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Abstract 

Groundwater is an important water resource that must be protected from potential contamination 

due to anthropogenic activities such as industrial production and agriculture. It is necessary to 

understand the presence, movement, and persistence of contaminants in aquifers to develop 

adequate protection plans.  Fractured bedrock aquifers with thin overburden cover are very 

sensitive to contamination, and little is known about transport processes from the ground surface 

to depth in this setting.  Thus, this research was undertaken to improve the understanding of 

anthropogenic impacts on water quality in a natural fractured bedrock aquifer with minimal 

overburden protection.  This was accomplished through a field-based investigation conducted in 

an agricultural setting near Perth, Ontario, Canada.  The temporal and spatial variations of several 

contaminants and indicators (including nitrate, E. coli and polybrominated diphenyl ethers) were 

examined.  A unique infiltration tracer experiment was also conducted to simulate the transport of 

solutes from the ground surface to wells.  Results showed that nitrate concentrations were 

consistent on a daily scale, but varied monthly.  In contrast to nitrate, greater bacterial (E. coli) 

variability was observed daily.  E. coli was not identified in some locations for several months.  

The temporal variability of concentrations is an important consideration for those consuming 

groundwater in this setting, as concentrations may be acceptable one month while unsuitable 

another month (or even another day for fecal bacteria).  Annual groundwater monitoring will 

likely not capture maximum concentrations and thus may not protect human health.  

Polybrominated diphenyl ethers (flame retardants), which had not been previously measured in 

groundwater, were detected in the study aquifer at concentrations greater than observed in surface 

water bodies.  It is evident that additional surveys of PBDE concentrations in groundwater are 

warranted.  The infiltration tracer experiment showed that solute transport from the ground 

surface through thin soil to wells in fractured bedrock can be extremely rapid (on the order of 
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hours) although very complex.  This is an important consideration for private and municipally 

owned drinking water systems that draw water from shallow bedrock aquifers. The results of this 

research demonstrate that protecting water at the source is imperative in order to preserve water 

quality in sensitive fractured bedrock aquifers with minimal overburden cover. 

 



 iv 

Co-Authorship 

Jana Levison is the primary author of this thesis.  Chapters 3, 4 and 5 were written as independent 

manuscripts.  Dr. Kent Novakowski provided intellectual supervision and editorial comment for 

all chapters, and is a coauthor of all the manuscripts.  Dr. Eric Reiner and Terry Kolic are also 

coauthors of Chapter 4.  They conducted the analysis of the PBDE samples, and wrote the 

laboratory methods text of that manuscript.  Chapter 3 has been published in Hydrogeology 

Journal, and Chapters 4 and 5 will be submitted for publication.  Some of the text and ideas in 

Chapter 6 (drawing on results from Chapters 3 and 5) will be published in the Journal of Policy 

Engagement. 

 



 v 

Acknowledgements 

The completion of this thesis would not have been possible without the generous contributions of 

many wonderful people.   

 

Firstly, I would like to acknowledge the Ontario Ministry of the Environment (special thanks to 

Heather Brodie-Brown), and the Natural Sciences and Engineering Research Council (NSERC) 

for funding this research.  Thanks to Queen’s University, NSERC and the Ontario Government 

for providing funding through scholarships.     

 

The munificent support of John Miller, who provided generous access to land for this study, 

cannot be quantified.  Thanks also to Tay Valley Township for allowing access to land.  I owe 

much thanks to Dr. Eric Reiner from the MOE, Rob McLaren from the University of Waterloo 

and the staff at the Analytical Services Unit at Queen’s University for help and for answering all 

of my numerous questions.  

 

Thank you to Dr. René Therrien from Université Laval, and Drs. Allison Rutter, Bruce Anderson, 

Richard Brachman and Janice Glasgow from Queen’s University for being on my defence 

committee and providing many valuable comments. 

 

I had an extremely rewarding, interesting and enjoyable time as a graduate student in the 

Department of Civil Engineering at Queen’s University.  I would like to thank my supervisor, Dr. 

Kent Novakowski, for his never-failing, kind and generous support and guidance.  I will always 

remember the assistance and friendship of graduate and summer students in my research group 

with whom I spent long hot (and cold) days in the field and numerous hours discussing 



 vi 

hydrogeology.  Thank you Brenda Cooke, Tom Gleeson, Lesley Knight, John Kozuskanich, Oren 

Levine, Claire Milloy, Brian Moore, Titia Praamsma, Morgan Schauerte, Sean Trimper, Matt 

Trousdale and Stephanie Villeneuve for all of your help!  Thank you also to Stan Prunster, 

Maxine Wilson, Cathy Wagar, Bill Boulton, Paul Thrasher, Fiona Froats, Rosalia Escobar and 

Diann King for much technical and administrative support.  I will miss the department and all of 

the professors, students and staff who make it such a wonderful place. 

 

Finally, I would like to thank my friends and family who have helped me enjoy life while 

conducting this thesis.  Certainly, I would not have pursued higher levels of education without the 

loving support and encouragement of my parents (Joy and David) and sisters (Léna and Morgan) 

which I whole-heartedly appreciate.  Thank you, Andy, for enriching my life. 

 



 vii 

Table of Contents 

Abstract ............................................................................................................................................ii 
Co-Authorship ................................................................................................................................ iv 
Acknowledgements.......................................................................................................................... v 
List of Figures .................................................................................................................................. x 
List of Tables .................................................................................................................................xii 
Chapter 1 Introduction ..................................................................................................................... 1 

1.1 Organization........................................................................................................................... 3 
1.2 Scope and Specific Objectives............................................................................................... 3 

Chapter 2 Literature Review............................................................................................................ 6 
2.1 Nitrate .................................................................................................................................... 6 

2.1.1 Nitrogen Cycle ................................................................................................................ 7 
2.1.2 Nitrate in Fractured Bedrock Aquifers............................................................................ 9 

2.2 Fecal Contamination (Bacteria) .............................................................................................9 
2.2.1 Bacterial Properties and Transport................................................................................ 10 
2.2.2 Bacteria in Fractured Rock Aquifers ............................................................................ 14 

2.3 PBDEs.................................................................................................................................. 15 
2.3.1 Properties of PBDEs ..................................................................................................... 16 

2.3.1.1 Structure and Nomenclature................................................................................... 16 
2.3.1.2 Commercial Formulations ..................................................................................... 17 
2.3.1.3 Chemical and Physical Properties.......................................................................... 18 
2.3.1.4 Methods of Analysis .............................................................................................. 20 

2.3.2 PBDEs and the Environment ........................................................................................ 21 
2.3.2.1 Soils and Sediment................................................................................................. 23 
2.3.2.2 Natural Waters (Lakes and Rivers) ........................................................................ 24 
2.3.2.3 Atmosphere ............................................................................................................ 25 

2.3.3 Sensitive Groundwater Settings and Colloid-Facilitated Transport.............................. 25 
2.3.4 Transport and Fate Models ........................................................................................... 29 

2.4 Tracer Experiments .............................................................................................................. 31 
2.4.1 Tracers .......................................................................................................................... 31 

2.4.1.1 Subsurface and Laboratory Tracer Experiments.................................................... 32 
2.4.1.2 Infiltration Tracer Experiments.............................................................................. 33 



 viii 

2.4.1.3 Interpretation of Infiltration Tracer Experiments................................................... 36 
2.5 Summary .............................................................................................................................. 38 

Chapter 3 The Impact of Cattle Pasturing on Groundwater Quality in Bedrock Aquifers having 

Minimal Overburden...................................................................................................................... 40 
3.1 Introduction.......................................................................................................................... 40 
3.2 Hydrogeological Characterization of Study Site.................................................................. 43 

3.2.1 General Setting.............................................................................................................. 43 
3.2.2 Monitoring Wells and Site Instrumentation.................................................................. 45 
3.2.3 Conceptual Model Development .................................................................................. 47 

3.3 Sampling and Monitoring Program...................................................................................... 50 
3.4 Temporal Variability of Nitrate and Bacteria ...................................................................... 52 

3.4.1 Nitrate ........................................................................................................................... 52 
3.4.1.1 Dissolved Organic Carbon ..................................................................................... 56 
3.4.1.2 Chloride and NO3

- .................................................................................................. 57 
3.4.1.3 Sulphate and NO3

- .................................................................................................. 59 
3.4.1.4 NO3

- Transport Modeling....................................................................................... 60 
3.4.2 E. coli ............................................................................................................................ 60 

3.5 Nutrient Source .................................................................................................................... 62 
3.6 Summary and Conclusions .................................................................................................. 64 

Chapter 4 The Identification of Polybrominated Diphenyl Ethers (PBDEs) in a Sensitive Bedrock 

Aquifer ........................................................................................................................................... 66 
4.1 Introduction.......................................................................................................................... 66 
4.2 Materials and Methods......................................................................................................... 69 

4.2.1 Site Description and Characterization........................................................................... 70 
4.2.2 Field Sampling .............................................................................................................. 72 
4.2.3 Samples and Standards ................................................................................................. 73 
4.2.4 Sample Extraction Preparation...................................................................................... 73 
4.2.5 Multi-level Silica Chromatographic Column Cleanup ................................................. 74 
4.2.6 Instrumental Analysis ................................................................................................... 74 

4.3 Results and Discussion ........................................................................................................ 75 
4.4 Conclusions.......................................................................................................................... 84 

Chapter 5 Rapid Transport of Contaminants from the Ground Surface to Wells in a Sensitive 

Fractured Bedrock Aquifer ............................................................................................................ 86 



 ix 

5.1 Introduction.......................................................................................................................... 86 
5.2 Materials and Methods......................................................................................................... 90 

5.2.1 Site Characterization ..................................................................................................... 91 
5.2.2 Tracer Infiltration Experiment ...................................................................................... 96 

5.3 Results of the Infiltration Experiment.................................................................................. 98 
5.3.1 Hydraulic Response ...................................................................................................... 98 
5.3.2 Tracer Breakthrough ..................................................................................................... 98 

5.4 Interpretation and Discussion ............................................................................................ 101 
5.4.1 Hydraulic Response (Drawdown)............................................................................... 103 
5.4.2 Tracer Experiment ...................................................................................................... 106 

5.5 Conclusions........................................................................................................................ 112 
Chapter 6 Discussion ................................................................................................................... 114 
Chapter 7 Conclusions and Recommendations............................................................................ 117 

7.1 The Impact of Cattle Pasturing on Groundwater Quality in Bedrock Aquifers having 

Minimal Overburden................................................................................................................ 118 
7.2 The Identification of Polybrominated Diphenyl Ethers (PBDEs) in a Sensitive Bedrock 

Aquifer ..................................................................................................................................... 119 
7.3 Rapid Transport of Contaminants from the Ground Surface to Wells in a Sensitive 

Fractured Bedrock Aquifer ...................................................................................................... 120 
7.4 Recommendations.............................................................................................................. 122 

References.................................................................................................................................... 125 
Appendix A General Description of Research Site ..................................................................... 150 
Appendix B Supplementary Information from Literature Review .............................................. 155 
Appendix C Supplementary Information for Chapter 3............................................................... 163 
Appendix D One-Dimensional Nitrate Transport Modeling ....................................................... 168 
Appendix E PBDE QA/QC.......................................................................................................... 181 
Appendix F Fluorometer Calibration Curve for Tracer Experiment ........................................... 188 
Appendix G Numerical Modeling Parameters and Sample Input Files ....................................... 189 
Appendix H Selective HydroGeoSphere Output ......................................................................... 206 
 



 x 

List of Figures 

Figure 2.1 The general chemical formula of PBDEs, where x+y = 1 to 10 (WHO, 1994)............ 16 
Figure 2.2 Colloid-facilitated contaminant transport in porous media.  Contaminants (black 

circles) are adsorbed to surfaces or are dissolved.  Colloidal particles can travel in the liquid 

phase, facilitating the transport of contaminants (Grolimund et al., 1996).................................... 27 
Figure 3.1 Research site location and layout (modified from MNR, 2002). A lower-hemisphere, 

equal-area stereonet of the poles to fracture measurements, plotted with a 2σ uncertainty (Gleeson 

and Novakowski, 2009) is shown. ................................................................................................. 44 
Figure 3.2 Conceptual model of the field site. ............................................................................... 48 
Figure 3.3 Water levels and precipitation for May 22, 2007 until June 8, 2007............................ 50 
Figure 3.4 Nitrate profiles for wells with highest concentrations.................................................. 53 
Figure 3.5 Average nitrate concentrations (and standard deviations ) for selective wells during 

two recharge periods (1. October 2005 to January 2006 and 3. September to December 2006) and 

for the remainder of the sampling period (2. February to August 2006) ....................................... 55 
Figure 3.6 Nitrate-N and DOC concentrations for several wells. .................................................. 56 
Figure 3.7 Chloride concentrations and the ratio of nitrate-N/chloride over the study period for 

selective wells. ............................................................................................................................... 58 
Figure 3.8 E. coli concentrations over sampling period ................................................................ 61 
Figure 3.9 E. coli concentrations for 5-day sampling rounds during baseflow (August 14 to 18, 

2006) and recharge (October 1 to 5, 2006) conditions................................................................... 62 
Figure 4.1 Study area (modified from MNR, 2002).. .................................................................... 70 
Figure 4.2 Total PBDE concentrations (shown) for 13 positive samples. ..................................... 76 
Figure 4.3 Location of detectable PBDE samples and local potential contaminant sources. ........ 78 
Figure 4.4 Average total PBDE concentrations ............................................................................. 79 
Figure 4.5 Average PBDE concentrations (shown) for each congener.. ....................................... 80 
Figure 4.6 Conceptual model for contamination of fractured rock aquifers by PBDEs. ............... 84 
Figure 5.1 The field site (for the tracer experiment) is located near Perth, Ontario, Canada.  Wells 

TW7 and TW8, located on outcrop, were used for this experiment. ............................................. 91 
Figure 5.2. Slug testing results and well completion details.  TW8 is an open well.  TW7 is a 

multilevel well with three intervals (7S, 7M and 7D).................................................................... 95 
Figure 5.3 Experimental design (tracer experiment) ..................................................................... 97 
Figure 5.4 Drawdown and recovery data for the infiltration experiment. ..................................... 99 



 xi 

Figure 5.5 Tracer breakthrough for TW7S, TW7M and TW7D.  The tracer was applied to the top 

of the ground surface three hours and twelve minutes after the pumping began......................... 100 
Figure 5.6 TW8 tracer concentrations with respect to depth for several time periods (hours into 

the test).  The time starts at the beginning of pumping.  The tracer was applied 3:12 hours into the 

test. ............................................................................................................................................... 100 
Figure 5.7 HydroGeoSphere domain (not to scale).  Three horizontal fractures (9, 25, and 35 m 

bgs) and one vertical fracture were utilized ................................................................................. 103 
Figure 5.8 Breakthrough curves and head in the well for the 7STrans5 conceptualization for 

different vertical aperture sizes.  The concentration shown is the model output, and has therefore 

not been altered to account for borehole dilution/mixing ............................................................ 109 
Figure 5.9 Results of simulated tracer concentrations for 7STrans16 (the simulation with a 

vertical fracture 2 m east of the tracer pool and a very high K soil)............................................ 110 
Figure 5.10 Results of simulated tracer concentrations for 7STrans5 (7S45 - the simulation with 4 

m of high K soil) .......................................................................................................................... 111 
 

 



 xii 

List of Tables 

Table 2.1 PBDE group names with corresponding number of attached bromines, possible number 

of isomers for each group, and the Ballschmiter and Zell (congener) numbers which were 

developed for PCBs (Ballschmiter and Zell, 1980; WHO, 1994).................................................. 17 
Table 2.2 Congener numbers and corresponding IUPAC names (CIREEH, 2008). ..................... 17 
Table 2.3 Estimated 2001 PBDE market demand in metric tons (Birnbaum and Staskal, 2004, 

originally from BSEF). .................................................................................................................. 18 
Table 2.4 Selective properties of PeBDE, OBDE and DeBDE commercial products (de Boer et 

al., 2000; United States Department of Health and Human Services, 2004; Environment Canada, 

2006) compared to two PCB products, Aroclor 1242 (42% chlorine) and 1254 (54% chlorine) 

(Hardy, 2002a). .............................................................................................................................. 19 
Table 2.5 Distribution coefficients (Kd) and adsorption constant (1/n) for PBDEs, which were 

derived from Freundlich isotherms and compared to Log Kow (Langford et al., 2005)................. 20 
Table 2.6 Predicted environmental partitioning of PeBDE from Level III Fugacity Modeling 

(Environment Canada, 2006). ........................................................................................................ 22 
Table 2.7 Summary of North American PBDE concentrations.  ‘OC’ is organic carbon and ‘dw’ 

is dry weight (Environment Canada, 2006). .................................................................................. 23 
Table 3.1 Monitoring well information, including well names, depths, depths to bedrock and the 

multilevel well intervals................................................................................................................. 46 
Table 4.1 Description of monitoring wells.  The descriptors ‘S’, ‘M’ and ‘D’ correspond to 

shallow, mid, and deep multilevel sections, respectively.  TW18 was an open well at the time of 

sampling......................................................................................................................................... 72 
Table 4.2 Results (ng/L) of PBDE analysis for August 16 and October 2, 2006.  < indicates that 

the actual result is less than the reported value, while * denotes that the recovery of internal 

standards was lower than the lower control limit .......................................................................... 76 
Table 4.3 Results (ng/L) of PBDE analysis for August 2, 2007. ................................................... 77 
Table 4.4 Results (ng/L) of PBDE analysis for October 18, 2007................................................. 77 



Chapter 1 

Introduction 

The West African proverb, “filthy water cannot be washed” should be a philosophy by which all 

water resources are managed and protected throughout the world.  Access to clean drinking water 

is paramount for survival.  However, each day anthropogenic activities such as industrial 

production and intensive agriculture are threatening the supplies of water on which humans and 

other species depend.   

 

In Canada, groundwater is an important resource which provides approximately 30% of the 

population’s potable water (Government of Canada, 2006).    Private wells supply water for the 

majority of rural residents in Ontario (Novakowski et al., 2006).  As groundwater is generally not 

seen until it is pumped out of the ground, it may be particularly vulnerable to contamination due 

to an ‘out of sight’ mentality.  Source water protection initiatives are imperative for the long-term 

sustainability of groundwater resources.  It is much easier, less expensive, and more socially 

responsible to maintain a pristine water supply rather than entering into a continuous loop of 

pollution ‘remedied’ by water treatment. 

 

Certain hydrogeological settings, such as fractured bedrock aquifers with minimal overburden 

cover (which are present in Ontario, Quebec, the northeastern United States, and northern 

Europe) are particularly vulnerable to contamination (Malard et al., 1994; Pronk et al., 2006).  

Surficial material can help to mitigate the amount of contaminants that reach underlying bedrock 

aquifers, as soil acts as a natural filter and can provide adsorption sites for contaminants (Conboy 

and Goss, 2000).  In fractured rock, contaminant transport is governed by advection, 

hydrodynamic dispersion, diffusion into the rock matrix, and potentially by biological, chemical 

or radioactive decay (Lapcevic et al., 1999a).  Due to high groundwater velocities that can exist in 
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fractures, there is a potential for rapid transit rates and hence widespread dispersion of 

contaminants.  For crystalline rock specifically, matrix porosities are low, providing little 

protection from retardation mechanisms such as matrix diffusion (Foster, 1975; Mutch et al., 

1993).   

 

It has been well established that agricultural activity can negatively affect groundwater quality 

(Mawdsley et al., 1995; Böhlke, 2002).  A comprehensive study of farmstead domestic wells was 

conducted in 1991 and 1992 to investigate the extent of groundwater contamination in rural 

Ontario.  Nitrate concentrations exceeded the Ontario Drinking Water Quality Standards (10 

mg/L NO3
--N) at 12.8% of the 1212 wells sampled in the summer and 14.3% of the same wells 

sampled in the winter.  Approximately 34% of wells had more than the maximum acceptable 

number of coliform bacteria (Goss et al., 1998).  Industrial activity also produces a myriad of 

chemical contaminants (e.g., persistent organic pollutants) that can be transported in the 

atmosphere over long distances (van Pul et al., 1998; Beyer et al., 2000).  When deposited on the 

ground surface, these compounds can act as disperse contaminant sources potentially leading to 

groundwater contamination.   

 

It is necessary to understand the presence, movement, and persistence of contaminants in 

fractured bedrock aquifers in order to develop adequate plans for the protection of these 

groundwater resources.  Thus, the objective of this research is to improve the understanding of 

anthropogenic impacts on water quality in a natural fractured bedrock aquifer with minimal 

overburden protection.  This is accomplished through a field-based investigation conducted in an 

agricultural setting.  Several contaminants (i.e., indicators of human impact) including nitrate, E. 

coli and polybrominated diphenyl ethers (PBDEs), are examined.  A unique infiltration tracer 

experiment is used to simulate the transport of solutes from the ground surface to well receptors.  

A general description of the research site is presented in Appendix A. 
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1.1 Organization  

Following a general review of background information relevant to the subsequent chapters in this 

thesis (Chapter 2), Chapters 3, 4 and 5 are distinct stand-alone manuscripts.  Each manuscript 

contains an introduction (focused literature review), methodology, results, discussion and 

conclusions pertinent to the specific topic.  The research presented in Chapter 3 has been 

published in Hydrogeology Journal (Levison and Novakowski, 2009). Chapters 4 and Chapter 5 

will be submitted for publication.  Some of the text and ideas in Chapter 6 (drawing on results 

from Chapters 3 and 5) will be published in the Journal of Policy Engagement.  Chapter 7 

summarizes the conclusions and recommendations stemming from this research.    

1.2 Scope and Specific Objectives  

This research investigates the temporal and spatial variation of several contaminants or indicators 

of contamination (nitrate, E. coli, PBDEs) in a fractured bedrock aquifer having minimal 

overburden cover, through a field-based study.  An infiltration tracer experiment interpreted using 

numerical modeling was also conducted.  The intent of this work is to provide an improved 

understanding of the presence, persistence and transport of anthropogenic contaminants in this 

sensitive hydrogeological setting.  The specific objectives of each theme are summarized herein.     

1.2.1 Chapter 3 - The Impact of Cattle Pasturing on Groundwater Quality in Bedrock 

Aquifers having Minimal Overburden 

This theme improves the understanding of the potential impact of agriculture on water quality in 

bedrock aquifers, focusing on the spatial and temporal variability of nitrate and bacteria. 

Specifically, the objectives are threefold: (1) to investigate the temporal variability of nitrate and 

E. coli concentrations on a monthly and daily basis; (2) to determine the spatial variability of 

those agricultural contaminants at the local scale; and (3) to relate the findings to pasturing 

practices in these sensitive settings.  Ten multilevel wells (25 sampling intervals) were utilized.  
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Monthly sampling rounds were carried out from October 2005 to December 2006.  Intensive 5-

day sampling rounds were also conducted during baseflow (August) and recharge (October) 

conditions in 2006.   

1.2.2 Chapter 4 - The Identification of Polybrominated Diphenyl Ethers (PBDEs) in a 

Sensitive Bedrock Aquifer 

Polybrominated diphenyl ether (PBDE) flame retardants are ubiquitous contaminants that have 

been found in many matrices including human milk, wildlife, air, sediment, rivers, landfill 

leachate and sewage. No previous studies have determined their presence in groundwater.  Thus, 

the objective of this research is to investigate the potential of PBDE contamination in this 

sensitive groundwater setting, and to form a conceptual model for their transport from the source 

to depth in aquifers.  Concentrations were measured on four occasions (26 samples) in 2006 and 

2007 from a total of 16 multilevel monitoring well intervals.  Additional quality assurance/quality 

control sampling was conducted in 2009. 

1.2.3 Chapter 5 - Rapid Transport of Contaminants from the Ground Surface to Wells in a 

Sensitive Fractured Bedrock Aquifer 

Little research has been conducted to examine the transport of solutes from the ground surface to 

depth in fractured bedrock aquifers, and specifically in the granitic environment of the Canadian 

Shield.  Thus, the goal of this study is to investigate the infiltration of contaminants from the 

ground surface to wells in a fractured bedrock aquifer having minimal overburden cover.  The 

specific objectives are to: 1) explore the role played by the overburden thickness in limiting 

vertical transport; 2) investigate the degree of vertical connection between the soil cover and 

underlying bedrock in this setting; and 3) explore the vertical connectivity of the upper fractures 

in the bedrock. Using a field tracer experiment, a surrogate solute contaminant (i.e., a 
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conservative tracer) was applied at the ground surface adjacent to two wells, in order to 

demonstrate the importance of source water and wellhead protection in this vulnerable setting.   
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Chapter 2 

Literature Review 

Numerous studies have been conducted to investigate the potential contamination of bedrock 

aquifers from anthropogenic activity (Sherrill, 1978; Gerhart, 1986; Malard et al., 1994; Clawges 

and Vowinkel, 1996; Green et al., 1998; Gburek and Folmar, 1999; Laftouhi et al., 2003; and 

Pronk et al., 2006).  The objective of this chapter is to provide a general review of background 

information relevant to the subsequent chapters in this thesis.  General information regarding 

pertinent agricultural contaminants/indicators (nitrate and bacteria) is provided.  Extensive 

background information on PBDEs is presented, as these compounds have not been previously 

measured in groundwater.  Infiltration tracer experiments (and their interpretation) are also 

discussed.     

2.1 Nitrate 

Nitrate (NO3
-) is a widespread contaminant that is often associated with a number of human 

activities.  It is one of the most commonly identified pollutants in groundwater (Freeze and 

Cherry, 1979).  Potential sources that can lead to excessive nitrate concentrations in aquifers 

include the application of agricultural and non-agricultural fertilizers, livestock manure, and 

human waste (Burt and Trudgill, 1993).  Over the past few decades NO3
- concentrations have 

been steadily rising in some ground and surface waters (Oakes, 1996), and since the 1970s 

correlations have been made between high NO3
- levels in groundwater and agricultural land use 

(Bölke, 2002; Almasri and Kaluarachchi, 2004; Liu et al., 2005).     

 

Much research has been conducted with respect to groundwater nitrate levels due to associated 

adverse health effects (see Appendix B).  Moreover, since groundwater provides baseflow to 

lakes and rivers, groundwater concentrations have been investigated as nitrate is a limiting 
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nutrient in surface water bodies (Spalding and Exner, 1993).  In Ontario specifically, a 

comprehensive study of farmstead domestic wells was conducted in 1991 and 1992 to investigate 

the extent of groundwater contamination from agricultural activities.  Nitrate concentrations 

exceeded the Ontario Drinking Water Quality Standards (10 mg/L NO3
--N) at 12.8% of the 1212 

wells sampled in the summer, and 14.3% of the same wells sampled in the winter (Goss et al., 

1998).  Indeed, this study showed that nitrate is a significant contaminant in Ontario.    

 

Many nitrate-related studies, including Goss et al. (1998), have focused on groundwater in porous 

media aquifers; less work has been conducted investigating groundwater in fractured rock 

settings.   

2.1.1   Nitrogen Cycle 

Nitrogen makes up about 78% of the Earth’s atmosphere and is thus extremely important to the 

existence of life on this planet (Wayne, 1993).  The nitrogen cycle is tremendously complex; 

numerous compounds take part in many environmental processes.  For the hydrologic cycle 

specifically, a few compounds are the most relevant and abundant: nitrate (NO3
-), nitrite (NO2

-), 

ammonium (NH4
+), aqueous nitrogen (N2), organic nitrogen and nitrous oxide (N2O) (Burt and 

Trudgill, 1993).  Often nitrate that reaches the groundwater table has evolved from organic-N and 

ammonium due to fertilizers and manure applied on the land surface, and also from sewage and 

plant residues.  When organic compounds in soil decompose, the ammonium ion (NH4
+) is 

released in a process called mineralization (Vinten and Smith, 1993).  Nitrification, an important 

microbially mediated redox reaction, oxidizes NH4
+ to NO3

- (Stumm and Morgan, 1996). 

Precipitation and various fertilizers have some nitrogen already in the NO3
- form above ground.  

Though ammonia and nitrate are both soluble in water, ammonium does not leach as readily from 

the soil profile due to adsorption to soil particles.  Nitrate, in contrast, leaches easily from most 

soils and can travel rapidly to the groundwater table (Vinten and Smith, 1993). 
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Denitrification, which helps to mitigate groundwater nitrate contamination, is the reduction of 

nitrate and/or nitrite to a gaseous nitrogen oxide (NO or N2O) which can then be further reduced 

to dinitrogen gas (Knowles, 1982).  According to Korom (1992), the three requirements for 

denitrification to occur, in addition to the presence of nitrogen oxides, are as follows: 1) suitable 

electron donors (e.g., dissolved organic carbon);   2) the presence of appropriate bacteria; and, 3) 

anoxic conditions.  Nitrate reduction to N2(g) can also be mediated under anaerobic conditions by 

oxidation of pyrite and iron (Heagle et al., 2002).  Anaerobic conditions, or at least limited 

oxygen, are key for denitrification to occur as organic carbon is first reduced by O2 at higher 

redox potentials, and then by nitrate (Stumm and Morgan, 1996). 

 

Various methodologies can be performed to determine if denitrification is occurring in aquifers.  

For example, isotopes of nitrate-O (18O:16O) and nitrate-N (15N:14N) can be used.  Silva et al. 

(2002) showed that δ18O-NO3
- and δ15N-NO3

- values become enriched (i.e., the ratio of the 

heavier to the lighter isotopes increases) as denitrification occurs.  This fractionation is due to 

microbial discrimination during the process of denitrification (Spalding et al., 1981).  Also, nitrate 

from different sources (e.g., sewage vs. synthetic fertilizer) has varied isotopic signatures, which 

is often useful for determining the source of nitrate in aquifers (e.g., Widory et al., 2004). 

 

Another simple technique to determine the occurrence of denitrification is to compare nitrate 

concentrations with those of aqueous species that are conservative tracers, such as Cl-, along the 

groundwater flow path.  Ratios between the unreactive tracer and nitrate should remain equal 

along the flow path if nitrate is also unreactive.  Thus if Cl-:NO3
- increases with time or distance, 

denitrification may be occurring (Egboka, 1984).  
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2.1.2 Nitrate in Fractured Bedrock Aquifers 

Extensive work has been conducted in both saturated and unsaturated porous media focusing 

specifically on nitrate transport through soil (e.g., Roberston and Cherry, 1992; Adelman and 

Tabidian, 1996; Onsoy et al., 2005).  Less research has been conducted in fractured rock settings. 

 

A watershed-scale modeling study of a fractured rock aquifer with shallow overburden illustrated 

the possibility of localized contamination of groundwater by agricultural land use (Gburek and 

Folmar, 1999). In a field-based study, Gerhart (1986) investigated the influence of recharge 

volumes and source availability (e.g., manure) on nitrate concentrations in a dolomite aquifer. 

Temporal variations of nitrate concentrations were measured at a monitoring well; however, the 

spatial heterogeneity of nitrate at the site was not examined. Green et al. (1998) demonstrated that 

NO3
− concentrations are spatially heterogeneous on a large scale in crystalline bedrock on the 

island of Jersey (117 km2), although temporal variations were not studied. Laftouhi et al. (2003) 

determined that a karstic aquifer with minimal overburden in Morocco had little protection 

against the rapid transport of large concentrations of nitrate into the subsurface in an area of 

intensive agriculture. Spatial variability of concentrations was observed.     

 

The results from these studies need to be augmented by more detailed information on the link 

between the source of nitrate and both the spatial and temporal distribution of contamination, and 

more study is needed in crystalline rock settings specifically.  

2.2 Fecal Contamination (Bacteria) 

Bacteria in the subsurface can be both lethal and beneficial to humans and the environment.  

Bacterial pathogens, such as Escherichia coli O157:H7 (E. coli) can travel through the subsurface 

and be intercepted by water wells, causing those drinking the water to become ill and in some 

cases even causing death (see Appendix B).  A common well water problem is contamination by 
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bacteria, viruses, or parasites that can seep into the groundwater from sources such as fields 

spread with manure, barnyards, septic systems and leaky sewer lines.   

 

Although chlorination of public water supply in the developed world has aided in the prevention 

of the health problems related to these contaminants, they are still prevalent in the developing 

world and in some rural areas of the developed world.  Also, public water supply systems 

sometimes fail, wreaking havoc on human health, such as the tragedy that occurred in Walkerton, 

Ontario, Canada in 2000.  Walkerton is a small community of approximately 5000 people.  The 

municipal water system (that drew water from wells) became contaminated with E. coli O157:H7 

and Campylobacterjejuni (from an agricultural source).  This resulted in the death of seven 

people, with over 2300 needing medical attention.  The total monetary cost of this crisis was 

estimated to be US$ 64.5 million (O’Connor, 2002).   Although the Walkerton tragedy was an 

anomaly in terms of the health impacts, the comprehensive study of farmstead domestic wells that 

was conducted across Ontario in 1991 and 1992 found that 34% of the wells had more than the 

maximum acceptable number of coliform bacteria (Goss et al., 1998).   

2.2.1 Bacterial Properties and Transport 

Among the earliest forms of life that appeared on Earth, bacteria are single celled organisms that 

are amazingly complex.  It is believed that bacteria helped to shape the young planet’s 

environment, creating atmospheric oxygen that helped more complex life forms develop.  

Bacteria live almost everywhere, ranging from soil to water to air environments, and from 

volcanic vents to arctic ice to houses.  One teaspoon of topsoil contains more than one billion 

bacteria, and a square centimetre of human skin averages about one hundred thousand bacteria 

(ASM, 2004). 
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There are four typical bacterial shapes: rod-shaped (bacillus), round (coccus), spiral (spirillum), 

and v-shaped spirals (vibrios) (Chapelle, 2001).  Most bacterial cells have a cell wall, which 

surrounds the cytoplasm and plasma membrane, and further bacterial classification depends on 

cell wall characteristics.  Certain bacteria use long whip-like structures called flagella to move 

(bacillus and spirillum forms), while other bacteria have rigid rod-like protuberances, called pili, 

which serve as tethers.  Most bacteria range in size from 0.2 to 5 μm, within the size range 

considered colloidal (Domenico and Schwartz, 1998).  They are larger than viruses.  Due to the 

size of bacteria, subsurface transport is affected by colloidal-transport processes.   

 

E. coli is often used as an indicator organism for detecting environmental fecal pollution in water.  

Studies have shown that it has a high survival rate in water, and is influenced by many factors 

such as temperature, illumination, nutrient levels, competition and predation.  Survival duration 

for E. coli in soil and aquifers is reported to be from seven to eight days to a few weeks 

(Mawdsley et al., 1995), or even up to 300 days (Malard et al., 1994). 

 

Transport of bacteria in groundwater depends on many factors.  These factors include flow rate, 

water chemistry, physical and chemical properties of the geologic media, and bacterial size, shape 

and surface properties.  Since bacteria are the same size as colloidal particles, and they interact 

with the surface of the porous structure during transport, they behave differently from dissolved 

chemicals in groundwater (Sanin, 2004).  

 

The basic particle transport and capture mechanisms include diffusion, interception, straining, and 

sedimentation.  Colloid-sized particles move mainly due to the bombardment by fluid molecules 

moving with a random thermal nature, called Brownian motion (McGechan and Lewis, 2002).  

Some bacteria also have the ability to actively transport themselves, using their flagella 
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(Mawdsley et al., 1995).  In order for transport to take place, suspended colloids must be stable.  

The interaction of van der Waals forces, which cause particles to aggregate, and electrostatic 

forces, which cause particles to separate, determines the stability (Domenico and Schwartz, 

1998). The stability of colloids is promoted by: 1) decreased ion concentrations in water; 2) less 

divalent ions compared to monovalent ions; and 3) a different pH than the pH of the zero point of 

charge for the surface of the colloid (Domenico and Schwartz, 1998). 

  

Macropores, or fractures, are extremely important in the process of bacterial transport.  According 

to McDowell-Boyer et al. (1986), macropores are the only pathways by which suspended matter 

can pass through the unsaturated zone.  This is due to the fact that particles are efficiently retained 

by physical filtration processes when moving through the more tortuous soil matrix.  Macropores 

can be created in soil from channels formed by plant roots and earthworms, from cracks caused 

by freeze-thaw cycles, and from fissures caused by soil drying.  Greater microbial movement 

occurs in coarse soils with larger pore spaces than in finer textured soils with significantly smaller 

pore sizes.  For rod-shaped bacteria, a pore diameter of less than 1 to 1.5 μm severely restricts 

passage either by active or passive movement (Mawdsley et al., 1995). 

 

Bacteria have increased movement in saturated media (Postma et al., 1989).  Following heavy 

rainfall, it has been found that more bacteria penetrate the soil at the ground surface (Patni et al., 

1984).  Due to a tendency to attach to and accumulate at air-water interfaces, transport of bacteria 

under unsaturated conditions is reduced.  In the capillary fringe, where wetting/non-wetting 

interfaces move with the oscillating water table, the interactions of bacteria with the interfaces 

plays a major role (Schafer et al., 1998).  
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Yazicioglu (2002) presents an equation describing bacterial transport in a discrete fracture (see 

Equation 2.1). It is the advection-dispersion equation with reversible sorption, irreversible 

adsorption, growth, and decay (does not account for matrix diffusion). 
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where c is the concentration of the bacteria [M/L3], t is time [T], b is the fracture aperture [L], s is 

the concentration of adsorbed bacteria [M/L3], x is the coordinate taken along the direction of 

flow [L], D is the coefficient of hydrodynamic dispersion [L2/T], v is the velocity [L/T], kp is the 

irreversible adsorption constant [1/L], λ is the bacteria decay constant [1/T], and μ is the bacterial 

specific growth rate [1/T]. 

 

Animal manure can be a significant source causing subsurface contamination.  Livestock wastes 

contain many harmful microorganisms, such as bacteria, viruses, and protozoa.  The complex 

environment supplied by the soil-manure medium impacts the persistence of bacteria.  

Precipitation runoff is enhanced by liquid manure, while solid manure enhances infiltration (Unc 

and Goss, 2004).  Certain components of the manure, for example straw and coarse organic 

matter, can lead to straining and filtration of microorganisms from the transporting water. 

 

Significant changes in the physical and electrochemical properties of soils and microbial cells can 

occur due to the application of manure; increased filtration, modified kinetics of interactions 

between charged surfaces, and altered competition for retention sites can result.  The physical and 

chemical conditions of the soil both pre and post manure application, and competitive interaction 

with native soil bacteria also affect the survival of fecal bacteria (Unc and Goss, 2004). 
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2.2.2 Bacteria in Fractured Rock Aquifers 

The transport mechanisms of bacteria in porous media have been studied extensively (e.g., 

Silliman, 1995; Unc and Goss, 2003).  Macropores, which are often formed by earthworms, roots 

or soils cracks, provide preferential flow paths for rapid transport of bacteria from the land 

surface to the water table (Cey et al., 2006).  Fewer bacterial studies have been conducted in 

fractured bedrock aquifer settings.  

 

From tracer experiments performed in crystalline bedrock aquifers, Allen and Morrison (1973) 

determined that the direction and rate of bacterial transport was controlled primarily by the 

orientation of major bedrock fracture sets, with little retardation or filtration occurring along the 

flow path. Becker et al. (2003) found that bacterial properties such as motility, cell size and 

morphology can influence the extent of transport. Reported travel distances for bacteria in 

fractured rock aquifers, which range from tens of meters (Allen and Morrison, 1973; Champ and 

Schroeter, 1988) to greater than 4 km (Malard et al., 1994) emphasize the sensitivity of these 

settings.  

 

In a gneissic aquifer, Malard et al. (1994) determined that land use (wastewater sources) was 

related to the observed spatial heterogeneity of groundwater fecal contamination, and recharge 

influenced concentrations. As private wells were used to collect samples in this study, additional 

information that can be obtained from monitoring wells such as transmissivity data and depth-

related concentrations, were not available.  Personné et al. (1998) found that a karst aquifer can 

quickly receive large numbers of micro-organisms, and act as a rapid carrier and dissemination 

system.  
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Similar to the case for nitrate, further detailed studies are required to improve the understanding 

of the link between the source and the temporal and spatial distributions of bacteria, especially in 

agricultural settings where sources are often disperse. 

2.3 PBDEs 

Brominated flame retardants (BFRs) are widely used to save lives and property.  Halogenated 

flame retardants are excellent flame inhibitors as their high specific heat and density hinders the 

combustion of polymers.  Both bromine and chlorine compounds are used to modify the 

properties of polymers although brominated compounds are more efficient flame retardants 

(Lawton and Setzer, 1975).  However, polybrominated diphenyl ethers (PBDEs), a particular 

class of BFRs that have been commercially produced since the 1970s, are of mounting 

environmental concern as the levels of these are increasing in nature (Environment Canada, 

2006).   

 

Extensive research has been conducted at various locations around the world to determine PBDE 

concentrations in both biotic and abiotic settings.  These ubiquitous contaminants have been 

found in urban as well as remote locations, and in many different matrices including human milk, 

wildlife (e.g., fish, birds, seal blubber), air, sediment, rivers, landfill leachate and sewage 

(Rahman et al., 2001).  In Canada, PBDEs have been detected in Lake Ontario and the Fraser 

River (Alaee, 2003) and in the Niagara River (Marvin et al., 2007), for example.     

 

Although previous research is extensive with respect to human health effects, concentrations in 

biotic matrices and concentrations in certain abiotic strata (air, soil, sewage, and surface waters), 

PBDE concentrations in groundwater have not been investigated.  The objective of this literature 

review is to evalute the potential for PBDEs to migrate and accumulate in a groundwater 

environment.  A general review of the history and properties of PBDEs, environmental research, 
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health concerns (Appendix B) and pertinent regulations (Appendix B) relating to PBDEs is 

provided.   

2.3.1 Properties of PBDEs 

2.3.1.1 Structure and Nomenclature 

PBDEs, sometimes referred to as polybrominated diphenyl oxides, are manufactured aromatic 

hydrocarbons.  They are ethers with two brominated phenyl functional groups (see Figure 2.1 for 

the general chemical formula).  There are 209 possible congeners, determined by the number of 

bromine atoms and their position on the two phenyl rings (WHO, 1994).   

O

BryBrx

6 6′

1 1′

2 2′

5′5
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3 3′
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Figure 2.1 The general chemical formula of PBDEs, where x+y = 1 to 10 (WHO, 1994). 

 

As PBDEs are structurally similar to polychlorinated biphenyls (PCBs) the nomenclature follows 

the International Union of Pure and Applied Chemistry (IUPAC) system for PCBs, and is based 

on the position of the bromine atoms.  Isomer numbers were developed by Ballschmiter and Zell 

(1980). Table 2.1 lists the number of possible isomers for each PBDE group as well as the 

corresponding Ballschmiter and Zell numbers, and Table 2.2 shows the IUPAC names for several 

common PBDEs.  
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Table 2.1 PBDE group names with corresponding number of attached bromines, possible 
number of isomers for each group, and the Ballschmiter and Zell (congener) numbers 
which were developed for PCBs (Ballschmiter and Zell, 1980; WHO, 1994). 

PBDE Group Br Possible isomers Congener Number 

Monobromodiphenyl ethers (MBDE) 1 3 BDE 1 to 3 

Dibromodiphenyl ethers (DiBDE) 2 12 BDE 4 to 15 

Tribromodiphenyl ethers (TrBDE) 3 24 BDE 16 to 39 

Tetrabromodiphenyl ethers (TeBDE) 4 42 BDE 40 to 81 

Pentabromodiphenyl ethers (PeBDE) 5 46 BDE 82 to 127 

Hexabromodiphenyl ethers (HxBDE) 6 42 BDE 128 to 169 

Heptabromodiphenyl ethers (HpBDE) 7 24 BDE 170 to 193 

Octabromodiphenyl ethers (OBDE) 8 12 BDE 194 to 205 

Nonabromodiphenyl ethers (NBDE) 9 3 BDE 206 to 208 

Decabromodiphenyl ether (DeBDE) 10 1 BDE 209 

 

Table 2.2 Congener numbers and corresponding IUPAC names (CIREEH, 2008). 

Congener Number IUPAC Name 

BDE 17 2,2',4-Tribromodiphenyl ether 

BDE 28 2,4,4'-Tribromodiphenyl ether 

BDE 47 2,2',4,4'-Tetrabromodiphenyl ether 

BDE 66 2,3',4,4'-Tetrabromodiphenyl ether 

BDE 85 2,2',3,4,4'-Pentabromodiphenyl ether 

BDE 99 2,2',4,4',5-Pentabromodiphenyl ether 

BDE 100 2,2',4,4',6-Pentabromodiphenyl ether 

BDE 153 2,2',4,4',5,5'-Hexabromodiphenyl ether 

BDE 154 2,2',4,4',5,6'-Hexabromodiphenyl ether 

BDE 183 2,2',3,4,4',5',6-Heptabromodiphenyl ether 

BDE 209 Decabromodiphenyl ether 

    

2.3.1.2 Commercial Formulations 

The three most commercially abundant PBDE products are penta-, octa- and decabromodiphenyl 

ether formulations (WHO, 1994).  Presently, only DeBDE is still used widely commercially 

(BSEF, 2008), however PeBDE and OBDE continue to be present in old consumer goods that 

will degrade or be disposed of in the future.  DeBDE is composed of >97% BDE-209 (DeBDE), 
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<3% nonabromodiphenyl ether (NBDE) and small amounts of OBDE.  OBDE commercial 

mixtures are composed of 44% heptabrominated diphenyl ethers, 31 to 35% OBDE, 10 to 12% 

hexabromodiphenyl ethers, 10 to 11% NBDE, and <1% DeBDE.  PeBDE formulations vary 

commercially, but they are generally composed of 50 to 60% PeBDE, 24 to 38% tetrabrominated 

diphenyl ethers and 4 to 8% hexabromodiphenyl ethers (Birnbaum and Staskal, 2004).       

 

DeBDE is used as a flame retardant for several applications, including plastics (enclosures for 

computers, television sets, other electronic equipment, and for cable insulation), textile coatings 

(fabric treatment, but not for clothing), and adhesives.  PeBDE and OBDE have been used in 

foam products (furniture and insulation) and high-impact plastic products (automobile trim, 

kitchen appliances, etc.), respectively (WSDE, 2006).   

 

Table 2.3 shows the world-wide use of PBDEs by region.  In Canada specifically, a survey 

conducted in 2000 indicated that no PBDEs were manufactured in Canada, although 

approximately 1300 tonnes of PBDE commercial products (not including quantities in finished 

goods) were imported that year (Environment Canada, 2006). 

Table 2.3 Estimated 2001 PBDE market demand in metric tons (Birnbaum and Staskal, 
2004, originally from BSEF). 

Product Americas Europe Asia Rest of World 

DeBDE 24 500 7 600 23 000 1 050 

OBDE 1 500 610 1 500 180 

PeBDE 7 100 150 150 100 

Total PBDEs 33 100 8 360 24 650 1 330 

 

2.3.1.3 Chemical and Physical Properties 

Several properties of the three commercially available BDEs are shown in Table 2.4, with a 

comparison to two polychlorinated biphenyl (PCB) commercial products.  PBDEs are lipophilic, 
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hydrophobic and persistent like other organohalogen compounds such as PCBs, which can lead to 

bioaccumulation (de Boer et al., 2000).  The low solubility of PBDEs in water generally 

decreases with increasing bromination (de Boer et al., 2000). 

Table 2.4 Selective properties of PeBDE, OBDE and DeBDE commercial products (de Boer 
et al., 2000; United States Department of Health and Human Services, 2004; Environment 
Canada, 2006) compared to two PCB products, Aroclor 1242 (42% chlorine) and 1254 
(54% chlorine) (Hardy, 2002a).  

Property PeBDE 

(C12H5Br5O) 

OBDE 

(C12H2Br8O) 

DeBDE 

(C12Br10O) 

PCB Products 

a) A1242  

b) A1254 

Molecular weight 564.7 801.5 959.2 a) 261 

b) 327 

Melting point (oC) -7 to -3 200 290 to 306 a) Mobile oil 

b) Viscous liquid 

Water solubility 

(μg/L, 25oC) 

13.3 @ 20oC 

10.9 (TeBDE) 

2.4 (PeBDE) 

<1 <0.1  

 

a) ~200 

b) 70 

Log Kow 6.57 to 6.97 6.29 to 8.9 6.27 to 9.97 a) 4.11 

b) 6.30 (estimated) 

Log Koa 10.53 to 11.31 12.78 to 13.61 14.44 to 15.27 - 

Log Koc 4.89 to 5.17 5.92 to 6.22 6.8 a) 3.35 to 5.17 

b) 5.0 to 6.1 

Henry’s Law Constant 

(25oC; Pa mol3/mol) 

11 10.6 (estimated) >44 (estimated) a) 34.8 

b) 28.7 

 

Although PBDEs as a group are sometimes compared to PCBs due to the structural similarity, 

Hardy (2002a) argues that considerable differences exist between PCBs and specifically DeBDE 

commercial formulations, in terms of the chemical and physical properties, toxicology and 

application.  DeBDE is the most widely used commercial mixture and is considered less toxic 

than PeBDE and OBDE commercial mixtures (Hardy, 2002b); however, there has been recent 

evidence of microbial debromination and photodegradation of DeBDE to lower, more toxic 

brominated compounds (He et al., 2006; Ahn et al., 2006).  PBDE commercial formulations are 

less soluble in water and have higher octanol-water (Braekevelt et al., 2003) and octanol-air 
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partition coefficients than commercial mixtures of PCBs (Table 2.4), leading to a higher affinity 

for sorption. 

 

Batch adsorption experiments have been used to investigate PBDE sorption onto particulate 

matter.   For example, Langford et al. (2005) conducted experiments using mixed liquor 

suspended solid samples spiked with several highly brominated PBDE congeners, to investigate 

sorption in a wastewater setting.  Freundlich isotherms were used to determine the distribution 

coefficients (Kd) (Table 2.5).  In a previous study, Litz (2002) conducted batch tests to evaluate 

the sorption of PeBDE on clay, sand and humus, with resulting log Kd values of 1.95, 2.84, and 

4.65, respectively. 

Table 2.5 Distribution coefficients (Kd) and adsorption constant (1/n) for PBDEs, which 
were derived from Freundlich isotherms and compared to Log Kow (Langford et al., 2005). 

PBDE congener Log Kow
Distribution coefficient 

(log Kd) 
Sorption constant  

(1/n) 
Deca 12.8 12.94 2.5 

BDE-153 9.4 5.4 4.2 

BDE-183 8.5 2.02 5.5 

BDE-154 8 10.38 2.17 

 

2.3.1.4 Methods of Analysis 

The various analytical methods to determine PBDE concentrations in different matrices are 

summarized in WHO (1994) and de Boer et al. (2000).  Typical methods use extraction with 

organic solvents and purification by adsorption chromatography or gel permeation.  

Concentrations are then determined primarily by gas chromatography (GC).  Jansson et al. (1991) 

presents a multiresidue method for GC analysis.  Limits of detection, which are summarized in de 

Boer et al. (2000), vary for different matrices.  Examples include 0.06 mg/kg for sewage and <10 

ng/kg for animal tissue.  For water analysis conducted using MOE method E3430, for example, 
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method detection limits range from 0.018 ng/L to 0.588 ng/L for different congeners (Ontario 

Ministry of the Environment, 2006).    

 

Several interlaboratory investigations have been conducted to provide quality assurance for 

PBDE analysis on an international level (de Boer and Cofino, 2002; de Boer and Wells, 2006).  

de Boer and Wells (2006) note that there are often particularly poor quality BDE-209 (DeBDE) 

results, due to several factors: 1) high background concentrations; 2) poor solubility; 3) 

degradation from light exposure; and 4) thermal degradation.  Also, the analysis of BDE-183 

provides problems for many laboratories.  To improve quality of the results due to thermal 

degradation, for example, de Boer and Wells (2006) suggest that short and narrow GC columns 

can be used, with short injector residence times and moderate injector and column temperatures.  

They also advise that authorities need to pay stricter attention to method development and quality 

assurance for PBDE analysis methods. 

 

In Canada, several commercial laboratories, including EnviroTest Laboratories (Edmonton, AB), 

Maxxam Analytics Inc (Burlington, ON), and AXYS Analytical Services LTD (Sidney, BC), can 

perform PBDE analysis, with prices ranging from approximately $850 to $1100 per sample (G. 

Pike, P. Oh, L. Phillips, personal communication, October 2006).   

2.3.2 PBDEs and the Environment 

PBDEs are ubiquitous in the environment.  PBDE presence is documented in harbor seals in the 

Baltic Sea (Jansson et al., 1987), polar bears in the arctic (Muir et al., 2006) and Niagara river 

suspended sediments (Marvin et al., 2007), for example.  As noted previously, these compounds 

are lipophilic, hydrophobic, and persistent, which leads to widespread accumulation.  There are 

many instances in their lifespan in which PBDEs can enter the environment, including during 
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production, shipping, and handling. Also, PBDEs can be released when products in which they 

are used degrade (during incineration, for example).  

 

Due to low water solubility and high Kow and Koc, as discussed previously, PBDEs are not 

expected to be found in great concentrations in water, and will sorb to soil/sediment/particulate 

organic fractions.  For example, Environment Canada (2006) presents predicted environmental 

partitioning (using Level III Fugacity Modeling) of PeBDE for two cases: 1) equal amounts are 

released to the air, water and soil; and 2) concentrations are released to air, water or soil 

exclusively (see Table 2.6).  The results show that partitioning of other PBDEs is expected to be 

similar, with lower brominated compounds (TeBDEs to HpBDEs) having marginally higher 

water solubility and volatility when compared to higher brominated PBDEs (Environment 

Canada, 2006).  In 2.3.4 models that have been used to predict the transport of PBDEs in the 

environment are discussed further.         

Table 2.6 Predicted environmental partitioning of PeBDE from Level III Fugacity Modeling 
(Environment Canada, 2006). 

Predicted Partitioning (%) Release Scenario 

Water Soil Sediment Air 

Equal quantities to air, water and soil 1.2 40 59 0.2 

100% to air 0.4 77.5 21 1.07 

100% to water 1.93 0.006 98.1 8x10-5

100% to soil 0.002 99.9 0.11 6.1x10-7

 

Presently, no known studies have been conducted in which PBDE concentrations in groundwater 

have been investigated.  However, several studies have determined PBDE levels in surface 

waters, soil/sediment, and air.  A summary of PBDE concentrations in several North American 

investigations is presented in Table 2.7 (Environment Canada, 2006).  Hale et al. (2003) provides 

a review of PBDE concentrations in several environmental matrices (outdoor air, surface water, 

sewage sludge, sediments, soil and aquatic organisms) in North America.  de Wit (2002) also 
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presents a comprehensive review of brominated flame retardants, including PBDEs, in the 

environment.  

Table 2.7 Summary of North American PBDE concentrations.  ‘OC’ is organic carbon and 
‘dw’ is dry weight (Environment Canada, 2006).  

Medium Location; Year Total PBDEs Reference 

Air Alert, Canada; 1994–1995 1–28 pg/m3 Alaee et al., 2000 

Air Great Lakes; 1997–1999 5.5–52 pg/m3 Strandberg et al., 2001 

Air Southern Ontario; 2000 10–1300 pg/m3 Gouin et al., 2002 

Air Ontario; 2000 3.4–46 pg/m3 Harner et al., 2002 

Water Lake Michigan; 1997–1999 31–158 pg/L Stapleton and Baker, 2001 

Water Lake Ontario; 1999 6 pg/L Luckey et al., 2002 

Sediment Lake Michigan; 1998 4.2 μg/kg dw Stapleton and Baker, 2001 

Sediment British Columbia; 2001 2.7–91 μg/kg OC Rayne et al., 2003 

Soil United States; 2000 <0.1–76 μg/kg dw Hale et al., 2002 

Sewage sludge 
Toronto, Canada 

United States 

8280 μg/kg dw 

730–24 900 μg/kg dw 
La Guardia et al., 2001 

Sewage sludge United States; 2000 3005 μg/kg dw Hale et al., 2002 

Sewage sludge Southern Ontario 1700-3500 μg/kg dw Kolic et al., 2004 

 

2.3.2.1 Soils and Sediment 

Several studies indicate that PBDEs are persistent in soils.  For example, Engstrom et al. (2006) 

measured the tendency of PBDEs to leach from soils, simulating the field application of biosolids 

using field and laboratory column tests.  The ultimate fate of PBDEs in this study was unclear; 

however, it was concluded that PBDEs are poorly leached from soils.  Leung et al. (2007) 

investigated PBDE concentrations in archived soils upon which biosolids were historically 

applied.  Soil concentrations ranged from non-detectable to 120 μg BDE/kg soil.  They found that 

the bulk of total PBDE concentrations were at less than 80 cm depth, indicating limited vertical 

transport, and suggested that PBDE concentrations are persistent in agricultural soils.  A field 

based study in Sweden found that soil concentrations of higher brominated PBDEs (e.g., BDE-
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209) in agricultural soil may increase with repeated sewage-sludge application (Sellstrom et al., 

2005). Groundwater concentrations were not measured in these soil studies. 

 

Downgradient from a solid waste facility in Northern Canada, Gorgy et al. (2007) found evidence 

of PBDE migration in soils, where varying soil concentrations were measured up to 40 cm below 

the ground surface.  They suggested that factors such as water infiltration and runoff, soil 

heterogeneity, and photochemical decomposition can lead to inconsistent vertical and horizontal 

PBDE distributions in soil.  Groundwater concentrations were not measured in this study.   

 

In aquatic environments, it has been shown that PBDEs sorb to suspended sediments and bottom 

sediments.  Marvin et al. (2007) investigated PBDE samples from Niagara-on-the-Lake and 

Niagara River suspended sediment samples collected from 1980 to 2004.  Several congener 

concentrations increased over that time period.  In Lake Superior, analysis of lake-bottom 

sediment cores also indicated increasing PBDE concentrations in this matrix in recent years (Song 

et al., 2004).  

2.3.2.2 Natural Waters (Lakes and Rivers) 

Although PBDEs are considered to be hydrophobic, concentrations have also been observed in 

natural waters such as lakes and rivers.  In Lake Ontario, total PBDE concentrations ranged from 

4 to 13 pg/L (90% in the dissolved phase), dominated by BDE-47 and BDE-99 (Luckey et al., 

2001).  The concentrations were measured in the eastern, western and central basins of the lake.   

 

Ikonomou et al. (2002) and Rayne and Ikonomou (2002) determined concentrations of several 

congeners in the Fraser River, the river with the most industrial activity in Western Canada, using 

semipermeable membrane devices (SPMDs).  In 2005, SPMDs were also used to detect PBDE 

presence in several lakes and rivers in Washington (Johnson et al., 2006).  
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In the San Francisco Estuary, total PBDE concentrations in the water were up to 513 pg/L (Oros 

et al., 2005).  They found that >78% of PBDEs were adsorbed to particulate matter in the water 

column.  Total PBDE water concentrations in Lake Michigan increased from 31 pg/L to 158 pg/L 

from 1997 to 1999 (Hale et al., 2003). 

2.3.2.3 Atmosphere  

In areas where direct sources of PBDEs (e.g., PBDE production plants, land application of 

biosolds, landfill leachate, etc.) are not present, air transport and deposition can be a pathway for 

contamination of matrices such as soil and natural waters. Near Peterborough, Ontario, PBDE 

concentrations in air were measured using high volume air samplers.  Concentrations (sum of 21 

congeners) ranged from 88 to 1300 pg/m3 for intensive sampling (2 hour intervals) and between 

10 and 230 pg/m3 for daily sampling (Gouin et al., 2002).  The concentrations were dominated by 

BDE-17, 28, 47 and 99.  Hayakawa et al. (2004) also found PBDE concentrations in atmospheric 

and precipitation (rain) samples in Japan.   

 

Evidence of PBDEs in remote locations, such as the Canadian Arctic (Alaee et al., 2003), 

illustrate that PBDEs can travel great distances in the atmosphere.  At the Trail Waste Facility, 

located near Ottawa, Ontario, atmospheric PBDE concentrations were measured to identify 

emission sources and release patterns (St-Amand et al., 2008).  Gaseous PBDE concentrations 

were found to be related to long-range transport air masses, while particulate-bound PBDE 

concentrations (e.g., BDE-209, -99, -47) were from local sources.  

2.3.3 Sensitive Groundwater Settings and Colloid-Facilitated Transport 

Although environmental partitioning studies predict that PBDE concentrations should not be high 

in water, and no published studies have measured PBDEs concentrations in groundwater, this 
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important environmental matrix should not be ignored.  Certain hydrogeological settings, such as 

fractured rock aquifers that have minimal overburden, are particularly vulnerable to 

contamination, as discussed previously.  Their sensitivity is increased due to high groundwater 

velocities that can occur in fractures which leads to rapid transport rates and widespread 

contaminant migration.  Since it has been illustrated that PBDEs are retained in soils, surficial 

material would indeed help protect groundwater from PBDE contamination; however, settings 

with thin overburden may provide a pathway for PBDEs to enter bedrock aquifers.  

 

Contaminant transport in groundwater settings is often viewed as a system with two phases, 

whereby dissolved contaminants partition between the mobile aqueous phase and immobile 

solids.  Conceptually, reactive contaminants are transported slower than the flow of groundwater 

in this system, due to adsorption onto the immobile solid phase (Ibaraki and Sudicky, 1995a).  

Suspended colloids, however, can act as a third phase for contaminant transport, a process called 

colloid-facilitated transport (McCarthy and Zachara, 1989), which may play a role in the fate of 

PBDEs in porous and fractured rock aquifers.   

 

Colloids (particles that are 1 nm to 10 μm in diameter) originate from humic substances, other 

organic molecules, mineral precipitation, and the breakdown of biofilms, for example (Stumm 

and Morgan, 1996; Domenico and Schwartz, 1998).    Contaminants, even those with low 

mobility in water, can sorb to these particles, which enhances the contaminant’s apparent 

solubility (McCarthy and Zachara, 1989).   Figure 2.2 is a pore-scale conceptual diagram of 

colloidal-facilitated contaminant transport. 
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Figure 2.2 Colloid-facilitated contaminant transport in porous media.  Contaminants (black 
circles) are adsorbed to surfaces or are dissolved.  Colloidal particles can travel in the liquid 
phase, facilitating the transport of contaminants (Grolimund et al., 1996). 

 

Several processes can remove colloids, and associated adsorbed contaminants, from the flow 

stream.  The two main capture mechanisms that restrict colloid movement are called straining and 

filtration.  Straining, or physical filtration, occurs where the physical size of the pore is smaller 

than the colloidal particle, and as such the particle is unable to pass.  Filtration is a general term 

for mechanisms where particles are captured in pores (or on fracture surfaces) with dimensions 

larger than the particles, which can occur through processes such as diffusion, inertial effects, 

gravitational forces (sedimentation), and electrostatic forces (McGechan and Lewis, 2002).  Thus, 

the presence of macropores and fractures are important for colloid-facilitated transport, as larger 

pore spaces can reduce physical processes to remove colloids from suspension. 

 

Column experiments have been used to investigate the transport of colloids and subsequently 

sorbed contaminants.  For example, Grolimund et al. (1996) illustrated that a dominant transport 

pathway for strongly sorbing contaminants is colloid-facilitated transport.  Colloidal transport 

through fractures was investigated using sand columns and fluorescent microspheres, colloidal 

organic matter and bacteria (Toran and Palumbo, 1992).  The ‘fractures’, which were simulated 
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with 0.1 or 2 mm tubes, greatly increased the amount of transport for each colloid type, 

illustrating the significance of fracture features for the transport of colloids. The percent retention 

with and without the ‘fractures’, was 34% and 55% for colloidal organic matter, respectively.  

Enhanced transport was also observed, with faster arrival times for microspheres than for a 

conservative salt tracer (Toran and Palumbo, 1992).  The enhanced transport of 

hexachlorobiphenyl congeners (PCB-153 and PCB-155) by colloidal dissolved organic carbon 

(DOC) was investigated in column experiments (Dunnivant et al., 1992).  Higher DOC 

concentrations increased PCB mobility in this study.  

  

In fractured media, three main processes that relate to colloid-facilitated transport are: 1) aqueous 

phase contaminant transport; 2) colloid transport in fractures; and 3) contaminant sorption onto 

colloids, fracture surfaces and the matrix (Ibaraki and Sudicky, 1995a).  A field experiment using 

colloid-sized bacteriophage and conservative (bromide) tracers in fractured clay revealed that the 

colloidal particles traveled rapidly (0.5 to 1% of the solute travel time), with primarily fracture-

based travel and minimal matrix diffusion for the bacteriophage (McKay et al., 1993).  A 

numerical simulation, which accounted for aqueous phase solute transport in the fractures and the 

matrix, fracture colloidal transport (including straining and filtration), and solute sorption, 

showed that mobile colloids can greatly influence contaminant transport rates in discretely 

fractured porous media (Ibaraki and Sudicky, 1995a and 1995b).   

 

Numerical simulations were conducted by Oswald and Ibaraki (2001) to investigate the effect of 

matrix diffusion on colloid transport in discretely fractured media, with single fracture, laboratory 

column and field-scale simulations.  It was determined that colloid migration is influenced by 

filtration on the fracture walls, and by diffusion into the matrix when colloids are small and 

matrix porosities are high.   
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Colloid-facilitated transport has also been studied in the context of radionuclide transport in 

fractured rock with respect to geological disposal of high-level radioactive waste.  For example, 

Kurosawa et al. (2006) conducted tracer migration experiments in fractured crystalline rock at the 

Grimsel Test Site in Switzerland using several radioisotope tracers (i.e., 131I, 85Sr, 137Cs, 232Th, 

238U, 237Np, 238Pu, 243Am, 241Am) with and without the presence of bentonite colloids.  Evidence 

of colloid-facilitated transport for strongly sorbing tracers was shown by earlier peak arrival times 

for some radionuclides (Am) than for conservative tracers such as 131I (Kurosawa et al., 2006).  

 

Colloid-facilitated transport may be an important mechanism for the migration of PBDEs in 

groundwater due to the low solubility and high sorption capability of PBDEs.  Also, some 

hydrogeological settings, such as fractured rock aquifers with minimal overburden cover, may be 

particularly sensitive to contamination.  The presence and extent of PBDE concentrations in 

groundwater settings must be determined.  Once their occurrence is confirmed, the ultimate fate 

of PBDEs in groundwater should be explored.  Pathways for contamination as well as transport 

mechanisms must be established. 

2.3.4 Transport and Fate Models 

Transport and fate models are useful tools for investigating the behavior of persistent 

contaminants in the global environment and in different matrices (Scheringer and Wania, 2003).  

With respect to PBDEs, modeling investigations have primarily focused on long-range transport 

in the atmosphere.  No known models have been used to investigate the transport of PBDEs in 

groundwater. 

 

Wania and Dugani (2003) evaluated four multimedia fate and transport models (MFTMs), 

TaPL3-2.10, ELPOS-1.1.1, Chemrange-2, and Globo-POP-1.1, that determine the long-range 

transport potential (LRTP) of PBDEs in the atmosphere.  The models predict that low- and 
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intermediate-brominated congeners have similar LRTP to highly chlorinated PCBs, while 

transport for highly-brominated (and involatile) congeners (e.g., OBDE, DeBDE) is controlled by 

suspended particles on which they are sorbed.  Field measurements from the Canadian Arctic and 

northern Russia generally support the model predictions (Wania and Dugani, 2003).  

 

Gouin and Harner (2003) also modeled long-range atmospheric transport (LRAT) of PBDEs first 

using a Level II (equilibrium steady-state mass balance) model with air, water and octanol 

compartments, and then TaPL3, a Level III model with air, water, soil and sediment 

compartments.  To investigate seasonal effects, they also used CoZMO–POP, which is an eight-

compartment non-steady state (Level IV) multimedia model with air, forest and agricultural soil, 

coastal and fresh water, forest canopy (coniferous and deciduous) and coastal and fresh water 

sediment compartments.  

 

In addition to long-range atmospheric transport models, recent PBDE modeling efforts have 

investigated more specific settings.  For example, a mass-balance model is being developed to 

predict the environmental fate of PBDEs in landfills in order to determine how they are 

transferred from waste to air, soil and water (Danon-Schaffer et al., 2005; Danon-Schaffer et al., 

2007). 

 

Although modeling efforts have investigated the transport potential of PBDEs in the atmosphere 

and in specific settings such as landfills, the fate of PBDEs in groundwater has not previously 

been investigated.  Since groundwater is a potential sink for PBDEs, numerical modeling should 

be conducted to investigate their transport and fate in this matrix.  Geochemical models, such as 

PHREEQC (Parkhurst and Appelo, 1999), could potentially be used to investigate geochemical 

reactions and one-dimensional transport of PBDEs in groundwater systems.  Hydrogeological 

models, such as HydroGeoSphere (Sudicky et al., 2005), could be used to specifically simulate 
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solute (PBDE dissolved phase) transport in fractured rock settings.  Also, colloid-facilitated 

transport of PBDEs should be investigated through modeling studies.  In addition to the 

previously discussed colloidal-transport models (Ibaraki and Sudicky, 1995a; Oswald and Ibaraki, 

2001) a fractured rock colloidal model is presented by Abdel-Salam and Chrysikopoulos (1995), 

for example.  

2.4 Tracer Experiments 

Tracer experiments, using both natural and artificial tracers conducted in the field and laboratory, 

are useful tools to help develop conceptual models through the determination of flow connections 

and characteristics and transport properties in the subsurface (Davis et al., 1980; Evans, 1983; 

Flury and Wai, 2003).  Some of the first documented hydrogeological tracer experiments were 

performed in the late 1800s in Europe using Fluorescein, chloride and bacteria, and tracer 

experiments have been increasingly used in the last 30 years to simulate transport processes 

(Divine and McDonnell, 2005).     

2.4.1 Tracers 

Hydrogeological tracers can be: 1) natural components of water itself (e.g., natural isotopes, 

heat); 2) materials or chemicals unintentionally incorporated into the flow system (e.g., chloride 

from road salt, radioactive isotopes from bomb testing, CFCs); or 3) intentionally placed 

chemicals/dyes (e.g., Lissamine, rhodamine, bromide).  Ideal tracers will not harm the subsurface 

ecosystem (i.e., are non-toxic) or flow system, are easy to detect, are not already present in the 

water, are inexpensive, and are not highly sorptive (Davis et al., 1980).  

 

It is advantageous to use organic dyes as intentionally applied tracers as they are simple to handle, 

are inexpensive, and are easy to detect using equipment such as fluorometers both in situ and ex 
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situ.  A comprehensive review of dye tracers, with a focus on vadose zone hydrogeology, is 

presented by Flury and Wai (2003).   

 

Lissamine, an organic dye which is an excellent groundwater tracer due to its stability and low 

adsorption (Smart and Laidlaw, 1977) has been extensively used for tracer experiments conducted 

in fractured rock (Lapcevic et al., 1999b; Novakowski et al., 2004; Vilks et al., 2004).  Smettem 

and Trudgill (1983) conducted laboratory and in situ column experiments to evaluate the transport 

of fluorescent and non-fluorescent dyes in soils.  Lissamine was determined to be the most 

appropriate tracer to be used under field conditions with rapidly moving water.    

2.4.1.1 Subsurface and Laboratory Tracer Experiments  

For typical subsurface tracer experiments, a tracer is injected into a monitoring well, followed by 

in situ or ex situ monitoring of tracer concentrations.  These experiments can be run using various 

flow conditions (natural or induced gradients), and single or multiple wells (Domenico and 

Schwartz, 1998).  For example, using a two well test, the tracer is injected into one well while the 

second well is pumped. For divergent radial flow experiments, the tracer is injected into a well 

and then monitored in several observation wells (under ambient flow conditions).  For convergent 

radial flow experiments, the tracer is added to a well and is then drawn towards a pumped well.  

Numerous injection/withdrawal tracer experiments have been conducted in fractured rock settings 

to investigate processes such as hydrodynamic dispersion and matrix diffusion (Webster, 1970; 

Novakowski et al., 1985; Himmelsbach et al., 1998; Novakowski et al., 2004).   

 

From tracer experiments in fractured crystalline rock using tracers with varying molecular 

diffusivities and different pumping regimes, Becker and Shapiro (2000) hypothesized that the 

observed breakthrough tailing was advection-dominated due to the heterogeneous nature of the 

setting, as opposed to diffusion-dominated.  Champ and Schroeter (1988) compared rapid 
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(enhanced) transport of bacterial tracers to conservative tracers in a crystalline rock setting in 

Ontario.  To investigate retention properties of fractured crystalline rock for spent nuclear fuel 

storage, Andersson et al. (2004) conducted fracture network-scale in situ experiments using 

sorbing tracers.  It is also possible to conduct tracer experiments by distributing a source on the 

ground surface (infiltration tracer experiments).  These experiments (see following section) are 

much more limited in number than typical well-to-well experiments, especially in fractured rock 

settings.  

 

Laboratory tracer experiments have been elemental in investigating processes involved with 

solute transport in fractured rock, such as hydrodynamic dispersion (diffusion, channeling and 

velocity variations), matrix diffusion, and surface reaction (sorption) (Neretnieks et al., 1982). 

They have also been used to examine properties of the interaction of tracers with different media.  

Trudgill (1987) investigated three fluorescent dyes (Lissamine FF, Rhodamine WT and Amino G 

Acid) to determine adsorption and pH effects as well as problems related to background 

fluorescence and photo-decomposition.  It was suggested that adsorption isotherms (from 

laboratory batch tests) are useful for adsorption prediction, as they indicate the maximum levels 

of adsorption in intact soils. 

2.4.1.2 Infiltration Tracer Experiments 

Infiltration tracer experiments, particularly those conducted in fractured bedrock settings, are less 

common than well-to-well experiments.  Several infiltration experiments were conducted in the 

Cretaceous Chalk (England), where a 82Br gamma-emitting tracer was applied to a plot with the 

topsoil (~0.3 m) removed (Black and Kipp, 1983).  A constant flow regime was established, and 

the tracer was observed in wells.  In general, a small amount of tracer traveled to depth (e.g., 9 m) 

quickly, while the majority of the tracer traveled slowly in the upper 2 m.  One experimental run, 

where the radioactivity in both the mobile and static water was measured, was modeled 
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analytically; the difficulty of modeling tracer experiments in fractured rock settings was 

illustrated, specifically relating to model assumptions and resulting values for porosity, velocity 

and dispersivity.  An earlier experiment was conducted in the Chalk to investigate transport in the 

unsaturated zone (Smith and Richards, 1971).  The tritium tracer, which was spread onto the 

ground surface over an area of 60 m2, reached a depth of 0.4 m in 3.5 hours, and reached a depth 

of 1.5 m in approximately four days.  The geologic material through which the tracer traveled was 

a mixture of loam, clay, chalk, and flints.  

 

In South Korea, a ground-surface infiltration experiment in a regolith-fractured bedrock setting 

illustrated that the dye tracer (Brilliant Blue FCF) infiltrated greater than 2 m (Kim et al., 2006). 

Soil macropores, fractures (sedimentary rock) and the sloped overburden-bedrock interface were 

the dominant flow and transport pathways.  The shallow infiltration pattern was the main focus of 

this study, and the deep transport of the tracer in the fractured bedrock was not investigated.   

 

Recharge and contaminant migration was studied in an unsaturated chalky aquifer in Belgium, 

whereby multiple tracers were injected into wells screened in the unsaturated zone, at depths 

ranging from approximately 6 m to 19 m below ground surface (Brouyère et al., 2004).  The 

experiments were run under forced gradient and natural infiltration conditions, and the tracer 

arrival times were shorter (approximately three orders of magnitude) with the forced gradient 

conditions.  Also, they found that the existence or lack of a protective cover (i.e., a thick layer of 

sediment) affected the sensitivity of the aquifer to contamination. 

 

A unique and interesting unsaturated infiltration experiment using a bromide tracer was 

conducted at Yucca Mountain, in densely fractured rock (Liu et al., 2003).  An infiltration plot 

was located at the ground surface, with an alcove (30 m deep) to collect seepage water.  They 

concluded that continuum-approach-based models may be adequate to simulate transport 
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processes in densely fractured, unsaturated conditions, and that matrix diffusion can have an 

important effect on transport in this particular setting.    

 

Although overburden can provide protection to underlying aquifers, fractures or macropores in 

the overburden can increase the sensitivity to contamination.  In Denmark, chloride infiltration 

experiments were conducted to characterize flow and transport to a sandy aquifer through 13 m of 

fractured clayey till overburden (Sidle et al., 1998; Broholm et al., 2000; Nilsson et al., 2001).  

Rapid transport occurred, with breakthrough at 2.5 m depth in as little as 5 hours.  Mikovari et al. 

(1995) applied multiple tracers (i.e., fluorescent dyes and bromide) to the surface of the soil using 

a sprinkler device as well as an infiltration trench to investigate transport through the unsaturated 

zone.  Results showed that fast preferential flow occurred through a well connected macropore 

system.        

    

The transport of nitrate from the ground surface in a sandy aquifer with a shallow water table was 

simulated using a sodium bromide tracer and artificial recharge, with the objective to determine 

the travel time from the ground surface to a contaminated zone, the depth to which chemicals 

travel, and the retention time of the tracer/chemicals (Sweed et al., 1996).  The tracer traveled 

rapidly, reaching the deepest monitoring point (approximately 2.1 m below ground surface) 20 

hours after the tracer was applied.  

 

In addition to the study of contaminant movement, tracer infiltration experiments can be used to 

calculate groundwater recharge rates.  In India, groundwater recharge was investigated 

extensively using tritium injected approximately 0.7 m below ground surface, followed by 

collection of soil cores and subsequent measurement of tritium activity in extracted soil moisture 

(Athavale et al., 1980; Rangarajan and Athavale, 2000).  In Southern California, tracers (boron 

and xenon isotopes) were used to estimate travel time and dilution effects from an artificial 
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recharge infiltration basin to monitoring wells in porous media (Quast et al., 2006).  Multiple 

tracer peaks were observed, which indicated several flow paths due to the complexity of the soil 

structure.   

 

Although previous infiltration tracer experiments have been used to investigate solute transport 

from the ground surface, little is known about transport pathways and processes from near surface 

features to those at depth in fractured crystalline rock aquifers with minimal overburden cover.  

Furthermore, little is known about contaminant travel times to wells and subsequent 

concentrations received by wells following surface-application of contaminants in this setting.  

More research is needed to investigate the transport of solutes from the ground surface to depth in 

fractured rock aquifers, specifically in the granitic environment of the Canadian Shield.  

Infiltration tracer experiments are a useful tool for this undertaking.   

2.4.1.3 Interpretation of Infiltration Tracer Experiments 

Both analytical and numerical models can be utilized to interpret tracer experiments.  In fractured 

media the calibration and validation of mathematical models is often more difficult than in 

granular media, since additional parameters and processes such as matrix diffusion may need to 

be accounted for (Maloszewski and Zuber, 1992).  

 

Numerous exact analytical solutions have been developed to interpret tracer migration in discrete 

fracture systems.  For example, to explore the migration of radionuclides from nuclear waste 

repositories in fractured bedrock, Neretnieks (1980) developed a solution for transport in a single 

fracture, accounting for matrix diffusion.  Tang et al. (1981) present a more rigorous solution for 

transport along a discrete fracture, accounting for: advection, mechanical dispersion and 

molecular diffusion along the fracture; matrix diffusion; fracture wall adsorption and adsorption 

in the matrix; and radioactive decay.  This solution was extended by Sudicky and Frind (1982) for 
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a system of parallel discrete fractures.  Novakowski (1992) developed a semianalytical model for 

divergent transport in a radial flow field, accounting for mixing at source and observation wells, 

and for matrix diffusion.  More recently, for an injection-withdrawal experiment, a numerical-

analytical model was developed whereby one-dimensional solute transport (with matrix diffusion) 

was applied to a field of streamlines produced from a particle-tracking routine (Novakowski et 

al., 2004). 

 

In contrast, fewer analytical or semianalytical models have been developed to account for 

contaminant transport from the ground surface, especially first through soil and vertical fracture 

features then though horizontal features which intersect wells.  It is difficult to develop a rigorous 

analytical solution for this complex case.  For example, Black and Kipp (1983) constructed a one-

dimensional analytical solution for their infiltration tracer experiment where the soil was removed 

over the Cretaceous Chalk and various tracers were applied at the ground surface.  They did not 

account for partially saturated flow or layering in the media, and there were problems related to 

parameter cross correlation and confidence interval estimates for the derived parameters.  Thus, 

for infiltration experiments, numerical models are likely a better approach for simulating the flow 

and corresponding tracer or contaminant transport. 

 

For field sites that have been hydraulically characterized in detail, discrete fracture network 

models (as opposed to continuum and multi-continuum approaches) can be used as a tool to 

investigate the effects of individual fracture features on groundwater flow and contaminant 

transport (Berkowitz, 2002).  Fracture characteristics that can be incorporated into discrete 

fracture network models include aperture, spacing, density, and length.  For example, 

HydroGeoSphere (Sudicky et al., 2005) is a fully-integrated 3D surface-subsurface control-

volume finite element model.  For the 2D land surface and the 3D subsurface, HydroGeoSphere 

can simulate water and heat flow, as well as advective-dispersive solute transport, under variably-
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saturated conditions in a fracture network.  HydroGeoSphere has been used to simulate well-to-

well tracer experiments (Novakowski et al., 2007; Moore, 2008).  Recently, HydroGeoSphere 

was used to simulate variably-saturated flow and solute transport in clayey till for an infiltration 

tracer experiment (Rosenbom et al., 2009).    

2.5 Summary 

Clearly, it is imperative to have a clear understanding of the sensitivity of fractured bedrock 

aquifers to contamination from anthropogenic activities to protect environmental health and 

wellbeing.  Nitrate and E. coli can be utilized to identify contaminants from agricultural activities, 

which are often disperse and widespread.  Information regarding their potential concentrations, 

transport distances, and persistence in fractured bedrock aquifers with minimal overburden cover 

requires more investigation.  

 

PBDEs are emerging contaminants of concern that have not been previously measured in 

groundwater.  As they are ubiquitous in the environment, it is very important that the groundwater 

matrix is not ignored.  Bedrock aquifers that are particularly sensitive to contamination are a good 

setting in which to commence the investigation of PBDEs in groundwater.      

 

Little is known about transport pathways and processes from near surface features to those at 

depth in fractured crystalline rock aquifers with minimal overburden cover and shallow water 

tables.  Furthermore, little is known about contaminant travel times to wells and subsequent 

concentrations received by wells following surface-application of contaminants in this setting.  

Infiltration tracer experiments can be used to simulate the transport of contaminants from the 

ground surface to depth.     
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Thus, Chapter 3 and Chapter 4 discuss field-based investigations of the impact of cattle pasturing 

on and PBDE concentrations in a fractured bedrock aquifer with minimal overburden cover 

located in the Canadian Shield.  Chapter 5 presents an infiltration tracer experiment and modeling 

study that was conducted to specifically investigate the transport of solutes from the ground 

surface to wells. 
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Chapter 3 

The Impact of Cattle Pasturing on Groundwater Quality in Bedrock 

Aquifers having Minimal Overburden 

3.1 Introduction 

Groundwater from fractured bedrock aquifers provides precious water supply in many parts of the 

world. Numerous anthropogenic activities, however, such as intensive agriculture, can negatively 

impact groundwater quality (Mawdsley et al., 1995; Böhlke, 2002).  In many agricultural settings 

this issue is of paramount importance as the safety of local water supplies can be compromised by 

the migration of pathogens from animal and human waste, or from the application of crop 

fertilizers and pesticides (Aldwell, 1997; Chen et al., 2005).  High nitrate (NO3
-) levels in 

drinking water is also of great concern, as this can lead to methemoglobinemia, an acute condition 

also known as ‘blue-baby syndrome’, among other health related problems (Fan and Steinberg, 

1996; Townsend et al., 2003).  The World Health Organization drinking water standard is 10 

mg/L nitrate-N (45 mg/L NO3
-).  Although it has been well established that agricultural activity 

can impact groundwater quality (Goss et al., 1998; Rudolph et al., 1998; Nolan and Stoner, 2000; 

Conboy and Goss, 2000), studies that clearly illustrate the temporal and spatial variability of 

agricultural contaminants such as nitrate and E. coli in fractured rock aquifers with thin 

overburden are limited.  

 

In the absence of macropores or preferential flow paths (Iqbal and Krothe, 1995; Cey et al., 2006) 

surficial material can provide important protection for bedrock aquifers.  Transport of bacteria (E. 

coli, fecal coliforms, etc.) through soil and solute, specifically nitrate, have been broadly studied 

in a variety of settings (Silliman, 1995; Adelman and Tabidian, 1996; Unc and Goss, 2003; 

Onsoy et al., 2005).  In North America and in northern Europe, however, many fractured rock 
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aquifers have little surficial material to provide natural protection, and are thus extremely 

vulnerable to contamination (Pronk et al., 2006). This type of setting can be found in many areas 

underlain by crystalline, meta-sedimentary and sedimentary units. 

 

Several characteristics of bedrock aquifers with minimal overburden increase their sensitivity to 

contamination.  High groundwater velocities in fractures can lead to rapid transport rates and 

hence widespread contaminant migration.  For crystalline rock specifically, matrix porosities are 

low, providing little protection from retardation mechanisms such as matrix diffusion (Mutch et 

al., 1993).  In anaerobic environments, denitrifying bacteria can decrease nitrate concentrations 

by conversion to N2 gas (Knowles, 1982; Stumm and Morgan, 1996), although in crystalline rock 

settings, dissolved organic carbon (DOC) levels may be too low for denitrification to act as a 

sufficient mitigating process. DOC acts as an electron donor for heterotrophic denitrifying 

bacteria, and it is also used as a cell carbon source (Rolston, 1981; Carle et al., 2004).  In 

addition, survival times of E. coli in the subsurface range in the literature from few weeks in soil 

(Mawdsley et al., 1995) to up to 300 days (Malard et al., 1994) in fractured rock aquifers.  

Recharge is an important factor for the transport of nitrate and bacteria, in that rainwater 

facilitates the transport of contaminants from the surface to the subsurface, and can also dilute 

subsurface concentrations in the absence of new inputs (Iqbal and Krothe, 1995).  The variability 

of contaminant concentrations may be increased due to the variable recharge patterns that can be 

observed in fractured rock environments (Flint et al., 2002). 

 

A watershed-scale modeling study of a fractured rock aquifer with shallow overburden illustrated 

the possibility of localized contamination of groundwater by agricultural land use (Gburek and 

Folmar, 1999).  In a field based study, Gerhart (1986) investigated the influence of recharge 

volumes and source availability (e.g., manure) on nitrate concentrations in a dolomite aquifer.  

Temporal variations of nitrate concentrations were measured at a monitoring well, however the 

 41 



spatial heterogeneity of nitrate at the site was not examined.  Green et al. (1998) demonstrated 

that NO3
- concentrations are spatially heterogeneous on a large scale in crystalline bedrock on the 

island of Jersey (117 km2 in area), although temporal variations were not studied. Laftouhi et al. 

(2003) determined that a karstic aquifer with minimal overburden in Morocco had little protection 

against the rapid transport of large concentrations of nitrate into the subsurface in an area of 

intensive agriculture.  Spatial variability of concentrations was observed.  The results from these 

studies would be augmented by more detailed information on the link between the source of 

nitrate and both the spatial and temporal distribution of contamination, and further study is 

needed in crystalline rock settings specifically.   

 

From tracer experiments conducted in crystalline bedrock aquifers, Allen and Morrison (1973) 

determined that the direction and rate of bacterial transport was controlled primarily by the 

orientation of major bedrock fracture sets, with little retardation or filtration occurring along the 

flow path, and Becker et al. (2003) found that bacterial properties such as motility, cell size and 

morphology can influence the extent of transport.  Reported travel distances for bacteria in 

fractured rock aquifers, which range from tens of meters (Allen and Morrison, 1973; Champ and 

Schroeter, 1988) to greater than four kilometers (Malard et al., 1994) emphasize the sensitivity of 

these settings.  In a gneissic aquifer, Malard et al. (1994) determined that the observed spatial 

heterogeneity of groundwater fecal contamination was related to land use (wastewater sources), 

and recharge influenced concentrations.  As private wells were used to collect samples in this 

study, additional information that can be obtained from monitoring wells, such as transmissivity 

data and depth-related concentrations, were not available.  Similar to the case for nitrate, more 

detailed study is required to improve the understanding of the link between the source and the 

temporal and spatial distributions of bacteria, especially in agricultural settings.     
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Although detailed studies on nitrate and bacterial transport have been conducted in porous 

aquifers and in the laboratory, there are few investigations in natural bedrock settings that 

examine detailed time-series and spatial data which illustrate the potential heterogeneity of both 

nitrate and bacterial contamination at the local scale as a result of specific agricultural activity.  

As fractured bedrock aquifers are widely utilized for water supply in some areas, a better 

understanding of the transport and attenuation mechanisms of manure-based contaminants is 

required for the management of this water supply.  Using results obtained from a research site 

located in an agricultural setting near Perth, Ontario, Canada, the purpose of this study is to 

develop a more thorough understanding of the potential impact on the groundwater quality in 

bedrock aquifers resulting from local small-scale agricultural activities, such as the pasturing of 

cattle.  Specifically, the objectives are threefold: 1) to investigate the temporal variability of 

nitrate and E. coli concentrations on a monthly and daily basis; 2) to determine the spatial 

variability of those two agricultural contaminants at the local scale; and 3) to relate the findings to 

pasturing practices in these sensitive settings. 

3.2 Hydrogeological Characterization of Study Site 

To conduct this research, a field site was selected in an area underlain by gneissic bedrock and 

protected by a minimal thickness of overburden.  A five-hectare hay field was chosen adjacent to 

the Tay River in an area of moderate to intensive agriculture.  Cattle are pastured in the vicinity of 

the research site, and additional nutrients are applied in the area. 

3.2.1 General Setting  

The 865 km2 Tay River watershed is underlain by Precambrian (Canadian Shield) and Paleozoic 

(Smith Falls Limestone Plain) units (Wilson, 1961).  The research site, located within the 

Frontenac Terrane of the Grenville Province in the Canadian Shield (Eyles, 2002), is underlain by 

syenite-migmatite encountered as a banded gneissic rock.  Surficial geology consists of a thin till 
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veneer, generally ranging in thickness from 0 to 2 m (Kettles, 1992).  Numerous bedrock outcrops 

are present at the field site.  The topography in the vicinity of the site is generally flat lying to 

gently rolling and elevations range from about 150 to 160 metres above sea level (see Figure 3.1). 

 

 

 

Figure 3.1 Research site location and layout (modified from MNR, 2002). A lower-
hemisphere, equal-area stereonet of the poles to fracture measurements, plotted with a 2σ 
uncertainty (Gleeson and Novakowski, 2009) is shown. 

 

The annual average precipitation in the region is 875 mm, ranging from about 840 to 980 mm in 

different locations (Environment Canada, 2002; Golder et al., 2003). In January, the coldest 

month, the average monthly mean temperature is approximately -10oC, with a maximum monthly 

mean of about 20oC in July.  Recharge at this site is very limited, averaging only a few percent of 

each rainfall event (Milloy, 2006; Novakowski et al., 2007).  In the study area, interaction 
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between groundwater and the Tay River is limited (i.e., groundwater likely underflows the river) 

(Praamsma, 2006). 

  

Perhaps due to the rugged terrain of the Canadian Shield and the thin overburden in the area, 

large-scale intensive agriculture is generally not practiced in the Tay River watershed. The 

majority of farms have an area of less than 121 hectares.  Popular crops include alfalfa and alfalfa 

mixtures, barley, corn and oats.  In the watershed, approximately 20,232 ha are under cultivation, 

while 24,391 ha are utilized as pasture for primarily beef cattle, dairy cattle, horses and also 

sheep, pigs and turkeys (RVCA, 2000).  In the immediate vicinity of the research site, the land 

use is predominantly agricultural with some forested areas.  Crops include alfalfa mixtures and 

corn.  Fields are also utilized as pasture for beef cattle.  Commercial fertilizers are not presently 

utilized in the fields surrounding the research site. In the area of the study site (Figure 3.1) 

approximately sixty beef cattle (cows with calves) are pastured from mid May to the end of 

October each year in the larger pasture.  Twenty cattle are pastured year-round in the smaller field 

(west of the large pasture). 

3.2.2 Monitoring Wells and Site Instrumentation 

From 2004 to 2006, eleven 0.15 m diameter monitoring wells were drilled at the site using an air 

rotary percussion method (see Figure 3.1 and Table 3.1).  Wells TW1 to TW4 were drilled in 

2004, TW5 to TW7 in 2005, and TW8 to TW11 in 2006.  TW8 was not sampled for this 

investigation, as it was being used for Cooke (2007).  Well casing was installed and grouted 0.6 

m into the bedrock at each well, to allow for sampling of the groundwater at shallow depths.   
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Table 3.1 Monitoring well information, including well names, depths, depths to bedrock and 
the multilevel well intervals (S, M and D correspond to shallow, mid and deep sections, 
respectively). 

Name Depth (m) Depth to Bedrock (m) Multilevels 

TW1 30 0 M, D 

TW2 30 0 open 

TW3 30 0 S, D 

TW4 30 <2 S, M 

TW5 56 4.3 S, M, D 

TW6 49 4.0 S, M, D 

TW7 46 0 S, M, D 

TW9 37 <2 S, M, D 

TW10 44 2.1 S, M, D 

TW11 37 4.1 S, M, D 

 

In order to locate significant fracture features and measure the hydraulic properties, hydraulic 

testing of the wells was conducted.  This included pumping tests (8 to 12 hours in duration), slug 

test measurements using contiguous straddle-packer intervals (1.77 m isolated section), and 

down-hole videotaping.  Depending on well depth, fifteen to twenty-eight slug tests were 

conducted in each well (see Appendix A).  The Theis (1935) method and the Hvorslev (1951) 

method were utilized to analyze the pumping tests and slug tests, respectively.   

 

The wells were completed as multilevel piezometers to isolate fracture zones in the aquifer 

following hydraulic characterization.  PVC pipes (0.05 m diameter), slotted over transmissive 

zones, were installed.  Bentonite and #2 sand were emplaced to create two to three isolated levels 

in each well.  Well TW2 was not completed as a multilevel well due to its low production 

capability.  The multilevel wells provide a total of twenty-five sampling locations (Table 3.1).  

For the multilevels, the descriptors ‘S’, ‘M’ and ‘D’ correspond to shallow, mid, and deep 

sections, respectively.   
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Precipitation and climate data were also collected using an on-site weather station and a separate 

rainfall gauge.  Recorded parameters include precipitation, ambient air temperature, wind speed 

and barometric pressure, which were collected at 15-minute intervals.  To obtain detailed 

hydraulic head measurements, pressure transducers (Levelogger®) which recorded water levels 

every 15 minutes were periodically installed in several wells throughout the study period.  From 

May 22 to June 8, 2007, 19 transducers were deployed to obtain detailed hydraulic head 

responses to several precipitation events.     

3.2.3 Conceptual Model Development  

Hydraulic testing results and water level monitoring data were utilized to produce a conceptual 

model for flow and transport at the research site, which is shown as a cross-section in Figure 3.2.  

The cross-section (A - A′) intersects wells TW10, TW1, TW5 and TW6.  A potential nutrient 

source zone occurs in the large pasture (Figure 3.1), where manure is present from May to 

October (beef cattle pasture).  Well completion diagrams and transmissivity values for these wells 

are presented in Figure 3.2.  The hydraulic characterization (e.g., slug and pumping tests) showed 

that the transmissivity at the metre-scale is extremely variable, which is typical of this geological 

setting.  The observed transmissivity values range from less than 1x10-8 m2/s to 4x10-3 m2/s.  

Using the cubic law, the maximum and minimum transmissivities correspond to equivalent single 

fracture apertures of less than 20 μm to approximately 1700 μm for the 1.77 m straddle-packer 

intervals.  The geometric mean T and aperture is 1.74x10-6 m2/s and 130 μm, respectively.  

Vertical fracture features transmit recharge water and contaminants from the surface to the 

subsurface and connect horizontal fractures, which transmit groundwater laterally.  Average 

vertical fracture spacing was not measured because of the limited outcrop in the area.    
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Figure 3.2 Conceptual model of the field site.  The general groundwater flow direction is 
eastwards, or from TW1 to TW5 (Figure 3.1).  A potential source zone for nutrients 
(pasture field) is located at A.  Encountered transmissivity values (plots of Log T in m2/s) 
and fractures inferred from hydraulic data are shown.  The bentonite confining layers for 
the multilevels are black.   

 

Utilizing hydraulic head data in three point calculations for various well combinations, the local 

hydraulic gradient is in the order of 0.001 to 0.01, directed approximately to the west.  This 

direction ranges between the northwest and the southwest, depending on the year and the location 

within the field.  From mapping of surface features in the watershed (see stereonet in Figure 3.1), 

major fracture sets are approximately NE-SW and NW-SE trending (Gleeson and Novakowski, 

2009).  At the site, the surface topography slopes eastward.  Thus, it is proposed that the local 

groundwater flow direction is generally east (see Figure 3.1).   

 

The distributions of T with depth, as shown in Figure 3.2, are dominated by several large scale 

features (i.e., TW1 at mid-depth, TW10 at the top and bottom, and at several depths in TW6).  

These features are likely to be sheeting fractures, horizontal fracture features that occur due to 

glacial unloading or significant erosion (Holzhausen, 1989; Karasaki et al., 2000).  These 

fractures are often observed in this type of rock and can be traced over many tens of metres in 
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horizontal distance (Raven, 1986).  These features are observed in the video logs at the locations 

where the larger values of T are encountered.   

 

Utilizing information obtained from the water level monitoring and the hydraulic 

characterization, groundwater transit time across the field site is predicted to be rapid (on the 

order of days or weeks) assuming adequate fracture connectivity.  For example, using the 

geometric mean aperture (130 μm), a hydraulic gradient of 0.005, and a distance of 220 m 

(approximate distance from TW1 to TW5), the travel time is calculated to be about 37 days.  

More conservatively, with a gradient of 0.001 and an aperture of 130 μm, the travel time may be 

as large as 184 days. As noted above, larger sheeting fractures are most likely to be connected 

over longer distances.  Thus, considering a larger aperture of 700 μm (an example fracture 

aperture from high T measurements) and a hydraulic gradient of 0.005, this travel time could be 

as small as two days.  Thus, a broad range of transport times are possible with very rapid 

transport likely in the connected large-aperture fractures.  Rapid travel times exhibited in 

fractured rock aquifers contribute to their vulnerability to contamination, as contaminants can 

move quickly throughout the aquifer.   

 

Water levels at the site were generally the lowest at the end of the hot summer months (August or 

September) and highest after the autumn precipitation events.  For example, the hydraulic head in 

TW1M rose 3.9 m from early October, 2005 to January, 2006 and 2.7 m from mid-September, 

2006 to early December, 2006.  Over the same periods, TW1D rose 2.8 m and 2.3 m.  For 

locations with ‘thicker’ overburden (i.e., towards the eastern border of the site near TW5 and 

TW6) wells exhibited less variation in water levels over the sampling period.  For example, the 

hydraulic head in TW5S rose 1.3 m and 1.2 m over the aforementioned time periods.  From 

hydraulic, isotopic and thermal data, Gleeson (2009) found that wells in the study area do not all 
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respond similarly to recharge events and most do not recharge rapidly; it is proposed that rapid 

recharge occurs at outcrops and areas of thin overburden (< 0.4 m). Correspondingly, the detailed 

Levelogger deployment from May 22 to June 8, 2007 showed that certain wells (TW3S, TW4S) 

exhibited rapid hydraulic responses to precipitation events (Figure 3.3).  Most wells responded 

with increasing water levels to a series of rainfall events that occurred from June 2nd to June 5th 

(73.5 mm of precipitation in total).  Good vertical connection was observed in several wells (e.g., 

TW5 and TW6), as illustrated by similar water level responses for each multilevel.  Horizontal 

connection likely occurs through the sheeting fractures.  The degree of connection is determined 

to be relatively high regionally as the calculated hydraulic gradients are generally less than or 

similar to the topographic gradient. 

 

 

Figure 3.3 Water levels and precipitation for May 22, 2007 until June 8, 2007.  

3.3 Sampling and Monitoring Program 

Surveys of groundwater chemistry and microbiology were conducted from October, 2005 to 

December, 2006.  The three newest wells (TW9, TW10 and TW11) were sampled from July to 
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December, 2006.  Monthly samples were obtained from the multilevel wells in order to study the 

potential impact (including depth of migration, transport distances, persistence, and 

temporal/spatial variations) of the agricultural activities in the area.  Samples were collected for 

the measurement of nitrate, nitrite, ammonia, and dissolved organic carbon (DOC) 

concentrations. E. coli concentrations were also measured as an indicator of fecal contamination.  

Intensive five day sampling rounds during baseflow and recharge conditions were also conducted 

in August, 2006 and October, 2006, respectively.   

 

Prior to sample collection, static water levels were determined using a handheld water level 

meter.  Wells were purged and sampled using either a submersible pump (0.05 m diameter) with 

polyethylene tubing or dedicated polyethylene tubing fitted with a Waterra foot valve.  Electrical 

conductivity, dissolved oxygen (DO) and pH were measured in the field using a handheld YSI 

556 Multi-probe System.  Chemical species samples (including nitrate and DOC) were collected 

in 250 mL plastic bottles with screw caps, leaving minimal headspace.  Samples were kept cool in 

the field and were refrigerated post collection at 4oC until analysis.  Samples for bacteriological 

analysis were collected in 250 mL sterile, screw capped plastic containers that contained sodium 

thiosulfate.  They were kept cool in the field and were delivered to the laboratory for analysis at 

the end of each sampling day. Duplicate samples were obtained in the field.  

 

Chemical analysis was completed at the Analytical Services Unit (ASU) at Queen’s University in 

Kingston, Ontario, Canada.  For nitrate-N and nitrite-N concentrations, samples were analyzed 

using a Dionex DX300 Ion Chromatography system with conductivity detector and auto-sampler.  

The minimum detection limit was 0.05 mg/L-N.  This method also yielded concentrations for 

additional major anions (chloride, Cl-; sulphate, SO4
2-; and fluoride, F-).  All quality control 

samples were within 15% of target concentrations. The ammonia samples were analyzed 

colorimetrically using a Technicon auto-analyzer having a minimum detection limit of 0.1 mg/L-
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N.  The DOC samples were filtered using a 0.45 μm vacuum filter to remove suspended 

constituents prior to analysis on a Shimadzu TOC-V CPN.  This instrument is a total organic 

carbon analyzer that measures non-purgeable organic carbon.  The bacteriological samples were 

analyzed at Caducean Laboratories in Kingston, Ontario.  A standard membrane filter method 

(SM 9222b) was utilized (Eaton et al., 2005).  E. coli concentrations were reported as counts per 

100 mL of sample.     

3.4 Temporal Variability of Nitrate and Bacteria 

Chemical (nitrate-N) and bacterial (E. coli) concentrations varied both spatially and with time at 

the field site over the study period.  Some wells were more impacted by nitrate, including TW1 in 

particular, while others showed bacterial contamination (such as TW3).  Interestingly, the wells 

that were most impacted by nitrate were generally the least impacted by E. coli and vice versa.  

For the 5-day sampling rounds during baseflow and recharge conditions, nitrate concentrations 

were much less sporadic on a daily scale then E. coli.  The nitrate and E. coli results are discussed 

in more detail below.  Based on the National Atmospheric Chemistry database, the local 

precipitation has low nitrate concentrations, so it is assumed that nitrate is not significantly 

introduced into the flow system directly from precipitation (CAPMoN, 2004).    

3.4.1 Nitrate    

Over the sampling period, nitrate concentrations varied both spatially and temporally at the field 

site (see Appendix C).  Figure 3.4 shows the nitrate-N concentrations for the three wells most 

impacted by nitrate (TW1, TW5 and TW6) from October, 2005 to December, 2006.  At times, 

TW1M and TW1D had nitrate concentrations above the Ontario Drinking Water Quality 

Standards of 10 mg/L NO3
--N.  Wells TW2, TW3, TW4, TW7, TW9 and TW10 consistently had 

low nitrate concentrations (less than 3 mg/L NO3
--N).  Well TW11 had one instance of 4.1 mg/L 

NO3
--N in July, 2006, but since then had concentrations less than 2 mg/L.  Well TW1M showed 
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the greatest variability in nitrate concentrations, with values ranging from a maximum of 15.1 

mg/L NO3
--N in October, 2005 to a minimum of 1.1 mg/L in December, 2006.   

 

Figure 3.4 Nitrate profiles for wells with highest concentrations (for all axes, the vertical 
scale is 2 mg/L NO3

--N between tick marks and the horizontal scale ranges from October 10, 
2005 to December 4, 2006) 

 

As illustrated in Figure 3.4, the nitrate-N concentrations for TW1M peaked and then rapidly 

decreased in the autumns of both 2005 and 2006.  Well TW5S followed a similar but delayed 

pattern, with less significant changes in concentration.  During the autumn when peak nitrate 

concentrations were observed in TW1, the downgradient concentrations (TW5, TW6) were lower 

and not above drinking water standards.  Interestingly, the maximum nitrate concentrations were 

not always observed in the shallowest sections of the wells.  Well TW5D had slightly higher 

concentrations than TW5M, while TW6M and TW6D both had higher concentrations than 

TW6S.   

 

With respect to recharge and nitrate levels, distinct patterns relating nitrate concentrations to 

changing elevations in hydraulic head were not observed.  However, for TW1M specifically, 
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nitrate concentrations appeared to decrease with increasing hydraulic head.  When water levels 

were low nearing the end of the summer baseflow period (e.g., August, 2006) the nitrate 

concentrations greatly increased, then once again decreased when autumn precipitation occurred 

(e.g., October to November, 2006).  Since the nitrate concentrations for TW1M vary inversely 

(roughly) with recharge (or increasing water levels), dilution may influence the nitrate 

concentrations at this location. This suggests that the nitrate is transported over a significant 

distance.  However, other factors, such as nitrate availability at ground surface, may influence the 

concentrations, as will be discussed below.    

 

For comparison of the nitrate concentrations during recharge (rainy periods with increasing water 

levels) and baseflow conditions, the mean nitrate concentration for each well (see Figure 3.5) was 

calculated for three periods: (1) October, 2005 to January, 2006 (overall mean of 2.8±1.1 mg/L-

N); (2) February to August, 2006 (overall mean of 1.9±0.6 mg/L-N); and (3) September to 

December, 2006 (overall mean of 1.5±1.1 mg/L-N) Autumnal recharge occurs during periods (1) 

and (3).  The lower mean concentration during period (3) may be explained by higher 

precipitation than during period (1) or perhaps lower nutrient availability at the surface during 

this time.    

 

The other related nitrogenous species, nitrite and ammonium, were measured at very low 

concentrations or were undetected. For example, nitrite was not detected in any of the wells at the 

site over the entire sampling period.  Ammonium (NH4
+) was observed in low concentrations 

ranging from non-detect to a maximum of 0.7 mg/L-N.  
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Figure 3.5 Average nitrate concentrations (and standard deviations ) for selective wells 
during two recharge periods (1. October 2005 to January 2006 and 3. September to 
December 2006) and for the remainder of the sampling period (2. February to August 2006)   

 

The objectives of the baseflow (August, 2006) and recharge (October, 2006) five day sampling 

rounds were twofold: 1) to determine if nitrate concentrations arriving at the well receptors varied 

on a daily scale; and, 2) to see if results were different for hot/dry versus wet/cool periods.  The 

results indicate that nitrate concentrations arriving at the sampling locations are quite consistent 

on a daily timescale.  During baseflow conditions, the nitrate values (averaged over five days) for 

the four wells with the highest concentrations are as follows: TW1M: 9.3±0.2 mg/L-N; TW1D: 

7.2±0.1 mg/L-N; TW5S: 3.5±0.1 mg/L-N; and TW6M: 2.7±0.1 mg/L-N.  During recharge 

conditions, the following concentrations were observed: TW1M: 8.6±0.7 mg/L-N; TW1D: 

6.1±0.2 mg/L-N; TW5S: 2.8±0.2 mg/L-N; and TW6M: 2.7±0.2 mg/L-N.  Concentrations were 

slightly higher in August than October for these four piezometers, which may be explained by a 

greater amount of recharge causing dilution during the wetter month.  However, different 

sampling dates (a few weeks prior to or after the actual sampling dates, for example) would have 
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influenced the observed concentrations, especially for TW1, as the nitrate concentrations varied 

greatly (Figure 3.4) during this period (August to November). 

3.4.1.1 Dissolved Organic Carbon  

As the geological unit at the site is composed of non-sedimentary rock, the source of DOC is 

likely from the decay of organic matter from plants and animals (including manure) at the ground 

surface.  As with nitrate, there was significant variation of DOC during the sampling period 

throughout the site.  For the four piezometers with the highest nitrate concentrations (TW1M, 

TW1D, TW5S and TW6M), the DOC concentrations were relatively low, ranging from 1.5 to 4.0 

mg/L (see Appendix C).  Wells that had low nitrate concentrations had much higher DOC 

concentrations, such as TW3S and TW4S, where DOC values ranged from 2.0 to 14.9 mg/L.  

Figure 3.6 compares nitrate-N and DOC concentrations for several wells.  Generally, 1.1 mg of C 

is required to reduce 1.0 mg of N in heterotrophic denitrification (Korom, 1992; Green et al., 

1998).  Thus, the observed amount of DOC could potentially reduce nitrate-N concentrations by 

about 1.4 mg/L to a maximum of 13.5 mg/L.   

 

 
Figure 3.6 Nitrate-N and DOC concentrations for several wells.  
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Along the flow path from TW1M and TW1D towards TW5S and TW6M, the DOC 

concentrations were fairly consistent over time, with no significant decreases from the upgradient 

well to the downgradient wells (e.g., average for TW1M and TW5S, respectively, was 2.25±0.42 

mg/L and 2.13±0.60 mg/L).  Along this flow path it does not appear that DOC is subject to 

dilution like chloride (see below), which supports the hypothesis that the DOC source is decaying 

organic matter coming from the entire surface area.     

 

TW3S and TW4S appear to be the most sensitive to recharge events (Milloy, 2006; Gleeson et al., 

2009) and these wells have higher DOC concentrations then TW1, for example.  Therefore it is 

hypothesized that organic carbon is being rapidly transported to these wells through local 

recharge events. Although there may be sufficient DOC for denitrification to occur, field 

measured DO concentrations also indicate aerobic conditions (O2 concentrations range from 

approximately 1 mg/L to 11 mg/L).  As oxygen is utilized as an electron acceptor prior to nitrate, 

it is proposed that heterotrophic denitrification is not a significant mitigation process at this site.    

3.4.1.2 Chloride and NO3
- 

Chloride (Cl-) is a conservative constituent in groundwater.  In agricultural areas, a potential 

source of Cl- is livestock manure (Hao and Chang, 2003).  If nitrate is also considered to be 

unreactive, the ratio of nitrate to chloride should not change with space or time.  However, if 

nitrate reduction processes such as denitrification occur, for example, the NO3
- to Cl- ratio would 

decrease.  The observed chloride concentrations for several wells and the ratio of nitrate-N to 

chloride are plotted in Figure 3.7.   
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Figure 3.7 Chloride concentrations and the ratio of nitrate-N/chloride over the study period 
for selective wells.   

 

Generally, chloride concentrations are greater in the deeper intervals, and tend to decrease slightly 

(TW1M, TW1D, TW5S, TW6S, TW6D) or remain fairly constant over the study period (see 

Appendix C). Chloride appears to decrease along the flow path (i.e., from TW1 and TW3 to TW5 

and TW6) which may indicate that dilution from recharge plays a role and that the chloride 

source is upgradient from these wells. For TW1D, the NO3
- to Cl- (mass) ratio was quite 

consistent over time (0.62 ± 0.07), indicating that upgradient dilution and not attenuation 
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mechanisms such as denitrification may have influenced the NO3
- concentrations observed at the 

well.  Conversely, for TW1M the nitrate values and chloride concentrations did not remain at a 

constant ratio over time, with higher ratios (1.16 ± 1.90) when nitrate was at peak concentrations 

(e.g., August to October, 2006).  The decreasing NO3
- to Cl- ratio that occurred after the two 

nitrate peaks for this well (October, 2005 and September, 2006) could indicate that mechanisms 

that decrease the nitrate concentrations were occurring if a constant source function is assumed.  

Alternatively, the source of nitrate may have been different than the chloride source (for example, 

the source of some chloride could be from the application of road salt upgradient from the site).  

 

Considering the local flow direction, TW5 is downgradient from TW1.  Assuming adequate 

fracture connectivity for groundwater to travel from TW1 to TW5 and assuming no additional 

source of nitrate between these two wells, it appears that nitrate attenuation mechanisms are not 

occurring along the flow path, as the NO3
- to Cl- ratio did not decrease from either TW1 interval 

to TW5S (i.e., the chloride concentrations decreased more then the nitrate concentrations).   

3.4.1.3 Sulphate and NO3
- 

In addition to heterotrophic denitrification (oxidation of DOC), autotrophic denitrification 

(involving the oxidation of sulfur compounds) is another means by which nitrate can be reduced 

to N2 (Ayraud et al., 2006).  When sulphur compounds are oxidized by nitrate, sulphate 

concentrations increase (Frind et al., 1990; Soares, 2000), while nitrate concentrations decrease.  

At this site, sulphate concentrations generally increased with depth, and concentrations varied 

spatially and temporally (see Appendix C).  In general, for the wells with the highest nitrate 

concentrations (e.g., TW1, TW6), sulphate and nitrate were directly proportional, with lower 

nitrate concentrations corresponding to lower sulphate concentrations (e.g., for TW6S nitrate and 

DOC were linearly proportional, R2=0.86). Sulphate generally decreased along the flow path (i.e., 

 59 



from TW1 and TW3 to TW5 and TW6), indicating that autotrophic denitrification is not likely to 

occur here. 

3.4.1.4 NO3
- Transport Modeling 

Numerical modeling was conducted to simulate one-dimensional advective-dispersive transport 

of the nitrate at the research site, using PHREEQC (Parkhurst and Appelo, 1999), a geochemical 

model.  A detailed description of this exercise is presented in Appendix D. The objective of the 

modeling was to determine the evolution of nitrate along a 1-D flow path (i.e., a ‘fracture’), by 

varying parameters such as DOC, DO, and dispersivity.  Water chemistry from TW1D and 

physical properties from the research site were utilized.  From the base case, which simulated the 

existing concentrations at the site, it appears that very little denitrification occurs.  The nitrate 

concentration exiting the ‘fracture’ after 30 m of travel was only 1 μg/L less then the 

concentration entering the ‘fracture’.  

3.4.2 E. coli 

For the monthly sampling, the occurrence of E. coli was more sporadic and found in some wells 

in which nitrate was not observed (see Appendix C).  For example, E. coli was not encountered 

from February to April, 2006 in any of the wells.  Well TW3S had the most instances of positive 

samples (nine out of sixteen).  Figure 3.8 shows the E. coli concentrations for several wells over 

the sampling period.  Of the wells that were sampled from October, 2005 to December, 2006, 

TW3S, TW6M, TW6D, TW5D, TW4S and TW2 tested positive for E. coli greater than 25% of 

the times. Although TW1 showed consistently high concentrations of nitrate, positive samples for 

E. coli were never observed.  Of the wells that were sampled from July to December, 2006 (TW9, 

TW10, and TW11), TW9M, TW9D, TW10S, TW10M, and TW10D were contaminated greater 

than 30% of the time.  Generally, maximum E. coli concentrations were observed at the site when 

the highest nitrate concentrations were present (e.g., August to October, 2006).  The greatest 
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number of E. coli positive results occurred at the same time.  The highest concentrations 

encountered were at TW10S, TW10M, TW10D in early October, 2006 and TW10M in early 

November, 2006 (800, 500, 400 and 900 cts/100 mL, respectively).    

 

 

Figure 3.8 E. coli concentrations over sampling period (for all axes, the vertical scale is 25 
cts/100 mL between tick marks and the horizontal scale ranges from October 10, 2005 to 
December 4, 2006). 

 

In comparison to the nitrate concentrations arriving at the sampling wells on a daily timescale, the 

E. coli results were much more sporadic over time (see Figure 3.9 for the E. coli results).  Some 

of the E. coli variability can be attributed to the laboratory detection method.  For example, 

duplicate samples taken in October 2006 for TW3S had reported values of 2 cts/100 mL and 6 

cts/100 mL.  However, great variations (e.g., “non-detectable” one day followed by 150 cts/100 

mL the next) were observed during the daily sampling.  Concentrations were generally lower 

during the baseflow period (August).  More wells also tested positive for E. coli during the 

recharge period (seven wells in August versus eighteen in October).  When testing water for 

bacterial contamination, the daily variation in concentration of indicator organisms such as E. coli 
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is important to consider, as a well may appear safe one day, while the next day it could be unsafe 

for consumption. 

 

Figure 3.9 E. coli concentrations for 5-day sampling rounds during baseflow (August 14 to 
18, 2006) and recharge (October 1 to 5, 2006) conditions. 

3.5 Nutrient Source 

Considering the local groundwater flow direction and the observed nitrate and E. coli 

concentrations, the most likely source impacting the monitoring wells is the manure from the 

cattle that are pastured from mid-May to the end of October each year in the large pasture (Figure 

3.1).  The sixty cows and calves are corralled in the upper half of the field until July, when they 

are moved to the lower half of the field (closer to the majority of the wells).  Thus, the 

distribution of the nitrate source is extensive in the upgradient area.  The E. coli concentrations 

were greatest in the late summer/early fall (Figure 3.8), and the nitrate concentrations, for TW1M 

specifically, increased rapidly in July and into September (Figure 3.4), which corresponds with 

the time at which they were located closer to the wells, and also with the calculated potential 

travel times of days to several weeks over the distance of a few hundred meters.  Nitrate and E. 
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coli concentrations were generally the highest at the wells closest to the cattle source (i.e., TW1 

for nitrate, TW10 and TW3 for E. coli). 

 

Another potential source of both E. coli and nitrate are native animals that are sometimes 

observed at the site (deer, turkey), although the actual input would be difficult to determine, and 

is likely much less in volume than the cattle.  The site also has some leguminous species (i.e., 

alfalfa) that can undergo bacterially-mediated nitrogen fixation.  However, almost all of the 

nitrogen fixed in this manner is utilized by the plant itself, and significant amounts of nitrogen 

can only be added to soil if the crop is incorporated into the soil (Lindemann and Glover, 2003).  

As the alfalfa/hay field was not turned over (i.e., not incorporated) into the soil during the study 

period, it is not believed that alfalfa contributes to elevated nitrate concentrations observed at the 

site.  

 

In comparison to wells most impacted by nitrate and/or fecal bacteria (i.e., TW1, TW3, TW6), 

well TW11, located west of the main cluster of wells (Figure 3.1), had consistently low nitrate 

concentrations (generally less than 2.5 mg/L), and no instances of bacterial contamination.  In 

addition to the sixty cattle that are pastured nearby this well from May to July, approximately 

twenty cattle are located in the small pasture (Figure 3.1) year-round.  Due to the proximity of 

cattle at this location, it was originally hypothesized that both bacterial and nitrate concentrations 

would be elevated here.  The overburden is thicker in the vicinity of this well, relative to the main 

cluster of wells (approximately 4 m versus less than 2 m), and thus the groundwater at this 

location is most probably much less sensitive to local contamination as evidenced by observed 

concentrations.  
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3.6 Summary and Conclusions 

Through a field based study, the temporal and spatial variability of two agricultural contaminants, 

nitrate and E. coli, was investigated in a fractured bedrock aquifer with minimal overburden 

cover.  Monthly and intensive sampling rounds were conducted on a suite of multilevel wells to 

determine this local variability.  Observed nitrate concentrations were consistent on a daily scale, 

but varied monthly.  The values of DOC, DO, chloride and sulphate imply that nitrate attenuation 

mechanisms such as heterotrophic and autotrophic denitrification are limited.  In contrast to 

nitrate, greater bacterial variability was observed daily and E. coli was not encountered in some 

cases for several months.  The dissimilarity observed between bacteria and nitrate may be due to 

differing source and transport functions.  Nitrate acts as a conservative solute (excluding 

processes such as denitrification), while bacteria are subject to processes such as preferential 

macropore flow in surficial material, filtration, attachment/detachment, and die off.   

 

Dilution is an important mechanism that affects solute and bacterial concentrations resulting from 

the rapid recharge that bedrock aquifers receive, often with greater observed effects at specific 

locations.  Recharge acts as both a transporter of contaminants, and as a means for lowering 

concentrations as a result of dilution.  Recharge is an extremely important factor that influences, 

if not dominates, contaminant transport in this setting.    From this study, it is evident that 

periodic upgradient sources, dilution from recharge, and heterogeneous flow systems lead to 

varied and unpredictable contaminant concentrations in bedrock aquifers with minimal 

overburden.  Specific conclusions are as follows: 

 

1. Temporal and spatial variations of nitrate and bacterial concentrations are significant, 

which arises due to the extremely variable physical setting (i.e., varied groundwater 
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velocities, flow paths, etc.).  Variable recharge adds to the heterogeneity of the system, as 

it acts to both transmit and dilute contaminants. 

 

2. Nitrate contamination can be persistent in this setting, as natural mitigation mechanisms 

such as denitrification may not occur, leading to potentially long lateral transport 

distances.   

 

3. The occurrence of higher E. coli concentrations during periods of recharge must be 

considered during the development of best management practices for nutrients in 

sensitive fractured bedrock aquifer settings.   

 

4. The temporal variability of concentrations is an important consideration for those 

consuming groundwater in this setting, as concentrations may be acceptable one month 

while unsuitable another month (or even another day for fecal bacteria).  Annual 

groundwater monitoring will likely not capture maximum concentrations and thus may 

not protect human health. 

 

5. Due to the significant spatial heterogeneity at a local scale, results of one monitoring 

location should not be extrapolated over larger areas.  Rural homes located adjacent to 

one another may experience very different water quality.  
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Chapter 4 

The Identification of Polybrominated Diphenyl Ethers (PBDEs) in a 

Sensitive Bedrock Aquifer 

4.1 Introduction 

Polybrominated diphenyl ethers (PBDEs), a class of brominated flame retardants (BFRs), are a 

growing concern due to their widespread presence in the environment.  Extensive research has 

been conducted at various locations around the world to determine PBDE concentrations in both 

biotic and abiotic settings.  These ubiquitous contaminants have been found in urban as well as 

remote locations, and in many different matrices including wildlife (e.g., fish, birds, seal blubber), 

air, sediment, rivers, landfill leachate and sewage (Rahman et al., 2001).  In Canada, PBDEs have 

been detected in numerous water bodies including Lake Ontario, the Fraser River (Alaee, 2003), 

and the Niagara River (Marvin et al., 2007).  Detectable concentrations have been measured in 

human milk for many years, a matrix that is an important indicator of immerging pollutants 

(Hooper and McDonald, 2000).  While human health effects are not well understood, studies 

conducted on laboratory animals indicate that prospective problems include reproductive toxicity, 

endocrine disruption, cancer, developmental toxicity, and nervous system problems (Schecter et 

al., 2006).  

 

PBDEs are used in many products such as computers, televisions, vehicle seats (foam) and 

textiles. As PBDEs are additive flame retardants (i.e., not incorporated into the polymer 

molecule), they may leach out of products when exposed to air and water (de Boer et al., 2000).  

The three most commercially abundant products are penta-, octa- and decabromodiphenyl ether 

formulations (WHO, 1994).  Presently, only DeBDE remains in widespread use (BSEF, 2008). 

However, PeBDE and OBDEs are still present in old consumer goods that will degrade or be 
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disposed of in the future. PBDEs are lipophilic, hydrophobic and persistent.  The low solubility in 

water decreases with increasing bromination.  A review of the chemical properties of the 

commercial products is presented in de Boer et al. (2000).     

 

Although PBDEs as a group are sometimes compared to PCBs due to structural similarity, Hardy 

(2002a) argues that considerable differences exist between PCBs and specifically DeBDE 

commercial formulations, in terms of chemical and physical properties, toxicology and 

application.  DeBDE is considered less toxic than PeBDE and OBDE commercial mixtures 

(Hardy, 2002b); however, there has been recent evidence of microbial debromination and 

photodegradation of DeBDE to lower, more toxic brominated compounds (He et al., 2006; Ahn et 

al., 2006).  PBDE commercial mixtures are less soluble in water and have higher octanol-water 

(Braekevelt et al., 2003) and octanol-air partition coefficients than commercial mixtures of PCBs, 

leading to a higher affinity for sorption.   

 

Batch adsorption experiments have been used to investigate PBDE sorption onto particulate 

matter.   Langford et al. (2005) conducted experiments using mixed liquor suspended solid 

samples spiked with several highly brominated PBDE congeners, to investigate sorption in a 

wastewater setting.  Greater than 50% of the DeBDE sorbed to the particulate fraction after seven 

hours.  In a previous study, Litz (2002) conducted batch experiments to evaluate sorption of 

PeBDE.  Using Freundlich isotherms, resulting log Kd (distribution coefficient) values were 

approximately 1.95, 2.84, and 4.65 on clay, sand and humus, respectively.   

 

Several studies indicate that PBDEs are persistent in soils.  For example, Engstrom et al. (2006) 

measured the tendency of PBDEs to leach from soils, simulating the field application of biosolids 

using field and laboratory column tests.  The ultimate fate of PBDEs in this study was unclear; 

however, it was concluded that PBDEs are poorly leached from soils.  Leung et al. (2007) 
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investigated PBDE concentrations in archived soils upon which biosolids were historically 

applied.  Soil concentrations ranged from non-dectable to 120 μg BDE/kg soil.  They found that 

the bulk of total PBDE concentrations were at less than 80 cm depth, indicating limited vertical 

transport, suggesting that PBDE concentrations are persistent in agricultural settings.  A field 

study in Sweden found that soil concentrations of higher brominated PBDEs (e.g., BDE-209) in 

agricultural soil may increase with repeated sewage-sludge application (Sellström et al., 2005).  

Down-gradient from a solid waste facility in Northern Canada, Gorgy et al. (2007) found 

evidence of PBDE migration in soils, where varying soil concentrations were measured up to 40 

cm below the ground surface.  They suggested that factors such as water infiltration and runoff, 

soil heterogeneity, and photochemical decomposition can lead to inconsistent vertical and 

horizontal PBDE distributions in soil.  Groundwater concentrations were not measured in these 

soil studies. 

 

Although PBDEs are considered to be hydrophobic, concentrations have also been observed in 

natural waters such as lakes and rivers.  In Lake Ontario, total PBDE concentrations measured in 

the eastern, western and central basins of the lake ranged from 4 to 13 pg/L (Luckey et al., 2001).  

It was reported that 90% occurred in the dissolved phase, and concentrations were dominated by 

BDE-47 and BDE-99.  In the San Francisco Estuary, total PBDE concentrations in the water were 

up to 513 pg/L (Oros et al., 2005).  They found that >78% of PBDEs were adsorbed to particulate 

matter in the water column (utilized 1 μm nominal porosity filters).  Total PBDE water 

concentrations in Lake Michigan increased from 31 pg/L to 158 pg/L from 1997 to 1999 (Hale et 

al., 2003). 

 

In areas where direct sources of PBDEs (e.g., PBDE production plants, land application of 

biosolids, landfill leachate, etc.) are not present, air transport and deposition can be a pathway for 

contamination.  Raff and Hites (2007) found that the transport and subsequent deposition of 
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PBDEs depends on the intensity of sunlight and frequency of precipitation events.  Near 

Peterborough, Ontario, Canada, PBDE concentrations (sum of 21 congeners) in air ranged from 

88 to 1250 pg/m3 for intensive sampling and between 10 and 230 pg/m3 for daily sampling 

(Gouin et al., 2002).  The concentrations were dominated by BDE-17, 28, 47 and 99.  Hayakawa 

et al. (2004) also found PBDE concentrations in atmospheric and precipitation (rain) samples in 

Japan.  Evidence of PBDEs in remote locations, such as the Canadian Arctic (Alaee, 2003), 

illustrate that PBDEs can travel great distances in the atmosphere. 

 

Previous research is extensive with respect to PBDE concentrations in biotic matrices and 

concentrations in many abiotic strata (air, sewage, surface waters, sediment).  However, no 

known studies have investigated PBDE concentrations in groundwater.  Although environmental 

partitioning studies predict that PBDE concentrations should not be high in water, particularly 

below the soil horizon, this important environmental matrix should not be ignored.  Some 

hydrogeological settings, such as fractured rock aquifers that have minimal soil cover, are 

particularly vulnerable to contamination (Gerhart, 1986; Malard et al., 1994; Laftouhi et al. 2003; 

Levison and Novakowski, 2009).  The increased sensitivity is due to high groundwater velocities 

that can occur in fractures which lead to rapid transport rates and widespread contaminant 

migration.  Since it has been illustrated that PBDEs can be retained in soils, surficial material 

would indeed help protect groundwater from PBDE contamination.  However, settings with thin 

overburden, including many areas underlain by the Canadian Shield, may provide access for 

PBDE contamination.  Thus, the objective of this research is to investigate the potential of PBDE 

contamination in a sensitive groundwater setting. 

4.2 Materials and Methods 

PBDE concentrations were monitored on four occasions at a field site where a fractured bedrock 

aquifer has minimal overburden cover near Perth, Ontario, Canada (Figure 4.1).  The site 
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description, sampling methodology, and field results are presented in the following sections.  The 

main research site and surrounding area has been previously described in detail by Milloy (2006), 

Praamsma (2006), Levison and Novakowski (2009) and Gleeson and Novakowski (2009).  Thus, 

the site description and hydraulic characterization are only briefly summarized herein. 

 

 
Figure 4.1 Study area (modified from MNR, 2002).  The local flow direction at the main 
cluster of wells (TW1, TW3, TW4, TW6, TW9, and TW10) is generally east. 

 

4.2.1 Site Description and Characterization 

The study area is located within the 865 km2 Tay River Watershed, which is underlain by 

Precambrian (Canadian Shield) and Paleozoic (Smith Falls Limestone Plain) units (Wilson, 
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1961). In the vicinity of the main cluster of wells (Figure 4.1), the groundwater resides in syenite-

migmatite (Wilson, 1961) encountered as a banded gneissic rock.  From investigation of surface 

fracture features in the watershed, trends show two main steeply inclined fracture sets (040/70 

and 310/80) and a shallow dipping fracture set with a variable strike (Gleeson and Novakowski, 

2009).  The surficial material (till) is generally 0 to 2 m thick in the area of the main research site, 

with several outcrops present.  The elevation ranges from about 145 to 170 metres above sea 

level, with generally flat lying to gently rolling topography (MNR, 2002).  The average annual 

precipitation in the region is approximately 875 mm (Environment Canada, 2002; Golder et al., 

2003).  Limited groundwater recharge occurs in the vicinity of the site, averaging only a few 

percent of each rainfall event (Milloy, 2006; Novakowski et al., 2007). 

 

The study area and location of the monitoring wells used in this investigation are shown in Figure 

4.1.  Nineteen 0.15 m diameter monitoring wells were drilled in the study area, using an air rotary 

percussion method, during the years 2004 to 2007.  Twelve of these wells were utilized for this 

investigation, including a main well cluster (TW1, TW3, TW4, TW6, TW9, TW10 and TW11), 

and additional wells (TW12, TW13, TW15, TW16 and TW18).  Well casing was installed and 

grouted 0.6 m into the bedrock at each well, to allow for sampling of the groundwater at shallow 

depths.  Table 4.1 shows well depths and corresponding depths to bedrock.  

 

Hydraulic testing was conducted in the wells to locate significant fracture features and measure 

their hydraulic properties. Pumping tests (8 to 12 hours in duration), slug test measurements using 

contiguous straddle-packer intervals (1.77 m isolated section), and down-hole videotaping were 

conducted.  The Theis method was used to interpret the pumping tests.  Fifteen to twenty-eight 

slug tests were conducted in each well, depending on the depth of the well, and were analyzed 

using the Hvorslev (1951) method (see Appendix A for transmissivity values). 
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Table 4.1 Description of monitoring wells.  The descriptors ‘S’, ‘M’ and ‘D’ correspond to 
shallow, mid, and deep multilevel sections, respectively.  TW18 was an open well at the time 
of sampling. 

Well Maximum Depth to Utilized 
 depth (m) bedrock (m) multilevels 
TW1 31 0 TW1M, TW1D 

TW3 31 0 TW3S, TW3D 

TW4 32 <2 TW4D 

TW6 49 4 TW6M 

TW9 37 1.8 TW9S 

TW10 44 2.1 TW10S 

TW11 37 4.1 TW11S 

TW12 32 5.6 TW12M, TW12D

TW13 34 0.7 TW13S, TW13D 

TW15 45 5.2 TW15M 

TW16 32 2.4 TW16D 

TW18 27 0.2 open 

 

Following hydraulic characterization, the wells were completed as multilevel piezometers to 

isolate fracture zones in the aquifer using PVC pipes (0.05 m diameter), slotted over the most 

transmissive zones.  Bentonite and #2 sand were emplaced to establish two to three isolated levels 

in each well.  The multilevels wells used for this investigation are listed in Table 4.1, with the 

descriptors ‘S’, ‘M’ and ‘D’ corresponding to shallow, mid, and deep sections, respectively.  For 

the utilized multilevels, the shallow sections are up to 15 m below ground surface (bgs), the mid 

sections range from 9 to 27  m bgs, and the deep sections range from 13 to 32 m bgs. 

4.2.2 Field Sampling 

Water samples were obtained from several wells for PBDE analysis in August 2006 (4 samples), 

October 2006 (2 samples), August 2007 (10 samples) and October 2007 (10 samples).  August 

and October were chosen as representative dry (baseflow conditions) and wet (recharge 

conditions) months, respectively.  The sampling in 2006 was conducted in conjunction with 
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monthly sampling rounds where nitrate and E. coli concentrations were also measured (Levison 

and Novakowski, 2009).  The wells sampled for PBDEs where chosen based on high nitrate and 

E. coli concentrations (i.e., wells that exhibited agricultural contamination, and therefore a 

connection to the surface, were utilized), and/or their location (to determine concentrations on a 

broad scale).  Varying depths were also selected.  Additional samples were collected in February 

2009 for an investigation of quality assurance/quality control (QA/QC) of the sampling method 

(discussed further in Appendix E). 

 

Static water levels were determined using a handheld water level meter prior to sample collection.  

Wells were purged and sampled using either a submersible pump (0.05 m diameter) with 

polyethylene tubing or dedicated polyethylene tubing fitted with a Waterra foot valve.  Electrical 

conductivity, pH and dissolved oxygen were measured in the field using a handheld YSI 556 

Multi-probe System.  Each sample was collected in four 500 mL plastic bottles with screw caps.  

Duplicate samples were obtained in the field.  The samples were not filtered in the field, in order 

to retain any particulate present in the sample. 

4.2.3 Samples and Standards 

Native and 13C12-labeled BDE standards were obtained from Wellington Laboratories (Guelph, 

ON, Canada) for the compounds listed in Table 4.2 to Table 4.4.  BDEs were analyzed using 

isotope dilution mass spectrometry for BDEs -28, -47, -99, -153, -154, -183, -209 and internal 

standard quantification using a labeled surrogate of the same degree of bromination for congeners 

without an available 13C12-labeled BDE. 

4.2.4 Sample Extraction Preparation 

Approximately 1 L of sample was used for BDE analysis.  Samples were fortified with 13C12 

BDE-labeled quantification standards (Wellington Laboratories Guelph, ON, Canada).  The 
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sample was acidified to bring the pH < 3 and allowed to sit for approximately 0.5 hours and then 

filtered through a preconditioned Empore® Speed Disk (J.T. Baker, Phillipsburg, NJ, USA).  The 

sample was then eluted with an ethanol/toluene mixture, transferred to a round bottom flask and 

concentrated for cleanup.  The SPE extraction procedure extracts BDEs from both dissolved and 

particulate phases.  A procedure blank and spiked blank water sample was processed with every 

set of samples (see Appendix E).  All labware was washed manually or in an ultrasonic bath with 

a dilute detergent solution.  Labware was then rinsed with large volumes of tap water followed by 

three rinses with acetone, three rinses with toluene and two rinses with dichloromethane.  The 

final dichloromethane rinse was concentrated to dryness and analyzed on the mass spectrometry 

as a sample extracts.  The labware cleaning procedure was repeated if levels of 0.005 ng per BDE 

congener or 0.08 ng for decBDE were exceeded. 

4.2.5 Multi-level Silica Chromatographic Column Cleanup 

The cleanup column consisted of layers of AgNO3/silica-NaOH/silica/H2SO4/silica which was 

prewashed with 50 mL of hexane. The sample was added to the column and then eluted with 100 

mL of hexane followed by 80 mL of 50:50 of dichloromethane (DCM)/hexane.  This entire eluant 

was collected in a roundbottom flask, concentrated to dryness.  The extract was reconstituted with 

nonane containing 13C12 BDE-labeled standards used for instrument variability. 

4.2.6 Instrumental Analysis 

All analyses were performed using HRGC/HRMS.  Brominated diphenyl ethers were analyzed on 

an Agilent Technologies 6890 Plus (Wilmington, DE, USA) gas chromatograph (GC) interfaced 

to a VG Autospec – Ultima NT High Resolution Mass Spectrometer (Waters, Manchester, UK) in 

EI positive with an electron energy of 40 eV using isotope dilution.  Split/Splitless Injection was 

used with a direct injection sleeve - 1.5 mm I.D. (Supelco).  The chromatographic separation for 

the tri-BDEs to deca-BDEs was carried out on a DB-5HT 15m x 0.25 mm x 0.10 m (J & W 
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Scientific, Folsom, CA USA). The GC-HRMS system was tuned to greater that 10,000 RP (10% 

valley definition).  The GC conditions were:  110 °C hold for 1 min, ramp to 200 °C at 40.0 

°C/min, ramp to 330 °C at 10 °C/min hold for 5.5 min. The carrier gas was He with a constant 

flow rate of 1.0 mL/min constant. Conditions for positive identification included Gaussian peak 

shape, elution of the specific BDE within 2 s of the corresponding 13C12-labeled BDE, the signal 

to noise ratio greater than 5 to 1, and ratios of the isotopic ions are within 15% of the theoretical 

values.  Actual detection limits are calculated for each congener in every sample by estimating 

areas equivalent to a signal to noise ratio of 5 to 1.  For samples that contained values less than 

three times the procedural blank, results were reported as less than “<” the result determined.   

4.3 Results and Discussion 

The results of the PBDE analysis are presented in Table 4.2 (2006), Table 4.3 (August 2007) and 

Table 4.4 (October 2007), where concentrations above detection limits are highlighted.  Each of 

the 17 tested congeners was detected on at least one occasion.  Fourteen of the 26 samples 

showed detectable PBDE concentrations.  The maximum total concentration (for the 17 measured 

congeners) was 94 ng/L, with an average of 12.6 ng/L for the fourteen positive samples.  Figure 

4.2 shows the total concentrations for each positive sample.  Figure 4.3 illustrates the spatial 

distribution of the detected concentrations, and depicts the locations of local PBDE sources (a 

discussion of the PBDE sources follows).   
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Table 4.2 Results (ng/L) of PBDE analysis for August 16 and October 2, 2006.  < indicates 
that the actual result is less than the reported value, while * denotes that the recovery of 
internal standards was lower than the lower control limit (results flagged when recovery is 
lower than 25%). 

Congener TW1D TW3S TW9S TW11S TW1M TW3S 

 Aug Aug Aug Aug Oct Oct 

BDE-17 <0.03 <0.04 <0.04 <0.03 <0.04 <0.03 
BDE-28 <0.09 0.21* <0.07 <0.07 <0.1 <0.07 
BDE-47 5.6 10 <4 <3 <4 <4 
BDE-49 <0.1 0.25 <0.08 <0.08 <0.1 <0.09 
BDE-66 0.18 0.3 <0.1 <0.09 <0.1 <0.09 
BDE-71 <0.02 <0.04 <0.03 <0.02 <0.02 <0.01 
BDE-77 <0.01 <0.03 <0.02 <0.009 <0.009 <0.02 
BDE-85 <0.08 0.18 <0.1 <0.09 <0.1 <0.08 
BDE-99 5 7.2 <3 <3 <3 <3 
BDE-100 <1.5 2.2 <0.9 <0.8 <1 <0.8 
BDE-119 0.3 <0.04 <0.03 <0.03 <0.02 <0.02 
BDE-126 <0.02 <0.04 <0.02 <0.02 <0.01 <0.02 
BDE-138 <0.04 0.075 <0.06 <0.03 <0.04 <0.03 
BDE-153 <0.09 <0.2 <0.2 <0.2 <0.1 <0.2 
BDE-154 <0.2 0.33 <0.2 <0.2 <0.3 <0.2 
BDE-183 <0.03 <0.05 <0.03 <0.03 <0.02 <0.02 
BDE-209 3.7  3.8* <3 3.9 3.7 5.9 

SUM 14.8 20.6  3.9 3.7 5.9 
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Figure 4.2 Total PBDE concentrations (shown) for 14 positive samples. 
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Table 4.3 Results (ng/L) of PBDE analysis for August 2, 2007.   
Congener TW1M TW1D TW3S TW3D TW4D TW6M TW12M TW13D TW16D TW18 

BDE-17 <0.060 <0.010 <0.050 <0.020 <0.030 <0.06 <0.070 <0.030 <0.06 <0.080 

BDE-28 <0.060 <0.070 <0.20 <0.10 <0.10 <0.2 <0.20 <0.20 <0.20 <0.30 

BDE-47 <10 <4.0 <9.0 <5.0 <9.0 <9.0 <11 <8.0 <10 <9.0 

BDE-49 <0.30 <0.090 <0.20 <0.10 <0.30 <0.2 <0.30 <0.20 <0.30 <0.20 

BDE-66 <0.20 <0.090 <0.20 <0.1 <0.30 <0.20 <0.20 <0.20 <0.20 <0.20 

BDE-71 <0.020 <0.0060 <0.030 <0.020 <0.020 <0.020 <0.030 <0.040 <0.030 <0.030 

BDE-77 <0.0050 <0.0030 <0.020 <0.005 <0.007 <0.005 <0.010 <0.006 <0.005 <0.007 

BDE-85 <0.060 <0.050 <0.10 <0.080 0.23 <0.070 <0.070 <0.10 <0.080 <0.050 

BDE-99 <4.0 <3.0 <5.0 <4.0 <10 <5.0 <5.0 <6.0 <6.0 <4.0 

BDE-100 <1.0 <0.90 <2.0 <1.0 <2.0 <2.0 <2.0 <2.0 <2.0 <1.0 

BDE-119 <0.0070 <0.010 <0.010 <0.008 <0.008 <0.010 <0.006 <0.008 <0.009 <0.010 

BDE-126 <0.0040 <0.0060 0.015 <0.005 <0.005 <0.008 <0.004 <0.005 <0.005 <0.006 

BDE-138 <0.010 <0.010 0.05 0.031 0.09 <0.020 <0.020 0.031 <0.020 <0.010 

BDE-153 <0.060 <0.10 <0.20 0.22 0.78 <0.10 <0.090 0.27 <0.10 <0.070 

BDE-154 <0.10 <0.10 <0.20 <0.20 0.67 <0.20 <0.20 <0.30 <0.20 <0.10 

BDE-183 <0.030 <0.010 0.056 <0.030 0.18 <0.030 <0.050 <0.020 <0.040 <0.020 

BDE-209 <7.0 <6.0 <9.0 <10 92 10 <6.0 <6.0 <10 <8.0 

SUM     0.12 0.25 94.0 10   0.30     

 
 Table 4.4 Results (ng/L) of PBDE analysis for October 18, 2007.  

Congener TW1M TW1D TW3S TW3D TW4D TW10S TW12D TW13S TW13D TW15M 

BDE-17 <0.01 <0.01 <0.009 <0.02 0.035 <0.008 0.13 <0.01 <0.06 <0.006 

BDE-28 <2 <0.04 <0.04 <0.04 <0.05 <0.03 0.15 <0.04 <0.03 <0.03 

BDE-47 <3 <2 <2 <3 <2 <2 <2 <2 <2 <2 

BDE-49 <0.07 <0.06 <0.06 <0.06 <0.08 <0.05 0.14 <0.05 <0.05 <0.05 

BDE-66 <0.07 <0.05 <0.05 <0.06 <0.09 <0.05 <0.1 <0.05 <0.05 <0.05 

BDE-71 <0.006 <0.009 <0.006 <0.007 0.05 <0.005 0.032 <0.01 <0.007 <0.006 

BDE-77 <0.003 <0.004 <0.003 <0.003 0.051 <0.003 <0.01 <0.007 <0.002 <0.004 

BDE-85 <0.04 <0.03 <0.03 <0.03 <0.06 <0.04 <0.06 <0.03 <0.04 <0.06 

BDE-99 <2 <1 <2 <2 <1 <2 <2 <1 <1 <2 

BDE-100 <0.5 <0.4 <0.5 <0.5 <0.4 <0.4 <0.5 <0.4 <0.4 <0.5 

BDE-119 <0.009 <0.01 <0.01 <0.005 0.04 <0.009 <0.01 <0.009 <0.01 <0.008 

BDE-126 <0.008 <0.009 <0.007 <0.004 0.037 <0.008 <0.01 <0.007 <0.01 <0.007 

BDE-138 <0.01 <0.01 <0.02 <0.02 0.049 <0.01 <0.01 <0.01 <0.01 <0.02 

BDE-153 <0.03 <0.04 <0.03 <0.02 <0.07 <0.05 <0.1 <0.04 <0.03 <0.06 

BDE-154 <0.04 <0.03 <0.03 <0.02 <0.07 <0.06 <0.09 <0.05 <0.05 <0.06 

BDE-183 <0.02 <0.02 <0.02 <0.007 0.086 <0.02 0.043 <0.02 <0.01 <0.03 

BDE-209 <2 4.8* <2 <2 6.9 4.2 6.6 4.3 <2 <2 

SUM     7.2 4.2 7.1 4.3   
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Figure 4.3 Location of detectable PBDE samples are shown with in-filled black circles.  
Local potential contaminant sources (i.e., cattle manure and septic tanks) are illustrated.  
The local groundwater flow direction in the vicinity of the main well cluster (TW1, TW3, 
TW4, TW6, TW10) is approximately east.   

 

The nature of this hydrogeological setting leads to spatially and temporally variable contaminant 

concentrations, due to complex fracture networks and recharge processes.  Rapid recharge can 

occur in some areas (Novakowski et al., 2007) and hence contaminant infiltration can be fast in 

the shallow aquifer system.  Praamsma et al. (2009) and Gleeson et al. (2009) found that rapid 

recharge occurs at locations where the overburden is thin, such as at monitoring wells TW1 and 

TW3 (located on outcrop).  Combined with the complex fracture network and resulting flow 

systems, sporadic and spatially variable contaminant concentrations occur (Chapter 3).  

Contaminant transport in fractured rock aquifers is governed by advection, hydrodynamic 

dispersion, diffusion into the rock matrix, and potentially by biological, chemical or radioactive 

decay (Lapcevic et al., 1999a).  For crystalline rock specifically, matrix porosities are low, 

providing little protection from retardation mechanisms such as matrix diffusion (Foster, 1975; 

Mutch et al., 1993).  In addition to processes that affect solute transport, filtration and straining of 

transported colloidal particles, with potentially adsorbed contaminants (McCarthy and Zachara, 

1989), can lead to variable concentrations and possible contaminant accumulation.   
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In August 2006, TW1D and TW3S, wells impacted by nitrate and E. coli from an upgradient 

manure source (Chapter 3), had the most positive instances of various PBDE congeners (5 and 8 

occurrences) of the sampled wells.  At that time, TW9S had no positive concentrations and 

TW11S had 3.9 ng/L of BDE-209.  Additionally, during the ‘recharge period’ samples from 

October for TW1M and TW3S also had detectable concentrations of BDE-209 only.  In August 

2007, TW3 once again had positive values, but the concentrations were lower and were not 

present in October 2007.  TW4D had the highest encountered concentrations in August 2007 (94 

ng/L) and lower concentrations in October 2007.      

 

As shown in Figure 4.4, the total average concentrations (of all positive samples for each 

sampling date) were slightly higher in August than October for both years (13.1 and 20.9 ng/L 

versus 4.8 and 5.7 ng/L).  This perhaps can be explained by greater recharge (a period of heavy 

rain and increasing water table elevation) causing dilution in October.  Also, variations can exist 

due to seasonally changing atmospheric concentrations (e.g., St-Amand et al., 2008). 
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Figure 4.4 Average total concentrations (shown) and standard deviations of positive 
samples. 
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The most commonly detected congeners were BDE-209 (10 instances), BDE-138 (6 instances), 

BDE-183 (4 instances), with the highest average concentrations for BDE-209, BDE-47 and BDE-

99 (Figure 4.5).  These concentrations are indicative of the major components of PeBDE (mainly 

BDE-47, -99, -100, with smaller concentrations of BDE-153, -154, -85) and DeBDE (BDE-209) 

commercial mixtures (Hale et al., 2003). 

2.2

7.8 6.1

14.1

0

5

10

15

20

25

30
35

40

45

47 99 100 209
Congener Number

Av
er

ag
e 

Co
nc

en
tra

tio
n 

(n
g/

L)

 

0.170.21

0.050.04

0.150.08

0.24

0.05

0.42

0.03

0.20

0.50

0.09

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

17 28 49 66 71 77 85 11
9

12
6

13
8

15
3

15
4

18
3

Congener Number

A
ve

ra
ge

 C
on

ce
nt

ra
tio

n 
(n

g/
L)

 

Figure 4.5 Average concentrations (shown) and standard deviations for each congener.  
When only one instance was measured, standard deviation was not calculated/shown (e.g., 
BDE-100). 
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These measured groundwater concentrations (with positive occurrences) are higher than those 

observed in other water bodies such as lakes and rivers.  As previously noted, total PBDE 

concentrations ranged from 0.004 to 0.013 ng/L in Lake Ontario in 1999 (Luckey et al., 2001).  

BDE-47 and BDE-99 accounted for >70% of the total concentrations, and BDE-209 was not 

reported as a major constituent.  In the San Francisco Estuary, total concentrations were a 

maxiumum of 0.513 ng/L (Oros et al., 2005) and in Lake Michigan were a maximum of 0.158 

ng/L (Hale et al., 2003).  The lower concentrations observed the lakes and estuaries may be due to 

dilution, as a result of the shear volume of water in the Great Lakes (for instance).  In fractures 

that are directly connected to the ground surface or to the shallow subsurface (i.e., beneath a thin 

soil zone), concentrations are introduced with potentially only minor dilution.  Additionally, if 

processes such as colloid-facilitated transport (McCarthy and Zachara, 1989) play a role, PBDEs 

may accumulate in some locations through filtration and settlement during transport.  At present, 

there is no direct evidence that colloid-facilitated transport is occurring, although this is clearly an 

area for further research.     

 

The potential sources of PBDEs in the area include airborne deposition from landfills and other 

regional PBDE sources, surficial deposition from agricultural activities, and subsurface 

introduction via septic waste. The land use is predominantly small-scale agricultural, with 

forested areas and some residential dwellings in the vicinity of the monitoring wells. In the 

watershed, approximately 20,232 ha are under cultivation, with the main crop being alfalfa and 

alfalfa mixtures, followed by barley, corn, oats and other grains.  An additional 24,391 ha are 

utilized as pasture for primarily beef cattle, dairy cattle, horses and also sheep, pigs and turkeys 

(Rideau Valley Conservation Authority, 2000).  Cattle manure, which can contain PBDEs 

(Kierkegaard et al., 2007), is spread sporadically in the area as a crop nutrient.  Specifically, 

manure was spread on one occasion (December 2006) near the main cluster of wells (TW1, TW3, 

TW4, TW6, and TW10).  Sixty beef cattle and calves are pastured upgradient of this main cluster 
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of wells from May to October each year (Figure 4.3), and an additional twenty cattle are pastured 

(all year) near TW11. As noted previously, these wells are impacted by the manure (nitrate and E. 

coli concentrations discussed in Chapter 3).  Thus, the cattle manure is the likely major PBDE 

source at this location.   

 

Dwellings in the study area use traditional on-site septic systems, which could also be a local 

source of contamination (Rayne et al., 2003).  For the other two wells that had positive 

concentrations, 10 dwellings with septic systems are located within approximately 100 m of 

TW13, and two houses as well as a small church are in the immediate vicinity of TW12 (Figure 

4.3). As part of an investigation of regional groundwater contamination, it was found that these 

wells have had some positive instances of total coliforms and/or E. coli (T. Praamsma, 

unpublished data, 2009).  Thus, the septic tanks are likely the source of PBDEs in the 

groundwater at these two locations.   

 

Perth, with a population of about 6,400 people (Centre for Spatial Economics, 2007) is located 

less than 10 km from the eastern monitoring wells.  For sewage treatment, the town uses a 

continuous discharge lagoon; biosolids are not generated and therefore are not spread on fields in 

the area (J. Hoeven, personal communication, 2008).  Biosolids from a chocolate factory were 

spread approximately 10 km NE of the monitoring wells on two occasions in 2004, but there is no 

record of recent biosolids spreading in the area (C. Grothe, personal communication, 2008). Large 

industrial activity that could be a point source of PBDE contamination is not known to be present 

in the area.   

 

Two municipal landfills are located nearby the monitoring wells, approximately 4 km NNE of 

TW16 and approximately 4.5 km SE of TW4 (Tay Valley Township, 2008).  These two landfills 

accept non-hazardous municipal, construction and industrial wastes (Rideau Valley Conservation 
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Authority, 2000), and thus accept items such as mattresses, furniture and electronic equipment 

that could contain brominated flame retardants. Subsurface transport over this distance is highly 

unlikely, however, these landfills may be a local source of airborne concentrations.  

 

Atmospheric PBDE concentrations were not measured for this study. However, at the Trail Waste 

Facility, located approximately 60 km from the study area, gaseous PBDE concentrations were 

found to be related to long-range transport air masses, while particulate-bound PBDE 

concentrations (e.g., BDE-209) were determined to originate from local sources (St-Amand et al., 

2008).  Near Peterborough, Ontario, approximately 170 km SE of the study area, total PBDE 

concentrations in air ranged from 88 to 1250 pg/m3.  BDE-17, BDE-28 and BDE-47 were the 

dominant congeners (Gouin et al., 2002).  In areas where there is thin overburden and rapid 

recharge/infiltration, atmospheric transport and deposition may be an important source of 

groundwater PBDE contamination.  In this study, however, the wells with observed PBDE 

concentrations are spatially correlated to local, direct sources of contamination (manure and 

septic tanks).  Atmospheric transport and deposition as a mechanism for groundwater PBDE 

contamination should be further investigated.      

 

Thus, likely sources of contamination in this area stem from local point sources (septic tanks), 

local disperse sources (manure), and potentially distant sources (dispersedly spread through 

atmospheric transport and deposition).  These sources are incorporated (“distant” and “local”) 

into a simplified conceptual model for PBDE contamination of groundwater (Figure 4.6).  The 

potential contamination of fractured bedrock aquifers by PBDEs, from their release into the 

environment to their interception with bedrock wells, is illustrated.  The complex hydrogeological 

setting (soil cover, connections to the surface, rapid recharge, fracture connectivity, spatial 

variations, water-rock-chemical interactions, transport processes) and variable sources (source 

locations, seasonal effects) can lead to unpredictable and complex PBDE distributions. 
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Figure 4.6 Conceptual model for contamination of fractured rock aquifers by PBDEs (not to 
scale). Subsurface transport processes may involve particulate (colloid-facilitated) 
transport. 

4.4 Conclusions 

PBDEs are known persistent ubiquitous environmental contaminants.  They have been found in 

numerous biotic and environmental matrices, and present potential problems for human and 

environmental health.  This study illustrates that groundwater settings are indeed vulnerable to 

PBDE contamination.  Several pertinent findings of this study include: 

 

1. PBDEs were detected in groundwater obtained from a bedrock aquifer in an agricultural 

area of eastern Ontario, Canada, with total concentrations higher than those observed 

previously in surface water bodies.   

2. BDE-209, BDE-138 and BDE-183 were the most often detected congeners and BDE-209, 

BDE-47 and BDE-99 had the highest concentrations. 
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3. Average total concentrations were slightly higher in August than October (i.e., higher in 

dry conditions than during a recharge period). 

4. Point and non-point PBDE sources include septic tanks, manure, and potentially 

atmospheric concentrations (i.e., atmospheric transport and deposition). 

 

Based on these results, it is evident that additional surveys of PBDE concentrations in 

groundwater are warranted.  Considering the potential health effects of PBDEs, groundwater may 

be another (primary) pathway in which people can come in contact with this contaminant.  

Further studies should investigate the fate and transport of PBDEs in aquifers, specifically in 

sensitive settings such as fractured bedrock with shallow overburden.  It may be prudent to focus 

on areas where human biosolids are spread and also locations in the direct vicinity of landfills, to 

potentially capture higher groundwater concentrations.  Future research should focus on 

determining: 1) the extent of PBDEs in groundwater (concentrations, dominant congeners, 

seasonal/temporal/spatial variability); 2) pathways and connections from sources to aquifers; 3) 

subsurface transport mechanisms; and 4) potential health risks related to consumption of PBDE-

contaminated well water.   
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Chapter 5 

Rapid Transport of Contaminants from the Ground Surface to Wells in 

a Sensitive Fractured Bedrock Aquifer 

5.1 Introduction 

Fractured bedrock aquifers with minimal overburden cover are highly vulnerable to 

contamination.  In agricultural areas, for instance, disperse spreading of substances such as 

fertilizers, pesticides and manure can lead to groundwater contamination in these sensitive 

hydrogeological settings (Gerhart, 1986; Gburek and Folmar, 1999; Laftouhi et al., 2003; Levison 

and Novakowski, 2009).  Few studies have been conducted to investigate the transport of solutes 

from the ground surface to depth in fractured rock aquifers, and none specifically in granitic 

environments typical of the Canadian Shield. 

 

The principal processes which govern contaminant transport in fractured rock include advection, 

hydrodynamic dispersion, matrix diffusion, adsorption, fracture spacing, and the chemical nature 

of the contaminant (Mutch et al., 1993; Lapcevic et al., 1999a).  As groundwater velocities can be 

significant in fractures (Novakowski et al., 2006), there is potential for rapid tranport rates and the 

widespread dispersion of contaminants.  For crystalline rock specifically, matrix porosities are 

low (i.e., on the order of 0.1% or less), providing little protection from retardation mechanisms 

such as matrix diffusion (Foster, 1975).  Additionally, macropores present in overburden material, 

formed by earthworms, roots or soils cracks, may provide preferential flow paths for rapid 

transport of contaminants to underlying fractured rock aquifers (Iqbal and Krothe, 1995; Cey, 

2007).   
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Tracer experiments, using both natural and artificial tracers conducted in the field and laboratory, 

are useful tools to determine flow connections and characteristics and to investigate transport 

properties in the subsurface (Davis et al., 1980; Evans, 1983; Flury and Wai, 2003).  Some of the 

first documented hydrogeological tracer experiments were performed in the late 1800s in Europe 

using Fluorescein, chloride and bacteria. Tracer experiments have been increasingly used in the 

last 30 years to simulate transport processes (Divine and McDonnell, 2005).     

 

For typical tracer experiments that are conducted in the subsurface, a tracer is injected into a well, 

followed by in situ or ex situ monitoring of tracer migration.  These experiments can be 

conducted using various flow conditions (natural or induced gradients), and single or multiple 

wells (Domenico and Schwartz, 1998).  For example, during an injection/withdrawal experiment, 

the tracer is injected into one well while a second well is pumped, using a steady-flow field 

(Webster, 1970; Novakowski et al., 1985; Himmelsbach et al., 1998; Novakowski et al., 2004).  

For divergent radial flow experiments, the tracer is injected into a well and then monitored in 

several observation wells, with ambient flow conditions (Novakowski, 1992).  For convergent 

radial flow experiments, the tracer is added to a well and is then drawn towards a nearby pumped 

well (Becker and Charbeneau, 2000).    

 

It is also possible to conduct tracer experiments by distributing a source on the ground surface 

(infiltration experiments). Although overburden can provide protection to underlying aquifers, 

fractures or macropores in the overburden can increase the sensitivity to contamination.  

Numerous tracer experiments have been conducted through soil with tracer migration to shallow 

depths, but a very limited number of infiltration experiments have been performed in fractured 

rock aquifer settings.  This may be because infiltration experiments are substantially more 

difficult to conduct than typical well-to-well experiments.   
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In Denmark, chloride infiltration experiments were conducted to characterize flow and transport 

to a sandy aquifer through 13 m of fractured clayey till overburden (Sidle et al., 1998; Broholm et 

al., 2000; Nilsson et al., 2001).  Rapid transport occurred, with breakthrough at 2.5 m depth in as 

little as 5 hours.  In Bitburg, Germany, Mikovari et al. (1995) applied multiple tracers (i.e., 

fluorescent dyes and bromide) to the surface of the soil to investigate transport through the 

unsaturated zone, with resulting fast preferential flow that occurred through a well-connected 

macropore system.  The transport of nitrate from the ground surface in a sandy aquifer with a 

shallow water table was simulated using a sodium bromide tracer and artificial recharge (Sweed 

et al., 1996).  The tracer traveled rapidly, reaching the deepest monitoring point (approximately 

2.1 m below ground surface) 20 hours after the tracer was applied.  

 

One of the first infiltration experiments was conducted in the Cretaceous Chalk in England, 

whereby a 82Br gamma-emitting tracer was applied to a plot with the topsoil (~0.3 m) removed 

(Black and Kipp, 1983).  A constant downwards flow regime was established through irrigation 

prior to and following the tracer application.  In general, a small amount of tracer traveled to 

depth (e.g., 9 m) quickly, while the majority of the tracer traveled slowly in the upper 2 m.  One 

experimental run, where the radioactivity in both the mobile and static water was measured, was 

modeled analytically. The difficulty of modeling tracer experiments in fractured rock settings was 

illustrated, specifically relating to model assumptions and resulting values for porosity, velocity 

and dispersivity.  An earlier infiltration experiment was also conducted in the Chalk setting in 

order to investigate transport in the unsaturated zone (Smith and Richards, 1971).  A tritium 

tracer, which was spread onto the ground surface over an area of 60 m2, reached a depth of 0.4 m 

in 3.5 hours, and irregularly reached a depth of 1.5 m in approximately four days.  The geologic 

material through which the tracer traveled was a mixture of loam, clay, chalk, and flints. 
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In South Korea, a ground-surface infiltration experiment in a regolith-fractured bedrock setting 

illustrated that the dye tracer (Brilliant Blue FCF) infiltrated to a depth greater than 2 m (Kim et 

al., 2006).  Soil macropores, fractures (in sedimentary rock) and the sloped overburden-bedrock 

interface were the dominant flow and transport pathways.  The shallow infiltration pattern (up to 

2 m in depth) was the main focus of this study, and the deeper transport of the tracer in the 

fractured bedrock was not investigated.   

 

Recharge and contaminant migration was also studied in an unsaturated chalky aquifer in 

Belgium, whereby multiple tracers were injected into wells screened in the unsaturated zone, at 

depths ranging from approximately 6 m to 19 m below ground surface (Brouyère et al., 2004).  

The long-term experiments were run under forced gradient and natural infiltration conditions.  

The tracer arrival times were found to be shorter (approximately three orders of magnitude) with 

the forced gradient conditions.  Also, they found that the existence or lack of a protective cover 

(i.e., a thick layer of sediment) affected the sensitivity of the aquifer to contamination. 

 

It is advantageous to use organic dyes, such as Lissamine, as tracers as they are easy to handle, 

are inexpensive, and are easy to detect over a wide range both in situ and ex situ using 

fluorometers.  A comprehensive review of dye tracers, with a focus on vadose zone 

hydrogeology, is presented by Flury and Wai (2003).  Lissamine (Acid Yellow 7), which is an 

excellent groundwater tracer due to its stability and low adsorption (Smart and Laidlaw, 1977), is 

extensively used for tracer experiments conducted in fractured rock (Lapcevic et al., 1999b; 

Novakowski et al., 2004; Vilks et al., 2004).  Smettem and Trudgill (1983) conducted laboratory 

and in situ column experiments to evaluate the transport fluorescent and non-fluorescent dyes in 

soils.  Lissamine was determined to be the most appropriate tracer to be used under field 

conditions with rapidly moving water.    
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Although previous infiltration tracer experiments have been used to investigate solute transport 

from at or close to the ground surface, little is known about transport pathways and processes 

from near surface features to those at depth in a fractured crystalline rock aquifers with minimal 

overburden cover and shallow water tables.  Furthermore, little is known about contaminant travel 

times to wells and subsequent concentrations received by wells following surface-application of 

contaminants in this setting.  The specific objectives are to: 1) explore the role played by the 

overburden thickness in limiting vertical transport; 2) investigate the degree of vertical 

connection between the soil cover and underlying bedrock in this setting; and 3) explore the 

vertical connectivity of the upper fractures in the bedrock.  Thus, these processes are examined 

using an infiltration tracer experiment interpreted via numerical modeling, in order to demonstrate 

the importance of source water and wellhead protection in this vulnerable setting.     

5.2 Materials and Methods 

The research site used for this study is located near Perth, Ontario, Canada (Figure 5.1) in the 865 

km2 Tay River watershed.  The site has been used since 2004 for several investigations of flow 

and transport in fractured rock (e.g., Milloy, 2006; Cooke, 2007; Praamsma and Novakowski, 

2009; Gleeson and Novakowski, 2009; Levison and Novakowski, 2009).  The watershed is 

underlain by Precambrian (Canadian Shield) and Paleozoic (Smith Falls Limestone Plain) units 

(Wilson, 1961).  The area for this study is underlain by syenite-migmatite encountered as a 

banded gneissic rock (Wilson, 1961).  Surficial geology consists of a thin till veneer, generally 

ranging in thickness from 0 to 2 m (Kettles, 1992) and numerous bedrock outcrops are present in 

the area.  Two monitoring wells (identified as TW7 and TW8) were used for this tracer 

experiment, as discussed in the following section.  The tracer was applied directly to the land 

surface, which was covered by a crop (alfalfa mixture) at the time of this experiment. 
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5.2.1 Site Characterization  

Wells TW7 and TW8 are located on a bedrock outcrop (i.e., no overburden is present).  Two soil 

tests pits (TP1 and TP2) were dug nearby (Figure 5.1) to determine the overburden thickness and 

collect soil samples for subsequent analysis.  After the infiltration experiment was performed, 

depth to bedrock was measured using a steel rod driven to refusal at 25 locations in and 

surrounding the infiltration area.  The soil depth contours are shown in Figure 5.1.   

 

 

Figure 5.1 The field site is located near Perth, Ontario, Canada.  Wells TW7 and TW8, 
located on outcrop, were used for this experiment.  The tracer preparation tank and tracer 
infiltration area are illustrated.  TP1 and TP2 are locations of test pits, where the depth to 
bedrock is approximately 0.7 m and 1.4 m, respectively.  The depth to bedrock is shown 
with the grey contours (in cm) as determined from depth probes.   
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Depth of the soil (to bedrock) was determined to be approximately 0.7 m for TP1 and 1.4 m for 

TP2 (Figure 5.1).  The surficial material encountered in TP1 included A horizon (0-23 cm bgs), 

silty sand with minor gravel (23-60 cm bgs) and clay with minor gravel (60-70 cm bgs), and in 

TP2 included A horizon (0-20 cm bgs), silty sand with minor gravel (20-60 cm bgs), and sandy 

clay (60-140 cm bgs).  

 

The organic carbon content of the soil from the two tests pits was determined by loss on ignition 

(Smith and Atkinson, 1975).  To remove hygroscopic moisture, samples were oven-dried over 

night at 105oC.  The samples were then heated in muffle oven at 400oC for 8 hours and then 

cooled in a desiccator.  The calculated fraction organic carbon (foc) values were 3.0%, and 1.1% 

for the A horizon and sandy clay material, respectively.   

 

Laboratory batch tests were conducted to investigate the potential sorption of Lissamine by the 

overburden material.  Soil samples (25 g) were spiked with 100 mL of 0.25 mg/L, 0.5 mg/L and 1 

mg/L Lissamine solutions in volumetric flasks.  The samples were mixed continuously for 24 

hours in darkness to avoid the photodegradation of Lissamine.  The supernatant was then filtered 

with Whatman 691 glass microfibre filters, and Lissamine concentrations were measured using a 

Turner Designs 10-AU Fluorometer.   

 

Average dye losses of approximately 80%, 86% and 90% were observed for the 0.25 mg/L, 0.5 

mg/L and 1 mg/L spiked solutions, respectively.  These values are higher than the batch test 

results reported by Smart and Laidlaw (1977), where the Lissamine loss was 32% for hummus 

and 8% for bentonite, for example.  They used 20 g/L of sediment with a dye concentration of 

100 μg/L, where the present experiment used 250 g/L of sediment with various dye 

concentrations.  Trudgill (1987) reported Lissamine losses (using batch tests) of 14-18% for sand, 

35-36% for clay, and up to 87% for soil.  Comparing three soils, losses were 40%, 35% and 24% 

 92 



using column experiments and were 81%, 36% and 28% using the same soils for batch tests.  

This indicates that less mass may be lost for in situ conditions compared to the amount calculated 

from laboratory batch tests.  Thus batch tests may represent the maximum levels of adsorption 

with lower levels encountered for non-equilibrium conditions in structured soils (Trudgill, 1987). 

  

From the batch tests, an average Kd value (using the soil from the research site) of 29 was 

calculated using a linear isotherm.  This value is not necessarily representative of actual field 

conditions, where the soil remains intact; however, it does suggest that some tracer (Lissamine) 

may be lost due to sorption onto the soil during the tracer experiment (i.e., the tracer is non-

conservative).  Lissamine is a functionalized polycyclic aromatic hydrocarbon, with an estimated 

log Kow of 2.6 (Field et al., 1995).  For PAHs, a general relationship between Kow and Koc is 

logKoc = logKow - 0.21 (Yong, 2000).  Therefore, an estimated Koc for Lissamine is 245.5.  Using 

this value and the foc values for the overburden at the site, the Kd is estimated to be 7.4 for the 

topsoil and 2.7 for the sandy-clay material, which is lower than the batch test Kd.   

 

A double-ring infiltrometer was used to measure the hydraulic conductivity of the soil at various 

locations near TW7 and TW8 (Gleeson, 2009).  Estimates for bulk K ranged from 4.8x10-7 m/s to 

3.6x10-6 m/s.  

 

Located on outcrop, wells TW7 (46 m in depth) and TW8 (42 m in depth) are 0.15 m in diameter 

and were drilled using an air rotary percussion method in 2005 and 2006, respectively (Figure 

5.1).  Well casing was installed and grouted approximately 0.6 m into the bedrock at each well.  

To locate significant fracture features and to measure hydraulic properties, hydraulic testing of 

the wells included pumping tests, slug test measurements using contiguous straddle-packer 

intervals, and down-hole videotaping.   
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Pumping tests were conducted using a 0.1 m diameter Grunfos submersible pump.  Water levels 

were monitored with handheld water level meters and data recording pressure transducers.  Well 

TW7 was pumped for 11 hours and recovery was monitored for 12 hours.  Using the Moench 

(1997) solution, the transmissivity, storativity and specific yield of the formation at TW7 were 

calculated to be 9.6x10-4 m2/s, 2.6x10-5, and 1.5x10-3, respectively.  TW8 was pumped for 24 

hours and recovery was monitored for 24 hours (Cooke, 2007).  Using the Moench (1997) 

solution, the transmissivity, storativity and specific yield of the formation at TW8 were calculated 

to be 9.9x10-4 m2/s, 2.0x10-4, and 5.1x10-4.      

 

Isolated sections of 1.77 m in length were used for the slug tests.  For TW7, tests in 22 intervals 

were conducted and analyzed using the Hvorslev (1951) method.  Cooke (2007) conducted and 

analyzed (using Hvorslev, 1951) tests in 21 intervals for TW8.  Hydraulic responses were 

measured using pressure transducers.  The distributions of transmissivity with depth (Figure 5.2) 

are dominated by several large-scale features (located at approximately 9, 25 and 35 metres below 

ground surface (bgs) for both wells).  The features are likely to be sheeting fractures, horizontal 

fracture features that occur due to glacial unloading or significant erosion (Holzhausen, 1989; 

Karasaki et al., 2000). These fractures are often observed in this type of rock and can be traced 

over many tens of metres in horizontal distance (Raven, 1986). These features are observed in the 

video logs at the locations where the larger values of transmissivity are encountered.   
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Figure 5.2. Slug testing results and well completion details.  TW8 is an open well.  TW7 is a 
multilevel well with three intervals (7S, 7M and 7D).   

 

From the slug testing results, the geometric mean transmissivity and standard deviation is  

5.0x10-6 ± 7.2x10-4 m2/s (equivalent to a 182 μm single aperture) for TW7, and 5.4x10-6 ± 9.4x10-4 

m2/s (equivalent to a 187 μm single aperture) for TW8.  The equivalent single hydraulic aperture 

was calculated as follows (from the cubic law): 

( 32
12

bgT
μ

)ρ
=        (5.1) 

where T is transmissivity, ρ is the density of the fluid (water), g is acceleration due to gravity, µ is 

the viscosity of the fluid, and 2b is the fracture aperture. The cumulative transmissivities 

calculated from the slug tests are 4.7x10-3 m2/s and 8.3x10-3 m2/s for TW7 and TW8, respectively, 

which are less than an order of magnitude greater than the pumping test transmissivities.  
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Following hydraulic characterization, well TW7 was completed as a multilevel piezometer 

(Figure 5.2). PVC pipes (0.05 m diameter), slotted over transmissive zones, were installed.  

Bentonite and #2 sand were emplaced to create three isolated levels in the well (i.e., TW7S, 

TW7M and TW7D). The descriptors ‘S’, ‘M’ and ‘D’ correspond to shallow, mid, and deep 

sections, respectively.  Well TW8 was left open.  It is interesting to note that prior to the drilling 

of TW8, the TW7 multilevels had different hydraulic head levels (TW7S always had a higher 

water level than 7M and 7D).  After the open well was drilled, the head in the TW7 intervals 

became close to equal.  For example, the water levels in TW7S, 7M and 7D were, respectively 

2.91, 4.67 and 4.71 m btoc in April 2006 (prior to the drilling of TW8) and were 4.46, 4.51 and 

4.56 m btoc in May 2006 (after the drilling of TW8). This indicates that horizontal connections 

from TW7 to TW8 are present and that vertical communication prior to the drilling of TW8 may 

have been present but was perhaps not significant.      

5.2.2 Tracer Infiltration Experiment 

The main phases of this tracer experiment involved the pumping of one open well (TW8) and the 

shallow interval of the multilevel piezometer (TW7S) with infiltration of this pumped water, 

followed by the application of tracer at the ground surface as outlined in Figure 5.3.  TW8 was 

pumped at a rate of 52 L per minute (Q1) and TW7S at a rate of 22 L per minute (Q2) using 

Grundfos Redi-Flo3 and Redi-Flo2 submersible pumps, respectively, for a duration of 18.5 h.  To 

create a vertically infiltrating flow regime, the discharge (Q1 and Q2) from these two wells was 

spread over the infiltration area (Figure 5.1) over the first 3 h into the test, following which the 

tracer was applied in the infiltration area and the pump discharges were moved away.  Following 

the tracer application (discussed below), Q1 and Q2 were moved back to the infiltration area at 

4.3 h to ‘chase’ the tracer into the subsurface.  The discharges were once again moved off site at 

6.3 h.  The flow discharge was monitored using SPX Inline Low Flow Meters which collected 

data on a CR10X logger (Campbell Scientific).  
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Figure 5.3 Experimental design.  Time 0 signifies the start pumping (Q1 and Q2 pumped 
from TW8 and TW7S).  Q1 and Q2 infiltrated in the ‘infiltration area’ (IA) until the tracer 
was applied 3 hours later and allowed to infiltrate.  Chaser water was applied at 4.3 hours 
(Q1 and Q2 once again onto the infiltration area).  At 6.3 hours, Q1 and Q2 were moved 
away.  Pumping ceased after 18.5 hours.   

 

Approximately 1500 L of 200 mg/L Lissamine Flavine FF (Pylam Products) tracer was applied 

over the infiltration area (approximately 40m2) after 3 h of TW8 and TW7S pumping.  The tracer 

solution was prepared in an inflatable pool and was rapidly sprayed over the infiltration area 

using a centrifugal pump. The tracer infiltrated for 1.3 h (until 4.3 h following the start of the test) 

and then the chaser water was applied, as discussed previously.  The infiltration area was located 

in a natural depression in the ground surface, which eliminated overland flow of the tracer and 

infiltrated water towards the wells.   

 

Tracer breakthrough was monitored using a Turner Designs Cyclops-7 submersible fluorometer.  

The fluorometer calibration curve is shown in Appendix F.  In the open well (TW8) 

concentrations were monitored in situ, by lowering the fluorometer down the well periodically 

throughout the experiment.  In the multilevel well (TW7), bulk samples were obtained from Q2 

for TW7S and manually, via dedicated tubing with a WaterraTM foot valve, for TW7M and 
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TW7D.  The fluorometer was coupled with a pressure transducer (Druck) to monitor the location 

of the fluorometer in the well for the in situ monitoring.  Measurements were recorded every 

second using the CR10X data logger.  Background fluorescence was measured in the wells prior 

to tracer application.                 

5.3 Results of the Infiltration Experiment 

Due to the unique and complex nature of this infiltration experiment, both hydraulic head and 

tracer data from the field experiment are presented herein.  The hydraulic response (head data) is 

depicted followed by the tracer breakthrough curves for the open well (TW8) and the three 

multilevel intervals (TW7S, TW7M and TW7D).   

5.3.1 Hydraulic Response 

The hydraulic head data (showing periods of drawdown and recovery) for the infiltration 

experiment is shown in Figure 5.4.  Recovery (following cessation of pumping) started 18.5 hours 

after the pumping began.  The greatest hydraulic response was observed in TW7S (pumped at a 

rate of 22 Lpm).  A large recovery in hydraulic head was observed approximately 9 hours after 

initial pumping in TW7S, which can be attributed to the arrival of water applied to the ground 

surface.  The other wells also exhibited slight rebound from the infiltrating water.  Additional 

drawdown for all wells, particularly TW7S, started at approximately 15 hours.  This occurred 

since the recharge water was moved far away from the infiltration area at 6.3 hours.  After 

pumping ceased (18.5 hours), TW7S recovered to a slightly higher water level than at the start of 

pumping (a difference of approximately 10 cm).   

5.3.2 Tracer Breakthrough 

The tracer breakthrough curves for TW7 are shown in Figure 5.5.  Although it can be expected 

that the shallowest section (TW7S) would have the fastest breakthrough and the highest 

concentrations, the first breakthrough occurred at TW7M less than four hours after the tracer was 
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applied.  Well TW7M also had the highest concentration (21 μg/L) 13 hours after the tracer was 

applied.  Well TW7D had the lowest concentrations, with only a few sporadic hits of tracer.  The 

breakthrough curves exhibit multiple peaks, which could indicate the influence of multiple 

fractures as they contribute mass to the wells at various times. 
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Figure 5.4 Drawdown and recovery data for the infiltration experiment.   

 

 
Well TW7S had the largest hydraulic response (both in drawdown and in recovery), although 

TW7M had the highest tracer concentrations.  This may have occurred since TW7S was pumped, 

and therefore drew water radially thus contributing to dilution of the tracer.  Conversely, TW7M 

was not pumped, but was drawn down from the pumping in TW8 (through the horizontal 

connection between the wells).   
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Figure 5.5 Tracer breakthrough for TW7S, TW7M and TW7D.  The tracer was applied to 
the top of the ground surface three hours and twelve minutes after the pumping began. 
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Figure 5.6 TW8 tracer concentrations with respect to depth for several time periods (hours 
into the test).  The time starts at the beginning of pumping.  The tracer was applied 3:12 
hours into the test.  
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There appeared to be breakthrough near the top and bottom of TW8 at early time (e.g., at 11:03 

h).  The concentrations observed at the bottom of the well could potentially be due to the 

suspension of sediment.  The tracer appeared to spread throughout the wells at later time (e.g., at 

19:56 h and 24:26 h), which is likely due to mixing caused by the fluorometer as it was lowered 

and raised throughout the well.  Of note, there was no distinct breakthrough (other than that 

attributed potentially to well mixing) observed in the middle of TW8 (e.g., approximately 25 m 

bgs) at the elevation where the highest concentrations were observed in TW7M.  Thus, there is 

potentially a hydraulic barrier impeding transport between these two wells at this depth.  

Breakthrough was observed in TW8, however, at approximately 35 m bgs, the location of the 

largest deep fracture zone.  

5.4 Interpretation and Discussion 

Both analytical and numerical models can be utilized to interpret tracer experiments.  Numerous 

analytical and semi-analytical solutions have been developed to interpret tracer migration in 

discrete fracture systems (e.g., Neretnieks, 1980; Tang et al., 1981; Sudicky and Frind, 1982; 

Novakowski, 1992; Novakowski et al., 2004).  In contrast, fewer analytical models have been 

developed to account for contaminant transport from the ground surface, especially first through 

soil and vertical fracture features then though horizontal features which intersect wells.  It is 

difficult to develop a rigorous analytical solution for this complex case (e.g., Black and Kipp, 

1983). Thus, for infiltration experiments, numerical models are likely a better approach for 

simulating the flow and corresponding tracer transport. 

 

For field sites that have been hydraulically characterized in detail, discrete fracture network 

models (as opposed to continuum and multi-continuum approaches) can be used as a tool to 

investigate the effects of individual fracture features on groundwater flow and contaminant 

transport (Berkowitz, 2002).  Fracture characteristics that can be incorporated into discrete 
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fracture network models include aperture, spacing, density, and length.  HydroGeoSphere 

(Sudicky et al., 2005; Therrien et al., 2006), a 3D fully integrated, finite-element, subsurface and 

surface flow numerical model with a discrete fracture capability, was utilized to simulate the 

infiltration tracer experiment.  The model was first run to match the hydraulic head (drawdown) 

data from the infiltration experiment.  Once the transient flow solution (i.e., best match to 

hydraulic data) was determined, transport was simulated.   

 

A depiction of the domain for the numerical modeling is shown in Figure 5.7.  The domain size 

was made as large as practical (2000 m x 2000 m x 50 m) to minimize boundary effects.  

Constant head boundary conditions, set at 45 m (5 m bgs) were utilized for the peripheral faces of 

the domain.  A specified flux boundary condition was applied over the ‘infiltration area’ to 

simulate the water applied to the ground surface.  An area of soil with a maximum depth of 2 m 

(for most scenarios) was established over the infiltration area. Three horizontal discrete fracture 

features (at 9, 25 and 35 m bgs) were used to represent the high transmissivity areas determined 

from the straddle-packer slug tests.  For most runs, a single vertical fracture that extended from 5 

m bgs to 48 m bgs, and passed underneath the infiltration area, was utilized.  Examples of the 

general parameters that were used and sample input files are given in Appendix G.  The 

discretization was finest around the wells and the fractures (e.g., 0.1 m in a direction 

perpendicular to the fractures for the flow solution scenarios) and increased by a multiplication 

factor to a maximum size of 80 m at the boundaries.  After testing numerous grid-block schemes, 

the flow solution is considered insensitive to the final discretization.  For the transport scenarios, 

however, a finer discretization (on the order of the fracture apertures) immediately surrounding 

the fractures was warranted (Weatherill et al., 2008).  For the final transport solutions, the initial 

grid size surrounding the fractures was 0.003 m in a direction perpendicular to the fracture planes.    
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Figure 5.7 HydroGeoSphere domain (not to scale).  Three horizontal fractures (9, 25, and 35 
m bgs) and one vertical fracture were utilized.  Soil is present in the area where the tracer is 
spread.  TW7 was modeled by three separate wells to represent the multilevel intervals.  For 
the simplified “7S” runs, the domain was the same but was limited to 15 m (i.e., hfracture25 
and hfracture35 were excluded) and TW8 was not included. 

5.4.1 Hydraulic Response (Drawdown) 

To simulate the hydraulic response observed during the experiment, all available hydraulic testing 

and hydraulic head data (from straddle-packer slug tests, pumping tests and the infiltration 

experiment) were utilized to determine the sizes of the three horizontal fracture zones (e.g., at 

approximately 9, 25 and 35 m bgs).  The transmissivities calculated from the straddle packer slug 

tests generally were larger than the transmissivity interpreted using pumping test analysis.  For 

example, the largest feature in TW7D (35 m bgs) had a slug test transmissivity corresponding to 

an aperture of 1607 μm and the largest features (3) at approximately 35 m bgs in TW8 (see Figure 

5.2) had a slug test equivalent aperture of 1743 μm.  However, the equivalent connected aperture 

between TW7D and 8 (from pumping test transmissivity interpretation) ranged from 831 μm (this 

experiment) to 1009 μm (Cooke, 2007).  The contrast in the measured transmissivity values exists 

since pumping tests have a larger zone of influence than slug tests.   
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To calculate the equivalent connected aperture between TW7D and TW8, a ratio of Tlarge features (at 

35 mbgs) to Ttotal for TW8 was used to determine the proportion of Q that those fractures would 

contribute as pumping occurred.  Thus, the three high T sections near the bottom of TW8 account 

for approximately 52% of the total T of the well.  Thus, 52% of the pumping rate was used in the 

commercial program AQTESOLV with TW8 as the pumping well and TW7D as the observation 

well to interpret the connected T using the Moench (1997) solution.  The same method was used 

to calculate the equivalent connected aperture at 25 m bgs (TW7M to 8).  This method was not 

applied to TW7S, since TW7S was also pumped during the experiment. 

 

The first HydroGeoSphere runs strictly used the apertures based on the slug testing results for the 

three major horizontal fracture zones.  These runs, however, did not achieve enough drawdown to 

adequately model the observed drawdown data.  The horizontal fracture sizes for the horizontal 

zones were then adjusted (e.g., used the equivalent connected aperture sizes from the pumping 

test analysis for 25 and 35 m bgs) to achieve a better match to the field drawdown data.  

However, a perfect fit to the drawdown data was not achieved (e.g., the simulated data differed by 

as much as 15% relative to the field data for TW7S), indicating that there is a complexity in the 

subsurface system that was not captured in the model.   

 

The various modeled conceptualizations do improve the understanding of the subsurface system 

(see Table H1 and corresponding plots in Appendix H).  For example, for the cases with constant 

fracture apertures, TW7M and TW7D always had nearly identical drawdown curves (which did 

not occur in the field).  This was remedied when the fractures at 25 m and/or at 35 m below the 

top of the domain were given variable apertures (i.e., the fracture size intersecting TW7D and 

TW8 and/or TW7M and TW8 were different), as shown in Conceptualizations #2, #3, and #5 

(Table H1, Appendix H).  As discussed previously, the highest observed tracer concentrations 

were in TW7M, and tracer breakthrough was not observed at that elevation in TW8.  The results 
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of the variable aperture simulations also provide further evidence that there may be a hydraulic 

barrier between the two wells (TW7M and TW8) at that depth.     

 

Based on the apparent difficulty in matching the drawdown curves for two pumping wells and 

two observation wells, a simplified modeling exercise was undertaken to focus specifically on the 

flow solution for TW7S, which was pumped and exhibited a large recovery from the infiltrating 

surface water/tracer.  The objective of this exercise was to develop a conceptual model which can 

represent the large recovery observed in the field from the surface-applied water.  The depth of 

the domain was limited to 15 m (with horizontal extent still 2000 m x 2000 m).  The only 

simulated well was TW7S, which was pumped at a rate of 22 L per minute.  One shallow 

horizontal fracture at a depth of 9 m bgs was simulated.  A vertical fracture was placed below the 

tracer pool, with 2 m of soil above it (for most cases).  Simulations were conducted changing the 

horizontal fracture aperture, the vertical fracture aperture, the soil conductivity and thickness, and 

the location of the vertical fracture in an attempt to match the drawdown and recharge/recovery 

exhibited in the field for TW7S (see Table H2 and corresponding plots in Appendix H).    

 

The large recharge/recovery observed in the field could not be adequately modeled when the 

vertical fracture was located in the middle of the tracer pool.  For these cases, the modeled 

recharge/recovery generally occurred at or before 6 hours into the test, while in the field it started 

between 9 and 10 hours.  This suggests that there may be a longer flow path/travel time that the 

water applied to the top of the domain takes to recharge the well.  To investigate this, three 

conceptualizations were utilized (Appendix H): 1) the soil was made thicker to simulate a non-

vertical (i.e., longer) flow path through the soil; 2) the vertical fracture was moved progressively 

further away from the wells and outside of the tracer pool; and, 3) a “bathtub” effect was 

simulated, where water filled up a small depression of soil above the rock surface and then spilled 

over to reach a vertical fracture at a slightly higher elevation.  Some of these simulations did 
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achieve later “recovery” times than the previous runs, although an ideal fit to the field data was 

never achieved.  When the fracture was 2 m outside of the tracer pool, recovery did not occur 

(Table H2: #14). The simulated recovery always generally occurred earlier than in the field 

(except for #25 and #26 with thicker soil), and the magnitude of the recovery was not as great as 

the field data.  Thus, there is likely some complexity in the subsurface (e.g., macropore flow, 

variable fracture apertures, complex fracture connections) that are not being adequately captured 

in this idealized model (see following discussion).  

 

From the hydraulic modeling of TW7S, it is apparent that the soil conductivity plays a very 

important role in the transmission of water from the surface to the subsurface.  For example, no 

recovery occurred for the case with 1 m of soil with a hydraulic conductivity of 3.6 x 10-3 m/h 

(#11 - 7S16), which was at the lower end of the hydraulic conductivity determined using a double 

ring infiltrometer (Gleeson, 2009).  For the higher end of the measured infiltrometer values (e.g., 

K= 1.0 x 10-2 m/h) recovery from the water applied to the ground surface did not occur (#12 - 

7S19b). Higher K values than determined from the double ring infiltrometer (Gleeson, 2009) 

were needed to achieve a recovery from water applied to the ground surface (#12 - 7S19, 7S19C).  

This may indicate that macropores or preferential flow paths in the soil that were not captured by 

the infiltrometer likely play in role to transmitting water from the surface to the subsurface (Cey, 

2007).  Soil thickness (or a longer flow path from the ground surface to the vertical fracture 

feature) also delays the time that surface-applied water reaches the well, and diminishes the 

recovery peak.  In some cases, a smaller vertical fracture increased the overall amount of 

drawdown.   

5.4.2 Tracer Experiment 

Solute transport simulations were conducted based on the simplified modeling exercise for 

TW7S.  Although perfect fits to the simulated head data were not achieved, the solute transport 
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runs were conducted with what was considered to be the “best fits” and to cover a broad range of 

possible conceptual models (Appendix H, Table H2).  The hydraulic head data at three hours 

(time when tracer was applied) was used as “initial heads” in the transient transport simulations.  

Sample input files are presented in Appendix G. 

 

For the interpretation of tracer experiments in fractured rock aquifers, borehole mixing and 

dilution must be considered (Novakowski, 1992; Hachey and Novakowski, 2006; Moore, 2008).  

The breakthrough curves generated in HydroGeoSphere were corrected for mixing in the 

borehole by using a simple analytical solution.  The governing equation is presented by Palmer 

(1988): 

( ) ( )[ tCtC
W

fvnA
dt
dC

−= ' ]     (5.2) 

 

where C′(t) is the time dependent concentration of the tracer entering the well (i.e., from the 

HydroGeoSphere output), C(t) is the time dependent concentration leaving the well (i.e., the 

concentration measured after borehole mixing), A is the cross-sectional area (equivalent to the 

fracture aperture multiplied by the diameter of the well), W is the volume of water in the open 

well, n is the effective porosity (equal to 1.0 for an open fracture), and f is a well capture factor 

which is 2.0 for open wells in bedrock (Novakowski et al., 2006).  The solution to Equation 5.2 

was applied to the concentrations calculated using HydroGeoSphere.  These ‘mixed’ 

concentrations were then compared to the field data.   

 

For most cases, the simulated concentrations, even after ‘mixing’ had been applied, were higher 

than observed field values for TW7S (which can be expected as the tracer is limited in the model 

to a depth of 15 m, as opposed to the real field conditions).  The breakthrough curves are shown 

in Appendix H.  Most of the runs with 2 m of soil or less had breakthrough at about 5 hours 
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(earlier than observed in the field), while the scenarios with thicker soil (e.g., 4 m) had 

breakthrough at about 8 to 10 hours (slightly later than observed in the field).  General 

observations from these simulations are as follows: 1) a bigger vertical fracture leads to a higher 

peak concentration and slightly faster breakthrough; 2) a lower soil K leads to later breakthrough 

and a lower peak concentration; 3) additional vertical fractures (e.g., 4 versus 2 versus 1) lead to 

higher peak concentration; 4) thicker soil leads to later breakthrough times and lower peak 

concentrations; and 5) decreasing the initial concentration by half decreases the peak 

concentration in the fracture by approximately half.  

 

When soil sorption was applied in the model, extremely low quantities of tracer were recovered in 

the well.  Therefore, the sorption of Lissamine was not considered further in the modeling, as it 

led to basically undetectable concentrations reaching the well, which was not the case in the field 

experiment.   Based on the batch tests results, as presented previously, there is potential for 

Lissamine sorption to the organic matter in the overburden in the field setting.  From the results 

of the numerical modeling, it appears that less sorption occurred in the field than predicted by the 

results of the batch experiments.  

 

After the initial runs were conducted, a few scenarios were selected to determine the effects of 

dispersivity, the size of the vertical fracture aperture, and the applied concentration to the 

breakthrough curves, in an attempt to better match the observed field data for TW7S.  The tested 

scenarios responded the most to changes in the applied concentration and to the vertical aperture 

size.  The tested dispersivity values ranged from 5 m/0.5 m (horizontal and transverse, 

respectively) to 0.3 m/0.03 m, and did not greatly influence the breakthrough curves.  Smaller 

vertical apertures lead to smaller peak breakthrough concentrations (which may be attributed to 

less head recovery from the surface-applied water for smaller fracture apertures).  The initial 
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breakthrough time was the same for smaller and larger vertical apertures.  An example comparing 

three vertical aperture sizes (1000 μm, 600 μm and 250 μm) is shown in Figure 5.8.   
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Figure 5.8 Breakthrough curves and head in the well for the 7STrans5 conceptualization for 
different vertical aperture sizes.  The concentration shown is the model output, and has 
therefore not been altered to account for borehole dilution/mixing.  The initial 
concentration applied to the top of the domain was 50 mg/L.  The vertical aperture sizes 
were 250, 600 and 1000 μm. 

 

For most of the previous runs, the simulated concentrations in the well were much too high when 

200 mg/L of tracer was applied to the top of the domain.  For one scenario (with the vertical 

fracture located 2 m east of the tracer pool with very high K overburden), an applied 

concentration of 200 mg/L lead to concentrations in the vicinity of the observed field data, after 

borehole mixing and dilution was considered.  After further refinement of the grid immediately 

surrounding the fractures, a concentration of 100 mg/L (half of the concentration applied in the 

field) provided a peak concentration close to the field results, with a slightly earlier peak arrival 

(Figure 5.9).  Irreversible sorption, which was not simulated, may play a role to dampen the peak 

concentration and delay the peak arrival.   
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Figure 5.9 Results of simulated tracer concentrations for 7STrans16 (the simulation with a 
vertical fracture 2 m east of the tracer pool and a very high K soil). 

 

This conceptualization may best represent the field conditions.  The very high K can represent 

preferential flow (e.g., through macropores) through the soil to a vertical feature located outside 

of the tracer application area.  In other words, there may be a longer flow path through the soil to 

reach the vertical fracture.  However, the large head recovery observed in the field was not 

simulated, and the tracer that may have otherwise been transported to the lower fracture features 

(i.e., as observed in TW7M) was also not simulated in this exercise. 

 

For the other conceptualizations, much lower surface applied concentrations were needed to 

reduce the breakthrough concentrations to that for the field data.  For example, simulated 

concentrations applied to the surface were on the order of 9 mg/L, which represents only 4.5% of 

the actual applied concentrations for the results shown in Figure 5.10.  This may indicate that 

tracer sorption or more dilution may be occurring in the field, or that these conceptualizations are 

not actually representative of the field conditions.   
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Figure 5.10 Results of simulated tracer concentrations for 7STrans5 (7S45 - the simulation 
with 4 m of high K soil).  An initial concentration of 7 mg/L applied to the ground surface 
was needed to achieve simulated concentrations in the vicinity of the field data for TW7S. 

 

This modeling exercise illustrates the complexity of the processes involved with simulating the 

transport of surface applied solutes to pumped well receptors in fractured bedrock environments.  

Although significant hydraulic characterization was conducted and the data was used for the 

numerical modeling, the subsurface system and fracture connections are still not well defined.  

The numerical modeling allowed for the testing of several potential conceptual models.  For this 

specific experiment, the best two representations of the field tracer data were for the cases with 

potentially longer flow paths through the soil than just the 1 to 2 m straight down to the bedrock 

(represented by 4 m thickness of soil and by a vertical fracture placed outside of the tracer pool). 

 

Several infiltration tracer experiments, with different pumping regimes, tracer application 

durations and observation well configurations (e.g., sections of open wells being sealed with 

packers) are recommended for future infiltration experiments to help improve the numerical 
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interpretation.  Constraining the field experiment as much as possible (e.g., developing a steady-

state flow field, pumping only one well) would also reduce the uncertainty of the interpretation. 

5.5 Conclusions 

A successful infiltration tracer experiment was performed, showing that solute transport from the 

ground surface to pumped well receptors in fractured bedrock aquifers with minimal overburden 

cover is extremely rapid.  This is an important consideration for private and municipally owned 

drinking water systems that draw water from shallow fractured bedrock aquifers, and illustrates 

the extreme importance of protecting the drinking water source (i.e., well-defined wellhead 

protection areas are imperative in this sensitive setting).  The main conclusions and 

recommendations from this study are: 

 

1. Contaminants applied to the ground surface in sensitive fractured bedrock aquifer 

settings can reach pumped wells quickly (on the order of hours).  

 

2. Maximum concentrations of contaminants originating from the ground surface will 

not necessarily be the highest in the shallow horizon of a fractured rock aquifer.  

This is consistent with the field observations of nitrate and E. coli observed in 

Chapter 3. 

 

3. There is variability in fracture connectivity even at a small spatial scale.  This can 

lead to variable contaminant concentrations observed in nearby wells in fractured 

bedrock settings (e.g., TW7M had the highest observed concentration, but no 

breakthrough was observed throughout the experiment in TW8 at the mid section). 

 

 112 



4. Soil conductivity greatly affects the recharge/recovery from applied water (carrying 

potential contaminants) from the ground surface.   

 

5. The numerical simulation of infiltration tracer experiments is not trivial.  The flow 

solution (or hydraulic head in the wells over time) was difficult to match, even 

though numerous conceptual models were hypothesized and tested.  Numerical 

modeling of discrete-fracture infiltration experiments can still be used to gain insight 

into the subsurface, to help support or refute different subsurface conceptualizations.  

 

6. There are many complexities involved with the transport of contaminants from the 

ground surface to well receptors, and even with the available tools to investigate 

these (hydraulic characterization, tracer experiments, numerical modeling) it is very 

difficult to capture the processes.  Thus, many more infiltration tracer experiments 

and subsequent analysis must be conducted in order to help resolve the 

understanding of the transport of surface applied contaminants to wells.  An attempt 

to constrain the field experiments as much as possible (e.g., developing a steady-

state flow field, pumping only one well) will help to improve the interpretation.   

 

7. Various and numerous methodologies are needed to help understand the complexity 

of the subsurface in fractured bedrock settings.  Infiltration tracer experiments help 

provide information about potential connections and transport rates from the ground 

surface, and thus may be useful to help validate wellhead protection areas that have 

been derived from numerical modeling, where minimal overburden exists.   

 

8. Future work should also attempt to simulate bacterial transport, in order to determine 

sensitivities to surface contamination for wellhead protection areas in fractured rock. 
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Chapter 6 

Discussion  

 

The three investigated themes clearly illustrate the vulnerability of wells in fractured bedrock 

aquifers (with thin overburden) to potential contamination from human activity.  As exemplified 

in Chapter 3, there can be significant spatial and temporal variability of both chemical (e.g., 

nitrate) and bacterial (e.g., E. coli) contaminants in this setting.  PBDEs, which are persistent 

organic pollutants not previously thought to be present in groundwater, can also contaminate 

these sensitive aquifers (Chapter 4).  As illustrated in Chapter 5, solute contaminants applied at 

the ground surface can travel rapidly through thin soils and bedrock fractures to reach pumped 

wells on the order of hours.  These findings have major implications for the protection of drinking 

water supplies from groundwater in sensitive fractured bedrock aquifers.  It is imperative that the 

particular sensitivity is considered during land-use planning activities around existing wells and 

for the siting of new supply wells for both private and municipal drinking water systems. 

 

It has been well established that a multi-barrier approach is essential for the delivery of safe 

drinking water (CCME, 2002).  Protecting water at the source (i.e., preventing potential 

contaminants from reaching the water) is the first step in this process, followed by water 

treatment and adequate distribution systems.  In Ontario, excellent initiatives are currently 

underway under the Clean Water Act (2006) to protect the source water of municipal drinking 

water systems.  However, further initiatives are required for the protection of water for non-

municipal groundwater users (i.e., rural well owners), particularly in hydrogeological settings that 

are inherently sensitive to contamination, such as the studied aquifer. In Ontario, private well 

owners are responsible for their own water supply, which includes ensuring that the well is 
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constructed and maintained properly, is decommissioned if no longer in use, and that the water 

quality is adequate for consumption.   

 

Future drinking water source protection initiatives must include programs specifically targeted at 

private well owners.  For example, the “Drinking Water Stewardship Program” that is currently 

available to landowners located near municipal drinking water systems (for projects such as well 

decommissioning and maintenance, septic system upgrades, runoff and erosion protection, etc.) 

should be expanded for additional rural well owners.  A “Fractured Bedrock Working Group” has 

recently been established through Conservation Ontario to address specific hydrogeological 

concerns about bedrock aquifers and protecting water at the source.     

 

Education of private well owners is paramount. They must be aware of potential groundwater 

contaminants, such as bacteria and nitrate, and must know they need to sample their water 

frequently.  They must also be knowledgeable about well and water system maintenance.  Well 

owners can access information about groundwater and wells from local health units, conservation 

authorities, the Ontario Ministry of the Environment, and the Ontario Ministry of Agriculture, 

Food and Rural Affairs, for example.  However, few well owners actively seek these varied 

resources (Conboy and McLean, 2008).    

 

Several progressive private well-focused programs in Ontario must be commended and 

continued.  Well Wise, located in Orono, Ontario, is a resource, research, and education centre for 

private well owners (Well Wise, 2009).  In addition to providing education about groundwater 

and wells, they have developed several water testing packages that are specifically geared 

towards wells in a rural setting.  They recently completed an extensive study to investigate how to 

improve the management of private wells in Ontario (Conboy and McLean, 2008).  Well Aware 

is a private well education program.  It is run by Green Communities Canada with local 
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community partners, with support from the Ontario Ministry of the Environment and the 

Association of Professional Geoscientists of Ontario (Well Aware, 2009). Community forums are 

held for private well owners to learn from well experts.  Confidential home visits (called “guided 

self assessments”) help well owners identify potential risks to their water supply.  Funding to 

these and similar programs should continue to reach private well owners on a proactive, personal, 

and grassroots level.  

 

Further technical research that continues to investigate drinking water source protection in rural 

settings must be supported.  For fractured bedrock aquifers specifically, research must focus on 

determining regional-scale impacts of agricultural activities (e.g., Praamsma and Novakowski, 

2009), and long-term temporal data sets should be obtained.  Intense sampling should be 

conducted during storms, to attempt to correlate specific recharge events to contaminant 

infiltration and transport (see 7.4 for further recommendations for technical research).  The 

information about contaminant transport processes in complex geological settings gleaned from 

field-based technical studies needs to be applied in the development of further policies to protect 

water at the source in rural areas.  In addition to technical research, studies that investigate 

stewardship barriers faced by private well owners, such as Imgrund (2009), are essential to 

improve the protection of rural groundwater supplies.  
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Chapter 7 

Conclusions and Recommendations 

 

Groundwater is an important resource that must be protected from potential contamination due to 

anthropogenic activities such as industrial production and agriculture. It is more sustainable—that 

is, less expensive economically, more socially responsible and better for the natural 

environment—to maintain a pristine water supply rather than treating groundwater after it has 

been contaminated. In order to adequately protect water at the source, it is necessary to 

understand the presence, movement, and persistence of contaminants in aquifers in order to 

develop adequate protection plans.  

 

Fractured bedrock aquifers with thin overburden cover are extremely vulnerable to 

contamination, and little is known about transport processes from the ground surface to depth in 

this setting. Thus, this research strives to improve the understanding of anthropogenic impacts on 

water quality in a natural fractured bedrock aquifer with minimal overburden protection. This was 

accomplished through a field-based investigation conducted in an agricultural setting. The study 

site was located near Perth, Ontario, Canada. The presence of several contaminants (i.e., 

indicators of human impact) including nitrate, E. coli and polybrominated diphenyl ethers 

(PBDEs), were examined. A unique infiltration tracer experiment was also conducted to simulate 

the transport of solutes from the ground surface to well receptors. The outcomes of the three 

themes of this research are summarized herein. Recommendations for future investigations are 

also presented.  
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7.1 The Impact of Cattle Pasturing on Groundwater Quality in Bedrock Aquifers having 

Minimal Overburden 

The spatial and temporal variability of nitrate and E. coli was examined in an agricultural setting 

to improve the understanding of the potential impact of agriculture on water quality in bedrock 

aquifers. Specifically, the objectives were to investigate the temporal variability of agricultural 

contaminants (e.g., nitrate and E. coli) on a monthly and daily basis, to determine the spatial 

variability of those agricultural contaminants at the local scale, and to relate the findings to 

pasturing practices in these sensitive settings. Monthly and intensive sampling rounds were 

conducted on a suite of multilevel wells (10 wells with 25 sampling intervals) to determine this 

local variability. Specific conclusions are as follows:  

 

 1. Temporal and spatial variations of nitrate and bacterial concentrations are significant, 

which arises due to the extremely variable physical setting (i.e., varied groundwater 

velocities, flow paths, etc.). Variable recharge adds to the heterogeneity of the system, as 

it acts to both transmit and dilute contaminants.  

 

 2. Nitrate contamination can be persistent in this setting, as natural mitigation 

mechanisms such as denitrification may not occur, leading to potentially long lateral 

transport distances.  

 

 3. The occurrence of higher E. coli concentrations during periods of recharge must be 

considered during the development of best management practices for nutrients in 

sensitive fractured bedrock aquifer settings.  

  

 4. The temporal variability of concentrations is an important consideration for those 

consuming groundwater in this setting, as concentrations may be acceptable one month 
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while unsuitable another month (or even another day for fecal bacteria). Annual 

groundwater monitoring will likely not capture maximum concentrations and thus may 

not ensure the protection of human health.  

 

 5. Due to the significant spatial heterogeneity at a local scale, results of one monitoring 

location should not be extrapolated over larger areas. Rural homes located adjacent to one 

another may experience significant differences in water quality.  

 

7.2 The Identification of Polybrominated Diphenyl Ethers (PBDEs) in a Sensitive Bedrock 

Aquifer 

PBDEs are persistent ubiquitous environmental contaminants. They have been found in numerous 

biotic and environmental matrices, and present potential problems for human and environmental 

health. No previous studies have been conducted to determine their presence in groundwater. The 

objective of this research was to investigate the potential of PBDE contamination in this sensitive 

groundwater setting, and to form a conceptual model for their transport from the source to depth 

in aquifers. Concentrations were measured on four occasions (26 samples) in 2006 and 2007 from 

a total of 16 multilevel monitoring well intervals. Additional QA/QC sampling was conducted in 

2009. Pertinent findings from this investigation are as follows:  

 

 1. PBDEs were detected in groundwater obtained from a bedrock aquifer in an 

agricultural area of eastern Ontario, Canada, with total concentrations higher than those 

observed previously in surface water bodies.  
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 2. There are 209 PBDE congeners, and among them the transport was determined to be 

preferential. BDE-209, BDE-138 and BDE-183 were the most often detected congeners 

and BDE-209, BDE-47 and BDE-99 had the highest concentrations.  

 

 3. Average total concentrations were slightly higher in August than October (i.e., higher 

in dry conditions than during a recharge period).  

 

 4. Potential point and non-point PBDE sources include septic tanks, manure, and possibly 

atmospheric concentrations (i.e., atmospheric transport and deposition).  

  

7.3 Rapid Transport of Contaminants from the Ground Surface to Wells in a Sensitive 

Fractured Bedrock Aquifer   

Little research has been conducted to examine the transport of solutes from the ground surface to 

depth in fractured rock aquifers, and specifically in the granitic environment of the Canadian 

Shield. Thus, the objective of this study was to investigate the infiltration of contaminants from 

the ground surface to wells in a fractured bedrock aquifer having minimal overburden cover. 

During this research, a surrogate solute contaminant (i.e., a conservative tracer) was applied at the 

ground surface adjacent to two wells, in order to demonstrate the importance of source water 

protection in this vulnerable setting.  

 

A successful infiltration tracer experiment was performed, showing that solute transport from the 

ground surface to pumped wells in fractured bedrock aquifers with minimal overburden cover is 

extremely rapid. This is an important consideration for private and municipally owned drinking 

water systems that draw water from shallow fractured bedrock aquifers, and illustrates the 
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importance of protecting the drinking water source (i.e., well-defined wellhead protection areas 

are imperative in this sensitive setting). The main conclusions from this study are:  

 

 1. Contaminants applied to the ground surface in sensitive fractured bedrock aquifer 

settings can reach pumped wells quickly (on the order of hours).  

 

 2. Maximum concentrations of contaminants originating from the ground surface will not 

necessarily be the highest in the shallow horizon of a fractured rock aquifer. This is 

consistent with the field observations of nitrate and E. coli observed in Chapter 3.  

 

 3. There is variability in fracture connectivity even at a small spatial scale. This can lead 

to variable contaminant concentrations observed in nearby wells in fractured bedrock 

settings.  

 

 4. Soil conductivity greatly affects the recharge/recovery of applied water, which carries 

potential contaminants from the ground surface.  

 

 5. The numerical simulation of infiltration tracer experiments is not trivial. The flow 

solution (or hydraulic head in the wells over time) was difficult to match, even though 

numerous conceptual models were hypothesized and tested. However, numerical 

modeling of discrete-fracture infiltration experiments was found to be useful in gaining 

insight into the subsurface, and to help support or refute different subsurface 

conceptualizations.  
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7.4 Recommendations 

From this research, it is evident that fractured bedrock aquifers with minimal overburden cover 

can easily become contaminated, potentially threatening the health of those depending on bedrock 

wells for their drinking water supply. It is essential that the particular sensitivity is considered 

during land-use planning activities around existing wells and for the siting of new supply wells 

for both private and municipal systems.  

 

Education for private well owners is imperative to ensure that they regularly sample their wells, 

and are aware of potential groundwater contaminants. For example, as was shown in Chapter 3, 

yearly sampling, and even seasonal sampling, may not capture the maximum levels of a 

contaminant. As concentrations are extremely variable spatially, wells in close proximity may 

experience significantly different water quality. Future research should continue to investigate 

agricultural contaminants and indicators (e.g., nitrate and E. coli) in fractured bedrock settings in 

order to obtain a long-term data set. Also, intense sampling should be conducted for longer 

durations, and also during storm events, to attempt to correlate specific recharge events and 

contaminant transport.  

 

Based on the results of Chapter 4, it is evident that additional surveys of PBDE concentrations in 

groundwater are warranted. Considering the potential adverse health effects of PBDEs, 

groundwater may be another (primary) pathway in which people can come in contact with this 

contaminant. Further studies should investigate the fate and transport of PBDEs in aquifers, 

specifically in sensitive settings such as fractured bedrock with shallow overburden. It may be 

prudent to focus on areas where human biosolids are spread and locations in the direct vicinity of 

landfills to potentially capture higher groundwater concentrations. Future research should focus 

on determining: 1) the extent of PBDEs in groundwater (concentrations, dominant congeners,  

seasonal/temporal/spatial variability); 2) pathways and connections from sources to aquifers; 3) 
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subsurface transport mechanisms; and 4) potential health risks related to consumption of well 

water.  

 

There are many complexities involved with the transport of contaminants from the ground surface 

to well receptors, and even with the available investigative tools (e.g., hydraulic characterization, 

tracer experiments, numerical modeling) it is very difficult to capture the processes (Chapter 5). 

Thus, many more infiltration tracer experiments and subsequent analysis must be conducted to 

help resolve the understanding of the transport of surface applied contaminants to wells in this 

setting. An attempt to constrain the field experiments as much as possible (e.g., developing a 

steady-state flow field, pumping only one well) will help to improve the interpretation.  

 

Various and numerous methodologies are required to understand the complexity of the subsurface 

in fractured bedrock settings. Infiltration tracer experiments help to provide information about 

potential connections and transport rates from the ground surface, and thus may be useful to help 

validate wellhead protection areas that have been derived from numerical modeling (i.e., using 

MODFLOW) where minimal overburden exists.  

 

Future infiltration experiments should also attempt to simulate bacterial transport, in order to 

determine sensitivities to surface contamination for wellhead protection areas in fractured rock. 

Applying manure to the ground surface in a constrained study, if permitted by regulatory bodies, 

would provide an interesting tracer experiment to further the information gleaned from this 

research. Surrogate tracers, such as fluorescent microspheres, can also be utilized to simulate 

bacterial transport.  

 

An extensive source water protection initiative is currently underway in the province of Ontario 

with the objective to protect water (at the source) for municipal drinking water systems. It is 
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critical that future drinking water source protection initiatives also focus on safeguarding 

groundwater supplies for private well owners, especially in vulnerable settings such as shallow 

fractured bedrock aquifers with little overburden protection  
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Appendix A 

General Description of Research Site 

A research site was developed for this investigation near Perth, Ontario, Canada (Figure A1).  

This site is also described in Chapters 3, 4 and 5, and extensively in Milloy (2006), Praamsma 

(2006), Novakowski et al. (2007), Cooke (2007), and Gleeson (2009).  A general description is 

provided herein.  The site was first developed in 2004 by Milloy (2006), and field work 

specifically for this research commenced in 2005.     

 

Figure A1. A) Research site is located in Perth, Ontario, Canada, near Ottawa.  B) Study 
area showing all wells that were used for this research.  C) Site scale diagram of main 
cluster of wells (smaller black circles not labeled in B). 
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The 865 km2 Tay River watershed is underlain by Precambrian (Canadian Shield) and Paleozoic 

(Smith Falls Limestone Plain) units (Wilson, 1961). The research site, located within the 

Frontenac Terrane of the Grenville Province in the Canadian Shield (Eyles, 2002), is underlain by 

syenite migmatite encountered as a banded gneissic rock. Surficial geology consists of a thin till 

veneer, generally ranging in thickness from 0 to 2 m (Kettles, 1992). Numerous bedrock outcrops 

are present at the field site.  Rural residents in the area obtain water from the gneissic aquifer.   

 

The elevation ranges from about 145 to 170 metres above sea level, with generally flat lying to 

gently rolling topography (MNR, 2002).  The annual average precipitation in the region is 875 

mm, ranging from about 840 to 980 mm in different locations (Environment Canada, 2002; 

Golder et al., 2003).  In January, the coldest month, the average monthly mean temperature is 

approximately −10°C, with a maximum monthly mean of about 20°C in July. Recharge at this 

site is believed to be very limited, averaging only a few percent of each rainfall event (Milloy, 

2006; Novakowski et al., 2007).  

 

Nineteen 0.15 m diameter monitoring wells were drilled in the study area, using an air rotary 

percussion method, during the years 2004 to 2007.  Sixteen of these were used for this 

investigation (see Figure A1).  Well casing was installed and grouted approximately 0.6 m into 

the bedrock at each well, to allow for sampling and monitoring of the groundwater at shallow 

depths.  Hydraulic testing of the wells was conducted. This included pumping tests (8–12 hours in 

duration), slug-test measurements using contiguous straddle-packer intervals (1.77 m isolated 

section), and down-hole videotaping. Depending on well depth, 15–28 slug tests were conducted 

in each well. The Theis (1935) and Moench (1997) methods were used to analyze the pumping 

tests, and the Hvorslev (1951) method were utilized to analyze the slug tests.  Results of the 

hydraulic testing are presented in Table A1.  Following hydraulic testing, the wells were 

completed as multilevel piezometers. PVC pipes (0.05 m diameter), slotted over transmissive 
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zones, were installed. Bentonite and No. 2 sand were emplaced to create two to three isolated 

levels in each well.  Table A2 shows the depth of the wells and overburden depths.  

Table A1. Slug testing results for wells used in this thesis (some well data from Gleeson, 
2009 and Milloy, 2006).  ‘D’ is depth of the top of the testing interval (mbtoc) , ‘Log T’ is the 
log transmissivity value (m2/s), and μ and σ are the average and standard deviation, 
respectively, of the ‘Log T’ values for all wells for depth intervals of 5 m.     

TW1 TW3 TW4 TW5 TW6 TW7 TW8 TW9 

D log T D log T D  log T D log T D  log T D  log T D log T D  log T 

            54.2 -5.6                 

            52.4 -6.2                 

            50.7 -6.3 48.0 -5.3             

            48.9 -5.4 46.2 -5.3             

            47.1 -6.3                 

            45.4 -6.4 44.5 -4.9 42.5 -6 41.2 -5.6     

            43.6 -6.2 42.7 -5.3 40.8 -4         

            41.8 -6.3                 

            40.1 -5.8 40.9 -5.5 39.0 -5.7 39.5 -5.8     

            38.3 -6.9 39.2 -5.6 37.2 -6.1 37.7 -6.9     

            36.5 -6.4 37.4 -5.6 35.4 -6.5         

            34.7 -6.0 35.6 -5.6 33.7 -2.5 35.9 -2.8 34.3 -6.1 

            33.0 -6.2 33.9 -5.7 31.9 -6.1 34.1 -2.7 32.6 -5.6 

            31.2 -6.2 32.1 -5.4 30.1 -6.0 32.4 -3.2     

    29.0 -6.5 28.8 -5.7 29.4 -6.4 30.3 -5.1 28.4 -6.5 30.6 -6.3 30.8 -5.4 

    27.0 -6.5 27.4 -5.5 27.7 -6.0 28.5 -5.6 26.6 -4.7 28.8 -5.5 29.0 -5.5 

        26.1 -5.6     26.8 -4.9     27.1 -5.9 27.3 -5.6 

25.6 -6.1 25.0 -6.3 24.7 -5.5 25.9 -5.8 25.0 -5.4 24.8 -4.0 25.3 -2.4 25.5 -5.6 

23.6 -4.6 23.0 -6.5 23.4 -5.5 24.1 -5.8 23.2 -5.9 23.1 -3.8 23.5 -4.3 23.7 -5.7 

21.6 -5.0 21.0 -7.4 22.0 -5.8 22.4 -5.7 21.5 -5.8 21.3 -4.9 22.3 -4.3 21.9 -5.6 

                        22.3 -6.3     

19.6 -6.3 19.0 -7.0 20.6 -5.7 20.6 -6.1 19.7 -4.8 19.5 -5.1 20.6 -6.1 20.2 -5.7 

17.6 -6.8 17.0 -9.0 19.3 -5.7 18.8 -6.5 17.9 -6.2 17.7 -5.3 18.8 -6.8 18.4 -5.6 

15.6 -6.6     19.9 -4.4 17.0 -4.8 16.2 -6.3     17.0 -6.2 16.6 -5.7 

        16.6 -4.3                     

15.6 -6.6 15.0 -9.0 15.2 -6.0 15.3 -5.6 14.4 -5.1 16.0 -5.8 15.2 -5.6 14.9 -5.7 

13.6 -6.7 13.0 -6.5 13.8 -5.9 13.5 -5.7 12.6 -4.5 14.2 -6.6 13.5 -6.3 13.1 -6.2 

11.6 -4.5 11.0 -9.0 12.5 -6.1 11.7 -5.4     12.4 -6.0 11.7 -6.5 11.3 -6.9 

        11.1 -6.4                     

9.6 -4.0 9.0 -5.1 9.8 -6.8 10.0 -3.7 10.8 -5.4 10.7 -7.3 9.9 -3.6 9.6 -6.0 

7.6 -7.1 7.0 -5.6 8.4 -6.8 8.2 -3.9 9.1 -6.4 8.9 -7.1 8.2 -5.6 7.8 -6.8 

        7.0 -6.7 6.4 -4.1 7.3 -6.4 7.1 -3.2 6.4 -6.3 6.0 -6.8 

5.64 -6.5     5.7 -6.7     5.5 -4.4 5.3 -4.0     4.2 -4.2 

3.64 -6.7     4.3 -4.2                 2.5 -4.1 
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TW10 TW11 TW12 TW13 TW15 TW16 TW18   

D  log T D log T D  log T D log T D log T D log T D log T μ σ 

                            -5.9 0.5 

                                

                            -5.7 0.5 

                                

                                

42.6 -6.4             42.0 -4.0         -5.5 0.9 

                                

                                

40.8 -6.1             40.3 -6.0         -6.1 0.4 

39.0 -6.5             38.5 -5.7             

37.3 -5.9             36.7 -6.1             

35.5 -6.1 34.0 -6.5     31.5 -6.4 35.0 -6.4 34.9 -7.2     -5.8 1.4 

33.7 -6.2 32.0 -6.1     31.5 -6.5 33.2 -6.5 33.2 -7.1         

32.0 -6.4             31.4 -6.5 31.4 -7.5         

30.2 -6.1 30.2 -7.3 28.9 -7.2 29.8 -6.7 29.6 -7.0 30 -7.4     -6.3 0.8 

28.4 -6.4 28.5 -7.7 28.9 -7.3 28.0 -5.8 27.9 -7.0 28 -7.2         

26.7 -6.5 26.7 -6.3 27.2 -7.7 26.2 -6.7 26.1 -7.5 26 -7.7         

24.9 -6.4 24.9 -6.7 25.4 -7.3 24.4 -7.0     24.3 -7.2 24.6 -8.1 -5.8 1.2 

23.1 -6.4 23.2 -6.6 23.6 -6.3 22.7 -3.0     22.5 -7.1 22.4 -6.8     

21.3 -6.3 21.4 -6.8 21.8 -7.0                     

                                

19.6 -6.6 19.6 -6.7 20.1 -6.4 20.9 -3.0     20.8 -8.0 20.2 -7.8 -6.2 1.1 

17.8 -6.4 17.8 -7.2 18.3 -6.2 19.1 -6.7     19.0 -7.1 18.0 -6.1     

16.0 -7.3 16.1 -7.1 16.5 -5.9 17.4 -7.0     17.2 -7.2         

                                

14.3 -6.2 14.3 -7.1 14.8 -6.1 15.6 -6.2     15.5 -7.2 15.8 -7.9 -6.1 1.1 

12.5 -4.3 12.5 -7.3 13.0 -3.5 13.8 -5.2     13.7 -7.2 13.6 -6.3     

    10.8 -3.9 11.2 -5.3 12.1 -6.0     11.9 -6.5 11.4 -6.7     

                                

10.7 -4.0 9.0 -3.8 9.5 -5.6 10.3 -4.6     10.2 -4.2 9.2 -6.6 -5.2 1.3 

8.9 -3.6 7.2 -3.9 7.7 -5.0 8.5 -5.2     8.4 -3.6 7.0 -4.2     

7.2 -3.4 6.3 -4.3 5.9 -7.5 6.7 -5.9     6.6 -3.8         

5.4 -4.3         5.0 -4.1     4.8 -3.7 4.8 -3.6 -4.5 1.2 

3.6 -3.9                     2.6 -2.9     

2.7 -4.3                             
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Table A2. Depth of each well and depth to bedrock (from the ground surface) and the depth 
of each multilevel zone (metres below top of casing). 

Well Well depth (m) Depth to 
bedrock (mbtoc) 

Zone 1 
(mbtoc) 

Zone 2 
(mbtoc) 

Zone 3 
(mbtoc) 

TW1 31 0 0-6.7 9.4-14.3 19.8-31.4 

TW2 30 0 open well - - 

TW3 30 0 0-10.1 19.2-31 - 

TW4 32 <2 0-6.1 13.2-21.6 - 

TW5 56 4.3 0-13.7 15.5-24.4 37.8-56.0 

TW6 49 4 0-16.8 18.6-27.4 39.6-49.8 

TW7 46 0 0-12.8 17.1-30.5 32.9-45.9 

TW8 41 0 open well - - 

TW9 37 1.8 0-6.7 9.0-20.8 22.5-37.0 

TW10 44 2.1 0-15.4 20.4-33.3 36.2-45.3 

TW11 37 4.1 0-13.9 18.4-28.7 31.3-36.5 

TW12 32 5.6 0-9.9 11.0-17.9 20.4-32.1 

TW13 34 0.7 0-5.8 8.5-15.6 18.2-26.2 

TW15 45 5.2 0-7.8 9.6-18.5 34.4-45.0 

TW16 32 2.4 0-13.79 23.5-32.11 - 

TW18 27 0.2 
open at time 

of sampling 

- - 

 

Precipitation and climate data were also collected using an on-site weather station and a separate 

rainfall gauge. Recorded parameters include precipitation, ambient air temperature, wind speed 

and barometric pressure, which were collected at 15-min intervals. To obtain detailed hydraulic 

head measurements, pressure transducers (Levelogger) which recorded water levels every 15 min 

were periodically installed in several wells.  
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Appendix B 

Supplementary Information from Literature Review 

Nitrate and Human Health 

Humans need dietary nitrogen to remain healthy.  Issues such as accumulation of fat in the liver, 

growth retardation, muscle wasting, altered mental capacity, and fatigue are a few of the potential 

problems associated with nitrogen deficiency (Wolf and Patz, 2002).  In addition to dietary N 

from amino acids derived from ingested plant and animal proteins, nitrate is also a useful N-

compound found in food (Wolf and Patz, 2002).  

 

Unfortunately, nitrogen, or specifically nitrate, fits the old adage that one can indeed have too 

much of a good thing.  For drinking water NO3
--N, acute toxicity has been documented for 

concentrations exceeding 50 mg/L (Spalding and Exner, 1993), although in 1971 the World 

Health Organization International recommended a nitrate limit of 45 mg/L (Oakes, 1996).  In the 

late 1970s the United States Environmental Protection Agency and Health and Welfare Canada 

(now Health Canada) adopted this limit (Oakes, 1996), which corresponds to approximately 10 

mg/L NO3
--N. 

 

One of the most well-documented health concerns of the ingestion of nitrate impacted drinking 

water is methemoglobinemia, which is an acute condition also known as ‘blue-baby syndrome’ 

(Townsend et al., 2003).  Drinking water nitrate was first associated with this condition in 1945 

(Oakes, 1996).  Methemoglobinemia occurs when ingested nitrate is reduced to nitrite in the 

body.  This nitrite forms methemoglobin when it binds to hemoglobin, which interferes with the 

oxygen-carrying capacity of blood (Ward et al., 2005).  Since infants have an increased capacity 

to perform the nitrate to nitrite conversion, they are especially susceptible to this condition.   
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Many other chronic health effects from the ingestion of drinking water contaminated with nitrate 

have been investigated.  Manassaram et al. (2006) provides a review of reproductive problems 

potentially associated with drinking water nitrate, such as birth defects, spontaneous abortions, 

and intrauterine growth restriction.  They propose that much of the previous literature on 

reproductive problems associated with nitrate is not conclusive, and suggest that more research 

needs to be conducted in this area.  Ward et al. (2005) point out that some epidemiological studies 

have correlated ingestion of drinking water nitrate and elevated risks for colon cancer as well as 

neural tube defects.  Other studies have shown relationships between the incidence of non-

Hodgkin’s lymphoma, and stomach, colon and kidney cancers (Ward et al., 2005).   

Fecal Bacteria and Human Health 

E. coli O157:H7 is a specific type of E. coli bacteria, which produces a powerful toxin and can 

cause severe illness.  This organism can be found on a number of cattle farms, and can live inside 

the intestines of healthy cattle.  Humans can become infected by consuming insufficiently cooked 

meat, or by drinking contaminated water.  These bacteria can cause sever bloody diarrhea and 

abdominal cramps, though sometimes no symptoms are present.  In some people the infection can 

also cause a complication called hemolytic uremic syndrome, a life-threatening condition where 

red blood cells are destroyed and the kidneys fail.  The most susceptible people to this problem 

are those under five years of age, as well as the elderly (CDC, 2004). 

 

In order to protect human health from potential bacterial illnesses, the Ontario Drinking Water 

Quality Standards (Ontario Regulation 169/03 under the Safe Drinking Water Act, 2002) 

mandates that E. coli and total coliforms (bacterial indicators) must be non-detectable for 

drinking water systems. 
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PBDEs and Human Health  

Numerous studies in various parts of the world have investigated the potential health effects of 

PBDEs.  While human health effects are not well understood, studies conducted in laboratory 

animals indicate that these prospective effects include reproductive toxicity, endocrine disruption, 

cancer, developmental toxicity, and nervous system problems (Schecter et al., 2006).  Darnerud et 

al. (2001) presents a summary of PBDE toxicity.  Also, a more recent comprehensive 

investigation of PBDE toxicity was prepared by the United States Department of Health and 

Human Services (2004).  Hardy (2002b) compared PeBDE, OBDE and DeBDE commercial 

products noting that the toxicology and bioconcentration potential is very different for each 

product, with declining toxicity for increasing levels of bromination.   

   

PBDEs have been found extensively in various human matrices, including human milk, blood and 

adipose tissue.  Detectable concentrations have been measured in human milk for many years, a 

matrix that is an important indicator of immerging pollutants (Hooper and McDonald, 2000).  The 

first detection occurred in Sweden in 1972 (Norén and Meironyté, 2000).  For infants, human 

milk is a major source of daily PBDE exposure (Schecter et al., 2006).   

 

Human exposure to PBDEs can occur directly from environmental or occupational exposure or 

from ingestion and inhalation of substances such as food or dust.  Many studies have been 

conducted to determine dietary intake of PBDEs.  With a market based food survey in the United 

States, Schecter et al. (2006) determined that fish, dairy products and meat have the highest 

PBDE contamination on a whole weight basis.  Generally, food concentrations are highest in fatty 

foods of animal origin.  Recent studies have investigated PBDE concentrations in residential 

settings and have shown that air and dust are important pathways for human PBDE exposure, 

although more research is needed in this area (Allen et al., 2007; Wu et al., 2007). 
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Although research on the availability of dietary and household/workplace exposure to PBDEs has 

been conducted, studies that investigate bioavailability of PBDEs from surface water, 

groundwater and ambient air do not exist (United States Department of Health and Human 

Services, 2004). Regardless of whether current environmental PBDE levels and dietary intake of 

PBDEs do or do not cause adverse health effects in humans, the widespread presence of PBDEs 

in nature and increasing concentrations in human matrices certainly presents an argument for 

concern and hence more study should be conducted in this area.     

Pertinent PBDE Regulations  

Regulations for use of PBDEs differ throughout the world.  Additionally, there are different 

regulations for various congeners, as they have diverse properties and therefore a range of 

environmental and health-related impacts.  Although the use of some PBDEs is being phased out, 

as is discussed below, several companies continue to manufacture PBDEs for use in flame 

retardants.  Present members of the European Brominated Flame Retardant Industry Panel 

(EBFRIP), which represents the industry within Europe on issues such as eco-labeling and risk 

assessments, include Albermarle Corporation, ICL Industrial Products, and Chemtura (Great 

Lakes Chemical Corporation), the main worldwide producers of brominated flame retardants 

(EBFRIP, 2008).  These three multinational companies, as well as Tosh Corporation, are also 

members of the Bromine Science and Environmental Forum (BSEF) which was formed by the 

bromine industry in 1997 (BSEF, 2008).  The BSEF, which receives funding from its members 

and commissions research on brominated flame retardants, represents this worldwide industry on 

issues relating to human and environmental health (BSEF, 2008).   

 

Recently, production and use of PBDEs throughout the world has changed.  For example, in 2004 

ICL Industrial Products and the Great Lakes Chemical Corporation voluntarily stopped 

production of OBDE and PeBDE/OBDE products, respectively (Environment Canada, 2006).  
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Also, the European Union Directive 2003/11/EC states that concentrations of PeBDE and OBDE 

in marketed products cannot exceed 0.1% by mass in EU member states (EU, 2003).   

 

Canadian Regulations 

 
In 2006, Environment Canada published an Ecological Screening Assessment Report on PBDEs 

(Environment Canada, 2006).  Screening assessments are used to determine if a substance poses 

risks to human health or the environment, and substances can then be added to the Priority 

Substances List (PSL) or added to Schedule 1 (List of Toxic Substances) of CEPA 1999 

(Canadian Environmental Protection Act).  In this report, it was stated that PBDEs meet the 

criteria of Paragraph 64(a) of CEPA 1999 (i.e., they have or may have an immediate or long-term 

harmful effect on the environment or its biological diversity) and do not meet the criteria under 

Paragraph 64(b) (i.e., they do not constitute or may constitute a danger to the environment on 

which life depends).  Environment Canada (2006) also concluded that TeBDE, PeBDE and 

HxBDE meet the criteria outlined in the Persistence and Bioaccumulation Regulations of CEPA 

1999.  

 

From these findings, it was recommended that PBDEs be added to Schedule 1 of the CEPA 1999 

(Ambrose and Clement, 2006).  The proposed Canadian PBDE regulations prohibit the 

manufacture, use, sale and import of TeBDEs, PeBDEs and HxPBDEs, and additionally prohibit 

the manufacture of HpBDE, OBDE, NBDE and DeBDE (Government of Canada, 2006).  Future 

risk management actions will include HpBDE, OBDE, NBDE and DeBDE and products that 

contain these substances (Government of Canada, 2006).   

 

Although regulations in Canada will limit use and the further distribution of PBDEs into the 

environment, specific legislation or guidelines do not exist to protect human health from current 

environmental concentrations.  For example, there are no federal drinking water guidelines for 
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PBDE concentrations, although drinking water is not considered to be an appreciable source of 

PBDE exposure in humans (J. MacAulay, personal communication, August 2007).  Accordingly, 

in the province of Ontario, the Ontario Ministry of the Environment (MOE) does not have 

standards, guidelines or advisories for PBDEs in drinking water or any environmental matrix (S. 

Kleywegt, personal communication, August 2007). 

 

International Regulations 

 
Several countries have recently banned or regulated the use of some PBDEs.  Generally, PeBDE 

and OBDE are more regulated than DeBDE, for example.  Table B1 shows some of these 

international initiatives and regulations (Government of Canada, 2006).  As noted previously, the 

European Union established Directive 2003/11/EC, which is the 24th amendment of Council 

Directive Directive 76/769/EEC (places restrictions on the use and marketing of dangerous 

substances and preparations).  This amendment of the Directive prohibits the use of PeBDE and 

OBDE, effective as of August 2004 (BSEF, 2008; EU, 2003).   

Table B1. Recent international initiatives for use of PBDEs (Government of Canada, 2006). 

Jurisdiction 
 

Legislation/Action 
 

Details 
 

Deadline for 
Compliance 

PBDEs 
Impacted 

EU 24th amendment to 

the Marketing and Use 

Directive 76/769/EEC 

Prohibits marketing and use 

in the EU 

August 15, 2004 

 

PeBDE 

OBDE 

 

Restriction of the use 

of hazardous 

substances in electrical 

and electronic 

equipment (RoHS) 

Prohibits use in new electric 

and electronic equipment 

July 1, 2006 

 

PeBDE 

OBDE 

 

European 

Union (EU) 

 

Waste Electrical and 

Electronic Equipment 

(WEEE) Directive 

Separation of BFR plastics 

from electronics prior to 

recovery and recycling 

December 2006 

 

PeBDE 

OBDE 

Other BFRs 

United States 

(US) 

Significant New Use 

Rule 

Requires notification of, and 

evaluation by, the USEPA 

of any new use of PeBDE or 

January 1, 2005 

 

PeBDE 

OBDE 
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OBDE commercial mixtures 

California ban Bill banning all PBDEs 

introduced in 2003, DeBDE 

removed before signing  

June 1, 2006 

 

PeBDE 

OBDE 

 

Hawaii ban Legislation phasing out 

PeBDE and OBDE 

January 1, 2006 

 

PeBDE 

OBDE 

Illinois ban Bill bans manufacture of 

PeBDE and OBDE 

January 1, 2006 

 

PeBDE 

OBDE 

Maryland ban Bill prohibits manufacture, 

processing, sale or 

distribution of new products 

containing PeBDE or OBDE 

October 1, 2008 

 

PeBDE 

OBDE 

 

Maine ban Bill requires phase-out of 

any product containing 

PeBDE or OBDE 

January 1, 2006 

 

PeBDE 

OBDE 

 

Michigan ban Bill prohibits manufacture, 

sale or distribution of 

PeBDE or OBDE  

June 1, 2006 

 

PeBDE 

OBDE 

 

New York ban Bill prohibits manufacturing 

of products containing 

>0.1% of PeBDE or OBDE 

January 1, 2006 

 

PeBDE 

OBDE 

 

Oregon ban Bill prohibits use of PeBDE 

and OBDE 

January 1, 2006 

 

PeBDE 

OBDE 

Rhode Island ban Bill prohibits use of PeBDE 

and OBDE 

July 14, 2006 

 

PeBDE 

OBDE 

China China’s RoHS Similar to the EU’s RoHS 

Directive. Will prohibit 

PeBDE and OBDE use in 

new electronic equipment  

March 1, 2007 

 

PeBDE 

OBDE 

 

 

In the United States, the Environmental Protection Agency (EPA) has introduced a significant 

new use rule (SNUR) for several PBDEs.  As of August 2006, the updated rule includes TeBDE, 

PeBDE, HeBDE, HpBDE, OBDE and NBDE, as well as any combination of these PBDEs.  This 

rule requires that manufactures and those importing these substances must notify the EPA at least 
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90 days before importing or manufacturing these PBDEs (EPA, 2006).  Also, several states have 

banned the use of PeBDE and OBDE.    

 

Presently, DeBDE is approved for commercial use in the European Union, although Sweden has 

had a partial ban of DeBDE in place since January 1, 2007 (BSEF, 2008).  In the United States, 

federal laws or regulations do not restrict the use of DeBDE, while some individual states have 

restrictions for limited use of this substance (BSEF, 2008).  In Maine, as of January 1, 2008, 

household products (e.g., mattresses, furniture, textiles) and as of January 1, 2012, electronic 

equipment (e.g., computer and television casings) cannot be sold or distributed if they contain 

more than 0.1% (by mass) of DeBDE (Maine State Legislature, 2007).  Effective January 1, 2008 

in Washington, mattresses, upholstered furniture, and computer and television housings cannot be 

sold or distributed if they contain DeBDE, although this prohibition will not take effect until a 

feasible alternative to DeBDE is identified (Washington State Legislature, 2007).    

 

In addition to federal governments, some global organizations are involved with the review of 

PBDEs.  For example, it was determined that commercial PeBDE mixtures meet the criteria to be 

considered a persistent organic pollutant (POP), as outlined in United Nations Stockholm 

Convention on POPs, and a working group will propose a risk profile for this substance 

(Government of Canada, 2006).  Other organizations or bodies that are involved with the 

investigation and subsequent regulation of PBDEs include the United Nations Environment 

Programme (UNEP) and Economic Commission for Europe (UNECE), Organization for 

Economic Co-operation and Development (OECD), the OSPAR Commission, and the Voluntary 

Children's Chemical Evaluation Program (VCCEP) of the USEPA (BSEF, 2008; Government of 

Canada, 2006). 

 



Appendix C 

Supplementary Information for Chapter 3 

Table C1. Nitrate-N concentrations (mg/L). ‘-‘ indicates no results for that sampling date.   

Well 
25-Oct-

05 
8-Nov-

05 
22-Nov-

05 
20-Dec-

05 
19-Jan-

06 
22-Feb-

06 
21-Mar-

06 
19-Apr-

06 
18-

May-06 
21-Jun-

06 
18-Jul-

06 
16-Aug-

06 
19-Sep-

06 
5-Oct-

06 
1-Nov-

06 
4-Dec-

06 

TW1M 15.08 9.10 7.13 5.39 2.52 2.51 2.85 2.48 3.10 3.15 3.46 9.44 13.22 7.67 1.33 1.14 
TW1D - 10.47 10.53 10.78 10.17 9.00 8.49 7.98 7.77 7.56 7.62 7.29 7.56 6.34 6.50 6.16 
TW2 - 2.05 1.44 - - - 3.03 2.67 2.14 2.30 2.66 1.95 1.42 1.10 1.52 1.16 

TW3S 0.74 0.36 0.08 0.21 0.59 1.15 0.69 1.04 0.29 0.11 0.07 0.00 0.55 0.23 0.06 0.57 
TW3D <0.05 0.06 <0.05 0.07 0.47 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
TW4S - 0.69 0.68 1.04 2.07 1.15 0.73 1.07 0.22 0.48 1.16 0.00 0.36 0.09 0.07 0.76 
TW4M 0.09 0.06 <0.05 0.18 0.12 0.43 0.17 0.13 0.08 0.12 0.07 1.36 0.06 <0.05 0.10 0.10 
TW5S 2.95 3.09 4.27 5.36 5.06 3.75 3.31 3.34 3.49 3.43 3.55 3.63 3.59 3.05 2.64 1.96 
TW5M 2.24 2.19 1.68 2.30 1.24 0.78 0.87 0.96 0.97 0.95 1.08 1.02 1.11 0.98 0.80 0.75 
TW5D - 1.67 2.14 2.98 1.77 1.39 1.82 1.57 1.49 1.16 1.32 1.14 1.19 1.28 0.87 0.88 
TW6S - 4.20 3.29 3.58 - - 2.09 2.20 2.30 2.52 2.24 2.40 3.04 2.63 1.57 1.09 
TW6M 5.06 5.07 5.07 4.68 4.57 3.68 3.51 3.44 3.31 3.32 3.09 2.77 3.02 3.07 2.58 2.48 
TW6D - 4.60 4.16 4.76 4.31 3.94 3.58 3.43 3.05 2.93 2.68 2.15 2.59 2.11 2.27 2.53 
TW7S - 0.10 0.17 0.12 0.30 0.17 0.11 0.15 <0.05 <0.05 <0.05 <0.05 0.12 <0.05 1.98 1.44 
TW7M 0.54 0.40 0.43 0.55 0.53 0.46 0.42 0.41 0.35 0.31 0.24 0.11 0.22 0.16 0.15 0.07 
TW7D 2.18 2.12 1.60 1.29 1.02 0.90 0.79 0.69 0.39 0.55 0.63 0.68 0.83 0.63 0.27 0.06 
TW9S - - - - - - - - - - 2.80 1.79 <0.05 0.88 3.26 2.68 
TW9M - - - - - - - - - - 2.80 2.71 0.91 0.54 2.84 2.06 
TW9D - - - - - - - - - - 3.02 1.13 0.74 1.11 0.98 1.78 
TW10S - - - - - - - - - - 2.30 1.96 1.87 1.73 1.49 2.16 
TW10M - - - - - - - - - - 0.07 0.10 0.08 0.26 0.07 0.12 
TW10D - - - - - - - - - - 0.07 <0.05 0.06 0.06 0.08 0.09 
TW11S - - - - - - - - - - 1.42 0.77 0.46 0.20 0.08 0.64 
TW11M - - - - - - - - - - 4.10 0.92 2.25 1.48 1.08 2.01 
TW11D - - - - - - - - - - 2.39 1.31 1.46 0.89 0.54 1.30 
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Table C2. Dissolved organic carbon (DOC) concentrations (mg/L).  ‘-‘ indicates no result for that sampling date. 

Well 
25-Oct-

05 
8-Nov-

05 
22-Nov-

05 
20-Dec-

05 
19-

Jan-06 
22-Feb-

06 
21-Mar-

06 
19-Apr-

06 
18-May-

06 
21-Jun-

06 
18-Jul-

06 
16-Aug-

06 
19-Sep-

06 
5-Oct-

06 
1-Nov-

06 
4-Dec-

06 

TW1M 2.39 2.01 2.09 2.09 2.37 2.94 2.93 2.48 1.96 1.82 2.57 1.98 1.61 1.58 2.50 2.65 
TW1D - 2.44 1.78 1.73 2.34 2.37 2.28 1.91 1.85 2.12 1.97 2.25 1.68 2.34 2.32 2.75 
TW2 - 2.79 2.14 - - - 2.69 1.97 1.93 2.09 1.88 2.35 3.16 3.35 2.56 2.60 

TW3S - 5.92 5.40 5.50 4.21 4.05 4.01 3.61 4.93 4.86 4.94 4.28 8.96 6.08 6.35 5.08 
TW3D 3.77 3.45 2.30 2.33 2.17 2.12 2.70 1.99 2.14 1.88 2.63 1.78 2.19 2.24 2.00 1.84 
TW4S - 7.11 - 10.73 9.85 8.96 9.00 6.65 9.28 6.63 5.10 2.05 7.40 13.77 14.86 11.99 
TW4M 2.70 2.49 2.50 8.31 9.57 5.09 6.40 2.98 2.77 3.02 1.93 1.63 2.41 2.00 5.89 7.26 
TW5S 2.22 1.99 2.01 1.54 2.26 1.70 3.35 1.65 1.46 3.13 1.83 1.76 1.79 2.31 3.23 1.93 
TW5M 2.68 4.01 4.65 2.56 2.27 1.92 2.01 1.79 1.64 2.25 1.60 1.52 2.46 2.55 1.90 3.70 
TW5D - 5.84 3.06 10.77 5.52 4.70 4.48 3.14 2.33 3.57 2.98 2.08 3.03 1.73 1.83 2.96 
TW6S - 2.42 2.54 2.15 - - 1.91 1.35 1.94 2.61 - 1.95 1.76 2.81 1.24 1.81 
TW6M 2.24 1.88 2.09 1.89 2.08 2.04 2.52 1.82 1.55 2.60 2.34 1.53 2.36 3.97 3.43 1.55 
TW6D - 3.21 2.48 2.21 2.55 3.21 2.40 1.67 1.95 2.59 1.43 1.93 1.85 2.01 1.45 2.32 
TW7S - 5.18 5.07 3.89 5.83 3.31 4.49 2.65 2.53 2.85 2.68 3.03 4.92 5.91 2.96 4.74 
TW7M 2.06 2.80 2.15 1.89 2.33 2.06 2.37 1.34 1.78 1.81 2.06 1.89 6.10 1.87 1.42 3.45 
TW7D 2.66 1.81 1.86 1.76 1.76 2.00 4.91 1.75 2.04 2.45 2.53 1.34 3.95 5.11 1.83 3.92 
TW9S - - - - - - - - - - 5.18 4.33 5.65 6.42 3.91 3.57 
TW9M - - - - - - - - - - 8.73 6.12 5.05 4.63 3.08 5.75 
TW9D - - - - - - - - - - 8.45 6.10 6.95 7.05 6.27 6.67 
TW10S - - - - - - - - - - 1.86 1.98 3.16 1.66 1.65 3.16 
TW10M - - - - - - - - - - 2.45 2.38 2.21 2.69 1.68 1.64 
TW10D - - - - - - - - - - 1.18 1.19 1.34 2.36 1.88 2.11 
TW11S - - - - - - - - - - 1.75 1.82 1.77 2.12 2.15 1.97 
TW11M - - - - - - - - - - 10.20 2.81 4.35 2.46 3.48 3.14 
TW11D - - - - - - - - - - 7.03 1.76 12.59 2.99 2.22 3.80 
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Table C3. Chloride concentrations (mg/L). ‘-‘ indicates no result for that sampling date. 

Well 
25-Oct-

05 
8-Nov-

05 
22-Nov-

05 
20-Dec-

05 
19-Jan-

06 
22-Feb-

06 
21-Mar-

06 
19-Apr-

06 
18-May-

06 
21-Jun-

06 
18-Jul-

06 
16-Aug-

06 
19-Sep-

06 
5-Oct-

06 
1-Nov-

06 
4-Dec-

06 

TW1M 6.82 5.78 6.82 5.97 3.31 3.90 4.08 4.30 5.00 4.60 4.52 3.55 4.33 4.55 1.62 1.20 
TW1D - 16.35 15.93 16.05 15.57 14.96 13.93 13.18 12.62 12.37 12.38 10.82 11.60 11.56 11.18 10.61 
TW2 - 7.13 6.17 - - - 3.23 2.97 2.68 3.35 4.30 4.05 4.89 4.87 0.85 0.37 

TW3S 1.92 1.62 1.67 2.09 0.84 2.50 1.99 1.49 0.89 2.22 3.18 3.25 1.01 0.38 0.33 0.42 
TW3D 17.85 14.22 10.63 11.13 10.83 10.38 10.80 10.82 10.46 10.36 10.71 9.77 10.21 10.26 9.89 10.15 
TW4S - 1.17 0.73 1.23 0.59 0.99 0.90 0.97 1.05 1.06 1.30 7.25 1.23 0.74 0.73 0.40 
TW4M 8.67 8.43 7.65 3.04 4.58 5.00 3.83 6.85 8.81 8.40 8.42 7.55 7.17 7.51 4.43 3.41 
TW5S 4.81 4.53 4.96 5.42 4.86 3.47 3.09 3.18 3.14 2.96 3.01 2.96 3.44 3.35 3.18 2.37 
TW5M 8.13 8.04 6.83 7.99 0.80 8.54 8.56 8.93 8.76 8.58 8.35 7.28 7.68 7.03 6.67 6.88 
TW5D - 7.88 7.92 7.26 6.97 6.51 7.33 7.70 8.35 7.96 8.40 7.35 7.36 6.69 6.39 6.31 
TW6S - 6.02 5.09 5.47 - - 3.09 3.20 3.42 3.47 3.71 2.91 3.25 3.42 2.43 1.47 
TW6M 7.60 7.45 7.00 7.31 7.17 5.52 4.91 5.29 5.34 4.76 4.88 4.16 3.99 4.01 4.07 3.30 
TW6D - 6.72 6.96 7.17 6.03 5.19 5.28 4.57 4.09 3.82 3.64 3.19 3.66 3.38 3.07 3.27 
TW7S - 7.15 25.01 14.56 2.87 3.56 6.11 49.32 43.22 36.69 40.40 34.69 27.34 52.19 57.86 37.33 
TW7M 30.93 27.12 3.16 33.08 33.55 26.53 28.58 26.13 27.68 26.35 24.87 22.31 22.43 22.32 27.37 15.17 
TW7D 24.66 25.85 28.00 27.99 27.47 23.12 22.90 23.45 26.10 22.88 22.92 23.52 27.56 33.38 31.33 33.04 
TW9S - - - - - - - - - - 50.80 47.89 42.88 39.13 30.94 22.29 
TW9M - - - - - - - - - - 58.06 51.17 44.39 24.56 27.71 29.13 
TW9D - - - - - - - - - - 55.49 50.93 46.79 28.19 31.15 27.57 
TW10S - - - - - - - - - - 8.12 6.70 11.83 13.41 13.23 12.17 
TW10M - - - - - - - - - - 40.76 38.26 38.65 36.30 37.00 37.99 
TW10D - - - - - - - - - - 35.51 37.99 37.51 37.46 40.02 38.19 
TW11S - - - - - - - - - - 63.88 70.20 66.44 69.56 87.27 103.7 
TW11M - - - - - - - - - - 57.16 75.84 48.33 67.62 55.96 59.22 
TW11D - - - - - - - - - - 45.51 50.69 43.28 64.90 65.01 48.70 
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Table C4. Sulphate concentrations (mg/L).  ‘-‘ indicates no result for that sampling date. 

Well 
25-Oct-

05 
8-Nov-

05 
22-Nov-

05 
20-Dec-

05 
19-Jan-

06 
22-Feb-

06 
21-Mar-

06 
19-Apr-

06 
18-May-

06 
21-Jun-

06 
18-Jul-

06 
16-Aug-

06 
19-Sep-

06 
5-Oct-

06 
1-Nov-

06 
4-Dec-

06 

TW1M 26.68 19.81 19.36 <0.1 14.15 9.98 10.64 14.05 19.23 13.51 23.39 14.51 18.45 18.09 15.93 7.66 
TW1D - 40.47 38.29 18.05 31.05 30.29 25.45 25.37 26.31 26.77 26.72 25.67 26.05 27.86 27.98 26.56 
TW2 - 22.71 32.68 - - - 16.02 22.13 14.21 18.66 19.97 22.76 24.74 32.58 7.06 3.94 

TW3S 12.56 11.25 13.62 13.91 9.27 8.93 6.40 7.66 8.93 13.63 13.38 12.70 18.56 12.79 18.38 13.65 
TW3D 71.88 59.59 47.57 49.87 50.59 47.76 52.19 48.23 43.88 48.38 43.78 48.29 48.03 42.81 42.24 51.48 
TW4S - 19.20 16.80 16.98 9.48 14.98 6.73 8.27 10.51 10.76 9.68 87.16 20.39 36.79 16.69 9.33 
TW4M 114.6 112.8 105.8 48.94 40.77 63.64 50.87 79.26 93.58 88.66 98.50 96.07 90.32 94.94 54.59 46.63 
TW5S 13.08 13.13 12.11 12.28 10.28 8.49 8.58 8.20 8.48 9.24 10.27 11.72 13.19 12.58 11.55 10.97 
TW5M 25.24 30.00 41.47 28.77 26.67 27.76 27.78 28.56 29.67 32.18 31.85 24.45 33.52 26.89 30.73 32.12 
TW5D - 39.18 23.45 54.74 73.84 54.75 44.98 51.02 44.11 42.05 48.09 40.23 38.56 30.66 32.31 33.70 
TW6S - 11.21 9.38 8.93 0.00 0.00 6.71 6.90 7.24 7.15 7.64 7.36 8.29 8.79 7.17 5.56 
TW6M 11.56 10.50 10.96 11.91 12.21 10.28 8.85 10.14 10.57 9.69 10.11 9.33 9.54 9.87 10.80 10.27 
TW6D - 15.06 15.87 14.00 14.78 13.62 11.53 12.72 11.07 10.53 12.70 14.20 2.95 14.29 11.27 11.90 
TW7S - 3.16 21.25 18.91 13.28 10.73 12.01 11.75 15.78 14.63 14.94 15.31 29.06 21.79 14.95 11.90 
TW7M 16.92 17.91 16.74 18.56 18.84 17.87 17.58 16.96 16.89 16.66 16.10 14.71 14.61 14.56 15.98 11.09 
TW7D 17.00 15.46 14.67 15.24 15.07 14.15 14.19 13.69 15.05 12.77 13.60 13.14 17.56 16.63 14.34 10.80 
TW9S - - - - - - - - - - 37.94 39.58 36.91 34.93 36.75 27.53 
TW9M - - - - - - - - - - 136.7 108.4 131.2 549.2 199.6 403.1 
TW9D - - - - - - - - - - 123.6 98.79 182.6 707.5 783.1 858.3 
TW10S - - - - - - - - - - 123.1 93.04 154.6 146.6 214.3 202.4 
TW10M - - - - - - - - - - 1076 1075 1068 1004 939.2 96.75 
TW10D - - - - - - - - - - 922.9 1013 1046 1079 1010 942.5 
TW11S - - - - - - - - - - 35.48 35.76 35.35 24.66 27.47 36.69 
TW11M - - - - - - - - - - 340.3 121.1 245.3 190.8 418.1 371.1 
TW11D - - - - - - - - - - 207.3 51.61 75.30 114.2 119.2 177.4 
 



Well 
25-Oct-

05 
8-Nov-

05 
22-Nov-

05 
20-Dec-

05 
19-Jan-

06 
22-Feb-

06 
21-Mar-

06 
19-Apr-

06 
18-May-

06 
21-Jun-

06 
18-Jul-

06 
16-Aug-

06 
19-Sep-

06 
3-Oct-

06 
1-Nov-

06 
4-Dec-

06 

TW1M <2 <20 <2 <2 <2 <2 <2  <2    <20   <2 <2  <2    <1    <2    <2   <2 
TW1D - <20 <2 <2 <2 <2 <2  <2    <2   <2 <2  <2    <1    <2    <2   <2 
TW2 - <20 <2 - - - <2  <2    <2   <2 <2 10 >400 >400  <2   <2 

TW3S 10 20 8 2 <2 <20 <2  <2    <20   20 16 12 54 34 <20 <20 
TW3D <2 <20 <2 <2 <2 <20 <2  <20    <20   <2 <2  <20   88 400 <2 <2 
TW4S - <20 38 <2 60 <20 <20  <20    <20   <20 2  <20   <20 100  <100   <20 
TW4M <2 <20 <2 <2 <2 <20 <2  <20    <20   <20 <2  <20    <2   400 130 30 
TW5S <2 <20 <2 <2 <2 <2 <2  <2   4 <2 <2  <20   72 128  <2   <2 
TW5M <2 <20 <2 <2 <2 <20 <2  <2   36 <2 <2  <2   18 2  <2   <2 
TW5D - <20 <2 <2 <2 <2 <2  <2   26 <2 <2 2 280 26 4 <2 
TW6S - <20 <2 6 - - <2  <2   2 <2 <2  <2    <1    <2    <2   <2 
TW6M <2 <20 <2 2 <2 <2 <2  <2    <2   2 <2 42 4 80 6 2 
TW6D - <20 <2 <2 <2 <2 <2  <2   586 8 <2 62 36 130  <2   2 
TW7S - <20 2 <2 <2 <2 <2  <2   2 <2 <2  <2   9  <2    <20   2 
TW7M 2 <20 <2 <2 <2 <2 <2  <2    <2   <2 <2  <2   1 2 20 <2 
TW7D <2 <20 <2 <2 <2 <20 <2  <2    <2   <2 <2 8 11 2  <2   <2 
TW9S - - - - - - - - - - <2  <20   <20  <20    <2   <20 
TW9M - - - - - - - - - - <2  <1000   <100   40  <100   40 
TW9D - - - - - - - - - - <2  <20   100 16  <2   <20 
TW10S - - - - - - - - - - 2  <20    <100   800  <100   20 
TW10M - - - - - - - - - - <20  <1000   <100   500 900 240 
TW10D - - - - - - - - - - <2  <2   <2 400 10 2 
TW11S - - - - - - - - - - <2  <20    <20   <1000  <100   <20 
TW11M - - - - - - - - - - <20  <1000   <100    <100   <100   <20 
TW11D - - - - - - - - - - <20  <20    <2    <100   <100   <20 
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Table C5. E. coli concentrations (cts/100mL). ‘-‘ indicates no result for that sampling date. 

 



Appendix D 

One-Dimensional Nitrate Transport Modeling 

For subsurface nitrate transport in fractured rock aquifers, important processes include advection, 

hydrodynamic dispersion, redox reactions such denitrification, and potentially matrix diffusion.  

PHREEQC is a geochemical numerical model that can be used to simulate these transport 

processes along a one-dimensional streamline.  Information on governing equations and 

numerical solution scheme can be found in Parkhurst and Appelo (1999).  PHREEQC was used to 

simulate the transport of nitrate-rich water through a single fracture at the field site.  The 

objective of the modeling was to determine the evolution of nitrate along a 1-D flow path, by 

varying parameters such as DOC, dissolved oxygen (DO), and dispersivity.  A conceptual 

illustration of the setting is presented in Figure D1. 

 

Figure D1. A conceptual illustration of the modeling exercise (not to scale). 

 

The water composition from the deepest section of TW1 from February, 2006 was utilized for the 

‘nitrate rich’ water in the model.  TW1D consistently has the highest NO3
--N concentrations on 
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site ranging from approximately 7 mg/L to 11 mg/L throughout the year (monthly sampling was 

conducted from October, 2005 to December, 2006).  For the ‘clean water’, water chemistry from 

the middle section of TW7 was utilized, which approximately covers the same elevation as 

TW1D (both sections are from about 20 to 30 m below the ground surface). The NO3
--N 

concentrations did not exceed 0.5 mg/L in TW7M over the sampling period.  The chemistry for 

both the ‘nitrate rich water’ and the ‘clean water’ can be seen at the end of Appendix D, which is 

an example input file for the PHREEQC transport modeling.  The physical properties from the 

site (e.g., hydraulic gradient) were used.  An equation for flow velocity derived from the cubic 

law was utilized to calculate the discrete fracture velocity. 

PHREEQC Input Code 

As noted previously, an example input file for this modeling study can be found at the end of 

Appendix D.  In brief, an initial ‘nitrate rich’ water (SOLUTION 0) as well as a 1-D column 

(SOLUTION 1-60) of water is defined.  Dissolved organic carbon, represented here by CH2O, 

reacts kinetically with the water in the column as written in the KINETICS and RATES data 

blocks.  The nitrate rich water is transported through the column (TRANSPORT) and resulting 

parameters are outputted (SELECTED_OUTPUT) and written to an output file.  The WATEQ4F 

database was utilized as it defined all of the species of interest.   

 

Under the TRANSPORT data block, 60 cells were chosen with cell lengths of 0.5 m.  This 

corresponds to a total domain length of 30 m.  Increasing the number of cells greatly contributed 

to computation time and computer stability, and thus for this analysis the use of a longer domain 

was not pursued.  This code simulates 1-D advective-dispersive transport.  Mechanical dispersion 

was utilized (an initial dispersivity value of 0.1 m was chosen arbitrarily), but for simplicity 



molecular diffusion in the fracture was not considered.  Flux boundary conditions were used at 

both ends of the domain.   

 

PHREEQC has the capability to simulate the dual porosity phenomenon of matrix diffusion 

through the incorporation of ‘stagnant zones’ (Parkhurst and Appelo, 1999).  For crystalline rock, 

matrix porosities and diffusivities are often quite low (Mutch et al., 1993), which means that 

matrix diffusion has less of an impact on the fracture concentrations than for rock with higher 

matrix porosity and diffusivities.  Thus, matrix diffusion was not included in this exercise.   

 

The RATES basic program used for the degradation of DOC is found in both the PHREEQC and 

WATEQ4F databases (Parkhurst and Appelo, 1999).  The general rate formulas are defined in 

that data block, while the KINETICS data block defines the specific parameters for transport 

kinetics (Parkhurst and Appelo, 1999).  The decay of DOC is modeled using additive monod 

kinetics (Monod, 1949), as shown in Equation D1 (modified from Parkhurst and Appelo, 1999).   
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where  Vmax is the maximum rate of the reaction [1/T]  

K is the half saturation constant [M/L3] 

 

This equation utilizes oxygen and nitrate as terminal electron acceptors, though the model also 

utilizes sulfate as a terminal electron acceptor.  As shown by Kim (2005) the decay of organic 

matter is sensitive to both Vmax and K, and thus these parameters were modified from the default 

values provided in PHREEQC to determine their effect on denitrification. 
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Modeling Runs 

The parameters used for each run are shown in Table D1.  Three distances along the 1-D transport 

path (0.75 m – cell 2,   14.75 m – cell 30 and 29.25 m - cell 59) were simulated to compare the 

nitrate profiles along the flow path.  The following parameters were varied in the ‘fracture’ 

(Solution 1-60): DOC, dispersivity, and DO.  Relating to the reactivity of the DOC, Vmax and K 

for nitrate were also varied in order to investigate their effect on the nitrate concentrations.  Case 

A was the closest approximation to the actual site conditions, though the modeled DOC value in 

the ‘fracture’ was a few mg/L higher than observed values, and the dispersivity value was 

assumed. Case H had the same input parameters as the Base Case (A), except the CH2O value for 

Solution 0 was set to 0.    

Table D1. Summary of the PHREEQC 1-D transport modeling runs.   The parameter 
altered from the base case for each run is highlighted.  

Case CH2O-C 
(mg/L) Dispersivity (m) K 

 
Vmax 

 
O2

(mg/L) 
A 

(Base Case) 
10 0.1 1.55E-04 1.67E-11 none added 

B 0 0.1 1.55E-04 1.67E-11 none added 

C 200 0.1 1.55E-04 1.67E-11 none added 

D 20000 0.1 1.55E-04 1.67E-11 none added 

E 10 0 1.55E-04 1.67E-11 none added 

F 10 0.5 1.55E-04 1.67E-11 none added 

G 10 0.1 1.55E-04 1.67E-11 5.0 

H Case A but no CH2O in Solution 0 

I 10 1.00E-01 1.55E-04 1.67E-07 none added 

J   1.55E-08 1.67E-11 none added 

 

 

Results of 1-D Transport Modeling 

The one-dimensional transport modeling yielded several observations.  Table D2 summarizes the 

results of the various runs after 21d 10h 50m.  At this time, the concentration profiles had all 
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reached constant values.  Results are shown for the three distances along the flow path.  Due to 

the large amount of data produced, only a few breakthrough curves will be highlighted.  In terms 

of the original data quality, the apparent charge imbalance for Case A for Solution 0 was only 

1.66%, while for Solution 1-60 it was 9.17%.  This higher value may indicate that there were 

some problems with the analysis and/or sampling procedure for the field data that was utilized in 

the modeling.   

 

Case A was the ‘Base Case’ for the modeling.  From Table D2, it can be seen that the ultimate 

NO3
- concentrations did not change greatly along the flow path. At the end of the simulation (21d 

10h 50 m), the N2 value increased slightly from 0.016 mg/L at the start of the transport pathway 

to 0.0167 mg/L near the outlet of the transport pathway, while O2 decreased slightly from the 

inlet to the outlet of the fracture from 1.51x10-9 mg/L to 1.48x10-9 mg/L.  The slight decrease in 

nitrate and oxygen concentrations, and the slight increase in N2 (the product of denitrification) 

indicate that the organic carbon is being oxidized along the flow path; hence, it appears that 

denitrification may occur on a (very) small scale. Figure D2 shows the breakthrough curves for 

Case A, at various distances along the flow path.  As can be expected, the breakthrough curve is 

more disperse at the furthest transport distance as dispersion was incorporated into the transport 

block.  Note that the slight difference in the ultimate nitrate concentrations is difficult to 

distinguish at this scale. 
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Table D2. Results of transport modeling after 21d 10h 50m at three distances along the 
fracture.  N(5) is NO3

-, N(0) is N2, C is total carbon, and O(0) is O2.   Results that differ from 
the base case (Case A) are highlighted.  

Case    Distance  
(m) 

N(5) 
(mg/L) 

N(0) 
(mg/L) 

C   
(mg/L) 

O(0)   
(mg/L) 

pH pE Modified 
Parameter 

A1 0.75 8.998 0.016 1.04 1.51E-09 12 7.5 

A2 14.75 8.997 0.0164 1.04 1.49E-09 12 7.5 

A3 29.25 8.997 0.0167 1.04 1.48E-09 12 7.5 

Base        

Case 

B1 0.75 8.998 0.016 1.04 1.51E-09 12 7.5 

B2 14.75 8.998 0.016 1.04 1.51E-09 12 7.5 

B3 29.25 8.998 0.016 1.04 1.51E-09 12 7.5 

DOC         

0 mg/L 

C1 0.75 8.997 0.0165 1.04 1.49E-09 12 7.5 

C2 14.75 8.991 0.023 1.04 1.30E-09 12 7.5 

C3 29.25 8.984 0.0297 1.04 1.18E-09 12 7.5 

DOC         

200 mg/L 

D1 0.75 8.948 0.0662 1.05 8.50E-10 12 7.4 

D2 14.75 8.305 0.7088 1.16 3.08E-10 12 7.32 

D3 29.25 7.651 1.363 1.28 2.21E-10 12 7.28 

DOC         20 

g/L 

E1 0.75 8.998 0.016 1.04 1.51E-09 12 7.5 

E2 14.75 8.997 0.0164 1.04 1.49E-09 12 7.5 

E3 29.25 8.997 0.0167 1.04 1.48E-09 12 7.5 

Dispersivity    

0 m 

F1 0.75 8.998 0.016 1.04 1.51E-09 12 7.5 

F2 14.75 8.997 0.0164 1.04 1.49E-09 12 7.5 

F3 29.25 8.997 0.0167 1.04 1.48E-09 12 7.5 

Dispersivity    

0.5 m 

G1 0.75 8.998 0.016 1.04 1.51E-09 12 7.5 

G2 14.75 8.997 0.0164 1.04 1.49E-09 12 7.5 

G3 29.25 8.997 0.0167 1.04 1.48E-09 12 7.5 

O2           

5.0 mg/L 

H1 0.75 8.998 0.016 63.2 1.82E-05 6.9 13.6 

H2 14.75 8.997 0.0164 63.2 1.82E-05 6.9 13.6 

H3 29.25 8.997 0.0167 63.2 1.79E-05 6.9 13.6 

No CH2O in 

Solution 0 

I1 0.75 8.836 0.1776 1.07 5.66E-10 12 7.4 

I2 14.75 6.599 2.415 1.47 1.55E-10 12 7.23 

I3 29.25 4.027 4.987 1.93 7.61E-11 12 7.14 

High Vmax    

1.67x10-7

J1 0.75 8.998 0.016 1.04 1.51E-09 12 7.5 

J2 14.75 8.997 0.0164 1.04 1.49E-09 12 7.5 

J3 29.25 8.997 0.0169 1.04 1.48E-09 12 7.5 

Low K        

1.55x10-8
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Figure D2. Nitrate concentration profiles at 21d 10h 50m for the three locations along the 
flow path. 

 

Case B had no DOC (i.e., no CH2O) added to the ‘fracture’.  At the end of the simulation (21d 

10h 50m) all concentrations and parameters were equal at the three transport distances along the 

‘fracture’.  Thus, the CH2O concentration, or lack there of, does have an impact on nitrate 

transport in this model.  Cases C and D (Figure D3), with much higher DOC concentrations 

available for reaction in the fracture (200 mg/L and 20 g/L, respectively), showed greater nitrate 

and oxygen decreases and greater N2 increases than Case A along the flow path at the end of the 

simulation.  Although the CH2O ‘fracture’ concentration for Case D is perhaps unrealistically 

high, it is useful for illustrating the coupled oxidation of organic carbon and the reduction of 

nitrate.  Also for Case D, the ultimate pE values decreased along the flow path, indicating more 

reduced conditions. 
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Case D Nitrate Profiles 
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Figure D3. Nitrate profiles for Case D.  The N(0) concentration profile at 29.25 m is also 
shown. 

 

Dispersivity (Cases E and F) did not change the ultimate NO3
-, N2, and O2 values in comparison 

to the base case.  However, different dispersivity values changed the shapes of the breakthrough 

curves, which was an expected result.  Figure D4 shows the nitrate profiles at 29.95 m for three 

dispersivity values (Cases A3, E3 and F3).  Note that Case E (dispersivity = 0 m) illustrates the 

advective (or plug flow) flux through the ‘fracture’ while the other two cases show the spreading 

effect of hydrodynamic dispersion.  Note that the three cases intersect at the location where a 

ratio of the initial concentration over the observed concentration (C/Co) is equal to 0.5.    
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Nitrate Profiles for Different Dispersivity Values
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Figure D4. Nitrate profiles for Cases A3, E3 and F3 that illustrate the effect of dispersivity. 

 

Case G investigated the effect of dissolved oxygen through the addition 5.0 mg/L of O2 to the 

‘fracture’.  Though one would expect additional oxygen to create more oxidizing conditions and 

hence less denitrification to occur, the results remained unchanged from Case A.  Perhaps not 

enough O2 was added to create a significant impact.   

 

The N(5) and N(0) concentrations for Case H, where there was no CH2O in Solution 0, also 

remained the same as Case A.  However, the other parameters were quite different.  The total C 

concentrations were very high at the end of the simulation time (62.3 C-mg/L compared to 1.05 

mg/L for Case A).  At the final simulation time, the distribution of species for H1 showed that of 

the total 5.26x10-3 moles/L of carbon, 3.89x10-3 moles/L existed as HCO3
-.  In contrast, the 

dominant species of carbon for Case A1 was CaCO3 at a concentration of 4.16x10-5 moles/L, 
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which made up almost half of the total 8.63x10-5 moles/L of carbon.  Oxygen concentrations were 

also four orders of magnitude higher in Case H than the base case (A), and the pE value was 13.6 

for Case H as compared to 7.5 for most of the other cases.  Thus, it appears that removing the 

CH2O from Solution 0 created more oxidizing conditions in the system (as shown by the higher 

pE) which in turn altered the ultimate carbon and oxygen concentrations.  However, it must be 

noted that the 2.6 mg/L of DOC used for all runs except Case H was the actual value from the 

water analysis of TW1D. 

 

The final two cases, I and J, investigated the effect of the monod parameters Vmax and K.  The 

high Vmax value used for Case I dramatically changed the observed concentration profiles.  The 

nitrate concentration values as well as the N2 profile at 29.75 m can be seen in Figure D5.  Vmax 

controls the maximum rate of the reaction for the decay of DOC.  With the increased rate, nitrate 

and oxygen concentrations greatly decreased and nitrogen concentrations increased, illustrating 

that denitrification is greatly affected by this parameter.  In contrast, lowering K, which is the half 

saturation constant, did not change the nitrate concentrations profiles.  

Conclusions and Recommendations 

From this exercise, it appears that very little denitrification is occurring under the currently 

modelled site conditions, as shown in Case A.  Changing Vmax and adding high concentrations 

of DOC had the greatest effect on the nitrate profiles compared to the other parameters that were 

varied.  Addition of O2 did not change the results.  The removal of CH2O did not affect the nitrate 

profiles, but it did change the distribution of the carbon species.   

 

If a more rigorous analysis is desired, future modeling work should include variations in aperture 

size and hydraulic gradient (i.e., velocity changes), utilization of different types of DOC, 



investigation of different source functions, as well as the possible incorporation of the dual 

porosity capability of PHREEQC.  
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Figure D5. Nitrate concentration profiles for a high Vmax.  N2 profile also shown for 29.75 
m. 

 

Example PHREEQC Input File 

DATABASE C:\Program Files\phreeqc\wateq4f.dat    # Use wateq database 
 
TITLE Nitrate Transport Miller Field  
 
 SOLUTION 0  Composition of water at TW1D (‘nitrate impacted water’) 
  units  mg/L 
  temp   10 
  pH  6.9   
  N(5)  9        
  N(-3)  0.01 
  Ca  77.3 
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  Mg  20.8 
  Na  4.9 
  Alkalinity  242 as HCO3 
  K  3.1 
  F  0.26 
  Cl  15.0 
  S(6)  30.3  
  C  2.6 as CH2O  # DOC 
 
 END  
 
 SOLUTION 1-60 Initial water in fracture – values from TW7M (‘clean water’) 
 
  units  mg/L 
  temp   10 
  N(5)  0.5      
  Ca  86.9 
  Mg  22 
  Na  5.0 
  Alkalinity  258 as HCO3 
  K  3.1 
  F  0.07 
  Cl  26.5 
  S(6)  17.87  
    
 END 
  
 RATES     # from WATEQ4F - degradation of DOC with different electron acceptors 
     Organic_C 
  -start 
  1 rem Additive Monod kinetics 
       2 rem Electron acceptors: O2, NO3, and SO4 
 
    10 if (m <= 0) then goto 200 
    20 mO2 = mol("O2") 
    30 mNO3 = tot("N(5)") 
    40 mSO4 = tot("S(6)")    
    50 rate = 1.57e-9*mO2/(2.94e-4 + mO2) + 1.67e-11*mNO3/(1.55e-4 + 
mNO3) 
    60 rate = rate + 1.e-13*mSO4/(1.e-4 + mSO4)   
    70 moles = rate * m * (m/m0) * time     
    80 if (moles > m) then moles = m 
    200 save moles   # total moles of reaction 
   -end 
  
 KINETICS 1-60 
   Organic_C 
  -formula CH20 
   -tol 1e-8      # tolerance for integration procedure 
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   # m in mol/kgw 
   -m0 0.000833       # current moles of reactant 
   -m 0.000833 # initial moles of reactant 
 
 TRANSPORT                
  -cells  60          #number of cells in the column 
  -shifts 120  # 2 pore volumes    
  -time_step 15250       # seconds, velocity=cell length/time step 
  -flow_direction forward 
  -boundary_conditions flux flux 
  -lengths 60*0.5 
  -dispersivities 60*0.1 
  -punch_cells 2    # prints out data for specific cell 
  
 SELECTED_OUTPUT 
  -file   C:\Program Files\Phreeqc\Miller Field\Miller Field Transport\April 9 
2007\nitrate_transport.out      
  -totals N(5) N(3) N(-3) N(0) C(-4) S(6) C O(0) 
  -distance true  
  -pH true      
  -pe true     
  -solution false  #shuts off printing of solution number 
  -step false  #shuts off printing step number  
  -state false   #shuts off printing calculation type 
  -simulation false  #shuts off printing simulation number 
  
END 
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Appendix E 

PBDE QA/QC 

The procedural blank and spiked blank values (for each sampling/analysis date) are shown at the 

end of this appendix (provided by the Ontario Ministry of the Environment).  To confirm the 

integrity of the field methodology, additional quality assurance/quality control sampling was 

conducted on February 11, 2009.  As the observed groundwater PBDE concentrations are low, it 

is important to determine that concentrations were not being introduced into the samples from the 

sampling equipment or procedure.  Table E1 lists the collected samples.   

Table E1. Details of the QA/QC sampling conducted on February 11, 2009.  GW stands for 
groundwater.  

Sample Number Sample Details Water Type Litres Collected 
1 TW1D GW 2 
2 TW1D Duplicate  GW 2 
3 TW1D Field Blank HPLC-grade 1 
4 TW3S GW 2 
5 TW3S Duplicate GW 2 
6 TW3S Field Blank HPLC-grade 1 
7 TW3D GW 2 
8 TW3D Duplicate GW 2 
9 TW3D Field Blank HPLC-grade 1 

10 Equipment Blanks Deionized 2 
11 Bottle Blanks HPLC-grade 2 
12 Snow (near TW3) Snow <1 

 

All samples (except for the bottle blanks) were collected in 1 L pre-cleaned PCB3 amber bottles 

(rinsed and baked to remove organics).  These bottles were provided by the Ontario Ministry of 

the Environment.  HPLC-grade water obtained from Hoskin Scientific was used for the field 

blanks.  For the equipment blanks, 35L of reagent grade (Type II) deionized water (specific 

resistance 8.38 Megohms; TDS 2.0 ppm) was pumped through the sampling equipment prior to 

collecting the 2L sample.  The deionized water was obtained from a purification system located in 

Ellis Hall (the Department of Civil Engineering) at Queen’s University on February 10, 2009.  
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The water was transported to the research site in new/rinsed Reliance Aqua-Pak plastic 

containers.  Bottle blanks (HPLC-grade water) were collected in the 500 mL plastic bottles used 

for the sampling program.  For interest’s sake, a snow sample near TW3 was collected.  TW3S is 

linked to the ground surface through a fracture feature (T. Praamsma, unpublished data, 2009).  

During the groundwater sampling, the conductivity and temperature were much lower in TW3S 

than normal, so the well most likely had some new melt water in it.  The sample was collected to 

potentially capture any PBDE concentrations in the snow fraction.  The top crust of snow was 

removed and the sample was then collected.   

 

Only two positive instances of PBDEs were determined (Table E2).  This, however, does show 

that the sampling equipment and methodology is not the source of the positive PBDE 

concentrations observed at the research site.  The non-detectable concentrations generally indicate 

that: 1) the use of the 500 mL plastic bottles with screw-caps is justified (bottle blanks); 2) the 

sampling equipment (submersible pump and tubing) are not contaminating the samples 

(equipment blanks); and, 3) the groundwater samples are most probably not being affected by 

atmospheric conditions (field blanks).  One positive concentration was observed for the TW3D 

field blank (for only one congener).  However, as all the other field blanks had non-detectable 

concentrations, so the one result may be a false-positive.  False positives can occur due to 

laboratory dust, for example.  The uncertainty of the low concentration for the TW3 field blank is 

very high, indicating that it may not be a true positive result (E. Reiner, personal communication, 

June 4, 2009).  A positive result (BDE-183) was observed for the snow, which may be a sign that 

concentrations have been deposited on the ground surface from atmospheric transport, as there 

are no direct sources of PBDEs in the vicinity of TW3. 
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Table E2. Results for QA/QC sampling on February 11, 2009.  * Denotes that the result is out of range, which means recoveries of internal 
standards were low. The samples are corrected for recovery, and recoveries under 25% are flagged.  DUP stands for duplicate, and FB 
stands for field blank. 

Congener TW1D 

TW1D 

DUP 

TW1D 

FB TW3S 

TW3S 

DUP 

TW3S 

FB TW3D 

TW3D 

DUP 

TW3D 

FB 

EQUIP 

BLANK 

BOTTLE 

BLANK SNOW 

BDE-17 <0.007 <0.0074 <0.0098 <0.0046 <0.0074 <0.0071 0.036* 0.069* <0.012 <0.0078 <0.0085 0.033* 

BDE-28 <0.022 <0.021 <0.03 <0.019 <0.023 <0.022 0.16* 0.22* <0.052 <0.022 <0.035 0.12* 

BDE-47 <1.6 <1.3 <3 <1.6 <3.3 <1.5 11* 15* <3.6 <1.7 <2.2 8.7* 

BDE-49 <0.033 <0.023 <0.053 <0.035 <0.032 <0.027 0.22* 0.31* <0.069 <0.031 <0.04 0.17* 

BDE-66 <0.032 <0.024 <0.061 <0.032 <0.039 <0.03 0.21* 0.31* <0.063 <0.035 <0.041 0.19* 

BDE-71 <0.0031 <0.0027 <0.005 <0.0026 <0.0029 <0.003 <0.015 0.023* <0.0046 <0.0028 <0.0031 <0.013 

BDE-77 <0.0006 <0.0019 <0.0015 <0.00053 <0.00072 <0.0013 <0.0017 <0.0029 <0.00091 <0.00065 <0.00062 <0.0033 

BDE-85 <0.049 <0.022 0.17* <0.043 <0.064 <0.039 0.16* 0.25* <0.079 <0.041 <0.05 0.34* 

BDE-99 <1.8 <1.1 4.9* <1.4 <2.7 <1.6 7.3* 12* <3.1 <1.8 <1.9 11* 

BDE-100 <0.37 <0.26 <0.9 <0.32 <0.51 <0.33 2* 3* <0.67 <0.41 <0.47 2.3* 

BDE-119 <0.0022 <0.0029 0.007* <0.0015 <0.0031 <0.0025 0.0072* 0.014* <0.0041 <0.0024 <0.0026 0.014* 

BDE-126 <0.00086 <0.0016 <0.003 <0.00047 <0.0014 <0.002 <0.0021 <0.0032 <0.0018 <0.00068 <0.00075 0.0059* 

BDE-138 <0.0089 <0.0053 0.038* <0.01 <0.0096 <0.011 0.021* 0.043* 0.021 <0.0071 <0.0067 0.072* 

BDE-153 <0.071 <0.026 0.29* <0.063 <0.088 <0.051 <0.16 0.29* <0.098 <0.042 <0.057 0.6* 

BDE-154 <0.059 <0.031 0.23* <0.062 <0.095 <0.049 0.19* 0.28* <0.1 <0.045 <0.063 0.55* 

BDE-183 <0.0097 <0.0079 0.021* <0.018 <0.014 <0.0081 0.031* 0.13* <0.011 <0.0063 <0.0044 0.05 

BDE-209 <2 <1.7 5* <2.3 <3 <1.3 36* 24* <3.7 <1.5 <1.2 8* 

 

 

 



 

PBDE Blank and Spiked Blank Results for August 2006 and October 2006 Samples (from the Ontario Ministry of the Environment) 
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PBDE Blank and Spiked Blank Results for August 2007 Samples (from the Ontario Ministry of the Environment) 
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PBDE Blank and Spiked Blank Results for October 2007 Samples (from the Ontario Ministry of the Environment) 
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PBDE Blank and Spiked Blank Results for February 2009 Samples (from the Ontario Ministry of the Environment) 



 

Appendix F 

Fluorometer Calibration Curve for Tracer Experiment 
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Appendix G 

Numerical Modeling Parameters and Sample Input Files 

Table G1. Basic parameters used for numerical flow and transport modeling 

Parameter  Value Source 

Well pumping rates TW7S = 22 Litres/min 

TW8 = 52 Litres/min 

Field experiment 

Initial water table depth 5 m Field experiment 

Flow applied to infiltration area 74 Litres/min Field experiment 

Water Density 1000 kg/m3 - 

Water Viscosity 1.12x10-3 Ns/m2 - 

Overburden properties   

   Specific storage 1x10-3 m-1 Assumption 

   Hydraulic conductivity 2x10-6 to 1x10-3 m/s Infiltrometer data and assumption 

   Porosity 0.3 Assumption 

   Pressure-saturation  ‘Borden Sand’ Assumption 

Bedrock matrix   

   Specific storage 1x10-8 m-1 Assumption 

   Hydraulic conductivity 1x10-15 m/s Assumption 

   Porosity 0.01% Assumption 

Fracture Properties   

   Specific storage  1x10-1 m-1 Assumption 

   Aperture 260 μm to 1500 μm Hydraulic testing and assumption 

   Brooks-Corey λ 2.5 Gleeson (2009) after Reitsma and 

Kueper (1994) 

Solute Transport   

   Concentration applied 200 mg/L Field experiment 

   Free solution diffusion coefficient 1.62x10-6 m2/h Novakowski et al., 2004 

   Longitudinal dispersivity 0.3 to 5 m Assumption 

   Transverse dispersivity 0.03 to 0.5 m Assumption 
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Sample HydroGeoSphere Input for Flow  

 
.grok file 
!--------------------------  Problem description 
MILLER FIELD TRACER EXPERIMENT 
Performed August 28, 2006 
Jana Levison 
Pumping190b, July 28, 2009 
end title 
 
!--------------------------  Grid definition 
Generate blocks interactive 
 
grade x 
990. 0. 0.1 1.4 80. 
 
grade x 
990. 992.5 0.1 1.3 1. 
 
grade x 
995. 992.5 0.1 1.3 1. 
 
grade x 
995. 1001. 0.1 1.3 1. 
 
grade x 
1007. 1001. 0.1 1.3 1. 
 
grade x 
1010. 1007. 0.1 1. 1. 
 
grade x 
1010. 2000. 0.1 1.4 80. 
 
grade y 
994. 0. 0.1 1.4 80. 
 
grade y 
994. 998.5 0.1 1.3 1. 
 
grade y 
1003. 998.5 0.1 1.3 1. 
 
grade y 
1003. 2000. 0.1 1.4 80. 
 
grade z 
48. 0. 1. 1. 1. 
 
grade z 
48. 50. 0.5 1. 1. 
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end generate blocks interactive 
end grid generation 
 
!--------------------------  General simulation parameters 
Units: kilogram-metre-hour 
transient flow 
finite difference mode 
unsaturated 
no nodal flow check 
 
!--------------------------  PM properties 
use zone type 
porous media 
 
properties file 
pumping.mprops 
 
!--------------------------  Rock 
clear chosen elements 
choose elements block 
0.0, 2000.0 
0.0, 2000.0 
0.0, 50.0 
 
new zone 
1 
 
clear chosen zones 
choose zone number 
1 
 
read properties 
rock 
 
!--------------------------  Soil layer 
clear chosen elements 
choose elements block 
999.,1015. 
990.,1015. 
49.,50. 
 
new zone 
2 
 
clear chosen zones 
choose zone number 
2 
 
read properties 
soil 
 
clear chosen elements 
choose elements block 
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999.,1015. 
990.,1015. 
48.,49. 
 
new zone 
3 
 
clear chosen zones 
choose zone number 
3 
 
read properties 
soil2 
 
!--------------------------  Boundary conditions 
clear chosen nodes 
choose nodes all 
initial head 
 45. 
 
clear chosen nodes 
choose nodes x plane 
 0.0 
 1.e-5 
choose nodes x plane 
 2000. 
 1.e-5 
specified head 
 1 
 0.0, 45.       !time-on, head 
 
choose nodes y plane 
 0.0 
 1.e-5 
choose nodes y plane 
 2000. 
 1.e-5 
specified head 
 1 
 0.0, 45.0    ! time-on, head 
 
clear chosen faces 
choose faces block 
1004.,1010. 
998.,1005. 
50.,50. 
 
specified flux 
6 
0.0, 0.11419    ! pumping well discharge  
2.3, 0.0 
3.0, 0.22568    ! tracer application rate 
3.2, 0.0 
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4.25, 0.11419 
6.25, 0.0 
 
!------------------------- fracture properties 
use zone type 
fracture 
 
properties file 
pumping.fprops 
 
!------------------------- horizontal fractures 
!------35mbgs 
clear chosen faces 
choose faces block 
0., 2000. 
0., 2000. 
15., 15. 
 
new zone  
1 
 
clear chosen zones 
choose zone number 
1 
 
read properties 
hfracture35 
 
!------25mbgs 
clear chosen faces 
choose faces block 
0., 2000. 
0., 998.5 
25., 25. 
 
new zone  
2 
 
clear chosen zones 
choose zone number 
2 
 
read properties 
hfracture25 
 
clear chosen faces 
choose faces block 
0., 2000. 
998.5, 2000. 
25., 25. 
 
new zone 
3 
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clear chosen zones 
choose zone number 
3 
 
read properties 
hfracture25b 
 
!------9mbgs 
clear chosen faces 
choose faces block 
0., 2000. 
0., 2000. 
41., 41. 
 
new zone  
4 
 
clear chosen zones 
choose zone number 
4 
 
read properties 
hfracture9 
 
!-------------------------------vertical fracture in tracer pool 
clear chosen faces 
choose faces block 
1007.,1007. 
0.,2000. 
5.,48. 
 
new zone 
5 
 
clear chosen zones 
choose zone number 
5 
 
read properties 
vfractureTracer 
 
!------------------------ pumping wells 
make well 
TW8 
990.0,994.0,8.0     
990.0,994.0,50.0 
1            ! number of time panels 
 0, -3.12        ! time on, flowrate  
990.0,994.0,25.0    ! extraction point in well  
0.0762            ! screen radius 
0.0762            ! casing radius 
 
make well 
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TW7S 
995.0, 1003.0,38.0 
995.0, 1003.0,50.0 
1 
 0,-1.32                 
995.0, 1003.0,39.0      ! extraction point in well 
0.0762            ! screen radius 
0.0762            ! casing radius 
 
make well 
TW7M 
995.0, 1003.0,21.0 
995.0, 1003.0,34.0 
1 
 0,0.0                    ! Q = 0 
995.0, 1003.0,22.0      ! extraction point in well 
0.0254            ! screen radius 
0.0254            ! casing radius 
 
make well 
TW7D 
995.0, 1003.0,5.0 
995.0, 1003.0,18.0 
1 
 0,0.0                    ! Q = 0 
995.0, 1003.0,6.0      ! extraction point in well 
0.0254            ! screen radius 
0.0254            ! casing radius 
 
!----------------------- observation points  
make observation point 
TW8obs 
990, 994, 20 
 
make observation point 
TW7Sobs 
995., 1003., 40. 
 
make observation point 
TW7Mobs 
995., 1003., 23. 
 
make observation point 
TW7Dobs 
995., 1003., 7. 
 
make observation point 
obspoint 
500., 50., 25. 
 
make observation point 
obsvfrac 
1007., 1002., 49. 
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make observation point 
soil surface 
1007., 1000.61, 50. 
 
make observation point 
rock surface 
1007., 1000.61, 49. 
 
!-------------------------- following "Abdul" (verification) controls 
Newton maximum iterations 
15 
Jacobian epsilon 
1e-6 
Newton absolute convergence criteria 
1.0d-2 
Newton residual convergence criteria 
1.0d-2 
 
!--------------------------  Timestep controls  
head control 
0.5 
 
saturation control 
0.050 
 
newton iteration control 
10 
 
initial timestep 
0.00015 
 
maximum timestep multiplier 
2.0 
 
minimum timestep multiplier 
0.5 
 
compute underrelaxation factor 
 
flow solver maximum iterations 
1000 
 
Output times 
0.001 
0.01 
0.1 
0.25 
0.5 
0.75 
1. 
1.25 
1.5 
2. 
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2.5 
3. 
3.5 
4. 
5. 
6. 
8. 
11. 
14. 
18.42 
End 
 
.mprops file 
 
Units: kilogram-meter-hour 
!------------------------- 
! pm properties 
rock 
 
k isotropic 
3.6e-12   !1e-15 m/s 
 
specific storage 
1.e-8      
porosity 
0.0001 
 
include borden_unsat_tables.mprops 
 
end material 
!------------------------- 
soil 
K isotropic 
3.6e-1        
 
specific storage 
1.e-3      
 
porosity 
0.3 
 
include borden_unsat_tables.mprops 
 
end material 
 
!------------------------- 
soil2 
K isotropic 
3.6e-2     
 
specific storage 
1.e-3      
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porosity 
0.3 
 
include borden_unsat_tables.mprops 
 
end material 
 
 
.fprops file 
 
units: kilogram-metre-hour 
 
!--------------35mbgs 
hfracture35 
 
specific storage 
1.e-1 
 
aperture 
1009.e-6 
 
end material 
 
!--------------25mbgs 
hfracture25 
 
specific storage 
1.e-1 
 
aperture 
700.e-6 
 
end material 
 
hfracture25b 
 
specific storage 
1.e-1 
 
aperture 
400.e-6 
 
end material 
 
!-------------9mbgs 
hfracture9 
 
specific storage 
1.e-1 
 
aperture 
800.e-6 
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end material 
 
!-------------vertical fracture in tracer pool 
vfracturetracer 
 
specific storage 
1.e-1 
 
aperture 
300.e-6 
 
unsaturated brooks-corey functions 
 
beta 
2.5 
 
pore connectivity 
1. 
 
air entry pressure 
-0.14 
 
generate tables from unsaturated functions 
 
end material 
 
 

Sample HydroGeoSphere Input for Transport  

 

.grok file 
!--------------------------  Problem description 
MILLER FIELD TRACER EXPERIMENT 
Performed August 28, 2006 
Jana Levison 
7STrans16g, August 8, 2009 
end title 
 
!--------------------------  Grid definition 
Generate blocks interactive 
 
grade x 
990. 0. 0.1 1.4 80. 
 
grade x 
990. 992.5 0.1 1.3 1. 
 
grade x 
995. 992.5 0.1 1.3 1. 
grade x 
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995. 1001. 0.1 1.3 1. 
 
grade x 
1012. 1001. 0.003 2. 1. 
 
grade x 
1012. 2000. 0.003 2. 80. 
 
grade y 
994. 0. 0.1 1.4 80. 
 
grade y 
994. 998.5 0.1 1.3 1. 
 
grade y 
1003. 998.5 0.1 1.3 1. 
 
grade y 
1003. 2000. 0.1 1.4 80. 
 
grade z 
6. 0. 0.003 2. 0.5 
 
grade z 
6. 13. 0.003 2. 0.5 
 
grade z 
15. 13. 0.5 1. 0.5 
 
end generate blocks interactive 
end grid generation 
 
!--------------------------  General simulation parameters 
Units: kilogram-metre-hour 
transient flow 
finite difference mode 
unsaturated 
do transport 
no nodal flow check 
remove negative coefficients 
 
!--------------------------  PM properties 
use zone type 
porous media 
 
properties file 
pumping.mprops 
 
!--------------------------  Rock 
clear chosen elements 
choose elements block 
0.0, 2000.0 
0.0, 2000.0 
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0.0, 15.0 
 
new zone 
1 
 
clear chosen zones 
choose zone number 
1 
 
read properties 
rock 
 
!--------------------------  Soil layer 
clear chosen elements 
choose elements block 
999.,1015. 
990.,1015. 
14.,15. 
 
new zone 
2 
 
clear chosen zones 
choose zone number 
2 
 
read properties 
soil 
 
clear chosen elements 
choose elements block 
999.,1015. 
990.,1015. 
13.,14. 
 
new zone 
3 
 
clear chosen zones 
choose zone number 
3 
 
read properties 
soil2 
 
!--------------------------  Boundary conditions 
clear chosen nodes 
choose nodes all 
initial head from output file 
pumpingo.head.012 
 
clear chosen nodes 
choose nodes x plane 
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 0.0 
 1.e-5 
choose nodes x plane 
 2000. 
 1.e-5 
specified head 
 1 
 0.0, 10.       !time-on, head 
 
choose nodes y plane 
 0.0 
 1.e-5 
choose nodes y plane 
 2000. 
 1.e-5 
specified head 
 1 
 0.0, 10.0    ! time-on, head 
 
clear chosen faces 
choose faces block 
1004.,1010. 
998.,1005. 
15.,15. 
 
specified flux 
4 
3.0, 0.22568    ! tracer application rate 
3.2, 0.0 
4.25, 0.11419 
6.25, 0.0 
 
!------------------------- solute transport 
Solute 
name 
Lissamine 
 
free-solution diffusion coefficient 
1.62e-06 
 
end solute 
 
clear chosen nodes 
choose nodes block 
1004.,1010. 
998.,1005. 
15.,15.       
 
specified concentration 
2 
3.0 3.2 0.1 
3.2 30. 0.0 
!------------------------- fracture properties 
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use zone type 
fracture 
 
properties file 
pumping.fprops 
 
!------------------------- horizontal fractures 
!------9mbgs 
 
clear chosen faces 
choose faces block 
0., 2000. 
0., 2000. 
6., 6. 
 
new zone  
1 
 
clear chosen zones 
choose zone number 
1 
 
read properties 
hfracture9 
 
!-------------------------------vertical fracture in tracer pool 
clear chosen faces 
choose faces block 
1012.,1012. 
0.,2000. 
0.,13. 
 
new zone 
2 
 
clear chosen zones 
choose zone number 
2 
 
read properties 
vfractureTracer 
 
!------------------------ pumping wells 
make well 
TW7S 
995.0, 1003.0,3.0 
995.0, 1003.0,15.0 
1 
 0,-1.32                 
995.0, 1003.0,4.0      ! extraction point in well 
0.0762            ! screen radius 
0.0762            ! casing radius 
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!----------------------- observation points  
make observation point 
TW7Sobs 
995., 1003., 6. 
 
make observation point 
obspoint 
500., 50., 7. 
 
make observation point 
obsvfrac 
1007., 1002., 12. 
 
make observation point 
obsvfractop 
1007., 1003., 13. 
 
make observation point 
obsvfracbottom 
1007., 1003., 6. 
 
make observation point 
obsfrnearwell 
995.5, 1003., 6. 
 
make observation point 
soil surface 
1007., 1000.61, 15. 
 
make observation point 
rock surface 
1007., 1000.61, 13. 
 
!-------------------------- following "Abdul" (verification) controls 
Newton maximum iterations 
15 
Jacobian epsilon 
1e-6 
Newton absolute convergence criteria 
1.0d-2 
Newton residual convergence criteria 
1.0d-2 
 
!--------------------------  Timestep controls  
head control 
0.5 
saturation control 
0.050 
newton iteration control 
10 
 
initial timestep 
0.00015 
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maximum timestep multiplier 
2.0 
 
minimum timestep multiplier 
0.5 
 
compute underrelaxation factor 
 
flow solver maximum iterations 
1000 
 
Initial Time 
3.0  
 
Output times 
3. 
3.25 
3.5 
3.75 
4. 
4.5 
5. 
5.5 
6. 
6.5 
7. 
7.5 
8. 
8.5 
9. 
9.5 
10. 
10.5 
11. 
11.5 
12. 
12.5 
13. 
13.5 
14. 
14.5 
15. 
16. 
17. 
18. 
20. 
22. 
24. 
26. 
28. 
30. 
end 
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Appendix H 

Selective HydroGeoSphere Output 

In this appendix, the flow scenarios simulated in HydroGeoSphere are presented.  Two tables 

(Table H1 and Table H2) summarize some of the tested conceptual models with qualitative 

descriptions of the flow solution outcomes.  Table H2 also shows the transport runs that were 

conducted, and list qualitative descriptions of the output.  For the corresponding plots (i.e., 

Figures H1 to H27), the squares are the field data, while the solid lines are the HydroGeoSphere-

generated results. 
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Figure H1. Pumping160 
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Table H1. Select conceptualizations of the subsurface system.  These conceptual models 
were simulated in HydroGeoSphere to attempt to attain a fit to the drawdown (‘DD’) data 
obtained in the field during the infiltration tracer experiment. 
Simulation number 

and name Configuration Fracture Apertures 
(μm) Flow Solution Result 

#1 (Pumping160) 
Three horizontal fractures 
Vertical fracture extending to 5 m above 
bottom of domain 

hfracture9 = 800 
hfracture25 = 819 
hfracture35 = 1009 
vfracture = 300 

- Not quite enough DD for TW7S and 
TW7D 

- DD fairly close to field values for 
TW8  

- Not nearly enough DD for TW7M 
- DD for TW7D and TW7M is identical 

#2 (Pumping181) 

Three horizontal fractures, with variable 
aperture for hfracture35 (‘a’ through 
TW8; ‘b’ through TW7D) 
Vertical fracture to 5 m above bottom of 
domain 

hfracture9 = 800 
hfracture25 = 819 
hfracture35a = 900 
hfracture35b = 1400 
vfracture = 300 

- Not enough DD for TW7M and 
TW7D, but finally have separation 

- Too much DD for TW8 
- Not quite enough for TW7S  

#3 (Pumping190) 

Three horizontal fractures, with variable 
aperture for hfracture25 (‘a’ through 
TW8; ‘b’ through TW7D) 
Vertical fracture to 5 m above bottom of 
domain 

hfracture9 = 800 
hfracture25a = 700 
hfracture25b = 400 
hfracture35 = 1009 
vfracture = 300 

- Not enough DD for TW7M (but has 
separation from TW7D, which is has 
a good amount of DD) 

- Too much DD for TW8 
- Not quite enough DD for 7S 

#4 (Pumping168) 
Three horizontal fractures 
Vertical fracture extending only to just 
below hfracture25 

hfracture9 = 800 
hfracture25 = 700 
hfracture35 = 1009 
vfracture = 300 

- Not enough DD for TW7M (and there 
is no separation from TW7D) 

- A bit too much DD for TW8 
- Not quite enough DD for 7S 

#5 (Pumping201) 

Three horizontal fractures, with variable 
apertures for hfracture25 and hfracture35  
Vertical fracture to 5 m above bottom of 
domain 

hfracture9 = 800 
hfracture25a = 700 
hfracture25b = 400 
hfracture35a = 1100 
hfracture35b = 1200 
vfracture = 300 

- Not enough DD for TW7M and 
TW7D, but there is separation 

- Good DD for TW8 
- Not quite enough DD for 7S 

#6 (Pumping202) 

Same fracture sizes as Pumping190 (#3), 
but vertical fracture of perpendicular 
orientation (at y = 1004 instead of x = 
1007) 

hfracture9 = 800 
hfracture25a = 700 
hfracture25b = 400 
hfracture35 = 1009 
vfracture = 300 

- Same DD curves as Pumping190 for 
TW7M, TW7D and TW8 

- A bit less DD for TW7S 

#7 (Pumping203) 
Same fracture sizes as Pumping190 (#3), 
but soil K increased (now 3.6 x 10-1 
instead of 3.6 x 10-2 m/h) 

hfracture9 = 800 
hfracture25a = 700 
hfracture25b = 400 
hfracture35 = 1009 
vfracture = 300 

- Recovery/recharge starts sooner for 
TW7S than in Pumping190 

- A bit less DD for TW8 than in 
Pumping190 

#8 (Pumping204) 
Same fracture sizes as Pumping190 (#3), 
but aperture of vertical fracture increased 
(now 1200 μm instead of 300 μm) 

hfracture9 = 800 
hfracture25a = 700 
hfracture25b = 400 
hfracture35 = 1009 
vfracture = 300 

- Less DD for all wells (except TW7D) 
than in Pumping190 

- Less of a recovery/recharge bump for 
TW7S than in Pumping190 
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Figure H2.Pumping181 
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Figure H3. Pumping190 
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Figure H4. Pumping168 
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Figure H5. Pumping201 
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Figure H6. Pumping202 
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Figure H7. Pumping203 
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Figure H8. Pumping204 
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Figure H9. 7S2 
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Table H2. Select conceptualizations of the subsurface system, focusing on TW7S.  These 
conceptual models were simulated in HydroGeoSphere to attempt to attain a fit to the 
drawdown (‘DD’) data obtained in the field during the infiltration tracer experiment for 
TW7S.  The 7STrans# naming systems shows the transport runs that were conducted. 
Simulation 
number and 

name 

Configuration Fracture Sizes 
(μm) 

Flow Solution Result Tracer Result (after 
wellbore mixing and 

dilution) 
#9 (7S2) One horizontal fracture 

Vertical fracture at x = 1007 m 
(under tracer pool) 
2 m of soil (top 1 m with K = 
3.6e-1 m/h, then 1 m with K = 
3.6e-2 m/h) 

hfracture9 = 600 
vfracture = 300 

- Too much DD for TW7S  

#10 (7S14) Similar to 7S2, but different 
fracture aperture sizes 
 

hfracture9 = 750 
vfracture = 1000 

- Good magnitude of DD for 
TW7S  

- Recovery from water applied 
to ground surface is too 
early, and magnitude is not 
great enough 

 

#11 (7S16) 
 
(7STrans12) 

Similar to 7S14, but second m of 
soil K =  3.6e-3 m/h (similar to 
lower range of the K measured 
with the double ring 
infiltrometer) 

hfracture9 = 750 
vfracture = 1000 

- No recovery from water 
applied to ground surface  

- Peak not reached 
(model run for 30 
hours) 

- Concentrations much 
too low 

#12 (7S19) 
 
(7STrans13) 

Similar to 7S14, but soil K (2 m) 
= 3.6e-1 m/h  
b) soil K = 1.0e-2 m/h (highest K 
measured with infiltrometer) 
c) soil K = 5.0e-2 m/h 

hfracture9 = 750 
vfracture = 1000 

- Greater magnitude of 
recovery from water applied 
to ground surface, but occurs 
at 3-4:00 h instead of 9-
10:00 h into the experiment 
(for field data) 

- b) No recovery (slightly less 
drawdown than 7S16) 

- c) Recovery starting at about 
6 hours, but lower magnitude 
than with K = 3.6e-1 m/h 

- Breakthrough too 
early, peak at 
reasonable time 

- Concentrations much 
too high 

#13 (7S21) 
 
(7STrans14) 

Similar to 7S19, but soil now 3 m 
thick 

hfracture9 = 750 
vfracture = 1000 

- Slightly later recovery from 
water applied to the ground 
surface (starts at 6:00 h) 

- Less magnitude of recovery 
than for 2 m of soil 

- Breakthrough and 
peak too early (5.5 
hours and 9.83 hours) 

- Max concentration too 
high 

#14 (7S23) 
 
(7STrans15) 

Similar to 7S19 (2 m of soil), but 
vertical fracture 2 m East of 
infiltration area 

hfracture9 = 750 
vfracture = 1000 

- No recovery from water 
applied to the top of the 
ground surface 

- Breakthrough timing 
good, peak too late 

- Concentrations 
slightly too high 

#15 (7S29) 
 
(7STrans16) 

Similar to 7S23, but higher soil 
conductivity (K = 3.6 m/h) 

hfracture9 = 750 
vfracture = 1000 

- No recovery from water 
applied to the top of the 
ground surface 

- Good timing (peak 
and breakthrough) 

- Similar concentrations 
to field data 

#16 (7S33) Similar to 7S29, but lower soil 
conductivity (K = 1.0e-1 m/h) 

hfracture9 = 750 
vfracture = 1000 

- No recovery from water 
applied to top of ground 
surface 

 

#17 (7S36) 
 
(7STrans17) 

Similar to 7S29, but with smaller 
vertical fracture (400 vs 1000) 

hfracture9 = 400 
vfracture = 1000 

- No recovery, and slightly 
more drawdown than case 
with bigger vertical fracture 
(7S29) 

- Breakthrough time ok, 
but concentrations 
much too low 

#18 (7S41) 
 
(7STrans18) 

1 m of high K soil over entire 
domain, then 0.1 m of lower K 
soil below (only beneath 
infiltration area) 
Vertical fracture 1 m West of 
infiltration area, up to Z = 14 m  
Essentially creating a 0.1 m 
bathtub that fills up then spills 

hfracture9 = 750 
vfracture = 1000 

- Small recovery starting at 
approximately 5:00 h 

- Breakthrough and 
peak too early 

- Concentrations too 
high 
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over to reach vertical fracture 
#19 (7S45) 
 
(7STrans5) 

Like 7S19, but 4 m of soil (K = 
3.6e-1 m/h) (to simulate a longer 
travel distance through the soil, 
i.e., water not traveling in a 
straight line vertically down 
through soil) 

hfracture9 = 750 
vfracture = 1000 

- Small recovery starting 
between 7:00 h and 8:00 h 
(closest to real time thus far), 
but magnitude not great 
enough 

- Timing fairly good for 
breakthrough and peak 

- Concentrations too 
high 

#20 (7S51) 
 
(7STrans19) 

2 m of soil (K = 3.6e-1 m/h), but 
higher soil porosity (0.4 instead 
of 0.3) 

hfracture9 = 750 
vfracture = 1000 

- Small recovery starting 
between 5:00 h and 6:00 h 

- Slightly later recovery time 
than for soil with lower 
porosity (but smaller 
recovery peak) 

- Breakthrough and 
peak too early 

- Concentrations too 
high 

#21 (7S56) 
 
(7STrans20) 

Two 700 μm vertical fractures (at 
x = 1007 m and x = 1010 m) 
2 m of soil (K = 3.6e-1 m/h) 

hfracture9 = 750 
vfracture1 = 700 
vfracture2 = 700 

- Recovery starting at about 
4:00 h 

- Breakthrough and 
peak too early 

- Concentrations too 
high 

#22 (7S60) 
 
(7STrans21) 

Like 7S19, but 1 m of high K soil 
(K =  ) with 0.1 m of lower K soil 
(K =  ) below it 
 

hfracture9 = 750 
vfracture = 1000 

- No recovery, but flattening 
out of DD curve starting at 
5:00 h. 

- Breakthrough and 
peak much too early 

- Concentrations too 
high 

#23 (7S61) 
 
(7STrans9) 

Like 7S56, but four vertical 
fractures located at x = 1004, 
1006, 1008 and 1000 m. 

hfracture9 = 750 
vfracture1 = 500 
vfracture2 = 500 
vfracture3 = 500 
vfracture4 = 500 

- Big recovery starting 
between 3:00 h and 4:00 h 

- Breakthrough and 
peak too early 

- Concentrations much 
too high 

#24 (7S62) Like 7S45, but very high K soil 
(K = 8 m/h) (soil thickness is 4 
m) 

hfracture9 = 750 
vfracture = 1000 

- Small recovery starting at 
6:00 h.   

- Earlier recovery than 4 m of 
soil with lower K (7S45) but 
similar magnitude 

 

#25 (7S63) 
 
(7STrans22) 

Like 7S45 and 7S62, but lower K 
soil (K = 2.0e-1m/h) 

hfracture9 = 750 
vfracture = 1000 

- Recovery starts at 
approximately the same time 
as field data 

- Magnitude of recovery too 
small  

- Breakthrough and 
peak too late 

- Concentrations too 
high 

#26 (7S64) 
 
(7STrans7) 

Like 7S63, but bigger vertical 
fracture (1500 μm versus 1000 
μm). 

hfracture9 = 750 
vfracture = 1500 

- Same DD result as 7S63 
(increasing vertical fracture 
aperture did not change DD) 

- Breakthrough timing 
not bad but peak too 
late 

- Concentrations too 
high 
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Figure H10. 7S14 
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Figure H11. 7S16 
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Figure H12. 7S19 

 

Time(h)

H
ea

d(
m

)

0 5 10 15
8

8.5

9

9.5

10

7S HGS

Time(h)

H
ea

d(
m

)

0 5 10 15
8

8.5

9

9.5

10
7S data

 

Figure H13. 7S19c 
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Figure H14. 7S21 
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Figure H15. 7S23 
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Figure H16. 7S29 
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Figure H17. 7S33 
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Figure H18. 7S36 
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Figure H19. 7S41 
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Figure H20. 7S45 
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Figure H21. 7S51 
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Figure H22. 7S56 
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Figure H23. 7S60 
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Figure H24. 7S61 
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Figure H25. 7S62 
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Figure H26. 7S63 
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Figure H27. 7S64 
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Figure H28. 7STrans5 (using 7S45 - 4 m of soil, and K = 3.6e-1 m/h)  
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Figure H29. 7STrans7 (7S64 - 4 m of soil, and K = 2.e-1 m/h, big vertical fracture) 
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Figure H30. 7STrans9 (7S61 - 4 vertical fractures and 2 m of soil) 
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Figure H31. 7STrans11 (7S61 - 4 vertical fractures and 2 m of soil, Co=100 mg/L) 
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Figure H32. 7STrans12 (7S16 - 2nd m of soil low K) 
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Figure H33. 7STrans13 (7S19 - 2nd m of soil high K) 
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Figure H34. 7STrans14 (7S21 - 3 m of soil) 
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Figure H35. 7STrans15 (7S23 - vertical fracture 2 m east) 
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Figure H36. 7STrans16 (7S29 - vertical fracture 2 m east, very high K soil) 
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Figure H37. 7STrans17 (7S36 - vertical fracture 2 m east, smaller vertical fracture) 
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Figure H38. 7STrans20 (7S56 - two vertical fractures) 
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Figure H39. 7STrans21 (7S56 - 0.1 m of low K soil) 
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Figure H40. 7STrans22 (7S63 - 4 m of lower K soil) 
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Figure H41. 7STrans23 (7S19c - medium K value) 
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