related to rapid transport of wastewater contaminants from the near surface 

to a PSW, a sampling strategy that involved both spatial and temporal aspects of the 

problem was required.  Spatial resolution was achieved by sampling at multiple points 

between the most likely source (sewer) and UW-7.  Characterization of the likely virus 

source was conducted by sampling wastewater from the sanitary sewer near UW-7 and 

also influent to the WWTP.  The upper aquifer was sampled from three nested 

monitoring wells (Figure 2.3) that were open to the water table (MW-A), to a short 

interval at a depth approximately halfway between the water table and the bottom of the 
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upper aquifer (MW-B), and at the bottom of the upper aquifer (MW-C).  The lower 

aquifer was sampled directly from UW-7 during normal pumping. 

Although there is some variation in water quality among the 22 PSWs in 

Madison, UW-7 has concentrations of major inorganic constituents similar to those 

measured in other wells (Madison Water Utility 2011).  Upper aquifer water quality at 

UW-7 is similar to that in other areas in Madison.  Nitrate, sulfate, potassium, and 

alkalinity concentrations from upper aquifer wells in the Nine Springs Watershed 

(Swanson 2001), a wetland area located on the southern edge of the Madison 

metropolitan area, are similar to those in the upper aquifer at UW-7.  These data 

indicate that the upper aquifer groundwater has a geochemical signature similar to other 

portions of Madison.  However, the upper aquifer sodium and chloride concentrations in 

the Nine Springs Watershed wells are one to two orders of magnitude lower than those 

at UW-7, which suggests that these two ions are related to urbanization.  Sodium, 

chloride, and chloride/bromide ratio have been identified as wastewater indicators in 

previous research (Eiswirth et al. 1995; Panno et al. 2006; Brown et al. 2009; Katz et al. 

2011; Minnesota Department of Health 2011) and were used for that purpose in this 

study.  

A total of three sampling rounds were conducted during 2010, 2011, and 2012 

(Table 4.1).  Temporal resolution was achieved by conducting time sequenced 

sampling.  Sampling was conducted twice per month for several months during each 

sampling period in 2010 and 2012.  Previous work had suggested that viruses may 

travel between the sewer and unit wells in a few weeks to months. The ability to 
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compare microbial and chemical wastewater indicators over several months at multiple 

locations was necessary to assess preferential flow pathways and determine how much 

time elapsed between virus genome detections at different points. 

Table 4.1. Information on sampling rounds described in this study. 
Year Start 

Date 
End 

Date 
Frequency Sampling 

Rounds 
Total 

Samples 
Locations Sampled 

2010 13 May 21 Jul 2x/month 6 30 Sewer, MW-A, MW-B, 
UW-7, WWTP 

2011 24 Feb 24 Feb single event 1 3 MW-A, MW-B, UW-7 

2012 4 Jan 16 May 2x/month 10 49 MW-A, MW-B, MW-C, 
UW-7, WWTP 

 

During May 2012 the Madison Water Utility removed the pump from UW-7 to 

perform maintenance.  While the well was open, it provided a rare opportunity to log the 

borehole with multiple tools including an optical borehole imager, acoustic borehole 

imager, gamma tool, fluid conductivity/temperature tool, mechanical caliper, and spinner 

flow meter.  The log data provided additional information with which to characterize the 

nature of groundwater flow between the upper and lower aquifers. 

2.2. Sampling methods 

Decontamination of equipment was an important step in the sampling protocol 

due to the low expected concentrations of virus genomes.  Dedicated tubing was used 

for sampling each monitoring well.  The day prior to sampling, all submersible pumps 

and tubing, peristaltic pump tubing and prefilter housings were sterilized.  A solution of 

50 mg/L chlorine was pumped through all equipment and allowed at least 15 minutes of 

contact time.  The exterior of the monitoring well sample tubing was also disinfected.  
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Sampling equipment was then dechlorinated using a solution of 1g sodium thiosulfate 

per liter of deionized water.  Prepared pumps and tubing were then stored in clean 

plastic bags until they were inserted into the monitoring wells.  On the day of sampling, 

at least three well volumes were pumped through the tubing before sampling began in 

order to flush any residual sodium thiosulfate from the system.  Complete details of 

decontamination are presented in Appendix D. 

Groundwater sampling from UW-7 was conducted by attaching a peristaltic pump 

to a sampling port on the well discharge line prior to chlorination.  The peristaltic pump 

was connected in such a way as to only function while the unit well was pumping in 

order to prevent drawing in chlorinated water downstream of the sampling port.  

Monitoring well sampling required submersible pumps and Figure 4.1 illustrates the 

standard configuration used for each well.  A 10 micron wound polypropylene prefilter 

was required in MW-A to prevent suspended solids from clogging the glass wool filter.  

The pH for groundwater samples collected at the site was never greater than 7.5; 

therefore the acid adjustment step was not required.  Virus genome samples were 

collected by pumping 800 to 1,000 L of water through glass wool filters at rates of 

approximately 4 L/min.  A totalizer was used to track the total volume sampled.  

Groundwater geochemistry grab samples were collected in conjunction with virus 

sampling, after several hundred liters had been pumped from the monitoring wells.   

Virus and water chemistry samples from the sanitary sewer near UW-7 were 

collected as 24-hour composite samples. Collection of samples every 15 minutes for 24 

hours was accomplished using an ISCO sampler packed with ice and placed in a 
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manhole.  Samples from the Nine Springs WWTP in 2010 were 24-hour composite 

samples collected by WWTP plant personnel from the plant intake and refrigerated at 

the WWTP laboratory.  Changes to WWTP operating procedures in 2012 required 

collection of 72-hour composite samples.  Due to variability in groundwater virus 

genome detection over time, it was necessary to sample for several months 

consecutively in order to maximize the possibility of detecting virus genomes during at 

least one sampling round.   

 
Figure 4.1. Schematic of standard monitoring well virus sampling using glass wool filtration.  The prefilter 
was only required at MW-A due to high turbidity.  The pH adjustment was not required for this study 
because groundwater pH was less than 7.5. 

2.3. Initial 2010 and 2011 sampling 

During the summer of 2010, six rounds of virus sampling were conducted at Unit 

Well 7, MW-A, MW-B, the sanitary sewer near UW-7, and the Nine Springs WWTP.  

The virus analysis procedure had been modified from previous studies in Madison 

(Borchardt et al. 2007; Bradbury et al. 2010) as part of the shift to a standardized, EPA 
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approved method.  The analytical laboratory moved from the Marshfield Clinic Research 

Foundation to the U.S. Department of Agriculture (USDA)-Agricultural Research Station 

(ARS) in Marshfield, Wisconsin during the summer of 2010.  This change in location 

also resulted in some alteration to the virus analysis procedures. 

According to Dr. Mark Borchardt, USDA-ARS (personal communication) the 

following is a summary of the modified virus genome detection process.  Viruses were 

eluted from the filters with a beef extract reagent and concentrated using organic 

flocculation.  For molecular assays, the concentrated eluate was concentrated again by 

centrifugal ultrafiltration.  The RNA was then extracted from the concentrate and tested 

for enterovirus and norovirus RNA using real time quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) using a Roche LightCycler 480.  Virus 

concentrations for the molecular assay are calculated in terms of genomic copies of 

viral RNA per liter based upon a standard curve.  The glass wool filter and prefilter 

elution steps were conducted in the UW-Madison hydrogeology laboratory; samples 

were then frozen at -20°C, and later transported to the USDA-ARS laboratory in 

Marshfield, WI for analysis.  Samples were analyzed for the following virus groups, 

which had been detected in previous studies: enterovirus, rotavirus, adenovirus, 

hepatitis A virus, and norovirus genogroups I and II.  The PCR results likely 

underestimate virus genome quantities because of losses during sample filtration, 

secondary concentration, and nucleic acid extraction steps (Borchardt et al. 2012). 

Collection of sanitary sewer samples was accomplished by using an automated 

sampler that was hung in a manhole near UW-7 a few days before groundwater 
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sampling.  The device was programmed to collect a sample every 15 minutes for a 24 

hour period in order to obtain a composite sample.  Frequently the flow in the sewer 

pipe was too low to collect a sample or the intake line would become clogged with 

debris.  These problems resulted in samples that were not necessarily representative.  

For that reason, sampling from the sanitary sewer was not continued in later sampling 

rounds. 

In order to evaluate the effects of snow melt recharge on virus transport, a one-

time sampling event was conducted from MW-A, MW-B, and UW-7 on 24 February 

2011 using the same methods as the 2010 virus sampling.  The preceding week had 

been unusually warm with temperatures well above freezing.  This resulted in much of 

the snow pack in Madison melting, potentially generating a large recharge event.   

Because this sampling iteration was conducted on short notice, only groundwater 

samples were collected.    

Geochemical sampling was conducted concurrently with virus genome sampling 

during summer 2010.  One liter grab samples of ground water and one liter composite 

samples of wastewater were collected in amber glass bottles and sent to the University 

of Minnesota Hydrogeochemistry Laboratory.  Cations, anions, trace metals, alkalinity, 

and optical brighteners were analyzed.  Field measurements of electrical conductivity 

and pH were taken during each sampling round from the sanitary sewer, monitoring 

wells, and municipal well.   
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2.4. 2012 sampling 

In 2012, sampling locations changed slightly from previous iterations.  Only the 

WWTP influent was sampled for wastewater due to the logistical concerns with the 

sanitary sewer location.  The deepest monitoring well (MW-C) was constructed in 

December 2011 and was also included in this sampling round.  The addition of MW-C 

allowed for greater spatial resolution in the upper aquifer. 

Groundwater virus genome samples were collected in 2012 using the same glass 

wool filtration methods used in 2010 and validated by Lambertini et al. (2008).  Unlike 

previous sampling rounds, the glass wool filters and prefilters were shipped at 4°C to 

the USDA-ARS lab the day after sampling.  The elution of glass wool filters and 

prefilters was conducted at the lab using a beef extract solution with final pH adjustment 

to 7.0 using 1M HCl.  The lab flocculated and concentrated the samples with 

polyethylene glycol, then analyzed by qRT-PCR for the same virus groups as the 2010 

sampling.     

Cations, anions, and alkalinity concentrations from the monitoring wells, UW-7, 

and the Nine Springs WWTP were measured for samples collected in 500 ml HDPE 

bottles.  Because the 2010 sampling data indicated that optical brighteners were not a 

useful wastewater indicator at this site, no optical brightener samples were collected in 

2012.  Similarly, trace metal analyses were not made on these samples because no 

substantial temporal or spatial variations in these were detected in previous samples. 
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3. Results 

3.1. Virus results 

The results of 2010 and 2011 virus genome sampling are displayed in Table 4.2 along 

with data on cumulative and maximum daily precipitation over the preceding 14 day 

period.  Virus genome detections are listed in the table as log concentrations.  All of the 

wastewater samples contained between 160 (102.2) to 250,000 (105.4) gc/l of virus 

genomes but the positive groundwater sample concentrations ranged from as low as 

the method detection limit of 0.02 gc/l up to a maximum of 0.25 gc/l.  For the 2010 data, 

only 25% of the monitoring well samples and none of the public supply well samples 

were virus genome positive.  There was poor agreement between the WWTP and 

sanitary sewer samples due to the logistical problems mention in section 2.3 and the 

fact that the sampling location captured a very small fraction of the total flow measured 

at the WWTP intake.  In some cases a virus group was detected in the sanitary sewer 

but not at the WWTP, likely due to dilution.  The WWTP data were considered more 

representative of sewage that might exfiltrate from the sewers and contaminate the 

aquifer. 

Because the 2010 sampling occurred over the relatively limited time of a three 

month period, a lack of virus genome positive samples in the municipal well is not 

surprising. In previous sampling at this location three month periods had elapsed 

without a virus detection (Borchardt et al. 2007; Bradbury et al. 2010).  It is significant 

that virus genomes were detected in the upper aquifer because that was the portion of 

the pathway that had not been previously evaluated for viruses.  Virus genomes were 

detected in both MW-A and MW-B during 2010, which indicates they were present at  



102 
 
 

 

Ta
bl

e 
4.

2.
  R

es
ul

ts
 o

f 2
01

0 
an

d 
20

11
 v

iru
s 

sa
m

pl
in

g 
re

po
rte

d 
as

 lo
g 

co
nc

en
tra

tio
n 

(g
c/

l).
  P

re
ci

pi
ta

tio
n 

da
ta

 a
re

 
fo

r t
he

 to
ta

l o
ve

r t
he

 1
4 

da
ys

 b
ef

or
e 

sa
m

pl
in

g 
an

d 
th

e 
m

ax
im

um
 d

ai
ly

 v
al

ue
 d

ur
in

g 
th

at
 p

er
io

d.
 



103 
 

the water table and also deeper in the upper aquifer.  Adenovirus was detected in two 

consecutive MW-A samples with enterovirus detected in MW-B two weeks later.  For 

the 2011 single sampling event, enterovirus was detected in both MW-B and UW-7 at 

approximately the same concentration.  The data indicate an apparent 4 to 6 log 

reduction of virus genome concentration between the wastewater and upper aquifer. 

The results of 2012 virus sampling are displayed in Table 4.3 along with data on 

cumulative and maximum daily precipitation over the preceding 14 day period.  Virus 

genome detections are listed in the table as log concentrations.  The first five daily 

maximum precipitation values in Table 4.3 are shaded blue to indicate that they quantify 

the reduction in snow pack depth due to melting rather than an amount of liquid water 

(or liquid water equivalent).  The 14 day total precipitation values were recorded as 

either rainfall or water equivalent for snow.   

The 2012 WWTP samples contained between 1300(103.1) to 200,000(105.3) gc/l 

concentration of virus genomes but the positive groundwater sample concentrations 

ranged from 0.03 to 6.3 gc/l.  Virus genomes were detected in groundwater during 70% 

of the sampling rounds although no more than 2 of the 4 groundwater sampling 

locations were positive in any round.  All monitoring wells and the unit well had at least 

one round with positive results.  Three different virus groups were detected in samples 

from MW-A: enterovirus, G1 norovirus, and adenovirus groups C, D, F. Only G1 

norovirus was detected in MW-B while MW-C samples contained enterovirus and 

adenovirus groups C, D, F.  The samples from UW-7 contained G1 norovirus and 

adenovirus B, a group not detected in any monitoring well samples.  An apparent 4 to 6  
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log reduction of virus genome concentration between the wastewater and upper aquifer 

can be inferred from these data, but the concentrations of virus genomes do not appear 

to change substantially with increasing depth in the aquifer system. 

3.2. Water chemistry results 

All data from water chemistry sampling rounds are included in Appendix E.   

The combination of field parameters and water chemistry data was used to further 

characterize the site.  The average values of pH and conductivity collected in the field 

(Table 4.4) for 2010 differed substantially between MW-A and MW-B, with conductivity 

values in MW-B more than twice those in MW-A.  Optical brightener data indicated that 

no brighteners, a typical wastewater indicator, were present in any of the samples.  

Cation and anion data from 2010 were plotted on a Piper diagram (Figure 4.2) and 

show a near linear trend between the sanitary sewer, monitoring wells, and unit well 

samples in terms of both cation and anion relative proportions.  The sanitary sewer 

samples contained substantial proportions of sodium and chloride, the MW-B data 

plotted close to the sewer effluent, and the water table (MW-A) samples contained 

greater proportions of calcium, magnesium, and bicarbonate. The major ions in UW-7 

samples consisted predominantly of calcium, magnesium, and bicarbonate, typical of 

Madison drinking water.  Cation, anion, and trace metal data were analyzed in order to 

determine if there were spatial or temporal trends, with key wastewater indicators 

plotted in Figure 4.3.   

The use of Cl/Br ratios may sometimes allow for detection of a wastewater 

signature in groundwater (Panno et al. 2006).  The Cl/Br ratios were elevated in both 



106 
 

MW-A and MW-B, which meant that this ratio was not useful for distinguishing between 

those two monitoring wells.  However, the Cl and Br concentrations were the greatest in 

the MW-B samples and the sanitary sewer, which suggests a connection between these 

sampling sites.  The concentrations of two other wastewater indicators, Na+ and NO3-N 

(Rueedi et al. 2009), were also elevated in MW-B compared to MW-A.   

Table 4.4. Average field parameter measurements at each location from 2010 sampling rounds. 

 
2010 2012 

 Location pH 
Conductivity  

(μS/cm) pH 
Conductivity  

(μS/cm) 
Sewer 6.8 1304     
WWTP     7.1 1471 
MW-A 7.3 1072 7.2 1080 
MW-B 7.0 2428 7.0 2296 
MW-C     7.2 1240 
UW-7 7.4 661 7.3 756 

Cation and anion data from 2012 were plotted on a Piper diagram (Figure 4.4) 

and show similar relationships among the sanitary sewer, monitoring wells, and unit well 

samples as the 2010 samples in terms of both cation and anion relative proportions.  

One exception is the addition of the deepest monitoring well (MW-C). Both MW-A and 

MW-C plot in similar positions on the Piper diagram, which suggests that their ion 

composition is similar to UW-7, while MW-B, the well open to a depth intermediate to 

MW-A and MW-C, continues to exhibit an apparent wastewater influence.  This 

indicates the linear trend in chemistry between wastewater and the deep confined 

aquifer is not simply a function of sampling depth. 

 



107 
 

 
Figure 4.2. Piper diagram plot of average values from 2010 monitoring well, Unit Well 7, and sanitary 
sewer samples. The circles in the upper plot indicate total dissolved solids (ppm) based on the scale on 
the left side of the figure. 
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Figure 4.3.  Average values for selected constituents from ten samples collected during 2010 with error 
bars indicating one standard deviation from the mean. 

Field conductivity and pH measurements for 2012 averages are displayed on the 

right side of Table 4.4.  Temporal and spatial variations in chemical constituents were 

examined to identify trends that could be related to potential preferential flow pathways.  

Selected wastewater indicators were plotted on Figure 4.5 and show a trend similar to 

that for the 2010 data (but with the addition of MW-C).  The MW-C data indicate higher 

concentrations of wastewater indicators than MW-A, but concentrations in this well are 

still much lower than those from MW-B.  Wastewater is typically reducing and ammonia 

is the predominant nitrogen species in that environment, in contrast to an oxidizing 

groundwater environment in which nitrate is the dominant nitrogen species.  Therefore, 
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the nitrogen graph in Figure 4.5 uses NH3-N values for wastewater and NO3-N values 

for groundwater samples.  

 

 
Figure 4.4. Piper diagram plot of average values from 2012 monitoring well, Unit Well 7, and sanitary 
sewer samples. The circles in the upper plot indicate total dissolved solids (ppm) based on the scale on 
the left side of the figure. 
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Figure 4.5.  Average values for selected constituents from ten samples collected during 2012 with error 
bars indicating one standard deviation from the mean. Nitrogen values are reported as NH3-N for 
wastewater treatment plant samples and NO3-N for all others. 

3.3. Coliform bacteria and E. coli results 

Research on water quality in Minnesota discovered a link between detection of 

coliform bacteria and chemical wastewater indicators in PSWs (Minnesota Department 

of Health 2011).  At UW-7 coliform bacteria and E. coli analyses were conducted on all 

groundwater samples collected during 2012.  Collection of 100 ml samples in sterile 

bottles was followed by analysis by a most probable number (MPN) method to 

determine concentrations of bacteria as colony forming units (cfu) per 100 ml.  Positive 

results for total coliforms were only found in two of the samples, both from MW-B.  The 

January 4th, 2012 sample had 4.1 cfu/100ml and the January 25th sample had 1.0 

cfu/100 ml. 
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4. Discussion 

4.1. Precipitation, sewer flow, and virus detection 

Sanitary sewers are the most likely source of human enteric viruses that have 

been detected in urban groundwater (Rueedi et al. 2009).  Although Madison has 

separate storm and sanitary sewer systems, increased recharge in the form of 

precipitation or snow melt may increase sanitary sewer flow.  As Bradbury et al. (2010) 

have demonstrated, increased precipitation in the Madison area during 2008 was linked 

to increased flow in the sanitary sewers. As the flow in the sewer pipes increases, more 

wastewater is able to leak from cracks and holes on the top and sides of the pipes.  In 

some cases sewer pipes that normally drain by gravity may completely fill and become 

pressurized, further increasing leakage.  Once the virus laden wastewater exfiltrates 

from the sewer it may reach the saturated zone and eventually migrate into the unit well.  

Weather data from the nearby Dane County Regional Airport were compared to virus 

results to determine if there is a correlation between recharge events and virus genome 

detections in groundwater.   

4.2. 2010 data comparison 

Sewer flow data were obtained for the WWTP intake and for MMSD Pumping 

Station #1, which collects sewage from the gravity drained sanitary sewers in the area 

surrounding UW-7 and pumps it into pressurized lines that lead to the WWTP.  As seen 

in Figure 4.6, the flows measured during the spring and summer of 2010 at the WWTP 

and the pumping station both show the same trends over time.  It is reasonable to 

assume that both sets of data reflect relative flow conditions in the sanitary sewers near 

UW-7 and both will be used in the following discussion based on data availability. 
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Figure 4.6. Daily flow data for both the Nine Springs Wastewater Treatment Plant (WWTP) and 
wastewater pumping station #1 from May 1st to July 27th, 2010.   

The initial sampling from 2010 provides information about the link between 

precipitation, sewer flow, and virus genome detection.  The bottom of Table 4.2 lists 

precipitation data for each sampling period.  Figure 4.7 shows rainfall data during the 

2010 sampling, pumping station flow, and virus sampling results. Early in the period 

there was less rainfall, but rain events increased in magnitude and frequency during late 

June and July.  Viruses were detected in the monitoring wells during the last 3 sampling 

iterations, after a large rainfall event and a corresponding 75% surge in sewer flow.  

Comparison of precipitation data with virus genome detects in both Table 4.2 and 

Figure 4.7 reveals that the daily maximum rainfall appears to have more impact on virus 

transport than the cumulative rainfall over the preceding 14 days.  Unfortunately the 

largest rainfall event of the period occurred the day after the final sampling iteration, so 

it was not possible to evaluate the impact of that event on virus transport.   
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Figure 4.7. Daily precipitation and wastewater pumping station data for Madison, WI from May 1st to July 
27th, 2010.  The top of the figure indicates results of virus sampling for each well on that date.  A “0” 
indicates no virus detection while a “+” indicates viruses were detected in that well. 

4.3. 2011 snowmelt 

In early February 2011 there was nearly 50 cm of snow on the ground in Madison 

(Figure 4.8) but several days of above freezing weather caused 33 cm of snow to melt.  

The flow in the sewers increased approximately 25% during this period.  Groundwater 

virus samples collected one week later (Table 4.2) contained enterovirus in both MW-B 

and UW-7 and at approximately the same concentration.  Although this was a one-time 

sampling event, it is important to note that after a substantial recharge event with a 

corresponding increase in sewer flow, enterovirus was detected in the upper aquifer and 

lower aquifer at the same time and at similar concentrations. 
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Figure 4.8. Comparison of flow into the Nine Springs Wastewater Treatment Plant (WWTP) with depth of 
snow on the ground in Madison, WI for February 2011.  The top of the figure indicates results of virus 
sampling for each well on that date.  A “0” indicates no virus detection while a “+” indicates viruses were 
detected in that well. 

4.4. 2012 data comparison 

The final iteration of sampling was conducted in the winter and spring of 2012.  

The expectation was that at least one substantial snow melt event would occur during 

that period followed by several large spring rain events.  However, Madison 

experienced an usually warm and dry winter that led to less than 10 cm of snowpack at 

any time and most of January and February were without snow cover.  By March 

temperatures rose to record levels over 80° F (27° C) and the snow cover had 

disappeared for the season by March 7th.  The largest spring rainfall event of 2.6 cm did 

not noticeably affect flow in the sewers (Figure 4.9). 

Virus data from this period (Table 4.3 and Figure 4.9) indicate that virus genomes 

were still present in the groundwater in the absence of substantial recharge or sewer 
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flow.  Thus, it is apparent that recharge events are not required for virus genome 

detection in an aquifer, at least not within a period of several months.  However, it is 

possible that the virus genomes detected were introduced into the aquifer during an 

earlier recharge event.  Between January and May of 2012 the average sewer flow 

increased slightly but the two sampling rounds in May failed to detect any viruses in the 

groundwater samples.  Adenovirus B was only detected in the wastewater during the 

January 4th sampling round but was detected six weeks later in UW-7 (Table 4.3).  It 

can be inferred from these data that it took at least six weeks for the adenovirus B to 

travel from the sewer into the lower aquifer.   

 
Figure 4.9. Daily precipitation and wastewater pumping station data for Madison, WI from January 1st to 
May 17th, 2012. The top of the figure indicates results of virus sampling for each well on that date.  A “0” 
indicates no virus detection while a “+” indicates viruses were detected in that well. 

4.5. Trends in virus detection (spatial and temporal) 

Virus genomes were detected in all three monitoring wells at the UW-7 site.  This 

is significant because the upper aquifer had not been previously sampled for viruses 

(Borchardt et al. 2007; Bradbury et al. 2010).  The presence of virus genomes in the 
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monitoring wells indicates that viruses are present in the shallow aquifer at this site and 

could potentially move downward into MW-7.  Spatial patterns of virus genome 

detection in the three monitoring wells can be used to test the working hypotheses 

related to preferential flow pathways between the sewer and unit well.  Detection of 

virus genomes at all three depths would refute the hypothesis that the municipal well 

annulus is the primary pathway because viruses would not be expected to be present 

away from the annulus at depth if municipal well pumping is causing the downward 

migration of viruses from the water table along the casing.  The detection of virus 

genomes in sequential sampling rounds, first in MW-A, then in MW-B, and finally in 

MW-C could reflect a plume of wastewater traveling downward by porous media flow.  

Sewer exfiltration is assumed to be a distributed source that may form a large plume at 

the water table initially before migrating downward.  Detection of a virus group in the 

unit well that was only present in one of the monitoring wells would support the 

hypothesis that flow is primarily along fractures, since the absence of virus genome 

detections in the other monitoring wells would be inconsistent with downward migration 

of a uniform plume from the water table.  Depending on the connectivity of a fracture 

network, viruses might be detected in multiple monitoring wells simultaneously.  

Fracture flow might be enhanced by recharge events and result in virus genome 

detection at multiple depths. 

Currently there are no robust statistical methods developed for evaluating data 

from time sequenced groundwater virus sampling (Mark Borchardt, personal 

communication).  This limits the ability to correlate virus genome detection data from 
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this project with potential mechanisms that might cause rapid transport of wastewater 

into the subsurface.  Variables including recharge, sewer flow, well depth, and unit well 

pumping rate must be taken into consideration for such analysis.  Efforts are planned by 

the WGNHS to involve a statistician to develop these statistical methods using data 

from this and other projects. 

During the 2012 sampling (Table 4.3) many of the positive samples were found in 

MW-A.  The one norovirus positive sample on January 25th in MW-A had the same 

concentration as that found in UW-7 two weeks later, but none of the other three MW-A 

detects in 2012 or the two detects in 2010 had a corresponding detect in UW-7.  These 

data, combined with the fact that the analysis of water level responses (Chapter 3) 

revealed that MW-A water levels did not respond to unit well pumping, refutes the 

hypothesis that the unit well annulus is the preferential flow pathway that allows viruses 

to reach the unit well. 

The positive virus samples in MW-B from July 2010 and February 2011 both 

followed substantial recharge events.  The UW-7 sample from February 2011 also was 

positive for enterovirus at approximately the same concentration as that found in MW-B.  

More data would be required to develop a convincing causal link between recharge and 

viruses in MW-B, but it is possible that during high recharge events the virus laden 

wastewater travelled along fractures to reach both MW-B and UW-7 at approximately 

the same time and with little dilution or decay.  This is in agreement with fracture 

connectivity conclusions from Chapter 2 and pumping impacts on MW-B discussed in 

Chapter 3.   
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4.6. Water chemistry trends 

Many homes in Madison have water softening devices that utilize salt and 

discharge brine to the sanitary sewer during back flushing.   This water softening salt is 

the most likely source of Na+ and Cl- in the sewer and MW-B, but there may be other 

sources of Na+ and Cl- in the groundwater such as road salt (Wenta and Sorsa 2011).  If 

road salt were the source of Na+ and Cl- in the groundwater, a seasonal variation in 

these ions in the upper aquifer would be expected (Kelly et al. 2012). In addition to the 

conductivity measurements and ion measurements for the sampling periods mentioned 

above, conductivity values have been measured in the upper aquifer during other 

seasons and compared with conductivities at known chloride concentration (Table 4.3).  

As noted by Panno et al. (2006), in groundwater with high concentrations of chloride 

there is a strong correlation between chloride and conductivity measurements in 

groundwater with greater than 750 μS/cm conductivity.   

Public Health Madison – Dane County submits an annual report to the City of 

Madison to discuss road salt application and levels of sodium and chloride in the city’s 

public supply wells.  These reports provide additional information on sources of sodium 

and chloride in the aquifer.  The most recent of these reports (Wenta and Sorsa 2011) 

stated that during the past 50 years the chloride levels have increased in the Madison 

area lakes but generally remain below 100 mg/l.  These levels indicate that the lakes 

are impacted by road salt, but the concentrations are too low for the lakes alone to be 

the source of elevated levels of chloride in the upper aquifer.  Peak conductivity values 

were greater than 1,000 μS/cm for small urban streams and greater than 5,800 μS/cm 
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for street runoff during February 2011 but these values were only detected for a short 

period of time.  The report also indicates that sodium and chloride levels are steadily 

increasing in the PSWs and suggests a link with road salt usage.  The water utility only 

sampled the PSWs once per year for sodium and chloride so it is not possible to use the 

data from the road salt study to determine a seasonal pattern for the confined aquifer.  

However, the data obtained from this research indicate that throughout the year 

consistent levels of sodium, chloride, and conductivity are present in the upper aquifer 

monitoring wells near Unit Well 7 and in the unit well itself.  This lack of a seasonal 

trend suggests that road salt is not the primary source of sodium and chloride in the 

upper aquifer or UW-7.   

It is possible that in addition to loading the groundwater with viruses, leaking 

sanitary sewers may be the primary source contributing sodium and chloride to the 

Madison aquifers.  Assuming that 10% of effluent in the sewers is lost through 

exfiltration, the value estimated by Rueedi et al. (2009) on the basis of a study in 

Doncaster, United Kingdom, 12 million liters of wastewater would be entering the upper 

aquifer in Madison each day.   Using the average WWTP concentrations of 250 mg/l for 

sodium and 400 mg/l for chloride (Figure 4.5) a total of 1 million kg/yr of sodium and 3 

million kg/yr of chloride might be loading the upper aquifer.  The City of Madison used 

approximately 10 million kg of road salt each year from 2000-2009 (Wenta and Sorsa 

2011) but only a portion of this mass is expected to directly impact the upper aquifer.  It 

is possible that the annual loading from sewers could contribute substantially more 

sodium and chloride to the aquifer than the seasonal application of road salt. 
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Chloride/bromide ratios above 1,000 are typical for all of the monitoring well 

samples, with the MW-B samples exceeding 4,000 (Appendix E).  Chloride values 

above 100 mg/l combined with Cl/Br ratios above 600 have been attributed to 

wastewater sources (Panno et al. 2006; Kelly et al. 2010).  Using those criteria, it 

appears that all monitoring well samples are likely impacted by some degree of 

wastewater contamination.  The nitrate data collected from both the monitoring wells 

and the straddle packer samples (Figure 2.9) indicate elevated nitrate, another 

wastewater indicator, throughout the upper aquifer with the exception of the water table.  

Most of the upper aquifer may be impacted by wastewater but MW-B appears to have 

the greatest concentration of chemical wastewater indicators. 

Comparisons of chloride concentrations in MW-B and the wastewater samples 

(Figures 4.2, 4.3, 4.4. and 4.5) indicate that groundwater samples from MW-B may have 

higher chloride concentrations than expected for the wastewater source.  This disparity 

might be explained by wastewater with higher levels of chloride in leaky sections of 

sewer pipe loading groundwater but later being diluted with lower chloride wastewater in 

downstream sections of the sewer before sewer sample collection.   

4.7. Link between water chemistry and virus detection 

Unlike viruses, chemical constituents are more consistently detected over time at 

any one location.  If sewer effluent travelled from the water table down the well annulus 

then we would expect the highest levels of wastewater indicators near the water table 

and there would be less similarity between the constituents found in the sewer and the 

two deeper monitoring wells.  Instead, the highest levels of wastewater indicators are 
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found in the middle of the upper aquifer (MW-B) while the top of the aquifer (MW-A) and 

base of the aquifer (MW-C) have lower values of these indicators.  As discussed in 

Chapter 2, there are also fractures at a depth between MW-A and MW-B that contain 

high levels of wastewater indicators.  This suggests that wastewater is preferentially 

flowing along individual fractures and not along the well annulus or uniformly downward 

due to porous media flow. 

MW-B has the highest concentrations of wastewater indicators and the only total 

coliform detections, but the fewest virus genome detects.  If MW-B was the most 

impacted by wastewater, both the chemical and microbiological indicators should reflect 

that impact.  The chloride concentration in MW-B is substantially higher than in the other 

two monitoring wells.  In a study involving virus inactivation in fresh surface water, Hurst 

(1988) determined that elevated chloride concentrations are correlated with increased 

virus inactivation.  The elevated chloride concentrations in the groundwater may act to 

similarly decrease virus genome concentrations in MW-B and reduce detections.  For 

that reason, slightly elevated levels of wastewater indicators may be associated with the 

presence of enteric viruses, but excessive amounts of those same indicators in 

groundwater may not necessarily lead to detection of those same viruses. 

4.8. Geochemical evidence for connection between aquifers 

In addition to the geochemical and microbial evidence of preferential flow paths 

obtained through the sampling campaign described above, a rare opportunity to directly 

log UW-7 became available near the end of the research project due to a need to 

replace the submersible pump.  Fluid electrical conductivity data obtained from 
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geophysical logging of UW-7 provided supplemental information about possible fracture 

connectivity and responses to pumping in the system.  The mechanical caliper log 

revealed that the diameter of the borehole below the well casing increased from the 

reported diameter of 41 cm to more than 1.0 m (the maximum diameter of the 

mechanical caliper) from 79 m to 110 m bgs (Figure 4.10).  This interval, in which the 

pump was seated, was most impacted by the effects of the well pumping.  Two days 

after the pump was removed from UW-7 the first round of geophysical logging occurred.  

Fluid conductivity readings (Figure 4.10) in this enlarged interval were approximately 

1500 μS/cm near the top and gradually declined to 1200 μS/cm at 110 m bgs.  Below 

this depth, the borehole returned to a 41 cm diameter and the electrical conductivity 

rapidly dropped to 1050 μS/cm.  Although several other intervals in the borehole also 

had larger diameters due to blasting of the borehole, the fluid conductivity remained at 

1050 μS/cm from 110 m bgs to the bottom of the well at 202 m bgs.  Vertical flow 

logging with the spinner tool was unable to detect vertical flow in the borehole under 

ambient conditions.  Six days later, with the pump still out of the borehole, UW-7 was 

logged again.  At this time, conductivity readings were approximately 1100 μS/cm 

throughout the entire enlarged interval.  After another five days UW-7 was logged for a 

final time and had a similar uniform 1100 μS/cm conductivity profile.  The water 

temperature logs in Figure 4.10 also reflect a decrease in temperature between the first 

and second logging iterations. 

The straddle packer chemistry sampling described in Chapter 2 indicated that 

fractures in the upper aquifer contain water with electrical conductivities between 2200 
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and 2900 μS/cm.  During previous sampling of UW-7 during pumping, the conductivities 

in the unit well were approximately 700 μS/cm.  The head difference between the upper 

and lower aquifers is approximately 3 m when UW-7 is inactive but can increase to 

more than 30 m during pumping.  A likely explanation for the observed conductivity 

readings from the enlarged interval of UW-7 is that, during pumping, large head 

differences between the aquifers allow higher conductivity water from the upper aquifer 

to be pulled into the enlarged interval through a high angle fracture.  During pumping 

this water is diluted with the lower conductivity water from the Mount Simon Formation, 

which provides the majority of the water to the well.  After the pump was removed, 

residual high conductivity water remained in the enlarged interval but, without pumping, 

dilution with low conductivity water was reduced.  The enlarged interval, therefore, acted 

like a borehole dilution chamber in which high conductivity water was present at the 

cessation of pumping.  With minimal vertical flow in the borehole, the conductivity 

values declined in the interval largely due to horizontal flow from lower conductivity 

Mount Simon groundwater.  This suggests a fracture flow connection between the upper 

and lower aquifers that is active primarily during pumping of UW-7.   Similar high angle 

fractures have been identified in the Eau Claire Formation at other locations in the 

Madison area in WGNHS well logs. 
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Figure 4.10.  Geophysical logs from Unit Well 7 for enlarged interval in which the pump was seated.  Both 
fluid conductivity and temperature decreased between 10 and 16 May as the well was open during pump 
replacement.  Depth is in meters below top of casing, which is located in the well house basement, 
approximately 3 m below ground surface. 
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4.9. Conceptual model 

A conceptual model was created to evaluate preferential flow pathways in terms 

of chemical and microbial wastewater indicators (Figure 4.11).  This model is based on 

the fracture flow conceptual model described in Chapter 2 but modified to include 

electrical conductivity and virus data.  As described earlier, conductivity can be used as 

a proxy for chloride and other wastewater indicators and at this site conductivity 

correlates with sodium and chloride concentrations and chloride/bromide ratios.  The 

upper aquifer conductivity values on the figure were determined from the MW-C 

borehole using the straddle packer described in Chapter 2 and Appendix B.  Most 

conductivity values listed in the upper aquifer are associated with a specific fracture 

except that the shallowest value of 1288 μS/cm is from an unfractured interval above 

Fracture 2.  The value of 1546 μS/cm depicted at approximately 55 m bgs is from the 

high angle Fracture 9.  The lower aquifer value of 1100 μS/cm was obtained from the 

UW-7 geophysical logging described in section 4.5. 

Based on the conductivity values in the conceptual model, the conductivity 

values at the water table are relatively low, increase rapidly at 20 m bgs, decrease 

rapidly for a few meters downward, and decrease more slowly with depth to the bottom 

of the upper aquifer.   If fractures only account for increased horizontal flow, the 

expected results for monitoring well samples should have a similar pattern as described 

above with low values at MW-A, higher values at MW-B, and slightly lower values at 

MW-C.  As seen in the lower right corner of Figure 4.11, during 2012 the water table 

(MW-A) had lower conductivity than the shallowest packer value of 1288 μS/cm.  This is 
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to be expected since no high transmissive fractures are located near the water table 

and lower conductivity rain water might infiltrate and mix with groundwater at the water 

table.  At MW-B the conductivity should have a value of approximately 1733 μS/cm, 

corresponding to the value measured for Fracture 6, but the measured value was 2296 

μS/cm, much higher than expected.  In contrast, the values from MW-C were lower than 

expected based on values measured for Fracture 12, which intersects the well screen.  

The values of water pumped from UW-7 were lower than would be expected based on 

measurements made during the logging of the open well. 

 
Figure 4.11.  Conceptual model of Unit Well 7 based on Figure 2.7.  The lower 100+ m of the Mount 
Simon Formation and Unit Well 7 are not shown. 
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If vertical fracture flow is assumed in the model, the monitoring well values are 

more consistent with expected results.  As noted above, the values in MW-B were much 

higher than those measured in Fracture 6.  Mixing of groundwater from Fractures 2 and 

6 in almost equal proportions would explain the observed values in MW-B.  This is 

possible if Fracture 2 groundwater migrates downward along Fracture 9 during the 

pumping of MW-B.  The values in MW-C can be explained by mixing one part Fracture 

12 groundwater with two parts Mount Simon groundwater as measured at the top of the 

UW-7 borehole during logging.  Since these conductivity values were measured while 

pumping a total volume of 1,000 L over several hours, this mixing would only be 

possible if a vertical fracture near MW-C allowed substantial amounts of water from the 

lower aquifer to flow through the Eau Claire aquitard.  Insufficient data were collected on 

potential fracture flow pathways in the UW-7 borehole to explain the lower conductivity 

values measured while UW-7 was being pumped. 

Microbial data collected during this study were not sufficient to clearly identify 

preferential flow pathways, but did provide some support for the conceptual model of 

horizontal and vertical fracture flow.  The only total coliform detects were from MW-B.  

This wastewater indicator was not detected at the water table and suggests horizontal 

and vertical fracture flow between the source and MW-B. As seen in the in Figure 4.11, 

virus genomes were most often found in MW-A during low recharge sampling in 2012.  

However, during the highest recharge event in February 2011 MW-B and UW-7 both 

had enterovirus positive samples.  This suggests that high recharge events are required 

for migration of viruses deep into the aquifer system.  The model would predict virus 
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genome concentrations to be several orders of magnitude lower in UW-7 compared with 

the upper aquifer.  Virus sampling in the monitoring wells was conducted at a pumping 

rate of 4 l/min while UW-7 was being pumped at thousands of l/min, drawing most of its 

water from the lower aquifer.  The high volume of water produced from the Mount 

Simon aquifer would lead to dilution of any wastewater that flowed from the upper 

aquifer into UW-7, reducing the virus genome concentration substantially.  The ranges 

of virus genome concentrations detected in both the upper aquifer and UW-7 are 

similar.  One explanation for this similarity is that the pathway from the surface does not 

pass directly through any of the monitoring wells but, instead, travels through fractures 

to a location close to the UW-7 pump.  In that scenario viruses would be subject to 

dilution before entering a monitoring well as they mixed with uncontaminated 

groundwater from the pore water or other fractures. 

5. Conclusions 

Time sequenced sampling for human enteric viruses and geochemical 

parameters is a useful tool for characterizing transport within an aquifer system.  The 

microbiological and chemical data from wastewater and groundwater samples at the 

UW-7 site improved the understanding of how near surface wastewater may travel into 

a deep confined aquifer and reach a public supply well.  There is an apparent 

connection between recharge events and increased flow in the sanitary sewer and, 

based on limited data, these increased wastewater flows appear linked with virus 

genome detection in groundwater at short times after these events.  During lower 

recharge periods, viruses are more likely to be detected at the water table.  In contrast, 
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during periods of higher recharge virus genomes are found in MW-B, which intersects a 

network of fractures that contains high levels of wastewater indicators.  The lack of 

substantial recharge events during the 2012 sampling precluded a more extensive 

evaluation of the impact of recharge on transport. 

The combination of virus genome and water chemistry data is useful for 

evaluating whether the UW-7 annulus is the preferential flow pathway.  As discussed in 

Chapter 3, the lack of a pronounced water level response at the water table (MW-A) 

during unit well pumping suggests the well annulus is not leaking.  Only one of the six 

virus genome detections in MW-A over a 2 year period had a corresponding detection in 

UW-7.  Water chemistry data also indicate that the deeper MW-B has a more enhanced 

wastewater signature than MW-A.  These virus and chemical data further support the 

conclusion that no direct connection exists along the UW-7 annulus between the water 

table and unit well pump.  The results of the UW-7 borehole logging support the 

likelihood of a fracture connection between the upper and lower aquifers that allows 

high conductivity water to migrate downward.  In summary, the combination of 

geochemical and virus sampling builds support for a conclusion that fractures create the 

preferential flow pathways at this site that allow wastewater contaminants to reach the 

lower aquifer.     

The results of the geochemical and virus sampling at Madison UW-7 have 

implications for other urban areas in similar hydrogeologic settings.  Madison has 

separate storm and sanitary sewer systems but still experiences increased sanitary 

sewer flows during recharge events.  Combined sewer systems would be expected to 
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pose an even greater risk of groundwater contamination.  In the U.S. more than 40 

million people in 700 communities, mostly in the Northeast and Great Lakes regions, 

are served by combined sewer systems.  These combined sewer systems are known to 

negatively impact surface water through combined sewer overflows during large rain 

events.  It is likely that combined sewers may also impact local aquifers due to high 

levels of exfiltration during rain events.  Consideration must also be given to the 

contribution of sewers to increased sodium and chloride levels in groundwater that may 

currently be attributed to road salt application.  This is more likely in areas with home 

water softeners that use salt.  Other urban areas that attempt to assess PSW 

vulnerability due to virus contamination in groundwater must be prepared to conduct 

sampling that includes both temporal and spatial factors to ensure representative 

samples are collected.  Fractures in these hydrostratigraphic units have been described 

in the Minneapolis region, another Upper Midwestern urban area that relies on these 

units for drinking water.  These types of fractures may also be present in other 

siliciclastic aquifer systems but their contribution to groundwater flow and transport may 

not be appreciated.   The location of vertical and horizontal fractures must be 

considered so that sampling can include potential preferential flow pathways. 
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Chapter 5.  Conclusions   

1. Conclusions 

The overall goals of this research were to better understand the primary 

mechanisms that control the transport of human enteric viruses and other wastewater 

contaminants in bedrock multi-aquifer systems and to develop effective methods for 

assessing the vulnerability of public water supply wells (PSWs) in such settings.  The 

results of this research are summarized below to address the hypotheses and questions 

posed in Chapter 1. 

 

1. Preferential flow pathways associated with either fracture flow or defective 

well casings promote rapid downward transport of wastewater contaminants into the 

subsurface.  What are the dominant transport pathways and how might one 

distinguish among these? What is the contribution of fracture flow in a siliciclastic 

aquifer? 

 

The most effective methods for distinguishing between fracture flow and 

defective well construction pathways included (1) evaluating the relationship between 

water level responses at various depths in the aquifer, particularly propagation of 

reverse water-level fluctuations (RWFs), and unit well pumping; (2) comparing  patterns 

of spatial and temporal virus genome detection between locations in the upper aquifer 

and those detected in unit well; and (3) comparison of the relative concentrations of 

chemical wastewater indicators by depth in the aquifer system.  Rapid propagation of 
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RWFs may provide the most diagnostic evidence of a connected fracture network.  A 

borehole in which a flexible liner was installed appeared to act as a proxy for a leaky 

well annulus.  While the liner was installed, the water levels experienced substantial 

reverse water-level fluctuations (RWFs) when the unit well was in operation.  When the 

liner was removed and the borehole grouted, those RWFs at the water table were no 

longer detected. 

Flow through fractures in the upper aquifer was identified as the most likely 

mechanism for rapid transport of wastewater contaminants.  Multiple borehole methods 

described in Chapter 2 detected several fractures with transmissivities that were 

substantially higher than the transmissivity of the surrounding aquifer matrix.  Straddle 

packer slug tests, pumping test, and vertical flow assessment suggest that highly 

transmissive fractures could account for between 60% and 80% of the horizontal flow in 

the upper aquifer. Most fractures were near-horizontal but at least one high angle 

fracture was detected.  Based on hydraulic head data this fracture appears connected 

with multiple near-horizontal fractures.  Straddle packer water chemistry data from 

Chapter 2 show that one fracture (Fracture 2) contained wastewater indicators at much 

higher concentrations than in other fractures and this fracture is likely the source of 

these contaminants detected in MW-B.  The rapid propagation of RWFs through the 

upper aquifer was attributed to a connected fracture network. 
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2. The cycling frequency and discharge of a high capacity public supply wells 

affects the rate of transport for sewer effluent in a multi-aquifer system.  What is the 

mechanism responsible for reverse water-level fluctuations that are observed in the 

upper aquifer during pumping of the lower aquifer?  How do RWFs rapidly propagate 

through the upper aquifer and what might these indicate about connectivity of 

fractures or other preferential flow paths?   

 

Based on the limited virus data collected during this study, it was not possible to 

directly correlate PSW cycling frequency and discharge with wastewater transport rates.  

The method tested in this research to quantify rates of subsurface transport of effluent 

from leaking sewers was to conduct time sequenced sampling and to evaluate patterns 

of virus genome detections throughout the aquifer system combined with data on PSW 

operation.  Unfortunately, it appears that a longer time sequence, and more favorable 

weather conditions to generate large recharge events, would be necessary to fully test 

the assumption that this is an effective method.   

The key discovery from this research that is related to PSW pumping was the 

use of RWFs as a diagnostic indicator of fracture network connectivity.  In a multi-

aquifer system the likely mechanism for the generation of RWFs in an aquifer is a 

poroelastic effect in the adjacent aquitard.  Pumping from a lower aquifer rapidly 

decreases the head surrounding the PSW and generates a Noordbergum effect (initial 

increase in water level at the start of pumping) in the overlying aquitard.  When the unit 

well ceases pumping it generates a Rhade effect (initial decrease in water level when 
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pumping ceases) in the aquitard.  These poroelastic effects are generated close to the 

pumping well and calculations based on matrix hydraulic diffusivity would not account 

for rapid propagation through an overlying aquifer.  Shortly after the start or cessation of 

pumping, the RWFs were observed in private wells located hundreds of meters radially 

from the pumping well and tens of meters vertically above the aquitard, with a fracture 

network the most likely pathway for rapid propagation of these pressure changes.   The 

ability to trace RWF propagation through an aquifer has the potential to provide 

information about the extent and connectivity of the fracture network. 

Unlike previously described RWFs in observations wells, many RWFs in this 

study were preceded by an initial, brief drawdown or recovery that was quickly obscured 

by the larger RWF.  These phenomena may be the result of fractures transmitting the 

drawdown/recovery pulse before the poroelastic response can generate a RWF and 

transmit it through the upper aquifer.  Wells that are open to fractured intervals were 

most likely to experience RWFs.  The rate of PSW pumping and the frequency at which 

the well cycles are factors that control the magnitude and duration of the RWFs. 
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3. Because they are detectable even after significant dilution and decay, 

human enteric viruses are a useful spatial and temporal tracer of sewage 

contaminant transport in the subsurface.  Can virus data provide constraints on 

preferential pathways and processes that contribute to rapid contaminant migration?  

Is there a correlation between large recharge events, high rates of sewer flow, and 

detection of virus genomes at various depths in the subsurface?   

 

Human enteric virus genomes were detected at all groundwater sampling 

locations at some time during the two year period of the project.  Virus data provided 

insight on the question of flow pathways but results were limited due to a lack of clear 

patterns in the data.  During periods of low recharge the most common location for virus 

genome detection was at the water table, but only one of those detections appears to 

correlate with the presence of the same virus group in the PSW.  If a defective unit well 

casing or annular grout were the preferential flow pathway, then virus groups at the 

water table should appear in the PSW more often.  During two recharge events (July 

2010 and February 2011) virus genomes were detected in the intermediate monitoring 

well.  A lack of consistent detection of specific virus groups in multiple groundwater 

locations, combined with little variation in virus groups detected in the wastewater, 

complicated efforts to define a travel time.  The lack of substantial decreases in virus 

concentration with depth in the aquifer system suggests fractures are the preferential 

flow pathway. 
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There was a correlation between recharge events and flow in the sanitary sewer 

system.  Data suggest that virus detection was linked with recharge events.  However, 

viruses were also detected at multiple depths during the period in 2012 when no 

substantial recharge events occurred.  Time sequenced sampling during additional 

periods with several large recharge events is required to collect data to further evaluate 

this question. 

 

4. Because the cost and effort of virus genome sampling may not be practical 

for routine monitoring, other chemical and physical parameters may be more useful 

for identifying preferential flow pathways in a multi-aquifer system subject to 

wastewater contamination.  Which chemical constituents are the most appropriate 

indicators of wastewater effluent in these settings?  Which chemical or physical 

parameters correlate with virus genome detection in groundwater? 

The elevated concentrations of sodium, chloride, and bromide in the upper 

aquifer are likely related to the widespread use of home water softeners in Madison.  

The absence of a seasonal trend in sodium and chloride levels suggests that road salt 

is not the source of these constituents.  In other urban areas without widespread home 

water softening sodium and chloride have also been used as wastewater indicators 

(Eiswirth et al. 1995; Panno et al. 2006; Brown et al. 2009).  Nitrate is likely related to 

the high levels of ammonia detected in the reducing environment of the sewer pipes.  In 

these settings sodium, chloride, bromide, and nitrate are the most appropriate indicators 

of wastewater.  Although all three monitoring wells displayed signs of wastewater 
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contamination, the intermediate monitoring well had the largest concentration of these 

indicators.  Based on relative concentrations of the constituents above, shallow and 

deep wells have similar water compositions to the PSW while water quality in the 

intermediate well is more closely related to sewer effluent. 

During the periods sampled, there did not appear to be a correlation between the 

wastewater indicators and virus detection.  During the 2012 sampling the intermediate 

well contained the highest concentrations of wastewater indicators but the fewest virus 

detections.  It is possible the high levels of chloride have an effect on virus decay. 

Alternatively, viruses may be more common in that well only during high recharge 

events that can move wastewater rapidly through deeper fractures.  Since no large 

recharge events occurred during the five months of sampling in 2012 it is difficult to 

determine the cause of this relationship. 

2. Significance 

This research project was focused on one public supply well, Unit Well 7, in 

Madison, Wisconsin but has relevance to a much larger area.  Specifically, the 

geological units from this project in Madison can also be found across a wide swath of 

the upper Midwest from Illinois to the Upper Peninsula of Michigan and from Minnesota 

to Iowa (Olcott 1992).  In many of these locations the Mount Simon Formation is utilized 

as an aquifer and is overlain by the Eau Claire aquitard, Wonewoc Formation, and 

Tunnel City Group (or their equivalents).  Many of the lessons learned in this 

dissertation may apply directly to these areas.  More generally, other urban areas in the 

United States and across the world obtain drinking water from similar siliciclastic aquifer 



138 
 

systems consisting of several sandstone aquifers separated by one or more fine grained 

aquitards.    

Traditional thinking has held that porous media flow is the primary method of 

transport in sandstone aquifers.  The results of this project indicate that more than half 

of the flow in a sandstone aquifer may be attributed to flow through fractures.  This 

finding implies that predictive analysis of such aquifers (for instance numerical 

modeling, designation of wellhead protection areas, and estimates of contaminant 

transport) need to consider rapid flow paths and flow through fractures.  The 

identification and characterization of fractures and fracture related flow in sandstone 

aquifers is more important than previously thought.   

The the observed responses to PSW pumping at this site further alters the 

perception of how sandstone aquifers behave.  Pumping of an aquifer has long been 

known to create poroelastically generated RWFs in overlying aquitards.  However, this 

research has demonstrated that RWFs can propagate through aquifers much farther 

and faster than predicted by diffusivity through porous media alone.  The presence of 

high transmissivity fractures might allow these RWFs to propagate hundreds of meters 

in a few minutes and change hydraulic heads on the order of 10 cm or more.  These 

rapid head changes within highly transmissive fractures might allow for rapid transport 

of contaminants and this phenomenon is deserving of additional study.  The spatial and 

temporal patterns associated with aquifer RWF propagation might also be useful for 

characterizing fracture flow networks in other locations. 
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The detection of human enteric viruses in the shallow aquifer suggests that 

viruses detected in the PSW do not originate from within the well house and travel along 

a defective casing or grouting.   Instead, a hydrogeological pathway through the upper 

aquifer must be responsible for transport of near surface wastewater contaminants 

reaching deep confined aquifers.   Such pathways may be common elsewhere in these 

formations as well as in other siliciclastic aquifers. 

As other areas are investigated it is becoming evident that it is important to 

continue expanding time sequenced groundwater sampling for enteric virus genomes to 

include more locations that have the potential to be subjected to wastewater 

contamination.  The connection between recharge events, sewer flow, and virus 

detection is also significant.  Many urban areas in the U.S. are served by combined 

sewers that rapidly overflow during heavy rainfall.  In addition to the negative effects on 

surface water bodies from these combined sewer overflows, there may be an even 

greater long term impact on groundwater attributed to leakage from these combined 

sewers.  Even areas with separate storm and sanitary sewers face a potential increased 

risk of virus contaminated groundwater after large recharge events. 

Although flexible borehole liners are normally installed to prevent the vertical flow 

of groundwater, they may have utility as a proxy for a defective PSW annulus.  By 

comparing the changes in water levels with depth in an aquifer during either a pumping 

test or normal PSW operation it might be possible to gain a better understanding of 

natural or man-made vertical conduits of flow.  In an area where the hydrostratigraphy 

and details of PSW integrity are well known it might be possible to use similar data to 
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directly evaluate the ability of a borehole liner to prevent either flow or propagation of a 

pressure change.  This may result in improved guidelines for determining the optimal 

head difference between the aquifer and inside the liner. 

Hydrogeologists and water utility employees should consider the results of this 

research when siting, installing, and operating PSWs in siliclastic aquifer systems.  

Additional focus should be given to fracture identification and the contribution of 

fractures to flow in hydrostratigraphic settings that are similar to Madison.  During 

pumping tests it is important to monitor water levels in the aquitards and other aquifers 

in the system on a time interval that will allow for the identification and quantification of 

any RWFs that are present.  The use of RWFs as described in this research has the 

potential to characterize fracture network connectivity and the potential for near surface 

contaminants to rapidly reach PSWs.  When operating PSWs in these settings it is 

important to consider pumping rates and frequency.  High pumping rates and rapid 

cycling of PSWs might lead to substantial head changes and predominantly fracture 

flow in an aquifer.  Low discharge, long duration pumping is more likely to allow the 

aquifer to transition from fracture dominated to matrix dominated flow and act as a dual 

porosity system, minimizing rapid head changes due to RWFs.  The use of variable 

frequency drives that allow for adjustment of pumping rate will reduce the impact of high 

discharge, short duration pumping.  The identification and utilization of RWFs might be 

an important, but overlooked, tool in the evaluation of PSW vulnerability to near surface 

contamination. 
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3. Future Research Needs 

This project accomplished several goals and provided new insight into the 

problem of public supply well vulnerability.  Some questions were not answered and 

new questions arose during the course of the research.  The following related questions 

should be addressed in future projects. 

3.1. Unsaturated zone transport 

The unsaturated zone between the sanitary sewer and water table was not 

specifically studied in this project.  For a full understanding of wastewater transport it is 

important to determine the mechanism and pathway for wastewater to travel from 

sanitary sewers to the water table through the unsaturated zone.  Investigating this 

portion of the pathway is also the best option for obtaining a definitive answer to the 

question of whether the sanitary sewers are the actual source of enteric viruses in urban 

groundwater.  Gravel utility trenches may also serve as horizontal preferential flow 

pathways that ultimately are connected to anthropogenic or natural vertical conduits.  

Estimates of sewer leakage under various flow rates and the distributed nature of the 

loading of groundwater with wastewater would improve understanding of the source.  

The use of dye tracing in sewers may be useful for confirming suspected flow pathways 

to the water table. 

3.2. Evaluation of RWF duration 

Analysis of RWFs during pumping allows for estimation of how much these 

phenomena could impact pumping test data.  In some cases pumping test data are not 

evaluated until after the RWF has been overtaken by drawdown.  The Noordbergum 
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response and the pumping drawdown have been considered two distinct phases, but 

they should be treated as two superimposed phenomena that interfere with each other.  

Both are present at the initiation of pumping but the Noordbergum response is initially 

much larger and causes water levels to rise.  As the Noordbergum response diminishes 

and the effect of pumping drawdown increases, the water level will begin to fall.  The 

evaluation of drawdown data from monitoring wells and public supply wells at multiple 

sites may be used in order to determine the relative influence of reverse water-level 

fluctuations compared with pumping and drawdown.  Correction of drawdown data to 

remove the influence of the Noordbergum response may allow for more accurate 

estimates of aquifer parameters during pumping test analysis. 

3.3. Numerical fracture flow modeling 

An attempt was made to create a finite element hydromechanical model of the 

Unit Well 7 site in order to replicate the observed RWFs and develop a predictive 

model.  However, as the importance of fracture flow in the upper aquifer was realized, it 

became apparent that existing hydromechanical modeling packages are not able to 

replicate the behavior of a fracture flow dominated aquifer that has observed RWFs.  

For future work it would be useful to create numerical models of pumping impacts on 

fractured aquifers using a software package to model discrete fracture networks.  The 

fracture model might provide useful information by itself or be coupled with a 

hydromechanical model that may be able to better simulate fractures. 
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3.4. Long term virus sampling 

Virus data from this project revealed that sampling of one site over several 

months was not adequate to characterize virus transport in these settings.  Previous 

studies of multiple sites did not investigate the upper aquifer but did sample multiple 

PSWs.  In order to properly characterize virus transport, it is important to conduct long 

term, time sequenced virus genome sampling at multiple sites to assess the impact of 

well pumping, recharge, and other factors on virus transport to public supply wells.  At 

each site the upper aquifer should be sampled at multiple depths with wells positioned 

to intersect any highly transmissive fractures.   

Wastewater samples are required for virus source characterization but obtaining 

a representative sample can be problematic.  The wastewater treatment plant receives 

sewage from the entire metropolitan area.  As a result, virus groups that are only 

present in local areas of the sewer system, such as near the PSW, might be diluted in 

the WWTP samples.  Conversely, WWTP samples might contain virus groups that are 

present in other areas but not in the immediate vicinity of the PSW.  The sanitary sewer 

near the PSW serves only a small portion of the neighborhood and did not typically 

have enough flow to allow collection of representative samples during a 24 hour period.  

A better location for collection of wastewater samples might be at the sewer pumping 

station that captures sewage from the entire neighborhood surrounding the PSW. 
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Appendix A: Well drilling logs 
1. MW-B log 
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2. MW-C log 
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Appendix B: Standard operating procedure for  
the light weight straddle packer 

Construction: The system was built in August 2011 by Pete Chase (WGNHS) 

and Chris Gellasch (UW-Madison) using Lansas Flow-Thru™ packers 

(www.lansas.com) and a one foot long steel, 2-inch diameter well screen.  The top 

packer was custom built with connectors and air ports on both ends and the bottom 

packer is a standard part number 092-48 packer.  The bottom of the assembly is sealed 

with an expanding well plug.  Both packers are connected in series to an airline and 

inflate at the same time.  The top of the assembly is a 2 inch diameter schedule 80 PVC 

connector with NPT threads on the bottom.  Two inch diameter schedule 80 PVC pipe is 

used as a riser to the surface.  For measurement purposes, the top of the assembly is 

the seam between the PVC connector and the riser pipe. 

Important Measurements (see figure): 

A. Total length of packer assembly: 4.33 feet 

B. Length from center of well screen to top of assembly: 2.44 feet 

C. Length of open interval during packer inflation: 2.31 feet 

Technical Data: 

• Minimum well diameter: 3.8 inches 
• Maximum well diameter: 6.25 inches 
• Packer inflation pressure: 30 PSI (at surface)* 
• Maximum head difference across packer: 15 PSI or ~35 feet 
• Bypass diameter: 2 inches  Note: upper packer bypass 
contains an inflation line and may not allow pumps to pass. 

 

*If inflating packer below water level the following calculation 
must be used 

[Depth of packer below water (ft) x 0.43 PSI/ft] + 30 PSI 
 
Ex. At 100 feet below water, the packer must be inflated to 
(100 ft x 0.43 PSI/ft) + 30 PSI = 73 PSI 

 

http://www.lansas.com/
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Before deployment in borehole: 

1.  Secure a safety line to the eyelet on the top packer. 

2. Connect the air line from a compressed nitrogen tank to the packer air port. 

3.  Connect the assembly to a 10 foot PVC riser pipe followed by a lifting cap with 

eyelet.  Connect the chain from the lowering winch to the lifting cap. 

4.  Use electrical tape to attach a measuring tape to the PVC riser pipe with 2.44 feet 

aligned with the seam between the bottom of the riser and the top of the PVC to NPT 

connector.  This will allow for accurate depth determination for the center of the screen.  

Fold up the first 2+ feet of the tape and secure it to the riser. 

Packer deployment: 

1. Lower the packer assemble to the desired depth in borehole.  When adding additional 

riser sections, use a well pipe clamp to secure the assembly.  Also ensure the safety 

line is taut before disconnecting the lifting cap.  Use electrical tape to secure the 

measuring tape and a zip tie to secure the air line and measuring tape to the top of each 

section of riser. 

2.  Once at the proper depth, use the clamp and safety line to secure the assembly 

before removing the lifting cap.  Use an electric tape to measure the water level inside 

the riser.  Subtract the height of the PVC riser above the reference point (i.e. top of steel 

casing) to have a consistent water level measurement. 



159 
 

3.  Calculate required pressure for inflation of the packers (see above) using the 

difference between the depth to water from top of casing and the packer depth.  Multiply 

this depth by 0.43 PSI/ft and then add 30 PSI. 

4.  Insert a levelogger connected to real time cable into the riser until it is approx. 10 

feet below water level.  Use electrical tape to secure the cable to the riser to prevent 

movement.  Record this depth and also log the data on the laptop using the real time 

data feature and/or internal logger data collection.  It is recommended to record data at 

one second intervals. 

5. Inflate the packer assembly with compressed nitrogen.  Ensure the pressure does not 

exceed the calculated value to avoid damaging the packers.  Use the levelogger real 

time data display to determine when the head in the packed interval has reached 

equilibrium.  Use the electric tape to record the water level. 

6.  Conduct slug testing once the head reaches equilibrium.  Ensure the slug is fully 

submerged and be aware that riser height above the datum will vary at different depths, 

which will require new calculations and measurements for rope length.  Save slug 

testing data to a file. 

7. Conduct well sampling.  If using the Grundfos pump, the levelogger will have to be 

removed because the pump is too large to accommodate the real time data cable.  The 

pump can be lowered to the top of the packer assembly but the air lines that run inside 

the packer bypass prevent the pump from being lowered to the level of the well screen. 
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8.  Deflate the packer by closing off the regulator and opening the bleed valve.  Ensure 

the line pressure is at zero PSI. 

9. Attach the lifting cap, remove the clamp, double check that the packer is deflated, 

and move the assembly to the next depth.  
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Appendix C: Pumping test data 
The MW-C borehole was pumped for approximately 20 hours at 95 liters per 

minute from 26-27 May 2011 to assess aquifer properties at the Unit Well 7 site.  The 

borehole was open over the entire saturated thickness of the upper aquifer.  The 

shallow and intermediate monitoring wells (MW-A and MW-B respectively) were used 

as observation wells.  It is important to note that water from the pumping was 

discharged into a nearby ditch; some ponding occurred and likely resulted in recharge 

to the aquifer.  This is evident in the data as drawdown values either remained constant 

or decreased at late times.  The observation wells were only a few meters from the 

pumping well, with the shallow well screened in the low permeability Tunnel City Group 

and the intermediate well screened into a higher permeability and fractured interval at 

the Tunnel City/Wonewoc contact.   

All data were evaluated with AQTESOLV using the Moench (1984) fractured 

aquifer solution with slab blocks (Accompanying material CD).  The system also did not 

begin at steady state due to the influence of the public supply well pumping.  For these 

reasons, the late data were either not included or not matched closely during the 

analyses.  While the hydraulic conductivity values for fractures (K) and matrix (K’) are 

useful based on this analysis, the specific storage values for fractures (Ss) and matrix 

(Ss’) are not as reliable.  The well skin factor (Sw) and fracture skin (Sf) are also 

provided as part of the analysis. 
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1. MW-A Observation Data 

Pumping Well: MW-C Aquifer Model: Fractured 

Observation Well: MW-A Solution: Moench with slab blocks 
  

Parameters  

K = 5.2 x 10-3  cm/sec K’ = 4.1 x 10-5  cm/sec 

Ss = 2.9 x 10-4  cm-1 Ss’ = 1.0 x 10-9  cm-1 

Sw = .005 Sf = 0.0046 

Saturated thickness: 54.25 m Slab block thickness: 10.67 m 

 

 

Figure C-1.  Curve matching of MW-A pumping test data using AQTESOLV.  
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MW-A Pumping Test Summary of Observations, 26-27 May 2011 

Elasped  
Time 
(min) 

Drawdown  
(ft)   

Elasped  
Time 
(min) 

Drawdown  
(ft)   

Elasped  
Time 
(min) 

Drawdown  
(ft)   

Elasped  
Time 
(min) 

Drawdown  
(ft) 

1 0.002   20 0.141   48 0.271   200 0.452 
2 0.004   21 0.147   50 0.278   220 0.460 
3 0.008   22 0.151   55 0.292   240 0.468 
4 0.013   23 0.159   60 0.305   260 0.475 
5 0.020   24 0.166   65 0.316   280 0.480 
6 0.027   25 0.170   70 0.326   300 0.496 
7 0.036   26 0.176   75 0.337   320 0.490 
8 0.045   27 0.182   80 0.346   340 0.494 
9 0.052   28 0.188   85 0.354   360 0.496 

10 0.062   29 0.195   90 0.361   380 0.500 
11 0.070   30 0.198   95 0.367   400 0.504 
12 0.078   32 0.210   100 0.375   450 0.508 
13 0.087   34 0.218   110 0.388   500 0.510 
14 0.094   36 0.229   120 0.398   550 0.512 
15 0.102   38 0.236   130 0.406   600 0.515 
16 0.111   40 0.244   140 0.415   650 0.514 
17 0.117   42 0.250   150 0.424   700 0.525 
18 0.124   44 0.257   160 0.430   800 0.527 
19 0.132   46 0.267   180 0.443       
Note: complete data set of observations available on CD included with dissertation. 
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2. MW-B Observation Data 

Pumping Well: MW-C Aquifer Model: Fractured 

Observation Well: MW-B Solution: Moench with slab blocks 
  

Parameters  

K = 3.6 x 10-3  cm/sec K’ = 6.0 x 10-5  cm/sec 

Ss = 1.1 x 10-8 cm-1 Ss’ = 3.3 x 10-12 cm-1 

Sw = 0.05 Sf = 0.05 

Saturated thickness: 54.25 m Slab block thickness: 10.67 m 

 

 

Figure C-2.  Curve matching of MW-B pumping test data using AQTESOLV. 
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MW-B Pumping Test Summary of Observations, 26-27 May 2011 

Elasped  
Time 
(min) 

Drawdown  
(ft)   

Elasped  
Time 
(min) 

Drawdown  
(ft)   

Elasped  
Time 
(min) 

Drawdown  
(ft)   

Elasped  
Time 
(min) 

Drawdown  
(ft) 

0.25 0.78   11 1.93   40 2.17   140 2.31 
0.5 1.07   12 1.95   45 2.19   160 2.32 

0.75 1.22   13 1.97   50 2.20   180 2.32 
1 1.30   14 1.99   55 2.21   200 2.32 
2 1.51   15 2.00   60 2.23   220 2.33 
3 1.62   16 2.01   65 2.24   250 2.33 
4 1.70   17 2.02   70 2.23   300 2.32 
5 1.75   18 2.03   75 2.25   350 2.32 
6 1.80   19 2.04   80 2.26   400 2.32 
7 1.84   20 2.06   90 2.27   450 2.32 
8 1.87   25 2.09   100 2.28   500 2.33 
9 1.89   30 2.13   110 2.29   600 2.33 

10 1.91   35 2.15   120 2.30   700 2.33 
            130 2.31   800 2.33 

Note: complete data set of observations available on CD included with dissertation. 
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3. MW-C Observation Data 

Pumping Well: MW-C Aquifer Model: Fractured 

Observation Well: MW-C Solution: Moench with slab blocks 
  

Parameters  

K = 2.9 x 10-3  cm/sec K’ = 5.9 x 10-4  cm/sec 

Ss = 2.2 x 10-5 cm-1 Ss’ = 3.9 x 10-5 cm-1 

Sw = 0 Sf = 0.1466 

Saturated thickness: 54.25 m Slab block thickness: 10.67 m 

 

 

Figure C-3.  Curve matching of MW-C pumping test data using AQTESOLV.  
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MW-C Pumping Test Summary of Observations, 26-27 May 2011 

Elapsed  
Time 
(min) 

Drawdown  
(ft)   

Elapsed  
Time 
(min) 

Drawdown  
(ft)   

Elapsed  
Time 
(min) 

Drawdown  
(ft)   

Elapsed  
Time 
(min) 

Drawdown  
(ft) 

0.25 0.88   3 1.87   16 2.19   90 2.42 
0.38 1.18   4 1.88   17 2.20   100 2.39 
0.58 1.33   5 2.00   18 2.28   110 2.50 
0.8 1.43   6 2.00   19 2.21   120 2.50 
0.9 1.48   7 2.05   20 2.30   130 2.42 

1.067 1.53   8 2.11   25 2.32   140 2.41 
1.25 1.58   9 2.14   30 2.29   150 2.51 
1.45 1.61   10 2.10   35 2.39   160 2.42 

1.567 1.63   11 2.18   40 2.35   170 2.56 
1.83 1.68   12 2.14   50 2.42   180 2.50 

2.067 1.71   13 2.16   60 2.47   190 2.51 
2.317 1.75   14 2.21   70 2.49   200 2.54 
2.55 1.78   15 2.22   80 2.48       
Note: complete data set of observations available on CD included with dissertation. 
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Appendix D: Groundwater sampling standard operating procedures 
There was some variation between the procedures utilized during the 2010/2011 

and the 2012 sampling events.  Two different types of submersible pumps (Keck and 

Grundfos) were used in 2010/2011 for monitoring well sampling but during 2012 three 

Grundfos pumps were used. 

Preparation and Decontamination 

The day prior to sampling it is important to prepare all equipment and decontaminate 

the pumps, tubing, and prefilter housings.    

1. Use a 50 mg/l chlorine solution for decontamination by filling a clean 20 gallon trash 

can with tap water and then adding 200 ml of 3% NaOCl household bleach.  Use 

chlorine test strips with a high range to ensure solution is at least 50 mg/l.  Place the 

submersible pumps in the solution and pump until the solution is in contact with all of 

the pump tubing.  The chlorine solution can be recirculated back into the trash can.  

Submerge any pre-filter housings into the solution.  The product of the chlorine 

concentration (mg/l) and contact time (min) is known as the CT value (mg-min/l).  Allow 

the 50 mg/l chlorine solution to remain in contact with the equipment for at least 10 

minutes or until a CT value that will result in 6.0 log inactivation of viruses is achieved.  

The CT value is reduced by low water temperature or high pH.  Example: For a solution 

with a pH of 7, temperature of 10 deg C, and 50 mg/l free available chlorine a contact 

time of 8.1 minutes is required to achieved a CT value for 6.0 log reduction of viruses. 

2.  In order to remove the residual chlorine from equipment, prepare a sodium 

thiosulfate solution by adding 1 gram of sodium thiosulfate to each liter of deionized (DI) 
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water.  This solution will neutralize up to a 200 mg/l chlorine solution.  Fill a tall, narrow 

container with at least 20 liters of sodium thiosulfate solution.  Thoroughly rinse any 

equipment in this solution and place submersible pumps into a container of the solution 

and pump it through all of the tubing.  More solution may need to be added to the 

container if the tubing exceeds 100ft in length.  Equipment should be rinsed with DI 

water. 

3. If using a Keck pump, charge the deep cycle marine battery overnight so it will have a 

maximum charge.  Bring the battery charger to the field and use it to trickle charge the 

battery during pumping to prolong the amount of time the pump will operate. 

4.  Ensure all items from the groundwater sampling packing list are loaded into the 

vehicle. 

5.  Call the water utility operator to inform them sampling will take place the following 

day and to ensure that the deep well will be pumping. 

Monitoring Well Sampling 

1. Arrive on site and call Water Utility Operator to gain access to well house.  Ensure 

the deep well is pumping.  Arrive before 8:30am in order to complete all sampling by 

5pm. 

2. Open flush mounts for each well, take water level measurements, and remove 

leveloggers.  After virus sampling has started, each levelogger can be downloaded onto 

a laptop using the optical reader. 
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3.  Prepare a small container of 50 mg/l chlorine solution and another container with 1g/l 

sodium thiosulfate solution.  Decontaminate the outside of the submersible pumps, 

wiring, and tubing by having one person wipe everything with a rag saturated with 

chlorine solution.  A second person will them wipe everything with a rag saturated with 

the sodium thiosulfate solution while a third person lowers the pump into the monitoring 

well. 

4. Install a new 10 micron Culligan wound polypropylene sediment cartridge prefilter 

(from Dorn Hardware) into the housing and remove a glass wool filter from the cooler.  

Record the serial number and “born on” date from the glass wool filter.  Attach a small 

white sticker label on the glass wool filter with the sample number.  Sample numbers 

include the unit well number, monitoring well name, and sample iteration (for example 7-

MW2-04).  

5. Set the pump 1 foot above the bottom of the well or 10 feet below water level – 

whichever is shallower.  Run the pump for at least 5-10 minutes (depending on tube 

length) at 2+ GPM to ensure all sodium thiosulfate solution from the previous day’s 

decon is flushed out.   Take a field measurement of temperature, pH, and conductivity 

from the discharge hose.  Record the number from the AMCO 5/8” totalizer onto the 

data sheet and calculate the reading required to obtain a 1,000 l (264 gallon) sample.  If 

using the Keck  Model SP-81A pump, attach it to the deep cycle marine battery and 

battery charger.  The Grundfos RediFlo-2 pump control box can be plugged into an 

extension cord running to the well house. 
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6. Connect the prefilter housing, glass wool filter, and totalizer and ensure that the 

pumping rate is approximately 1 gallon per minute.  If the pH is greater than 7.5, 

connect an acid pump before the glass wool filter.  Use the totalizer and stopwatch to 

calculate discharge.  Take periodic water level measurements in the well to ensure that 

the water does not drop below the pump or the well does not go dry. 

7. When the totalizer indicates 264 gallons has been pumped through the filter (approx. 

5 hours for Grundfos and 8 hours for Keck), disconnect the tubing from the prefilter.   

Use a permanent marker to label sample numbers on separate Ziploc bags for the 

prefilter and glass wool filter, place the filters in each bag, and keep on ice in a cooler.  

Fill out the virus sampling sheet with relevant information and note any deviations from 

the standard procedures. 

8. Use the discharge hose to collect a grab sample for University of Minnesota water 

chemistry analysis.  A 1 liter amber glass jar is required if optical brighteners, major 

ions, metals, and alkalinity are to be analyzed but only a 500 ml HDPE bottle is require 

for major ions and alkalinity.  Take field measurements of temperature, pH, and 

conductivity from the discharge hose.  Attach a sample label to the bottle and complete 

the Univ. of Minnesota chain of custody form and sample sheet.  For any well that is not 

finished sampling by noon, temporarily disconnect the discharge hose from the filters 

and collect the water chemistry grab sample. 

9.  Pack up all of the water chemistry samples in a small cooler.  Include ample bubble 

wrap for padding and double Ziploc bags of ice to keep samples cold.  Tape a Ziploc 

bag containing copies of the sample and chain of custody forms to the inside top of the 
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cooler.  Tape the cooler closed.  Coordinate sampling to avoid Friday shipments since 

the Minnesota lab will not be able to receive samples on the weekend. 

10. Once all wells have been sampled, insert the leveloggers and close the flush 

mounts. 

11.  Glass wool filters and prefilters must be eluted within 48 hours.  The following day 

either elute filters using the Marshfield lab elution SOP or ship filters to Marshfield via 

the veterinarian courier service. 
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Appendix E: Geochemistry data 
1. 2010 Geochemistry Data 

Name MW-A MW-B UW-7 Sewer 
Date 05/13/10 05/13/10 05/13/10 05/11/10 
pH 7.37 7.10 7.37 7.00 

Conductivity 
(μS/cm @ 25°C) 1170 2220 664 N/A 

Cations (in ppm) 
Ca 104 153 76.2 45.9 
Mg 50.4 76.4 43.0 29.4 
Na 41.6 175 8.16 96.7 
K 0.98 2.68 1.39 16.1 
Li 0.0044 0.0074 0.0033 0.0071 
Al <0.005 <0.005 <0.005 0.018 
Fe <0.005 <0.005 <0.005 0.193 
Mn 0.054 0.008 0.028 0.020 
Sr 0.124 0.215 0.142 0.086 
Ba 0.0907 0.102 0.0402 0.0408 
Si 14.0 12.5 6.40 6.18 

Anions (in ppm) 
Alk. (as CaCO3) 385 392 331 438 

Cl 99.0 447 15.2 60.8 
Br 0.029 0.209 0.033 0.384 

NO3-N 0.734 6.23 0.027 0.033 
NO2-N 0.003 0.002 0.003 0.016 

SO4 39.3 56.2 40.0 35.5 
S2O3 <0.006 <0.006 <0.006 <0.006 

PO4-P 0.110 0.185 0.091 5.66 
Total P 0.095 0.179 0.064 5.97 

F 0.179 0.078 0.094 1.19 
 Cl/Br (wt)  3,414      2,139  461  158  

Charge Balance 
Cations (meq/kg) 11.18 21.61 7.74 9.33 

Anions  (meq/kg) 11.37 22.06 7.89 11.28 
% difference -0.85 -1.04 -0.96 -9.45 
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Name MW-A MW-B UW-7 Sewer 
Date 05/26/10 05/26/10 05/26/10 05/25/10 
pH 7.21 6.91 7.15 6.50 

Conductivity 
(μS/cm @ 25°C) 968 2230 680 1450 

Cations (in ppm) 
Ca 103 157 75.6 77.5 
Mg 48.9 77.8 42.4 45.6 
Na 31.7 180 6.84 250 
K 0.95 2.79 1.51 13.8 
Li 0.0076 <0.0010 0.0041 0.0123 
Al 0.013 <0.005 <0.005 0.016 
Fe <0.005 <0.005 <0.005 0.209 
Mn 0.035 0.004 0.028 0.030 
Sr 0.164 0.157 0.107 0.115 
Ba 0.102 0.121 0.0603 0.0579 
Si 14.3 12.7 6.03 6.50 

Anions (in ppm) 
Alk. (as CaCO3) 386 390 330 220 

Cl 72.2 466 12.4 398 
Br 0.025 0.206 0.028 0.061 

NO3-N 0.573 6.26 0.026 0.012 
NO2-N <0.003 <0.003 <0.003 <0.003 

SO4 40.2 55.6 37.2 41.6 
S2O3 <0.006 <0.006 <0.006 <0.006 

PO4-P 0.064 0.052 0.018 2.45 
Total P 0.080 0.054 0.019 3.41 

F 0.201 0.080 0.097 1.09 
 Cl/Br (wt) 2,888  2,262     3,500  6,525  

Charge Balance 
Cations (meq/kg) 10.57 22.14 7.60 18.85 
Anions  (meq/kg) 10.64 22.55 7.73 16.55 

% difference -0.32 -0.91 -0.83 6.51 
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Name MW-A MW-B UW-7 Sewer 
Date 06/09/10 06/09/10 06/09/10 06/08/10 
pH 7.34 7.06 7.48 7.00 

Conductivity 
(μS/cm @ 25°C) 1042 2490 571 1300 

Cations (in ppm)  
Ca 108 158 75.4 63.6 
Mg 51.5 79.3 42.2 38.5 
Na 43.8 198 6.67 227 
K 0.83 2.74 1.46 14.9 
Li 0.0049 0.0035 <0.0010 0.0070 
Al <0.005 <0.005 0.003 0.014 
Fe 0.005 0.011 0.011 0.363 
Mn 0.033 0.004 0.029 0.025 
Sr 0.093 0.134 0.110 0.129 
Ba 0.0923 0.117 0.0598 0.0506 
Si 14.5 12.8 6.04 6.10 

Anions (in ppm) 
Alk. (as CaCO3) 380 383 319 433 

Cl 105 492 12.1 348 
Br 0.028 0.222 0.026 0.063 

NO3-N 0.692 6.06 0.023 0.009 
NO2-N <0.002 <0.002 <0.002 <0.003 

SO4 45.2 54.6 35.4 24.8 
S2O3 <0.004 <0.004 <0.004 <0.004 

PO4-P 0.043 0.038 0.007 3.32 
Total P 0.090 0.045 0.016 4.11 

F 0.182 0.082 0.117 1.12 
 Cl/Br (wt) 3750 2216 2216 5524 

Charge Balance 
Cations (meq/kg) 11.56 23.10 7.57 16.60 
Anions  (meq/kg) 11.56 23.11 7.46 19.05 

% difference 0.01 -0.02 0.70 -6.86 
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Name MW-A MW-B UW-7 Sewer 
Date 06/23/10 06/23/10 06/23/10 06/22/10 
pH 7.21 6.99 7.38 6.50 

Conductivity 
(μS/cm @ 25°C) 1051 2470 687 1050 

Cations (in ppm) 
Ca 111 161 76.3 54.3 
Mg 52.5 80.5 42.6 34.0 
Na 47.4 201 6.67 144 
K 0.82 2.75 1.43 13.5 
Li 0.0033 0.0016 <0.0010 0.0051 
Al 0.026 0.009 0.015 0.033 
Fe 0.017 0.007 0.008 0.184 
Mn 0.026 0.003 0.028 0.022 
Sr 0.099 0.125 0.108 0.096 
Ba 0.0842 0.112 0.0523 0.0790 
Si 14.7 12.9 6.05 6.11 

Anions (in ppm) 
Alk. (as CaCO3) 386 387 320 416 

Cl 105 502 12.2 173 
Br 0.030 0.239 0.029 0.054 

NO3-N 0.722 6.11 0.020 <0.002 
NO2-N <0.002 <0.002 <0.002 0.013 

SO4 52.5 54.9 35.9 30.6 
S2O3 <0.004 <0.004 <0.004 <0.004 

PO4-P 0.133 0.098 0.089 2.58 
Total P 0.107 0.049 0.014 3.73 

F 0.193 0.079 0.105 1.10 
 Cl/Br (wt) 3,500  2,100      421    3,204  

Charge Balance 
Cations (meq/kg) 11.95 23.48 7.64 12.12 
Anions  (meq/kg) 11.83 23.48 7.50 13.89 

% difference 0.48 -0.01 0.97 -6.80 
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Name MW-A MW-B UW-7 Sewer 
Date 07/07/10 07/07/10 07/07/10 07/07/10 
pH 7.21 6.99 7.38 6.50 

Conductivity 
(μS/cm @ 25°C) 1099 2630 694 1490 

Cations (in ppm) 
Ca 112 158 77.8 74.5 
Mg 53.8 80.7 44.0 45.0 
Na 50.1 204 8.08 182 
K 0.83 2.82 1.39 13.0 
Li 0.0029 0.0049 <0.0010 0.0112 
Al 0.004 0.011 0.015 0.014 
Fe 0.002 0.011 0.004 0.164 
Mn 0.026 0.002 0.027 0.025 
Sr 0.091 0.125 0.094 0.112 
Ba 0.0916 0.126 0.0620 0.104 
Si 14.6 12.8 6.53 6.51 

Alk. (as CaCO3) 386 390 327 431 
Cl 119 502 15.7 283 
Br 0.032 0.240 0.033 0.084 

NO3-N 0.793 6.11 0.032 0.029 
NO2-N 0.005 <0.002 <0.002 <0.002 

SO4 51.5 54.2 40.1 40.5 
S2O3 <0.004 <0.004 <0.004 <0.004 

PO4-P <0.002 <0.002 <0.002 2.18 
Total P 0.081 0.053 0.011 3.06 

F 0.183 0.083 0.128 1.15 
 Cl/Br (wt)  3,719    2,092      476    3,369  

Charge Balance 
Cations (meq/kg) 12.22 23.48 7.89 15.68 
Anions  (meq/kg) 12.21 23.53 7.82 17.50 

% difference 0.04 -0.10 0.45 -5.51 
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Name MW-A MW-B UW-7 Sewer 
Date 07/21/10 07/21/10 07/21/10 07/21/10 
pH 7.36 7.19 7.54 7.00 

Conductivity 
(μS/cm @ 25°C) 1099 2530 672 1230 

Cations (in ppm) 
Ca 115 162 76.3 62.7 
Mg 55.4 81.1 42.8 38.5 
Na 54.6 204 6.95 104 
K 0.90 3.02 1.50 14.4 
Li 0.0066 0.0064 0.0027 0.0089 
Al 0.006 0.004 0.004 0.016 
Fe 0.009 0.004 0.008 0.254 
Mn 0.023 0.002 0.028 0.025 
Sr 0.108 0.152 0.104 0.100 
Ba 0.0874 0.119 0.0571 0.0561 
Si 14.7 12.9 6.02 6.50 

Anions (in ppm) 
Alk. (as CaCO3) 385 389 320 439 

Cl 130 518 13.2 111 
Br 0.032 0.253 0.024 0.092 

NO3-N 0.806 6.04 0.028 0.028 
NO2-N <0.003 <0.003 <0.003 <0.003 

SO4 52.7 54.0 36.1 46.5 
S2O3 <0.006 <0.006 <0.006 <0.006 

PO4-P 0.088 0.065 0.076 0.068 
Total P 0.096 0.071 0.009 6.17 

F 0.184 0.086 0.112 1.11 
 Cl/Br (wt) 4,063  2,047       550    1,207  

Charge Balance 
Cations (meq/kg) 12.70 23.71 7.67 11.19 
Anions  (meq/kg) 12.53 23.95 7.53 12.93 

% difference 0.69 -0.49 0.95 -7.21 
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2. 2012 Geochemistry Data 

Name MW-A MW-B MW-C UW-7 WWTP 
Date 4-Jan-12 4-Jan-12 4-Jan-12 4-Jan-12 5-Jan-12 
pH 7.23 7.12 7.15 7.47 7.00 

Conductivity 
(μS/cm @ 25°C) 1037 2410 1369 693 1850 

Cations (in ppm) 
Ca 106 152 114 76.5 78.6 
Mg 49.7 77.0 59.3 43.4 43.6 
Na 31.4 198 78.5 7.56 236 
K 0.99 2.96 3.34 1.29 12.76 
Al 0.03 0.013 0.007 0.005 0.012 
Fe 0.009 nd nd 0.313 0.174 
Mn 0.008 nd nd 0.026 0.058 
Sr 0.102 0.1177 0.0921 0.0901 0.0951 
Ba 0.246 0.099 0.099 0.036 0.231 
Si 13.9 13.5 10.7 6.29 7.40 

Anions (in ppm) 
Alk. (as CaCO3) 384 387.0 378 322 433 

Cl 78.5 480.6 186.0 14.7 376.9 
Br 0.015 0.262 0.105 0.029 0.158 

NO3-N 0.880 5.76 5.216 0.048 0.004 
NO2-N <0.002 <0.002 <0.002 <0.002 <0.002 

SO4 30.1 47.9 41.7 36.0 34.5 
PO4-P 0.020 0.030 0.009 <0.005 1.854 

Total P 0.217 0.044 0.015 0.014 2.02 
F 0.257 0.078 0.095 0.092 0.775 

Acetate <0.01 <0.01 <0.01 <0.01 0.126 
Formate <0.01 <0.01 <0.01 <0.01 0.034 
Oxalate <0.01 <0.01 <0.01 <0.01 0.124 

  
Charge Balance  

Cations (meq/kg) 10.76 22.59 14.08 7.76 18.12 
Anions  (meq/kg) 10.58 22.70 14.05 7.61 19.99 

% difference 0.82 -0.24 0.12 0.99 -4.92 
  

Cl/Br (wt) 5233 1834 1771 507 2385 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 25-Jan-12 25-Jan-12 25-Jan-12 25-Jan-13 26-Jan-12 
pH 7.21 7.04 7.19 7.38 7 

Conductivity 
(μS/cm @ 25°C) 1053 2330 1330 684 1610 

Cations (in ppm) 
Ca 107 146.4 114 75.1 77.3 
Mg 51.0 75.4 58.3 43.2 43.7 
Na 37.4 185 76 6.81 285 
K 1.12 2.91 3.30 1.41 13.2 
Al 0.023 0.025 0.015 0.010 0.014 
Fe 0.043 0.012 0.006 0.30 0.22 
Mn 0.002 0.001 0.002 0.027 0.049 
Sr 0.1028 0.1154 0.0919 0.0920 0.1012 
Ba 0.0656 0.0946 0.0986 0.0367 0.1237 
Si 13.8 13.5 10.7 6.1 7.4 

Anions (in ppm) 
Alk. (as CaCO3) 382 390 379 329 439 

Cl 102.1 447 180.0 12.9 449 
Br 0.019 0.264 0.099 0.027 0.160 

NO3-N 0.952 5.988 5.252 0.028 0.010 
NO2-N <0.002 <0.002 <0.002 <0.002 <0.002 

SO4 31.5 47.6 42.3 35.1 36.3 
PO4-P 0.058 0.034 0.010 <0.005 2.27 
Total P 0.071 0.04 0.012 0.004 2.39 

F 0.287 0.083 0.101 0.093 0.763 
Acetate <0.01 <0.01 <0.01 <0.01 12.900 
Formate <0.01 <0.01 <0.01 <0.01 <0.01 
Oxalate <0.01 <0.01 <0.01 <0.01 0.192 

  
Charge Balance 

Cations 
(meq/kg) 11.22 21.64 13.88 7.64 20.19 

Anions  
(meq/kg) 11.24 21.84 13.91 7.67 22.18 

% difference -0.08 -0.47 -0.11 -0.23 -4.72 
  

Cl/Br (wt) 5,373 1,694 1,818 478 2,804 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 8-Feb-12 8-Feb-12 8-Feb-12 8-Feb-12 9-Feb-12 
pH 7.24 7.03 7.20 7.37 7.0 

Conductivity 
(μS/cm @ 25°C) 1047 2340 1284 694 1400 

Cations (in ppm) 
Ca 105 147.0 112 75.1 75.1 
Mg 51.0 75.9 58.3 43.3 42.3 
Na 34.5 181 70.3 6.94 243.2 
K 1.61 2.91 3.01 1.36 12.4 
Al 0.19 0.14 0.011 0.008 0.016 
Fe 0.16 0.036 nd 0.03 0.20 
Mn 0.007 nd 0.001 0.027 0.054 
Sr 0.1059 0.1159 0.0905 0.0923 0.0950 
Ba 0.0668 0.0946 0.0989 0.0361 0.0952 
Si 14.4 13.6 10.6 6.08 7.24 

Anions (in ppm) 
Alk. (as CaCO3) 364 372 381 324 429 

Cl 89.9 450.1 167.7 12.6 383 
Br 0.018 0.225 0.087 0.025 0.136 

NO3-N 0.826 5.989 5.172 0.020 0.017 
NO2-N <0.002 <0.004 <0.002 <0.002 <0.004 

SO4 31.5 48.6 42.2 35.5 35.0 
PO4-P 0.064 0.099 0.020 0.006 2.41 
Total P 0.099 0.04 0.004 0.002 2.45 

F 0.275 0.085 0.094 0.085 0.772 
Acetate <0.01 0.047 <0.01 <0.01 18.5 
Formate <0.01 <0.02 <0.01 <0.01 <0.02 
Oxalate <0.01 <0.02 <0.01 <0.01 0.045 

  
Charge Balance 

Cations 
(meq/kg) 10.96 21.52 13.50 7.65 18.12 

Anions  
(meq/kg) 10.54 21.58 13.60 7.56 20.10 

% difference 1.96 -0.13 -0.35 0.57 -5.17 
  

Cl/Br (wt) 4,992 2,000 1,928 505 2,816 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 22-Feb-12 22-Feb-12 22-Feb-12 22-Feb-12 23-Feb-12 
pH 7.31 7.08 7.18 7.38 7.3 

Conductivity 
(μS/cm @ 25°C) 1076 2300 1264 685 1400 

Cations (in ppm) 
Ca 107.6 147.9 110.5 75.5 78.9 
Mg 51.2 75.5 57.5 43.3 44.5 
Na 36.75 179.4 66.17 7.00 251 
K 2.13 3.39 3.00 1.30 1.35 
Al 0.27 0.021 0.021 0.016 0.029 
Fe 0.236 nd nd 0.283 0.218 
Mn 0.009 nd 0.002 0.027 0.095 
Sr 0.1058 0.1148 0.0898 0.0920 0.0969 
Ba 0.0693 0.0932 0.0966 0.0378 0.0812 
Si 14.85 13.23 10.50 6.17 7.51 

Anions (in ppm) 
Alk. (as CaCO3) 380 383 373 320 438 

Cl 91.2 441.7 156.8 12.9 399 
Br 0.020 0.212 0.078 0.025 0.156 

NO3-N 0.919 5.892 4.975 0.030 0.030 
NO2-N <0.002 0.009 <0.002 <0.002 <0.004 

SO4 32.86 48.91 42.10 35.46 37.96 
PO4-P 0.052 0.027 <0.005 <0.005 2.19 
Total P 0.100 0.041 0.027 0.006 2.35 

F 0.264 0.072 0.084 0.083 0.814 
Acetate <0.01 <0.02 <0.01 <0.01 10 
Formate <0.01 <0.02 <0.01 <0.01 <0.02 
Oxalate <0.01 <0.02 <0.01 <0.01 0.282 

  
Charge Balance 

Cations 
(meq/kg) 11.24 21.49 13.20 7.67 18.57 

Anions  
(meq/kg) 10.93 21.56 13.11 7.51 20.81 

% difference 1.40 -0.15 0.36 1.04 -5.68 
  

Cl/Br (wt) 4,559 2,084 2,011 518 2,559 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 7-Mar-12 7-Mar-12 7-Mar-12 7-Mar-12 8-Mar-12 
pH 7.18 7.00 7.15 7.29 7.25 

Conductivity 
(μS/cm @ 25°C) 1102 2290 1244 682 1390 

Cations (in ppm) 
Ca 110.5 145.0 110.2 74.4 77.0 
Mg 52.5 74.7 57.1 43.2 43.4 
Na 41.97 178.3 63.75 6.81 262 
K 2.17 3.97 3.02 1.40 13.11 
Al 0.013 0.006 0.005 0.003 0.010 
Fe nd nd nd 0.289 0.190 
Mn nd nd 0.003 0.027 0.109 
Sr 0.1082 0.1132 0.0883 0.9180 0.9940 
Ba 0.1225 0.0897 0.0931 0.0359 0.2556 
Si 13.48 12.95 10.31 6.06 7.16 

Anions (in ppm) 
Alk. (as CaCO3) 375 379 368 321 420 

Cl 109.4 437.5 146.7 12.2 420 
Br 0.024 0.209 0.075 0.023 0.114 

NO3-N 1.008 5.734 4.782 0.019 0.061 
NO2-N <0.002 <0.004 <0.002 <0.002 <0.004 

SO4 34.39 48.10 40.47 33.79 37.60 
PO4-P 0.067 0.037 0.009 0.006 2.30 
Total P           

F 0.300 0.082 0.092 0.085 0.854 
Acetate 0.10 <0.020 <0.011 <0.011 <0.02 
Formate 0.03 <0.020 <0.011 <0.011 <0.020 
Oxalate <0.01 <0.020 <0.011 <0.011 0.293 

  
Charge Balance 

Cations 
(meq/kg) 11.72 21.25 13.05 7.62 19.19 

Anions  
(meq/kg) 11.37 21.32 12.69 7.46 21.02 

% difference 1.51 -0.18 1.40 1.03 -4.56 
  

Cl/Br (wt) 4,557 2,093 1,956 531 3,686 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 21-Mar-12 21-Mar-12 21-Mar-12 21-Mar-12 22-Mar-12 
pH 7.12 7.04 7.12 7.33 7.25 

Conductivity 
(μS/cm @ 25°C) 1114 2290 1224 699 1450 

Cations (in ppm) 
Ca 109.9 144.3 110.1 75.3 79.1 
Mg 52.9 74.0 56.8 43.5 44.1 
Na 43.02 177.9 61.60 6.66 237 
K 2.32 4.07 2.95 1.35 13.07 
Al 0.023 0.005 0.024 0.011 0.020 
Fe 0.018 0.001 nd 0.270 0.233 
Mn 0.001 0.001 0.003 0.027 0.119 
Sr 0.1128 0.1126 0.0877 0.0915 0.1003 
Ba 0.0755 0.0894 0.0927 0.0357 0.1503 
Si 13.32 12.81 10.17 5.97 7.27 

Anions (in ppm) 
Alk. (as CaCO3) 361 369 367 314 413 

Cl 113.3 431.6 140.8 12.5 381 
Br 0.031 0.206 0.074 0.025 0.383 

NO3-N 1.024 5.636 4.725 0.012 0.050 
NO2-N <0.002 <0.004 <0.002 <0.002 <0.004 

SO4 35.36 49.00 40.62 34.97 39.79 
PO4-P 0.057 0.034 0.011 <0.006 2.05 
Total P 0.059 0.033 0.004 0.003 2.11 

F 0.294 0.079 0.088 0.083 0.874 
Acetate <0.011 <0.020 <0.011 <0.011 <0.02 
Formate <0.011 <0.020 <0.011 <0.011 0.174 
Oxalate <0.011 <0.020 <0.011 <0.011 0.112 

  
Charge Balance 

Cations 
(meq/kg) 11.77 21.13 12.93 7.66 18.22 

Anions  
(meq/kg) 11.23 20.97 12.49 7.36 19.85 

% difference 2.37 0.38 1.73 1.99 -4.27 
  

Cl/Br (wt) 3,656 2,095 1,903 500 995 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 4-Apr-12 4-Apr-12 4-Apr-12 4-Apr-12 5-Apr-12 
pH 7.18 7.00 7.15 7.28 7.25 

Conductivity 
(μS/cm @ 25°C) 1077 2250 1194 673 1400 

Cations (in ppm) 
Ca 108.7 143.8 108.7 74.7 80.0 
Mg 52.3 74.0 56.0 43.0 43.9 
Na 42.92 176.4 59.38 6.37 253 
K 2.90 4.02 2.78 1.34 13.01 
Al 0.008 0.010 0.003 0.001 0.011 
Fe nd nd nd 0.284 0.231 
Mn nd nd 0.003 0.026 0.124 
Sr 0.112 0.116 0.090 0.096 0.105 
Ba 0.0745 0.0902 0.0920 0.0372 0.2141 
Si 13.40 12.94 10.21 6.05 7.49 

Anions (in ppm) 
Alk. (as CaCO3) 363 365 362 309 406 

Cl 110.5 428.0 134.7 12.0 401.6 
Br 0.029 0.206 0.071 0.024 0.101 

NO3-N 0.951 5.611 4.620 0.019 0.055 
NO2-N <0.002 <0.004 <0.002 <0.002 <0.004 

SO4 34.68 47.46 40.51 34.01 38.55 
PO4-P 0.055 0.029 <0.006 <0.006 1.95 
Total P 0.069 0.041 0.009 0.007 2.35 

F 0.273 0.078 0.087 0.082 0.823 
Acetate <0.011 <0.020 <0.011 <0.011 <0.020 
Formate <0.011 <0.020 <0.011 <0.011 <0.020 
Oxalate <0.011 <0.020 <0.011 <0.011 0.228 

  
Charge Balance 

Cations 
(meq/kg) 11.67 21.04 12.70 7.58 18.92 

Anions  
(meq/kg) 11.17 20.75 12.20 7.22 20.26 

% difference 2.20 0.69 2.00 2.46 -3.40 
  

Cl/Br (wt) 3,812 2,078 1,897 502 3,976 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 18-Apr-12 18-Apr-12 18-Apr-12 18-Apr-12 19-Apr-12 
pH 7.22 7.07 7.18 7.35 7.0 

Conductivity 
(μS/cm @ 25°C) 1080 2270 1169 674 1475 

Cations (in ppm) 
Ca 111.1 144.9 109.7 75.1 78.7 
Mg 53.1 73.3 55.8 42.7 43.3 
Na 44.14 175.7 57.68 6.42 235 
K 3.00 3.97 2.87 1.44 13.79 
Al 0.015 0.013 0.016 0.014 0.029 
Fe 0.010 0.005 0.006 0.204 0.287 
Mn 0.001 0.001 0.005 0.028 0.110 
Sr 0.112 0.114 0.086 0.093 0.099 
Ba 0.0747 0.0886 0.0886 0.0345 0.3302 
Si 13.40 13.01 10.21 6.04 7.48 

Anions (in ppm) 
Alk. (as CaCO3) 374 380 372 317 428 

Cl 116.2 430.0 131.1 11.7 379.6 
Br 0.030 0.205 0.070 0.021 0.154 

NO3-N 1.013 5.582 4.610 0.014 0.057 
NO2-N <0.002 <0.004 <0.002 <0.002 <0.004 

SO4 35.34 47.53 40.14 33.44 38.74 
PO4-P 0.053 0.033 0.013 0.009 2.50 
Total P 0.060 0.035 0.007 <0.001 2.65 

F 0.276 0.057 0.075 0.070 0.798 
Acetate <0.011 <0.020 <0.011 <0.011 14.8 
Formate <0.011 <0.020 <0.011 <0.011 0.239 
Oxalate <0.011 <0.020 <0.011 <0.011 0.094 

  
Charge Balance 

Cations 
(meq/kg) 11.91 21.02 12.65 7.58 18.06 

Anions  
(meq/kg) 11.56 21.11 12.29 7.37 20.07 

% difference 1.51 -0.22 1.45 1.39 -5.26 
  

Cl/Br (wt) 3,874 2,098 1,873 559 2,465 
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Name MW-A MW-B MW-C UW-7 WWTP 
Date 2-May-12 2-May-12 2-May-12 2-May-12 3-May-12 
pH 7.15 7.02 7.13 7.31 7.0 

Conductivity 
(μS/cm @ 25°C) 1090 2260 1198 702 1325 

Cations (in ppm) 
Ca 110.0 144.9 108.1 75.2 77.7 
Mg 52.3 74.7 55.8 43.3 43.4 
Na 44.57 175.5 55.00 6.54 238 
K 3.66 3.75 2.85 1.45 12.69 
Al 0.003 nd nd nd 0.009 
Fe nd nd nd 0.261 0.194 
Mn nd nd 0.003 0.026 0.092 
Sr 0.107 0.112 0.083 0.091 0.095 
Ba 0.0761 0.0882 0.0890 0.0372 0.0602 
Si 13.43 12.92 10.14 6.07 7.39 

Anions (in ppm) 
Alk. (as CaCO3) 375 378 372 324 427 

Cl 116.3 426.7 125.4 12.1 377.5 
Br 0.027 0.190 0.063 0.023 0.139 

NO3-N 0.947 5.524 4.582 0.012 0.048 
NO2-N <0.002 <0.004 <0.002 <0.002 <0.004 

SO4 34.63 46.68 39.99 34.26 37.56 
PO4-P 0.065 0.043 0.011 <0.006 2.15 
Total P 0.067 0.036 0.007 0.004 2.49 

F 0.277 0.070 0.083 0.078 0.810 
Acetate <0.011 <0.020 <0.011 <0.011 <0.020 
Formate <0.011 <0.020 <0.011 <0.011 <0.020 
Oxalate <0.011 <0.020 <0.011 <0.011 0.166 

  
Charge Balance 

Cations 
(meq/kg) 11.83 21.11 12.45 7.64 18.13 

Anions  
(meq/kg) 11.56 20.96 12.13 7.52 19.97 

% difference 1.17 0.35 1.31 0.79 -4.84 
  

Cl/Br (wt) 4,307 2,246 1,991 525 2,715 
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Name MW-A MW-B MW-C WWTP 
Date 16-May-12 16-May-12 16-May-12 17-May-12 
pH 7.13 7.02 7.17 7.0 

Conductivity 
(μS/cm @ 25°C) 1133 2250 1174 1350 

Cations (in ppm) 
Ca 108.8 142.9 107.9 80.0 
Mg 52.0 73.4 55.9 44.6 
Na 44.78 170.3 53.80 230 
K 4.12 3.91 2.75 13.37 
Al 0.003 0.005 nd 0.025 
Fe nd nd nd 0.235 
Mn nd nd 0.004 0.132 
Sr 0.111 0.118 0.089 0.104 
Ba 0.0772 0.0892 0.0888 0.0863 
Si 13.53 12.95 10.10 7.53 

Anions (in ppm) 
Alk. (as CaCO3) 361 364 358 415 

Cl 115.1 428.8 123.4 377.2 
Br 0.027 0.195 0.065 0.013 

NO3-N 0.904 5.445 4.521 0.044 
NO2-N <0.002 <0.004 <0.002 <0.004 

SO4 33.97 46.44 39.97 40.83 
PO4-P 0.077 0.056 0.014 2.23 

Total P 0.069 0.039 0.009 2.44 
F 0.280 0.077 0.084 0.813 

Acetate <0.011 <0.020 <0.011 <0.020 
Formate <0.011 <0.020 <0.011 <0.020 
Oxalate <0.011 <0.020 <0.011 0.135 

  
Charge Balance 

Cations (meq/kg) 11.77 20.69 12.39 18.01 
Anions  (meq/kg) 11.23 20.73 11.78 19.78 

% difference 2.33 -0.10 2.54 -4.68 
  

Cl/Br (wt) 4,263 2,199 1,898 29,012 
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