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ABSTRACT 

 

 

 

NON-POINT SOURCE POLLUTION IN QUATERNARY GLACIAL DEPOSITS, GUELPH, 

ONTARIO 

 

 

Anna Best         Advisor: 

University of Guelph, 2013       Dr. E. Arnaud 

 

Growing population centres such as Guelph, Ontario rely on fractured bedrock aquifers for drinking 

water.  A threat to these aquifers is posed by surficial non-point source pollution moving through the 

overlying Quaternary glacial deposits.  Investigation of local unconsolidated sediments, and the factors 

affecting contaminant transport through these, is needed to assess risks to the underlying groundwater 

resources.  In this study, Guelph-area sites with a variety of land management practices and glacial 

settings were investigated employing high-resolution data collection methods.  Geologic data from 

continuous sediment cores were combined with depth-discrete hydrogeologic, geochemical, and 

microbiological groundwater analysis using multilevel monitoring wells.  The geologic setting, including 

layering and heterogeneity of sediment types at depth, influenced groundwater flow paths and water 

geochemistry, and subsequently nitrate distribution.  E. coli contamination was found in bedrock 

groundwater beneath a manure-applied field, possibly transported through preferential flow pathways 

despite a thick unsaturated zone.   
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1 Introduction 
With increasing populations and accompanying agricultural production worldwide, water demand has 

increased greatly throughout recent decades (Wada et al., 2010).  Groundwater can serve as one source of 

clean drinking water and has become a major supplier worldwide (Giordano, 2009).  Approximately 30% 

of both the Canadian and Ontario populations rely upon groundwater for drinking water, and a greater 

proportion in rural areas (Statistics Canada, 2003).  However, there are a number of threats to 

groundwater resources.  Point source pollution arises from location-specific inputs such as industrial 

spills, and can be damaging, but are limited in spatial extent and can often be tracked and remediated.  

Non-point source pollution arises from large areas and can have widespread, long-term effects while its 

origin remains difficult to determine, predict, and address.  Nutrient and bacterial contamination from 

fertilizer and manure applications on agricultural fields is one example of non-point source pollution.  In 

rural areas of Ontario, approximately 40% of domestic wells were found to be contaminated with either 

coliform bacteria or nitrate (Goss et al., 1998). 

Productive aquifers can be found within fractured bedrock as well as in permeable unconsolidated 

deposits.  Fractured dolostone aquifers provide large quantities of drinking water to municipalities such as 

Guelph, Ontario (Figure 1.1).  While it is important to characterize these bedrock groundwater systems, it 

is also necessary to understand the processes that occur in the overlying unconsolidated sediments, as 

these influence the quality of water entering bedrock aquifers.  Quaternary glacial deposits cover much of 

the surface of southern Canada, the northeastern US, and northern Europe.  These occur in diverse 

landforms, can act as aquifers or aquitards, and can be spatially heterogeneous and complex.    

 

Figure 1.1: Location of study area (Guelph, Ontario, Canada).  
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Physical and geochemical properties of unconsolidated sediments can have multiple influences on the 

transport of common non-point source contaminants like nitrate and fecal bacteria.  Denitrification, the 

most common attenuation mechanism of nitrate, is dependent on the availability of a reactive electron 

donor and the lack of high dissolved oxygen concentrations.  These are affected by groundwater flow 

paths controlled partly by sediment permeability, and by geochemical components of both the 

groundwater and the geologic substrate.  The controlling factors can vary based on local conditions, so 

gaining an understanding of these in a local system is an important step towards predicting risk to the 

underlying aquifers.  Bacterial attenuation is affected by chemical adhesion and physical filtration within 

the substrate, and bacterial transport to groundwater is frequently due to preferential flow paths in the 

unsaturated zone, which again depends upon the nature of the unsaturated sediments.  High resolution 

characterization of geologic, geochemical and hydraulic properties is needed to elucidate the processes 

that influence contamination in local unconsolidated sediments.   

1.1 Objectives 
Groundwater quality is affected by current and historical surficial land use and the nature of the 

subsurface environment including its geochemistry, geology, hydrogeology and microbiology.  As part of 

a pilot study in the Guelph area, this thesis aims to investigate sites with differing land management 

practices and glacial settings, and characterize the distribution of non-point source contamination at depth 

over a one-year study period.  This will provide insight into the factors and processes controlling the 

transport and fate of non-point source pollutants, and the extent of protection provided by local glacial 

deposits.  In addition, it will provide baseline data for future groundwater investigation in the region. 

1.2 Thesis organization 
This thesis consists of two main research chapters. Chapter 2 focuses on characterizing the sedimentary 

geology, physical hydrogeology and water geochemistry at three sites, with the aim of investigating 

patterns of nitrate distribution.  Chapter 3 focuses on Escherichia coli contamination of bedrock 

groundwater associated with manure applications at an agricultural site.  Chapter 4 presents a summary 

and main conclusions.  
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2 Land use practices, Quaternary glacial sediments, and the 

distribution of nitrate in unconfined aquifers 

2.1 Introduction 

2.1.1 Nitrate contamination of groundwater aquifers 

The quantity of nitrogen applied to crop fields in fertilizer has risen dramatically since the 1940s (Puckett, 

1995).  Non-point source pollution from agricultural application of chemical fertilizer, livestock manure, 

or sewage biosolids poses a significant challenge, as it is spread over wide areas, as opposed to point-

sources where contaminant remediation can be more effectively targeted.  Nitrate contamination in water 

resources has increased in recent decades and has become a widespread water quality issue worldwide, 

especially in agricultural areas (Spalding and Exner, 1993; Rupert, 2006; OECD, 2008).   

In surface water bodies, excess nitrogen can result in eutrophication and fish kills.  In drinking water, 

nitrate can cause methaemoglobinaemia in infants.  It has also been implicated to increase the risk of 

gastric cancers, and is sometimes correlated with other health problems (World Health Organization, 

2011).  The Ontario maximum allowable concentration of nitrate-N in drinking water is 10 mg/L (Health 

Canada, 2012), and the standard set by the World Health Organization is 11 mg/L (World Health 

Organization, 2011).  In a 1992 comprehensive survey, approximately 15% of Ontario rural domestic 

wells were contaminated (>10 mg/L) with nitrate, and other surveys have shown contamination in up to 

21% of wells (Goss et al., 1998).   

Since excess nitrogen can be stored in the soil and unsaturated zone (Geyer et al., 1992; Honisch et al., 

2002), contamination we see today may only be the beginning of a long-lived pulse of nitrate entering 

aquifers.  Between 1981 and 2006, residual soil nitrogen in Canada had nearly doubled and the average 

risk of nitrogen loss from fields increased (Drury et al., 2010).  The estimated nitrate concentration in 

water leaving agricultural lands increased by 24% between 1981 and 2001 (Lefebvre et al., 2005).  To 

address this threat to groundwater resources, it is important to understand the factors influencing the 

distribution, mitigation and attenuation of nitrate within the geologic substrate and groundwater. 

2.1.2 Nitrate transformations in groundwater 

Once nitrogen compounds are added to the soil, microbial transformations mediate nitrification to nitrate, 

the most mobile form of dissolved nitrogen.  As a conservative anion, nitrate is transported with soil 

water and can be leached to the groundwater table.  Within a groundwater system, nitrate may be diluted 

by incoming infiltration and groundwater mixing, but its persistence or attenuation mostly depends on 

geochemical conditions in the water that influence further microbial transformations.  Denitrification, the 

reduction of nitrate to nitrogen gas, is the most commonly observed nitrate removal mechanism, although 
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others may occur such as reduction to ammonium (Rivett et al., 2008).  Denitrification is a microbially 

mediated reaction wherein bacteria use nitrate as an electron receptor for cellular respiration.  Although 

denitrifying bacteria are ubiquitous in the environment (Rivett et al., 2008), whether denitrification occurs 

in water containing nitrate and the rate at which it occurs depends upon local geologic, hydrogeologic, 

and geochemical conditions. 

Since denitrifiers are facultatively anaerobic, they preferentially utilize oxygen before nitrate for cellular 

respiration (Rivett et al., 2008).  Thus, denitrification does not occur until dissolved oxygen is depleted 

from the water.  It can also occur in pore spaces depleted of oxygen, even if some oxygen is present in the 

bulk water on average (Pedersen et al., 1991; Rivett et al., 2008).  Reducing conditions tend to evolve 

over the flow path of an aquifer when oxygen is microbially consumed over time.  The depletion of 

oxygen can take tens of years (Johnston et al., 1998), and depends on the provision of oxidizable material 

such as organic carbon.  If such material is unavailable, dissolved oxygen can persist (Starr and Gillham, 

1993).  The removal of nitrate has often been observed to occur rapidly at a sharp redox boundary 

between oxidizing and reducing water where oxygen is depleted, both in permeable aquifers and in fine-

grained aquitards (Pedersen et al., 1991; Postma et al., 1991; Robertson et al., 1996).  Gradual nitrate 

attenuation concurrent with oxygen depletion has also been observed, and may result from fast water flow 

relative to the rate of microbial reaction (Postma et al., 1991; Tesoriero et al., 2000).   

The denitrification reaction also requires an electron donor to proceed.  Dissolved or solid organic carbon 

can originate on the surface or in the sediment itself (Trudell et al., 1986; Bradley et al., 1992; Starr and 

Gillham, 1993).  Sometimes organic carbon is present, but cannot be used for denitrification because it is 

not in a bioavailable form (Postma et al., 1991; Starr and Gillham, 1993).  Inorganic compounds such as 

reduced iron or sulphur can also be used and can be found within the geologic substrate, often in the form 

of pyrite (Postma et al., 1991; Aravena and Robertson, 1998; Tesoriero et al., 2000).  When the electron 

donor is sourced from the geologic material itself, it can be depleted by oxidation over time, resulting in 

the slow migration of the redox boundary (Robertson et al., 1996). 

2.1.3 Guelph groundwater protection and study objectives 

Guelph is a mid-sized city of 120 000 people located in southwestern Ontario, an intensively farmed 

region.  Guelph is currently undergoing considerable population growth and expansion into the 

surrounding area.  The municipality and adjacent rural areas depend on groundwater for drinking water, 

mostly sourced from fractured dolostone aquifers located in the underlying Silurian age bedrock.  Nitrate-

N levels near the maximum allowable concentration for drinking water have been found in one municipal 

water supply well, and the water from this well has needed to be blended with water from other wells 

before being distributed. 
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The surficial geology of the Guelph area is dominated by drumlinized till plains, glaciofluvial outwash 

deposits, and moraines (Chapman and Putnam, 1984).  Although some research has been done to examine 

nitrate elsewhere in southwestern Ontario, in silty aquitards (Robertson et al., 1996), sandy aquifers 

(Trudell et al., 1986; Starr and Gillham, 1993; Aravena and Robertson, 1998; Robertson et al., 2012), and 

the Waterloo Moraine aquifer system (Johnston et al., 1998; Stotler et al., 2010), little work has been done 

in unconsolidated sediments of the Guelph area. Understanding nitrate transport through the 

unconsolidated sediments is crucial to predicting and recognizing threats to the underlying bedrock 

aquifer.  Since the conditions conducive to nitrate reduction are influenced by local geologic and 

hydrogeologic characteristics in addition to surficial nutrient additions, detailed geologic and 

hydrogeologic data are needed to explain distributions of nitrate at depth.  Discrete, multi-depth 

monitoring is useful to characterize groundwater nitrate, since long-screened supply wells average solute 

concentrations throughout the screen length, which can lead to over- or underestimating pollutant levels 

(Singleton et al., 2007).  A high-resolution approach to investigating geology and water geochemistry is 

therefore necessary to fully characterize these systems, especially since nitrate concentrations can change 

dramatically over short intervals.   

As part of a Guelph area pilot study, this chapter focuses on nitrate distribution in common 

unconsolidated glacial deposits.  Three sites of differing glacial setting and land management were 

targeted to observe a range of typical subsurface conditions.  Utilizing high-resolution geologic logging 

and multilevel monitoring systems, relevant sediment, hydrogeologic, and geochemical characteristics 

that influence groundwater flow paths and the occurrence of denitrification were monitored over a one-

year period, and used to infer controls on the distribution of nitrate at depth.  

 

2.2 Study area 

2.2.1 Guelph geology and groundwater use 

The City of Guelph (Figure 1.1; 2.1) is a mid-sized city with an agricultural history.  Today it is 

undergoing significant development and expansion into the surrounding rural areas.  The Guelph area has 

a surficial geology of primarily Pleistocene glacial sediments (Figure 2.2) overlying a dolostone of 

Silurian age.  The glacial landscape in the area includes glaciofluvial outwash plains, kames and eskers, 

drumlinized till plains with northwest-southeast oriented drumlins, and an end moraine (Chapman and 

Putnam, 1984).  Surficial sediment types primarily include sand and gravel outwash as well as Port  
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Figure 2.1: Satellite imagery and major roads in the study area showing study site locations.  Map created using 

ESRI ArcMap 9.3 with satellite imagery from SWOOP (2006). 
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Figure 2.2: Surficial geology of the study area with study site locations.  Map created using ESRI ArcMap 9.3 with 

geologic data from the Ontario Geological Survey (2003). 
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Stanley till, which is a sandy till found in the drumlinized till plains in and north of the city (Karrow, 

1987), and Wentworth till, a sandy, often stony or  bouldery till found on the Paris Moraine (Karrow, 

1968, 1987) to the southeast of the city.   

Multiple formations of Silurian bedrock underlie the Quaternary sediments.  The dolostone Guelph 

Formation forms an unconfined aquifer, and is moderately productive especially where the upper part is 

weathered and fractured (Gartner Lee, 2004).  Sodium chloride concentrations indicate frequent hydraulic 

connections between aquifers in the unconsolidated sediments and the Guelph Formation (Gartner Lee, 

2004), referred to as an interface aquifer (Brunton, 2008).  A deeper aquifer is found within the 

unsubidivided Amabel Formation, more recently identified as the Gasport Formation, which is semi-

confined by the low-permeability Eramosa Formation (Brunton, 2008).  The Guelph municipal water 

supply is almost entirely sourced from groundwater, pumped from 23 production wells across the city 

(Aquaresource Inc., 2010).  Some water is obtained from the unconfined Guelph Formation or interface 

aquifers, specifically in the Arkell Springs Grounds, but the majority is from the Gasport Formation 

(AECOM, 2009).  Recharge to the unconfined groundwater occurs through infiltration from precipitation, 

and groundwater movement in the unconsolidated glacial deposits is typically downward toward the 

bedrock aquifers.  In the bedrock, major groundwater flow occurs through joints and bedding plane 

fractures (Gartner Lee, 2004). 

Guelph has an average daily temperature of 6.5°C and an average total annual precipitation of 771 mm, or 

923 mm including snowfall (Figure 2.3a) (Environment Canada, 2013a).  The 2012 winter was unusually 

dry and warm, with a lack of the usual spring snowmelt and heavy spring rain.  The 2012 spring and 

summer were generally also drier than usual (Figure 2.3), and in the Great Lakes - St. Lawrence region, 

2012 was the third driest year on record since 1948 (Environment Canada, 2013b). 

Three sites in the Guelph area were selected for this study, targeting both distinct surficial land uses and 

glacial geologic settings with available land access.  Land uses included (a) conventional agricultural with 

chemical fertilizer and manure treatments, (b) agricultural with chemical fertilizer treatments and treed 

intercropping, and (c) forested land.  Glacial geologic settings included (a) a glaciofluvial outwash plain, 

(b) a drumlin, and (c) a hummocky end moraine (Figure 2.4). 
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a. 

 

b. 

 

Figure 2.3: a. Climate normals in Guelph over the period from 1971 to 2000 (Environment Canada, 2013a). b. 

Weather throughout the study period (Environment Canada, 2012). Study period data is from the Guelph Turfgrass 

Institute weather station maintained by Environment Canada.  Precipitation is measured with a tipping bucket rain 

gauge, and snowfall is only recorded as precipitation when the snow collects on the device and melts naturally; thus 

winter precipitation may be underestimated. 
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Arkell Research Station Guelph Turfgrass Institute 
Grand River Conservation 

Authority (GRCA) Vance Tract 

(ARS-1A) (TGI-1A) (VAN-1A) 

Field crops; fertilizer and manure 
applications 

Treed intercrops; chemical 
fertilizer applications 

No current nutrient additions: 
Reforested from agriculture in 

1960s 

Glaciofluvial outwash plain Drumlin Paris Moraine 

 

Figure 2.4: Study sites with site ID, land management and geologic setting. a. Arkell Research Station; b. Guelph 

Turfgrass Institute; c. Vance Tract. 

 

2.2.2 Arkell Research Station 

The Arkell Research Station (ARS) is a University of Guelph agricultural research facility opened in 1967 

(Figure 2.4a, 2.5).  The 500 acre station includes multiple crop fields and houses cows, horses, pigs, 

chickens, and turkeys.  The south edge of the station is situated on the frontslope of the Paris Moraine, 

and the rest of the station on outwash sand and gravel, with a gently rolling topography and a slight slope 

toward the northwest.  Crop fields are well drained by the generally coarse underlying sediments and no 

tile drainage is installed.  Fields follow a rotation of soybeans, winter wheat, and two years of corn, and 

routinely receive liquid swine manure, surface applied by tanker and incorporated by tilling within five 

days, as well as chemical fertilizer treatments (Table 2.1).  Annual nutrient management plans are 

developed and followed under the Ontario 2002 Nutrient Management Act to determine appropriate 

nutrient input levels balanced by the removal of nutrients through crop harvest.  Regular soil testing has 

informed nutrient application rates since the 1990s.  Septic beds are located next to the main buildings 

and barns of the station, located in the northwest area of the property (Figure 2.5).  The area surrounding  
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Figure 2.5: Map of the Arkell Research Station showing surface elevation, estimated water table, and location of 

piezometers and multilevel well (ARS-1A).  Map created using ESRI ArcMap 9.3 with water table data from Opazo 

Gonzalez (2012), satellite imagery from SWOOP (2006), and elevation data from the Provincial Digital Elevation 

Model (2007). 

 

the station is generally rural, with farms and forested areas, but more recently housing subdivisions have 

been built directly southwest of the station. 

In previous studies carried out at the University of Guelph (Whiteley, 1982, 1987), piezometers were 

installed across the station, in the lower unconsolidated sediments and upper bedrock, to assess possible 

groundwater contamination and model groundwater flow.  Nitrate concentrations above the recommended 

drinking water limit (10 mg/L nitrate-N) have often been detected dating back to 1980 (Whiteley, 1982, 

1987; Opazo Gonzalez, 2012).  Groundwater within the unconsolidated sediments and the underlying 

Guelph Formation moves through the station towards the northwest.  The water table appears to be 
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affected by pumping from a water supply well, creating the head gradient toward the middle of the station 

(Opazo Gonzalez, 2012) (Figure 2.5). 

The multilevel monitoring well for this study (ARS-1A) is located in the southeast of the station.  

According to estimations of the water table, it is downgradient of field A5 (Figure 2.5).  During the study 

period, corn was grown in this field and manure and fertilizer were applied (Table 2.1). 

 

Table 2.1: Recent nutrient applications to field A5, the field directly upgradient of the Arkell Research Station 

monitoring well (ARS-1A).  See location of field on Figure 2.5.   

Season Crop 
Manure 
application rate 
(ga/ac) 

Nutrient application  
in manure (lbs/ac) 

Nutrient addition 
in fertilizer (lbs/ac) 

N P K N P K 

Spring 2012 Corn 6500 * 33 * 19 * 56 * 88 26 0 

Fall 2011 Corn 6600 25 49 57 
   

Spring 2011 Soybeans 
    

81 0 0 

Fall 2010 Soybeans 
       

Spring 2010 Winter wheat 
       

Fall 2009 Winter wheat 5400 39 43 51 
   

Spring 2009 Corn 490 5 4 4 66 13 0 

Fall 2008 Corn 4900 40 37 43 
   

Spring 2008 Corn 
    

81 26 0 

Fall 2007 Corn 5000 20 37 43 
   

Spring 2007 Winter wheat 
    

74 0 0 

Fall 2006 Winter wheat 5000 55 37 43 
   

Spring 2006 Soybeans 
5000 (west half) 55 37 43 

   
2500 (east half) 27 18 22 

   
Fall 2005 Soybeans 4200 (east half) 33 31 36 

   
Spring 2005 Corn 

    
57 52 0 

Fall 2004 Corn 5200 48 38 45 
   

Spring 2004 Corn 2500 29 18 22 57 52 0 

Fall 2003 Corn 5000 20 37 43 
   

Spring 2003 Winter wheat 
    

87 0 0 

Fall 2002 Winter wheat 5000 26 37 43 
   

Spring 2002 Soybeans 
       

Fall 2001 Soybeans 4500 22 29 39       

*The spring 2012 manure treatment was applied only to a four acre (1.6 ha) area next to ARS-1A to 

comply with the nutrient management plan. 
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2.2.3 Guelph Turfgrass Institute 

The Guelph Turfgrass Institute (TGI) (Figure 2.4b) is operated by the University of Guelph and was 

opened as a turf research and teaching centre in 1987.  The site had been historically agricultural, and 

currently includes research plots for grasses and turf, sports fields, biofuel crops, and intercropped 

agroforestry plots.  The Institute is situated on a drumlin, with Port Stanley till at the surface, and some 

surrounding sand and gravel.  The Eramosa River bounds the north and east sides of the property and 

exposes some bedrock along its banks.  Although the water table has not been estimated here,  

 

 

Figure 2.6: Map of the Guelph Turfgrass Institute showing surface elevation and location of multilevel well (TGI-

1A).  The institute is the area bounded by the Eramosa River, Victoria Road and Stone Road.  Map created using 

ESRI ArcMap 9.3 with satellite imagery from SWOOP (2006) and elevation data from the Provincial Digital 

Elevation Model (2007). 

  



14 
 

of the drumlin.  Groundwater from this area may also discharge into the Eramosa River (Aquaresource 

Inc., 2009).  A pumping well is located onsite (Figure 2.6).  The surrounding area is rural to the southeast 

with farms and golf courses, and the University of Guelph Arboretum to the southwest.  Industrial and 

residential areas are found to the northeast and northwest across the Eramosa River.   

The monitoring well for this study (TGI-1A) is located in the agroforestry plots.  These consist of 15 m 

wide crop rows under minimum tillage practices alternating with one meter wide tree rows.  The crops 

have rotated through corn, soybeans, and wheat since 1986, with corn and soybeans grown in 2011 and 

2012 respectively.  Annual chemical fertilizer applications are made according to crop type with a 

nitrogen application of 200-250 kg/ha for corn, 0-20 kg/ha for soybeans, and 100-150 kg/ha for wheat.  

This area is tile drained, with one tile running beneath each crop row (i.e. one tile every 15 meters). 

2.2.4 Vance Tract 

The Vance Tract (VAN) (Figure 2.4c, Figure 2.7) is a 100 acre plot owned by the Grand River 

Conservation Authority (GRCA).  It was agricultural land before being reforested with rows of red pine 

trees in the 1960s and allowed to fill in with natural vegetation; it now includes two hiking trails on either 

side of a wetland.  There are no water supply wells or septic facilities on the land, and there has been no 

other development since reforestation.  The Vance Tract is located on the Paris Moraine, which typically 

has a surficial geology of Wentworth till (Karrow, 1987).  Although the water table has not been 

estimated specifically in this area, the Paris Moraine is thought to contribute to groundwater recharge due 

to its permeable soils, hummocky topography and numerous ponds and wetlands filling depressions 

(Aquaresource Inc., 2009).  The area surrounding the Vance Tract is rural residential and agricultural.   

The monitoring well for this study (VAN-1A) is located a few meters away from two bedrock monitoring 

wells in the Vance Tract, installed by the Ontario Ministry of Environment and the City of Guelph.   
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Figure 2.7: Map of the Vance Tract (inside dotted line) and the surrounding area, showing surface elevation and 

location of the multilevel well (VAN-1A). Map created using ESRI ArcMap 9.3 with satellite imagery from 

SWOOP (2006) and elevation data from the Provincial Digital Elevation Model (2007). 
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2.3 Methods 

2.3.1 Research approach 

A variety of data types were collected to characterize each of the three sites in terms of physical geology, 

hydrogeology, sediment geochemistry and water geochemistry.  Geological characteristics of sediment 

cores from ground surface to bedrock were described qualitatively and quantitatively.  Multilevel wells 

were installed, monitored and sampled to assess groundwater age, source, movement, and chemical 

properties, particularly the presence of nitrate contamination.  Water chemistry parameters were assessed 

in three seasons to reveal any seasonal or temporal variations (see Appendix A for dates of field work).  

This section outlines the specific methodology used to collect each dataset. 

2.3.2 Core extraction 

Drilling for all three sites was carried out by Underground Sonic Drilling Service Inc. (Orillia, Ontario) in 

September and October, 2011 (see Appendix A).  Six inch (0.15 m) diameter holes were drilled from 

ground surface to bedrock using rotosonic drilling (SDC 550-18 rig), and four inch (0.10 m) diameter 

continuous cores were extracted (Figure 2.8a-c).  The rotosonic drilling method uses high-frequency 

vibrations to penetrate sediment and rock.  Upon reaching bedrock, diamond bit rotary drilling was used 

to drill at least ten feet (3 m) into bedrock and extract bedrock cores.  Drilling water was sourced from 

Guelph or Cambridge water towers.  Cores were extruded in five-foot (1.5 m) or shorter lengths from the 

core barrel into plastic sleeves, which were then stored in wooden boxes.  After field logging and 

sampling, the opened sleeves were taped shut and secured in the closed boxes for transportation to the 

University of Guelph. 

The rotosonic drilling method had a high rate of recovery at the three sites, allowing characterization of 

the continuous cores with few unknown sections.  In soft, saturated sand formations, sections of core were 

occasionally lost or dropped to the bottom of the hole to be recovered up in the next run.  Other 

occasional, short sections of low recovery were due to large cobbles blocking the barrel, allowing drilling 

water to wash through the sediment and remove mud or fine sand.  Out of a total 223.5 feet (68.1 m) of 

unconsolidated core, approximately 20 feet (6.1 m) had low or no recovery, resulting in a 91% recovery 

rate. 

2.3.3 Multilevel installation 

Following the completion of drilling, the sediment cores and logs were used to inform decisions about 

monitoring zone placement in the multilevel well.  Monitoring zones generally targeted coarse units 

within the unconsolidated sediments, with occasional fine grained units included to monitor water 

movement through these or to detect temporary perched water table conditions.  At ARS-1A and TGI-1A,  
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Figure 2.8:  Photos showing field and lab methods.  a. Drill rig; b. Core being extruded from core barrel into plastic 

sleeve; c. Extracted cores; d. Assembly and screen for the central, bottom, port; e. Screened CMT outer port; f. CMT 

installation into corehole; g. Completed CMT well with sample tubing and peristaltic pump; h. Sediment sub-

samples for particle size analysis; i. Wet-sieving through funnel into graduated cylinder; j. Sieve shaker loaded with 

sieve stack; k. Hydrometer in a cylinder with a muddy sample. 
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two or three monitoring zones were installed in the bedrock, whereas only the sediments were targeted at 

VAN-1A because two bedrock monitoring wells already exist at the site. 

Continuous Multichannel Tubing (CMT) wells (Solinst Canada Ltd., Georgetown, Ontario) (Einarson and 

Cherry, 2002) were used, specifically Model 403 seven-port CMTs (Figure 2.8d-g).  These consist of a 

continuous, extruded polyethylene tube in a honeycomb shape, with one channel down the middle of the 

tube and six channels surrounding it. The center channel is used to reach the bottom of the well, while 

each surrounding channel can access six additional discrete depths (Figure 2.8d). The tube is 1.7 inches 

(43 mm) in diameter, with the six outer channels 0.4 inches (10 mm) in diameter and the center channel 

3/8 inches (9.5 mm) in diameter.  To construct each port, a six inch (15 cm) long, 0.5 inch (17 mm) wide 

slit is punched through the outer wall and into the channel at the chosen depth, and securely wrapped in a 

100 mesh stainless steel screen (Figure 2.8e).  An additional 0.5 inch (17 mm) hole punched below this, 

with a watertight plug installed between the two holes, allows the escape of air during installation.   

Each CMT was designed the day of or the day after the completion of drilling, and constructed and 

installed one or two days after the completion of drilling.  The designed CMT was lowered into the 

borehole, inside the drilling casing, and backfilling materials were poured in manually, with the drill rig 

used to incrementally pull up the casing.  Frequent measurements with a tag line were taken to ensure the 

correct depths of backfilling materials.   Actual achieved depths were typically within 0.4 feet (0.10 m) of 

the design depth, with a few within one foot (0.3 m), and one monitoring zone extended by 2.8 feet (0.85 

m; Port 2, VAN-1A) due to a misreading.  This interval was completed in a thick sand and gravel package 

so is not expected to cause any cross-connection of hydraulic units (see Appendix B for CMT completion 

depths).   

Filter packs surrounding each port to the selected depth range were composed of sand (size #40), whereas 

seal intervals were filled with Enviroplug 3/8 inch coated bentonite tablets.  The coating allows the tablets 

to settle to the bottom of the hole before breaking down swelling to plug the hole.  For this reason the seal 

intervals were allowed to sit for about five minutes before the overlying sand packs were installed.  In the 

top several feet of each hole, above the water table, uncoated 3/8 inch bentonite chips were used as hole 

plug, and well stick-ups were installed with concrete grout (Figure 2.8g). 

2.3.4 Physical geology and sediment geochemistry 

2.3.4.1 Core logging 

Cores were described in the field during drilling, as well as after transport back to the University of 

Guelph to capture any characteristics best seen after drying.  The smeared outer edges of the core were 

removed with a knife to reveal structures and small scale features.  Photographs were taken both of five 
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foot and one foot sections.  At the 0.1 foot (0.03 m) scale, sedimentary characteristics were described 

including texture, sorting, clast content, clast roundness and mineralogy, contacts, and structure (eg. 

stratification, interbedding, laminations, deformation).   

2.3.4.2 Particle size analysis 

Once the cores were logged, sediment samples for particle size analysis were taken from the cores in the 

field, and stored at 4°C in labeled Ziploc bags.  Three additional samples representing critical intervals 

were taken from the stored cores in fall 2012.  Samples were 100 to 500 g and typically covered a 0.5 foot 

(0.15 m) interval.  While sampling, the outer edge of the core was scraped off to remove extra mud or 

rock flour plastered on the outside during drilling. 

Particle size analysis was carried out in fall 2012 through sand sieving and hydrometer analysis in the lab, 

adapted from the methods described by Kroetsch and Wang (2008) (Figure 2.8h-k; see Appendix C for 

full methods).  Because of the relatively small sample sizes in 4 inch diameter cores, gravel content was 

not analysed quantitatively but was estimated visually during core logging.  Samples with 50% or greater 

gravel content were classified simply as gravel, and for samples in these units only the matrix was 

analysed quantitatively.  Samples of diamict were classified by their total gravel content (visually 

estimated in the core) and their matrix content (Figure 2.9).   

 

 Total estimated gravel content 

1-5% 6-49% 

S
a

n
d

 f
ra

c
ti
o

n
 o

f 

m
a

tr
ix

 

10-33% 
Clast-poor, 

muddy diamict 
Clast-rich, 

muddy diamict 

34-66% 
Clast-poor, 

intermediate 
diamict 

Clast-rich, 
intermediate 

diamict 

67-90% 
Clast-poor, 

sandy diamict 
Clast-rich, 

sandy diamict 

 

Figure 2.9: Classification of diamict.  A diamict consists of less than 50% gravel in a mud and sand matrix. 

Modified from Hambrey and Glasser (2003). 
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The particle size analysis procedure involved three steps.  In step 1, the sediment sample was subsampled 

(Figure 2.8h), and the subsample was soaked overnight, then dispersed in an electric mixer.  It was wet-

sieved through a 45 µm sieve to separate mud and sand (Figure 2.8i).  This ensured the disaggregation of 

any small mud aggregates that could otherwise be mistaken for sand grains.  The retained sand was dried 

and weighed to distinguish the total sand and mud (silt plus clay) fractions of the sample.  In step 2, 

individual sand size fractions were determined by dry-sieving (Figure 2.8j), and any remaining silt or 

clay was then added to the mud fraction.  In step 3, the mud fraction was analyzed by hydrometer to 

assess the relative proportion of silt and clay (Figure 2.8k).  This involved suspending the mud in a 1000 

ml cylinder of water and taking a hydrometer reading after seven hours, which measured the density of 

the clay-sized particles still in suspension after the silt-sized particles had settled. 

Error was assessed in several ways during particle size analysis.  Four replicate samples (over 10% of the 

total of 30 analyzed samples) were subsampled from the original sample bags and run through the entire 

procedure.  These showed that the error from step 1, the division between the sand and mud fractions, was 

under 2% of the total sample mass.  For step 2, the division between individual sand fractions, the error 

for each sand fraction was up to 1% of the total sample mass.  Sample weights before and after sieving 

were also measured during step 2 and showed a loss of sand under 1%, with the exception of one sample 

with a small sand fraction and loss under 3%.  For step 3, which determined the fractions of silt and clay 

from the total mud fraction, 16 cylinders were re-suspended the next day and a duplicate hydrometer 

reading taken after seven hours, in addition to analysis of the four replicate samples.  Of these together, 

three of the muddier samples showed greater error from 6-12% of the total sample mass.  This could be 

due to difficulty in inserting the hydrometer without disturbing the contents of the cylinder, or to re-

flocculation of clay particles since initial mixing and dispersion.  Overall, two of the four full analysis 

replicates and 15 of the 16 hydrometer duplicate readings showed error under 2% of the total sample 

mass. 

2.3.4.3 Cross-sections 

To supplement the detailed log obtained at each site, records from the Ontario Ministry of Environment 

(MOE) Water Well Database (MOE, 2010) were used to construct cross-sections of the area immediately 

surrounding each well (800-1600 m away from the well).  This database stores lithologic information 

about the primary, secondary and tertiary materials of each unit.  For the purposes of these cross-sections, 

units containing a mix of gravel, sand, and either silt or clay were classified as diamict.  For the Arkell 

Research Station, records from piezometer installation in 1980 (Whiteley, 1982, 1987) were used.  

Cuttings from the piezometer installation were interpreted by Bill Clarke of the University of Waterloo 

(personal communication, H.R. Whiteley, 2013).  Materials were plotted according to these 
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interpretations, although these descriptions were much less detailed than the high-resolution logs for this 

study, and there may be some confusion between till and poorly-sorted gravel.  The cross-sections 

provide some indication of the subsurface heterogeneity and lateral continuity of units at depth. 

2.3.4.4 Sediment geochemistry 

Sediment samples for chemical analysis were taken from the cores in the field one or two days after core 

extraction.  This wait time was necessary to carry out logging and CMT design.  Samples were about 200 

g and generally spanned a 0.5 foot depth interval (0.15 m).  They were typically selected to target 

geological changes as well as CMT monitoring intervals, with a sample generally taken every two to four 

feet (0.6-1.2 m).  Care was taken to obtain sediment from the inner part of the core, where it may be less 

affected by drilling water and the heat of the core barrel.  The outer surface of the core was scraped off if 

a sample included an outer edge.  Samples were stored in labelled Ziploc bags at 4°C and were delivered 

to the laboratory for analysis the same or next day. 

Analysis was performed by the Agriculture & Food Laboratory (AFL) unit of the Laboratory Services 

Division at the University of Guelph.  Ammonium and nitrate were extracted using 2 M KCl.  

Ammonium-N was then analyzed by colorimetry (USEPA 600/4-79-020: Method 350.1) and nitrate-N 

was by cadmium reduction to nitrite followed by colorimetry (USEPA 600/R93/100: Method 353.2).  

Results are reported as mg/kg dry sediment, with a method detection limit of 0.1 mg/kg for nitrate and 0.2 

mg/kg for ammonium.  Total sulphur and organic carbon were analyzed by LECO combustion (Nelson 

and Sommers, 1982), and results are reported as percent weight dry sediment, with a method detection 

limit of 0.01% for sulphur and 0.05% for organic carbon. 

2.3.5 Hydrogeology and water geochemistry 

2.3.5.1 Water elevation measurements 

Water depths were measured manually with a Skinny Dipper water meter (Heron Instruments Inc., 

Dundas, Ontario) and recorded in decimal feet to the nearest 0.01 foot (0.03 m).  Measurements were 

taken approximately weekly from the CMT installation date in fall 2011 to August 2012, with additional 

measurements at the beginning of each purging or sampling event.  The ground surface elevations used to 

convert water depths to elevations were obtained from professional surveying performed by Van Harten 

Surveying Inc. (Guelph, Ontario). 

2.3.5.2 Water sampling 

Three water sampling campaigns were carried out over the course of this project, targeting the fall 2011, 

spring 2012, and summer 2012 seasons (see Appendix A for dates of field work).  Two additional 

sampling campaigns were carried out at ARS-1A alone to monitor nitrate concentrations with nutrient 
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applications occurring during the study period, and in spring 2013 three ports of TGI-1A were sampled 

for supplementary tritium data.  

Water sampling (Figure 2.8g) was carried out using a peristaltic pump (Solinst Canada Ltd., Georgetown, 

Ontario) and either polyethylene sample tubing for shallower ports or Teflon sample tubing for deeper 

ports to reduce friction.  Each site had tubing used only for that site, and before sampling from each port, 

the tubing was flushed with water from that port to prevent cross-contamination between ports.  At ARS-

1A and VAN-1A, the water table was deep (>28 feet or 8.5 m below ground surface) and continuous 

pumping was not possible or was inconsistent.  In these cases, water was extracted by pumping into the 

sample tubing for several minutes, then quickly retrieving the tubing and discharging the water inside it.  

This was repeated as needed.   

Before sampling from a monitoring zone during each sampling campaign, three or more well tube 

volumes were purged.  This was usually performed immediately prior to sampling, but due to the amount 

of time needed to purge large tube volumes without continuous pumping at VAN-1A, those monitoring 

zones were purged over the one to two weeks before sampling.  At VAN-1A, typically three or more tube 

volumes were purged over this time period to allow relatively fresh formation water to fill the port, and 

then one to two volumes were purged immediately prior to sampling.  Two ports in TGI-1A, located in 

fine-grained diamict, exhibited slow recharge.  These ports were pumped dry several times in the days 

prior to sampling, then sampled directly, sometimes over one to three days to obtain enough water.  

Standing water in a well may experience increased dissolved oxygen and related chemical changes, 

especially at the top of the water column; however, this impact was not very pronounced after a one-week 

time lapse in till aquitard wells (Schilling, 2011).  Therefore, the delays between purging and sampling 

are not thought to have greatly impacted water geochemistry in the samples.  In addition, at all sites, the 

sample tubing was pushed to the bottom of the well tubing to target the more representative water at the 

bottom of the column rather than the water at the top of the column which would be more impacted by 

contact with the atmosphere. 

Field parameters, consisting of temperature, pH, conductivity, and oxidation-reduction potential (ORP) 

were measured using a handheld multiprobe (YSI 556, YSI Incorporated, Yellow Springs, Ohio), which 

was calibrated before use with standard solutions.  After well purging, water was pumped into a small 

container for measurement of field parameters.  When possible, a flow cell was used to reduce 

atmospheric contact with the water (although this was only possible in spring and summer sampling from 

fast-flowing ports at TGI-1A, and not at the other two sites).  Field alkalinity titrations were performed 

after well purging using a field alkalinity titration kit (Hach Canada, Mississauga, Ontario).  In the field or 



23 
 

soon after returning, water samples for metals analysis were filtered through a 2.5 or 0.45 µm filter 

(Whatman 42, Whatman Ltd. or FHT-45, Waterra, Mississauga, Ontario), and metals and ammonium 

samples both were preserved by acidification.  All water samples were taken in polyethylene bottles and 

stored on ice until transferred to a 4°C indoor cooler.  They were transported to the analysis lab in a 

cooler on ice.  

2.3.5.3 Water laboratory analysis 

Most geochemical constituents (nitrate, ammonium, chloride, sulphate, total and bicarbonate alkalinity, 

dissolved organic carbon) were analyzed from samples collected in each of the three main sample 

campaigns.  Sample volumes were 500 ml for anions and alkalinity, 200 ml for ammonium, and 120 ml 

for dissolved organic carbon.  Analysis was carried out by Maxxam Analytics (Mississauga, Ontario).  

Nitrate was analyzed by cadmium reduction to nitrite followed by automated colorimetry (SM 4500 NO3 

I; SM 4500 NO2 B).  Ammonium (US GS I-2522-90), chloride (EPA 325.2), and sulphate (EPA 375.4) 

were also analyzed by colorimetry.  Total and carbonate alkalinity were analyzed by titration (SM 2320B, 

APHA 4500-CO2 D), and dissolved organic carbon was analyzed by high-temperature combustion (SM 

5310 B).  Quality control protocols included running the following for every 20 samples analyzed: a 

method blank, a control free of the target analyte; a blank spike, which is a control containing a known 

amount of the target; a matrix spike, which is a sample spiked with a known amount of the target; and a 

laboratory duplicate of a sample.  Results are reported in mg/L.  Method detection limits varied 

occasionally if lab dilution of the sample was required, but were typically 0.1 mg/L for nitrate-N, 0.05 

mg/L for ammonium-N, 1.0 mg/L for chloride, sulphate, total and bicarbonate alkalinity, and 0.2 mg/L 

for dissolved organic carbon.   

Cations (total Na, K, Ca, Mg, Fe, Si, and P) were analyzed from 30 ml samples, collected in the spring 

2012 and summer 2012 sample campaigns, at the School of Environmental Science Analytical Laboratory 

by inductively coupled plasma (ICP) mass spectrometry using a Varian Vista-Pro.  Two dilutions of an 

external standard were included for each element per analysis batch run.  Results are reported in mg/L 

with a method detection limit of 0.1 mg/L.   

Stable isotopes oxygen-18 (
18

O) and deuterium (
2
H) concentrations relative to ocean water were used to 

assess groundwater source.  Meteorological processes such as evaporation and precipitation partition 

these isotopes, and concentrations in precipitation fall along a linear relationship with precipitation more 

depleted in cold regions and less in warm regions (Clark and Fritz, 1997).  These isotopes were measured 

from 500 ml samples collected from selected ports during the spring 2012 sample campaign, and analysed 

at the University of Waterloo Environmental Isotope Laboratory.  Deuterium was analyzed by mass 

spectrometry after chromium reduction of the sample water to hydrogen gas (Drimmie et al., 2001).  Lab 



24 
 

standard samples were included in analysis for quality control and each sample was run in duplicate.  

Oxygen-18 was measured using by continuous flow, isotope ratio mass spectrometry (Epstein and 

Maveda, 1953; Drimmie and Heemskerk, 2001).  Standards were run at the beginning, middle and end of 

a 60-sample batch, with a duplicate sample analyzed per approximately 10 samples.  Results for both 

stable isotopes are reported as the per mil relative difference (δ) to the Vienna Standard Mean Ocean 

Water (VSMOW), with a precision of 0.8 ‰ for deuterium and 0.2 ‰ for 18-oxygen.   

Tritium (
3
H) concentrations were used to estimate groundwater age.  Tritium is a naturally occurring 

radioisotope at low levels in the atmosphere, with large quantities artificially released during bomb testing 

in the 1950s and 1960s.  Since then, levels in the atmosphere and thus in precipitation have steadily 

declined.  After precipitation, tritium in meteoric-sourced water decays, and the concentration can suggest 

the time that the water infiltrated into the ground.  Using the decay factor and known concentrations in 

precipitation over time, such as the yearly records from Ottawa, Ontario (Clark and Fritz, 1997), 

groundwater age can be estimated (Johnston et al., 1998).  It should be noted that the tritium signature can 

be obscured by annual variability, mixing of water in the groundwater system by dispersion, cross-

connecting wells, or blending of flow paths during pumping.  For these reasons tritium is most reliable to 

qualitatively distinguish between "modern" water from 1952 and later, and "pre-modern" water that 

recharged prior to 1952.  In this study, tritium was measured to observe any noticeable changes in the 

apparent age of water in vertical profile, which can provide information on the groundwater flow system. 

Tritium samples were taken from selected ports during the spring 2012 sample campaign, with 

supplementary samples at additional ports taken at TGI-1A in spring 2013.  Sample volumes were 500 

ml.  These were analyzed at the University of Waterloo Environmental Isotope Laboratory.  Tritium in the 

water samples was first enriched by a factor of 15 by electrolysis and then quantified by liquid 

scintillation counting (Taylor, 1977; Packard Instrument Company Inc., 1986).  Duplicate measurements 

were made for each sample.  Results are reported in tritium units (TU), with a method detection limit of 

0.8 TU and a standard deviation of the mean of 0.3 to 1.5 TU.    
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2.4 Results 

2.4.1 Arkell Research Station (ARS-1A) 

2.4.1.1 ARS-1A continuous core and geologic context 

The ARS-1A borehole was continuously cored to a depth of 50 feet (15.25 m) below ground surface 

(bgs).  The top of bedrock was encountered at 38 feet (11.60 m).  There was typically 100% core recovery 

in each run, with the exception of one run where two feet out of five (0.6 out of 1.5 m) were not 

recovered.  In general, the sediments consist of an upper gravel package and a lower diamict package 

(Figure 2.10).  Note that measurements for geologic logging were carried out using a decimal foot 

measuring tape, with values recorded to the nearest 0.1 foot. 

The bedrock is Silurian age Guelph Formation dolostone and has small pores on the millimeter scale.  The 

upper 2.5 feet (0.75 m) were highly broken by the rotosonic drilling before switching to diamond drilling, 

so the in-situ fracture patterns are unknown.  However, the upper few meters of bedrock in this region are 

typically expected to be fractured (Singer et al., 2003), and it is likely that there had been additional 

weathering at the bedrock surface.  Within the solid bedrock core, from 40.5 to 50 feet (12.35-15.25) bgs, 

there are typically one or two horizontal fractures per foot (about five per meter), although there is a solid 

three foot (0.9 m) section near the bottom of the core, and an extensively fractured zone including a 1.5 

foot (0.45 m) long vertical fracture at approximately 42.5-44.0 feet (12.95-13.40 m) bgs (Figure 2.11a).  

Some of this fracturing may be mechanical and caused by the drilling process, but small areas of iron 

staining were observed in six horizontal fractures and one 0.3 foot (0.10 m) section of the vertical 

fracture, for a rate of 0-1 stained fractures per foot (2-3 per meter).  This staining suggests in situ water 

movement along non-mechanical fractures. 

Within the unconsolidated sediments, the lower package extends from 38 to 23 feet (11.60-7.00m) below 

surface.  It is dominantly composed of a clast-rich, intermediate diamict that is compact and often fissile 

(broken horizontally into disks) (Figure 2.11b).  The diamict is interrupted at 28 to 26 feet (8.55-7.90 m) 

by a poorly sorted gravel bed of pebbles and cobbles with a silty sand matrix. 

The upper package, from 23 feet (7.00 m) bgs to the soil horizon, is composed of sandy diamict and 

gravel.  A poorly sorted bed of loose, sandy, clast-rich diamict lies above a sharp contact with the 

underlying unit and is visually and texturally distinct from the lower intermediate diamict.  It is siltier at 

the base, and coarsens upward to poorly-sorted gravel, which was partially washed of its fine particles 

below a section of poor recovery (Figure 2.11c) from 20 to 18 feet (6.10-5.50 m) bgs.  Overlying this 

section is a poorly-sorted gravel package extending to the soil horizon (Figure 2.11d).  The gravel has a 



26 
 

 

 

Figure 2.10: ARS-1A graphic log with multilevel well monitoring zones and water elevations, particle size analysis results and visual estimates of gravel-sized 

clast content. Graphic log scale refers to dominant texture: clay, silt, sand (very fine, fine, medium, coarse, or very coarse), or gravel. See Appendix D for full 

particle size data.  Water elevations refer to August and February profiles on Figure 2.13. 
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Figure 2.11: Photos showing main lithologies found in the ARS-1A core.  Left of photos is toward the ground surface.  a. Dolostone bedrock with both horizontal 

and vertical fractures (arrows); b. Intermediate basal diamict; c. Washed out gravel overlying coarsening upward sandy diamict; d. Poorly sorted gravel; e. 

Alternations  between lighter and darker gravel (crudely stratified gravel).  Scale shown on tape in inches and centimeters in a., centimeters and decimal feet in b. 

to e. 
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silty sand matrix and is crudely stratified, with some layers of large cobbles and some layers with fewer, 

smaller clasts.  It also has alternations of light and dark colouring that could originate from variations in 

matrix texture and moisture (Figure 2.11e). 

Cross-sections generated using records from piezometer installation (Whiteley, 1982, 1987) show that 

ARS-1A is situated among variable, but generally coarse sediments (Figure 2.12).  At the surface, most 

holes have sand and gravel, a few have diamict and one has mud.  There is frequently a basal diamict 

above bedrock, but this is not always present.  The Arkell Research Station area is mapped as spillways or 

outwash (Chapman and Putnam, 1984; Ontario Geological Survey, 2003), and as it is adjacent to the 

frontslope of the Paris Moraine, consists of outwash deposits associated with an end moraine fan.  In this 

environment, sediments would be deposited by debris flows of variable density, water sheet flows, and 

some channelized flows (Krzyszkowski and Zielinski, 2002).  The abundance of sand and gravel suggests 

deposition by meltwater or glaciofluvial reworking of previous sediments.  The diamict at surface could 

result from debris flows, and mud could be deposited where temporary ponding occurred.  A ground-

penetrating radar survey carried out on the front slope of the Paris Moraine, just to the southeast of 

piezometer P13 (Figure 2.5) and 350 meters from ARS-1A, was interpreted as showing channel fills and 

stacked sediment fans laid down by debris flows or water flows (Sadura et al., 2006), and this is 

consistent with the sediments found in the upper half of the ARS-1A core.  A more homogeneous layer 

interpreted to be Port Stanley Till, of the Port Bruce phase, was detected consistently beginning at 33 to 

49 feet (10 -15 meters) depth in the GPR survey (Sadura et al., 2006), a similar depth as the ARS-1A 

lower diamict unit.  The basal diamict here and throughout the research station could have been deposited 

by debris flows during melting of the ice margin and build-up of the end moraine fan, as evidenced by the 

lack of overconsolidation in ARS-1A diamict that should otherwise be present if ice had overridden the 

deposit.  The discontinuities in the diamict observed in the cross-sections could result from heterogeneous 

spread of debris flow lobes, or from erosion of the basal diamict deposits by subsequent high energy 

meltwater. 
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Figure 2.12: Cross-sections through the Arkell Research Station. See Figure 2.5 for locations.  Based on unpublished 

data associated with reports by Hugh Whiteley (1982, 1987).  Vertical exaggeration is 25x.  Note that piezometer 

P12 is considered on the moraine, while all others are considered part of the outwash plain.  
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2.4.1.2 ARS-1A physical hydrogeology 

A deep unsaturated zone was present at ARS-1A, with the water table present in the bedrock, 

approximately 45 feet (13.7 m) below the ground surface or 328 m above sea level (Figure 2.10).  As 

such, ports 1 to 5 are dry, and no perched water tables were observed in the lower diamict unit during 

measurements taken usually weekly throughout the study period (September 2011 to August 2012).  A 

downward gradient (average 0.06) is present between ports 6 and 7, and water elevations fluctuated by 

about 0.8 m seasonally, with the highest elevations present in late winter and the lowest in August 2012 

(Figure 2.13).  At the end of August 2012, an unusually dry year in the region (Figure 2.3) (Environment 

Canada, 2013b), port 6 was dry.  The Guelph Formation at ARS-1A is highly fractured (see Figure 

2.11a), and during drilling, about 1000 gallons of drilling water were quickly lost in the top several feet of 

bedrock while trying to cool the barrel.  FLUTE profiling at a site approximately 500 m from ARS-1A 

has shown high transmissivity in the Guelph Formation dolostone attributed to fracture flow (Opazo 

Gonzalez, 2012).   

 

 

Figure 2.13: Water elevations in ARS-1A over the study period.  Ports 1 to 5 were consistently dry.  Dotted lines 

indicate dates of seasonal profiles on Figure 2.10 and 2.16. 

 

2.4.1.3 ARS-1A environmental isotopes 

The groundwater collected from port 6 and 7 shows a δ
2
H and δ

18
O values of approximately -12 and -76 

‰ VSMOW respectively (Figure 2.14, Appendix E).  Recent δ
2
H and δ

18
O concentrations in Guelph 

summer rainfall were approximately -6, and -37 ‰ VSMOW respectively (AECOM, 2009).  The more 

negative values within ARS-1A, which are the most negative of the three sites (relatively depleted in 

deuterium and 18-oxygen) suggest recharge primarily from snowmelt, as opposed to warmer weather 
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rainfall or surface water that has undergone evaporation (Clark and Fritz, 1997).  Snowmelt can constitute 

a large fraction of water infiltration to groundwater systems, especially where there are permeable 

sediments, due to the lower rates of evaporation, vegetative interference and evapotranspiration in the 

cold seasons of temperate regions (Krabbenhoft et al., 1994), and spring snowmelt is generally considered 

a major source of groundwater recharge in Ontario. 

Tritium concentrations of 19.1 and 19.7 TU indicate that water is modern.  Samples of Guelph rainwater 

in August 2007 had tritium concentrations of 11 to 15 TU (AECOM 2009), but there is typically some 

inter-year variability as well as seasonal and weather-influenced variability (Clark and Fritz, 1997; 

Johnston et al., 1998; AECOM, 2009).  Tritium concentrations in shallow wells within the unconsolidated 

sediments in the nearby Arkell Springs Grounds, which have a similar lithology of diamict, sand and 

gravel, and are thought to be strongly influenced by precipitation, ranged from 15 to 20 TU (AECOM, 

2009).  This supports a similar, modern precipitation-influenced source of water in ARS-1A. 

 

 

Figure 2.14: Deuterium (2H) and 18-oxygen (18O) in water at all three sites. Labels indicate the port number.  The 

meteoric water line represents the approximate values for waters originating from precipitation.  See Appendix E for 

full data. 

 

2.4.1.4 ARS-1A geochemistry 

Sediment geochemistry results (Figure 2.15, Appendix F) showed a soil profile with nitrate-N and 

organic carbon up to 5.9 mg/kg and 2.2% (dry weight), respectively.  Below the base of the visible soil 

horizon at 3 feet (0.9 m) bgs, there was a relatively thick zone of elevated soil nitrate (up to 1.4 mg/kg) 

and organic carbon (up to 0.5%), extending to approximately 13 feet (4.0 m) for nitrate and 8.5 feet (2.6 
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m) for organic carbon.  This layers contrast with average values of 0.6 mg/kg and 0.1% respectively in the 

deeper sediment.  This is likely indicative of repeated manure and nutrient treatments.  Ammonium-N 

concentrations are variable, with higher concentrations from 4 to 5 mg/kg at 8.7 to 10.3 m bgs within the 

basal diamict.  This is reasonable due to the cation exchange capacity and adsorption of the ammonium 

ion by clay particles (White, 2006).  Total sulphur was not detectable (<0.05%). 

 

 

Figure 2.15: Select sediment chemistry in the ARS-1A core.  Samples span approximately 0.5 ft (0.15 m) centered 

on the plotted depth.  Organic carbon detection limit is 0.05% and total sulphur detection limit is 0.01% by dry 

weight.  See Appendix F for full data. 

 

Water geochemistry in the two lowermost ports in ARS-1A (Figure 2.16, Appendix G) was dominated 

by calcium, magnesium, bicarbonate, and sulphate ions.  Nitrate-N was measured at 13 to 18 mg/L and 

was consistently elevated above the drinking water limit of 10 mg/L (Figure 2.16, Figure 2.17), and 

ammonium was not detectable (<0.05 mg/L).  Nearby piezometers (P11 and BH3, Figure 2.5) installed in 

the bottom of the unconsolidated sediments and top of bedrock (approximately 40 meters from ARS-1A) 

recently showed nitrate concentrations between 2 and 10 mg/L (Opazo Gonzalez, 2012), and have 

historically had seasonal average values from 3 to 19 mg/L (Whiteley, 1982, 1987) (individual 

measurements unavailable).  Although these historical records have shown fluctuations across a fairly 

wide range of concentrations, and testing in the 1980s showed some seasonality with higher nitrate 

concentrations in the spring, ARS-1A nitrate was fairly consistent over the study period and did not show 

clear seasonal patterns (Figure 2.17).  Nitrate and DOC, as well as most major ions (Appendix G), are 

slightly higher in port 7 than port 6.  This could be due to greater flushing of newly-infiltrating water 
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through the port 6 monitoring zone, which is positioned at the water table, or due to water taking different 

paths to reach the two ports through the fractured rock.  Higher nitrate and tracer concentrations have 

been similarly observed in a deeper monitoring zone than a shallower one in fractured rock, which was 

attributed to the complexity of fracture-based flow paths in the rock (Levison and Novakowski, 2009, 

2012).  

 

 

a. 

 

b. c. d. e. 

Figure 2.16: Summary of key data from ARS-1A.  a. Geologic log. Top layer is soil.  b. Multi-level well design.  c. 

Tritium concentrations.  d. Static water level elevations on four dates (see Figure 2.13).  The winter profile 

correspond to high values of the year (February), and the other profiles correspond to sample dates.  e. Selected 

water geochemistry profiles.  See Appendix G for full data.   

 

 

 

Figure 2.17: Nitrate at ARS-1A on all five sample dates – including nitrate-only tests in September 2011 and May 

2012.  Dotted line indicates drinking water limit of 10 mg/L nitrate-N (Health Canada, 2012). 
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The persistence of nitrate is supported by the oxidizing conditions in water samples from both ports.  

ORP values were positive, between 40 and 300 mV.  Dissolved oxygen was high at over 6 mg/L in both 

ports throughout the study period (Appendix G), although this would be influenced by aeration during 

pumping.  Because of the deep water table, continuous pumping using the peristaltic pump was not 

possible and water was instead retrieved by repeatedly pumping water into the sample tubing, lifting the 

tubing out of the well, and pumping the water out of the tubing.  Because of contact with the atmosphere 

during this process, oxygen would have dissolved into the sample water; however, ORP values change 

more slowly and are considered more reliable.  Oxidizing conditions and the presence of some dissolved 

oxygen is typically expected close to the water table where these two ports are located.  Microbial 

oxidation of organic carbon, or other constituents such as sulphide minerals, would promote the depletion 

of oxygen.  There is a low concentration of DOC in samples from both ports (1.2 - 4.4 mg/L) that 

probably results from most organic particles being consumed by microbial oxidation during travel 

through the thick unsaturated zone.  The remaining DOC may be less bioavailable for oxidation, resulting 

in a slow consumption of oxygen (Starr and Gillham, 1993). 

 

2.4.2 Turfgrass Institute (TGI-1A) 

2.4.2.1 TGI-1A continuous core and geologic context 

The TGI-1A borehole was continuously cored to a depth of 74 feet (22.55 m) below ground surface (bgs).  

The top of bedrock was encountered at 62.5 feet (19.05 m).  There was typically 100% core recovery in 

each run, with the exception of a run in a silty sand unit that fell out of the core barrel in the hole and had 

to be retrieved again, resulting in the loss of about two feet (0.6 m).  The sediments are generally 

composed of three thick packages of diamict separated with sharp contacts by two relatively thinner sand 

or sand and gravel units (Figure 2.18).  Diamict characteristics vary over depth, with muddy, clast-poor 

diamict at the base; intermediate, clast-rich diamict at the surface; and a variable package of layered 

diamict in the middle.  Overall, the diamict is more consolidated with depth.  Note that measurements for 

geologic logging were carried out using a decimal foot measuring tape, with values recorded to the 

nearest 0.1 foot. 

The Guelph Formation dolostone bedrock is porous and vuggy, with cavities on the mm- to cm-scale 

(Figure 2.19a,b).  The upper 1.5 feet (0.45 m) were highly broken by the rotosonic drilling before 

switching to diamond drilling, so the in situ fracture patterns are unknown.  However, the upper few 

meters of bedrock in this region are typically expected to be fractured (Singer et al., 2003), and it is likely 
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Figure 2.18: TGI-1A graphic log with multilevel well monitoring zones and water elevations, particle size analysis results and visual estimates of gravel-sized 

clast content.  Graphic log scale refers to dominant texture: clay, silt, sand (very fine, fine, medium, coarse, or very coarse), or gravel. See Appendix D for full 

particle size analysis data.  Water elevations refer to November and February profiles on Figure 2.13. 
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Figure 2.19: Photos showing major lithologies and features of the TGI-1A core.  Left of photos is toward the ground surface. a. Dolostone bedrock with a large 

cavity (core is 2.75 inches diameter); b. Vuggy section of dolostone bedrock; c. Particularly dense section of clast-poor, muddy basal diamict, with light coloured 

streaks (beneath arrows); d. Coarsening upwards lower sand unit, with deformed silt (light coloured) interbeds; e. Upper sand bed overlying a drilled-through 

gneiss clast; f. Crumbly, clast-rich, intermediate upper diamict.  Scale is in decimal feet for b. to e., centimeters and decimal feet in f., and the scale for a. is the 

same as for b.  
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that there has been additional weathering at the bedrock surface.  In the solid bedrock core, there are one 

to two horizontal fractures per foot (4-5 per meter).  The lowest four feet (1.2 m) of the bedrock core 

includes three fractures with black staining and one with iron oxide staining, suggesting a non-mechanical 

origin and active groundwater flow.   

The basal, muddy and clast-poor diamict package extends from 62.5 to 51 feet (19.05-15.55 m) bgs.  It is 

dense and stiff, with some very hard sections, matrix mud content (silt and clay) of 82-85%, and 5% or 

lower clast content consisting of pebbles and granules (Figure 2.18, Appendix D).  During drilling, the 

core barrel frequently heated up due to friction so that drilling had to stop temporarily.  This heating could 

have additionally hardened these sections of core.  There are often light-coloured streaks on the outer 

surface of the core (Figure 2.19c), which could remain from clasts pulverized during drilling, or indicate 

soft sediment deformation such as that found in deformation till as a result of glacial shear stress (Evans 

et al., 2006). 

The lower sand bed from 49 to 44 feet (14.95-13.40 m) is well-sorted, silty very fine sand. It coarsens 

upwards and has greater silt content at the base, and slightly deformed thin silt beds or inclusions in the 

upper, sandier section (Figure 2.19d).  Two feet (0.6) of sediment were lost below this bed and may have 

also been soft, silty sand. 

The middle diamict package is more variable than the others, with gradational changes in matrix texture 

and clast content.  It has a cohesive structure.  Its bottom section from 44 to 37 feet (13.40-11.30 m) bgs 

is muddy and dense, similar to the basal unit, with clast content from 2 to 10%.  It includes deformed 

interbeds of lighter or darker colour, according to varying clay content, and a few thin sand beds or 

stringers.  A short, variable middle section of the diamict, from 37 to 35 feet (11.30-10.65 m), is a slightly 

browner colour than the sections above and below.  It includes multiple sand beds less than one 

centimeter to 5 cm thick, and a sandy feature that could be a water escape structure is found at 36.5 feet 

(11.15 m).  Clast content changes from 30% at the top to 10% at the bottom, and the matrix texture is 

intermediate.  The upper section of the middle diamict package, from 35 to 25.5 feet (10.65-7.75 m), has 

an intermediate texture and variable clast content from 5 to 30%.  A few light coloured streaks are found 

on the core surface similar to those in the basal diamict.  A single one-foot (0.3 m) bed of very fine sand 

is found in this upper section. 

The upper sand and gravel unit from 25.5 to 19 feet (7.75-5.80 m) fines upward from gravel to a gravelly, 

poorly sorted sand and then to a more uniform, moderately sorted, fine to medium sand.  The gravel 

includes a large gneiss clast, which was drilled through and is of unknown total size (Figure 2.19e).   
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The upper diamict package extends from 26 feet (7.90 m) bgs to the soil (Figure 2.19f).  It is clast-rich 

and intermediate, with a matrix sand content of 43-53%.  Structure varies between fissile, crumbly or 

cohesive.   

A cross section of the subsurface at the Turfgrass Institute (Figure 2.20) was constructed using data from 

the Ontario Ministry of Environment (MOE) Water Well Database.  The TGI-1A hole is the only one 

present within the main height of the drumlin, based on surface topography (Figure 2.20, Figure 2.21).  

Topographically, the common lower-lying land between drumlins in the area surrounding the Turfgrass 

Institute lies at 335 to 339 masl (10-23 feet or 3-7 m bgs in the core) (Figure 2.21).  Based on this and the 

TGI-1A core lithology, the base of the Turfgrass drumlin could be at the base or top of the uppermost 

sand package (Figure 2.18, Figure 2.20).  Drumlins composed of entirely diamict, or of diamict and 

some sorted sediments are both frequently reported, and it is not uncommon to find beds of glaciofluvial 

sediments between different diamict units or interbedded within them (Stokes et al., 2011).  The holes to 

the northwest, which appear to be part of the drumlin, show a lithology of sand and diamict similar to 

TGI-1A but are missing the lower sand bed.  The holes to the southeast appear to be part of the outwash 

drainage system surrounding the drumlin and include variable sediments of sand, gravel, diamict, and 

mud. 

The surficial diamict above the upper sand bed is likely to be Port Stanley till of the Port Bruce Phase, 

each having about 40% sand, which is thought to constitute Guelph area drumlins (Karrow, 1987).  The 

basal diamict unit could be Catfish Creek till, a regionally extensive, hard till of the Nissouri Phase, 

usually covered by younger sediments (Karrow, 1987; Mcgill, 2012), or Maryhill or Tavistock till, which 

are clay-rich, also associated with the Port Bruce Phase but older than Port Stanley Till (Karrow, 1987).  

The variable middle diamict package could include several different till units, but they are difficult to 

distinguish and identify.  The sand interbeds could originate from glaciofluvial outwash during localized 

or regional melting, or alternatively from subglacial melting.  Deformed features in the core, such as sand 

stringers in the diamict and silty interbeds in the lower sand unit, could aid in the interpretation of the 

sediments, but it is uncertain to what degree the rotosonic drilling method affected or altered these. 
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Figure 2.20: Cross section through the Turfgrass Institute area, using data from the Ontario Ministry of Environment (MOE) water well database (MOE, 2010).  

See Figure 2.6 for location of cross-section.  Vertical exaggeration is 20x.   
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Figure 2.21: Map showing the topography of the drumlin field around TGI-1A.  Elevation contours are in meters 

above sea level (m.a.s.l.).  Note that the elevation of the common lowland between drumlins is approximately 335-

339 m.a.s.l.  Map created using ESRI ArcMap 9.3 with elevation data from the Provincial Digital Elevation Model 

(2007).
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2.4.2.2 TGI-1A physical hydrogeology 

The water table at TGI-1A varies from the middle of the upper diamict unit to the upper sand bed within 

the top monitoring zone of the CMT.  Over the study period, there were large seasonal fluctuations up to 

3.5 m for most ports, with the highest elevations occurring in the mid to late winter and the lowest 

elevations occurring in the fall (Figure 2.22).  A sharp increase in water elevations occurred in late 

November 2011, following heavier precipitation (169 mm falling from Oct. 12 to Nov. 30) and indicating 

recharge with colder and wetter fall weather (Figure 2.3).  Of particular note is a 39.8 mm rain event on 

November 29, 2011 (measured at the Turfgrass Institute weather station), with the sharp water elevation 

increase beginning in the following week. 

 

 

Figure 2.22: Water elevations in TGI-1A over the study period.  Port 3 elevations were typically very close to port 4 

elevations, and port 6 elevations were typically very close to port 7 elevations, so these lines may not be 

distinguishable. Dotted lines indicate dates of profiles on Figure2.18 and 2.24. 

 

 

 

335.0

336.0

337.0

338.0

339.0

340.0

341.0

W
at

e
r 

e
le

va
ti

o
n

 (
m

.a
.s

.l
.)

 

Port 1

Port 2

Port 3

Port 4

Port 5

Port 6

Port 7



42 
 

Water in ports 2 to 7 has an overall downward gradient in the vertical component (Figure 2.18).  Water 

elevation in port 1 follows a different pattern, with levels similar to port 2 in the driest part of the year, 

but lower than the other ports in the wetter winter.   As this port is located in the uppermost sand bed, this 

pattern could result from lateral drainage along the sand layer.  Records from water wells 500-600 m to 

the northwest and southeast have sand layers present at a similar elevation (Figure 2.20). 

Water elevations in port 3 and 4 are generally very close.  There is generally a slight upward gradient 

from port 4 to port 3 (0.007) in the warmer months, with a shift to a slight downward gradient (0.007) 

present from October to March.  This suggests that groundwater is primarily moving laterally between 

these zones, likely through the more conductive sand bed around port 3, rather than vertically.  It also 

suggests that water tends not to infiltrate through the silty layer and dense diamict beneath port 3 (Figure 

2.18), except during winter recharge conditions.  During purging and sampling, ports 4 and 5 consistently 

ran dry and required the better part of a day to recover to regular water levels.  This also supports the idea 

that water flow is significantly slower in the lowermost diamict unit.  The drop in head observed from 

port 2 to 3 (average gradient 0.23), and from port 4 to 6 (average gradient 0.27) suggest downward 

groundwater movement from relatively less permeable diamict to the more conductive sand or bedrock. 

Port 6 and 7 water elevations also track each other throughout the year, with a fairly consistent small 

downward gradient (0.02).  It is likely that the groundwater would have a large component of lateral flow 

once reaching the relatively conductive Guelph Formation aquifer where port 6 and 7 are located.   

2.4.2.3 TGI-1A environmental isotopes 

Concentrations of deuterium and 18-oxygen at this site are approximately -10 and -70 ‰ VSMOW 

respectively, and do not show great variation between ports (Figure 2.14, Appendix E).  Recent δ
2
H and 

δ
18

O concentrations in spring and summer rainfall for the Guelph area are in the range of -6 and -37 ‰ 

VSMOW respectively (AECOM, 2009), and the more negative values (relatively depleted in deuterium 

and 18-oxygen) suggest recharge primarily from snowmelt in all sampled ports, as opposed to warmer 

weather rainfall or surface water influenced by evaporation (Clark and Fritz, 1997).  Spring snowmelt is 

generally considered a major source of groundwater recharge in Ontario. 

Tritium concentrations decrease steadily throughout the TGI-1A well, showing notable apparent age 

variability throughout the vertical profile.  Concentrations are 16.8 TU in port 1, 13.1 TU in port 2, 7.8 

TU in port 3, 1.5 TU in port 4, and non-detect (below 0.8 TU) in port 6 and 7 in the bedrock.  Water in 

port 1 and 2 are estimated to be relatively recent, and the consistent decline suggests increasing age of 

water with depth.  Notably, the lack of tritium beneath the lowermost diamict bed (port 6 and 7) could 

indicate pre-modern water, which supports the hydraulic head and evidence of slow flow through that unit 
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during pumping.  The very low concentration in port 4 could represent a mix of pre-modern and modern 

recharge.  Alternatively, the 1950s tritium front could have been retarded by diffusion within the low-

permeability diamict (Foster, 1975),  resulting in younger water being present than is indicated by tritium 

concentrations; more specific dating techniques would be needed to confirm the tritium signature.  

Therefore, the water in ports 5 to 7 may have recharged later than 1952, although it is still likely that 

water age increases with depth. 

2.4.2.4 TGI-1A geochemistry 

Sediment geochemistry in the TGI-1A core (Figure 2.23, Appendix F) showed a shallow soil profile (1.3 

feet, 0.4 m) with correspondingly elevated nitrate and organic carbon (3.4 mg/kg nitrate-N and 2.1% 

organic carbon by dry weight).  The sediments beneath the soil horizon had relatively low values (average 

0.4 mg/kg nitrate-N and 0.2% organic carbon) (Figure 2.23).  Organic carbon was often non-detectable 

(<0.05%) in the sediment beneath the soil horizon and above 43.3 feet (13.2 m), but ranged up to 0.7% in 

the basal diamict unit.  Ammonium was variable over depth and total sulphur was not detectable 

(<0.01%). 

 

 

Figure 2.23: Sediment chemistry in the TGI-1A core.  Samples span approximately 0.5 ft (0.15 m) centered on the 

plotted depth.  Organic carbon detection limit is 0.05% and total sulphur detection limit is 0.01% by dry weight.  See 

Appendix F for full data.
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The seven monitoring zones at TGI-1A exhibited several trends in water geochemistry with depth (Figure 

2.24, Appendix G).  Nitrate, some dissolved oxygen, and positive ORP values were present in the top 

two ports, but below this nitrate was not detected and DO and ORP values decreased.  Nitrate-N was 

below the drinking water limit, with 0.4 to 1.7 mg/L in port 1 and 3.9 to 5.4 mg/L in port 2.  Ammonium-

N was in low concentrations near or below the 0.05 mg/L detection limit in the upper three ports, but had 

seasonally slightly higher values up to a maximum of 0.27 mg/L at depth, where ammonium would be 

more stable with the lower DO and ORP.   

Interestingly, nitrate is higher in the deeper port 2 than in port 1 close to the water table.  This could be a 

result of changing management practices over time.  The treed intercrops at the site were planted in 1980, 

and were demonstrated to decrease nitrate concentrations in tile drain discharge (Dougherty et al., 2009).  

The tiles themselves in the area immediately surrounding the well were installed in 1992, which would 

also decrease leaching to groundwater.  Tritium concentrations (Figure 2.24) suggest gradually increasing 

age of groundwater with depth.  The groundwater in the port 2 monitoring zone could reasonably have 

recharged in the 1970s or 1980s, when nitrate leaching would have been higher, although more precise 

dating work would be needed to verify this hypothesis.  

Oxidizing conditions and dissolved oxygen concentrations of 2 to 5 mg/L in port 1 (measured using a 

flow cell to mitigate contact with the atmosphere) would prevent reduction of the nitrate present there.  In 

port 2, dissolved oxygen is only slightly higher than in the ports below (0.6 to 0.7 mg/L compared with 

0.2 to 0.4 mg/L).  Frequently, concentrations below 1 to 2 mg/L have been shown to allow denitrification 

to proceed (Cey et al., 1999; Rivett et al., 2008).  However, denitrification may be occurring here and is 

not yet complete.  Denitrification rates as low as 0.3 to 2.0 mg/L per year were calculated in a sandy 

aquifer with low dissolved oxygen (Tesoriero et al., 2000).  Rates can be lowered if conditions are not 

completely anoxic (Desimone and Howes, 1998) or with low nitrate concentrations or organic carbon 

availability (Bradley et al., 1992). 

There is a total loss of nitrate between port 2 and port 3.  Since there is a downward vertical gradient and 

a concurrent decrease in ORP and DO, this is likely due to nitrate reduction.  Nitrate may have been 

reduced to ammonium, but this is unlikely to be a dominant process based on the low ammonium 

concentrations observed in port 3.  The most likely process is denitrification to nitrogen gas, which should 

be promoted within the low DO, relatively reducing conditions in port 3 and below, with the presence of 

dissolved or solid organic carbon.  With the very low tritium concentration in port 4 and non-detectable 

tritium in the bedrock ports 6 and 7, it is also possible that water in and between these ports are old 

enough that they were never impacted by much nutrient leaching.  High nitrate concentrations often begin 
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to be seen in groundwater recharged in the 1960s, when higher crop fertilization became widespread 

(Johnston et al., 1998; Puckett and Cowdery, 2002; Rupert, 2006).  

All ports have dissolved organic carbon present, generally in the range from 1 to 5 mg/L, which could 

serve as an electron donor for denitrification, although there is no clear trend with depth; the compounds 

may not be bioavailable for denitrification (Starr and Gillham, 1993).  It should be noted that dissolution 

of coated bentonite pellets (Brobst and Buszka, 1986; Remenda and van der Kamp, 1997) appears to have 

resulted in elevated DOC in all samples from the port 4, and in at least the fall 2011 sample from port 5.  

These ports were slow-flowing, and could not be conventionally developed by purging several sandpack 

volumes from each, since they yielded only a small amount of water at a time.  See Appendix G for full 

water geochemistry data and Appendix H for information on bentonite dissolution.  DOC data from these 

two ports is therefore not considered reliable and were not included in analysis.   

Solid organic carbon can also participate in denitrification (Trudell et al., 1986; Bradley et al., 1992).  

There is lower solid organic carbon in the sediments surrounding the port 1 and 2 monitoring zones 

(<0.05 to 0.17%, Figure 2.23), with higher amounts in the sediments from monitoring zones 3 to 5 (0.13 

to 0.70%).  This could indicate consumption of solid organic carbon by oxygen or nitrate reduction in port 

1 and 2, while it persists in the deeper sediments.  Conversely, bicarbonate alkalinity would be expected 

to increase with the oxidation of organic compounds, and instead decreases from approximately 290 mg/L 

to approximately 220 mg/L.  However, this decrease in alkalinity may be related to other geochemical 

processes or flow paths.  With only a single multi-level well the three-dimensional flow paths and 

geochemistry therein cannot be fully identified. 

Sulphide minerals could also provide electron donors for denitrification, and oxidation of these would 

result in an increase in sulphate.  Dissolution of bentonite seals (Brobst and Buszka, 1986; Remenda and 

van der Kamp, 1997) also appeared to cause elevated sulphate in fall 2011 samples from several ports and 

in all samples from the particularly slow-flowing port 4.  Without including the affected samples, sulphate 

is relatively high at 87-170 mg/L in ports 2 and 3 but lower (27-36 mg/L) in the bedrock.  Although 

sediment samples did not contain detectable total sulphur (<0.01% dry weight), it is possible that sulphide 

minerals in the sediment have been oxidized during denitrification or other processes in the past, releasing 

this sulphate.  A study in the Kitchener, Waterloo, Cambridge and Stratford, Ontario area found total 

sulphur up to 0.10 % in unoxidized till units, specifically Maryhill and Tavistock till, but low values when 

the till was oxidized (Robertson et al., 1996). 
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a. 

 

b. c. d. e. 

 

Figure 2.24: Summary of key data from TGI-1A.  a. Geologic log. Top layer is soil.  b. Multi-level well design.  c. Tritium concentrations.  d. Static water level 

elevations on four dates (see Figure 2.22).  The winter profile corresponds to the high values of the year (February), and the other profiles correspond to sample 

dates.    e. Selected geochemistry profiles.  Some data points for DOC and DO are excluded due to likely contamination by aeration or bentonite seals; see 

Appendix G for full water geochemistry data. 
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2.4.3 Vance Tract (VAN-1A) 

2.4.3.1 VAN-1A continuous core and geologic context 

The VAN-1A borehole was continuously cored to a depth of 135 feet (41.15 m) below ground surface 

(bgs).  The top of bedrock was encountered at 123 feet (37.50 m).  Over the length of the sediment core 

there was 88% recovery, with some sections of sediment lost in soft sand or loose gravel units.  

Sediments are highly variable, with thick sand and gravel packages and mud beds between basal and cap 

diamict units (Figure 2.25).  Generally, the main units comprise a basal diamict, a thick lower sand 

package, a package of silt and clay, a layered package of sand, silt and gravel, an upper gravel package, 

and an upper diamict.  Note that measurements for geologic logging were carried out using a decimal foot 

measuring tape, with values recorded to the nearest 0.1 foot. 

Bedrock is Silurian age dolostone.  The upper 1.5 feet (0.45 m) were highly broken by the rotosonic 

drilling before switching to diamond drilling, so the in situ fracture patterns are unknown.  However, the 

upper few meters of bedrock in this region are typically expected to be fractured (Singer et al., 2003), and 

it is likely that there has been additional weathering at the bedrock surface.  In the solid rock core, there 

are many mm- to cm-scale pores, and one to two horizontal fractures per foot (3-6 per meter), although 

only five of these exhibit black staining (for a rate of one stained fracture every two feet or 1-2 per meter), 

which suggests active groundwater flow.   

The basal diamict lies above the bedrock from 123 to 118 feet (37.50-35.95 m) bgs.  It is clast-poor and 

intermediate, dense, and includes light streaks on the core (Figure 2.26a). These streaks could remain 

from clasts pulverized during drilling, or indicate soft sediment deformation such as that found in 

deformation till as a result of glacial shear stress (Evans et al., 2006). 

The lower sand package extends from 118 to 77 feet (35.95-23.45 m) and is dominated by well-sorted 

fine sand (Figure 2.26b), with minor thin gravel and silt beds.  Texture is coarser in the top three feet (0.9 

m) with medium to coarse sand.   Much of the sand is massive, but at several depths there are deformed or 

subhorizontal dark mineral laminations, thin mud beds, or interbedding with silt or very fine sand. 

The silt and clay package lies from 77 to 68 feet (23.45-20.75 m) above a sharp contact with the 

underlying sand.  At the base are three feet (0.9 m) of deformed and chaotically laminated silt and red-

coloured clay (Figure 2.26c).  It is uncertain whether the deformation here and elsewhere in the core 

resulted from vibration during the rotosonic drilling or is indicative of deformation in-situ.  This section 

includes layers about 10 cm thick with greater or less clay content.  At the top, there is moderately sorted 

silt and very fine sand, with some chaotic laminations, and some mixed inclusions of silt or sand with no 

clear bedding. 
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Figure 2.25: VAN-1A graphic log with multilevel well monitoring zones and water elevations, matrix particle size analysis results, and visual estimates of 

gravel-sized clast content.  Graphic log scale refers to dominant texture: clay, silt, sand (very fine, fine, medium, coarse, or very coarse), or gravel. See Appendix 

D for full particle size analysis data.  Water elevations refer to the March and August profiles on Figure 2.28. 
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Figure 2.26: Photos showing major lithologies and features of VAN-1A.  Left of photos is toward the ground surface. a. Dense, basal diamict; b. Massive sand; c. 

Chaotic laminations in clay (dark), silt, and very fine sand (light); d. Gravel with low mud content; e. Gravel with muddy inclusions; f. Loose, upper, clast-rich 

diamict.  Scale is in decimal feet for all photos except c.; scale for c. in inches and centimeters.  

4
9
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The package from 68 to 58 feet (20.75-17.70 m) bgs is composed of thin beds of fine to coarse sand, silt, 

and gravel composed of small pebbles and granules.  Some deformed laminations of silt to fine sand are 

present in the silt and sand beds, as well as a few dark mineral laminations. 

The upper gravel package extends from 56 to 33 feet (17.05-10.05 m) bgs, with clasts from granules to 

cobbles.  From 56 to 48 feet (17.05-14.65 m) the gravel has a greyer-coloured, sandy matrix with a small 

amount of mud (Figure 2.26d).  Above this, the core has a browner colour, with iron staining from 48 to 

47 feet (14.65-14.35 m), and the matrix is muddier (Figure 2.26e).  There is also some stratification 

defined by changes in clast content and size, by and thin beds of muddy gravel or very clast-rich diamict, 

especially in the top five feet (1.5 m). 

The uppermost package begins 33 feet (10.05 m) bgs.  The bottom ten feet (3 m) is composed of several 

beds of cohesive diamict, sand and gravel, and silty fine sand.  From 23 feet (7.00 m) to the soil profile is 

a clast-rich, intermediate diamict (Figure 2.26f).  It is crudely stratified from changes in clast content, 

colour (lighter or darker), and structure (loose, fissile, or dense). 

A cross section of the surrounding area (Figure 2.27) was constructed using data from the Ontario 

Ministry of Environment (MOE) Water Well Database.  The unconsolidated sediments above bedrock are 

thick, commonly 80 feet (25 m) or more.  Individual sediment units surrounding VAN-1A are also thick, 

often 15 to 80 feet (5-25 m), and variable, the dominant types being diamict and sand.  The two boreholes 

adjacent to VAN-1A are reasonably similar to the VAN-1A lithology, considering varying standards for 

distinguishing sediment types.  The topography of the area is slightly hilly, as expected in this hummocky 

region of the Paris Moraine.  Similar sediments as those found in VAN-1A are found in the surrounding 

area, but the stratigraphy is often variable laterally.  The upper diamict package at VAN-1A is likely to be 

Wentworth Till, a sandy, stony till of the Mackinaw Phase, which is mapped as the surficial till of the 

Paris Moraine (Karrow, 1987).  The basal diamict could potentially be Port Stanley Till of the Port Bruce 

phase, which is composed of about 40% sand (Karrow, 1987), or Catfish Creek till, a regionally 

extensive, hard till of the Nissouri Phase usually covered by younger sediments (Karrow, 1987; Mcgill, 

2012).   
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Figure 2.27: Cross section through the area surrounding VAN-1A area using data from the Ontario Ministry of Environment (MOE) Water Well Database (MOE, 

2010).  See Figure 2.7 for location of cross-section.  Vertical exaggeration is 20x.  

5
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2.4.3.2 VAN-1A physical hydrogeology 

The water table was not intercepted by the shallowest monitoring zone at 13.15 to 43.1 to 14.70 m bgs, 

but was estimated based on port 1 water elevations and is likely present within the base of the uppermost 

diamict unit in VAN-1A (Figure 2.25).  There were seasonal fluctuations of 1-2 m in all ports over the 

study period, with the highest water elevations in March 2012 and the lowest in late summer (Figure 

2.28).  Water elevations in the seven ports show an overall downward vertical component gradient 

between port 1 and port 4, and an overall upward vertical component gradient between port 7 and port 4.  

Data from a bedrock monitoring well a few meters away from VAN-1A, owned by the City of Guelph, 

show a downward gradient within the bedrock beneath the base of the VAN-1A well (Figure 2.29), 

suggesting infiltration of groundwater from the unconsolidated deposits into the bedrock.   

 

 

Figure 2.28: Water elevations in VAN-1A over the study period.  Port 1 elevations were within 0.01 meters of port 2 

elevations so the port 1 line is not visible.  Dotted lines indicate dates of profiles on Figures 2.25, 2.29 and 2.31. 
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Figure 2.29: Static water elevations in VAN-1A (overburden ports) and Tier 3-10 (bedrock ports) on dates near the 

three sample campaigns and yearly high (March 2012). 

 

Port 1 and port 2 have very similar water elevations that show a very small downward gradient of 0.002.  

As port 2 is completed in a sand bed immediately underlying the gravel layer containing port 1, the 

groundwater is likely well connected between the two monitoring zones, and may travel laterally through 

sand and gravel in the surrounding area (Figure 2.27). 

Port 3 is completed in a finer-grained unit than the other monitoring zones, and water elevations followed 

a slightly different seasonal pattern than that of the other ports, likely due to lower hydraulic conductivity 

in the unit.  Although the port never ran dry, there was sometimes a lag of up to several days after 

pumping in recovering expected levels.  With a lower hydraulic conductivity in this monitoring zone, the 

groundwater would take longer to flow in or out of the unit in response to pumping or changing seasonal 

conditions.  Although there was usually a downward gradient between port 2 and 3 (average value 0.08), 

during July and August 2012 when temperatures were high and water levels were dropping in all ports, 

port 3 water levels dropped at a slower rate, resulting in a temporary slight upward gradient between port 

3 and port 2 (average value 0.05).  These data suggest slow water movement within the silty unit 

surrounding port 3 and the silt and clay bed between port 2 and 3. 

If this muddy unit inhibits downward movement from above, it may allow a different flow pattern to take 

place beneath it.  This could help explain the upward gradient from port 7 above the bedrock to port 4.  

Well records from the surrounding area include thick sand units at varying elevations (Figure 2.27).  

They do not include a similar mud bed to that in VAN-1A except in the two immediately adjacent wells 
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(less than 8 meters away), so the mud bed is likely discontinuous but its full extent is unknown in the area 

between these wells and the surrounding MOE wells.  Since tritium concentrations indicate modern water 

of presumably similar age through the length of the well, the water in port 4 and below may originally 

infiltrate through nearby sand units, bypassing the laterally discontinuous mud bed and flowing beneath 

it.  The discontinuous nature of the muddy unit fits well with our current understanding of moraine 

environments where lateral changes in sediment types are common (Krzyszkowski and Zielinski, 2002).  

The upward gradient (average 0.06) could result from water recharging in connected units away from 

VAN-1A, and shows evidence for a three-dimensional flow system through the unconsolidated 

sediments, wherein the underlying bedrock aquifer is recharged through lateral as well as vertical flow. 

2.4.3.3 VAN-1A environmental isotopes 

Concentrations of deuterium and 18-oxygen range from -7.9 to -10.2 and from -61 to -71, respectively, 

with the least negative and largest range in values of the three sites (Figure 2.14, Appendix E).  Recent 

δ
2
H and δ

18
O concentrations in spring and summer rainfall for the Guelph area are in the range of -6 and -

37 ‰ VSMOW respectively (AECOM, 2009), and the more negative values (relatively depleted in 

deuterium and 18-oxygen) suggest greater recharge overall from snowmelt than from warmer weather 

rainfall or surface water (Clark and Fritz, 1997).  Spring snowmelt is considered a major source of 

groundwater recharge in Ontario.  However, it is interesting to note that values for port 3, 4 and 7 are 

more positive (relatively enriched in deuterium and 18-oxygen) compared with port 1, which plots closer 

to the meteoric water line (Figure 2.14).  This may suggest slightly different sources for groundwater in 

port 1 than groundwater in port 3 and below.  Evaporation of water in lakes or ponds results in relative 

enrichment of these isotopes and in values plotting slightly below the meteoric water line (Krabbenhoft et 

al., 1994).  It is therefore possible that water in ports 3 and below is influenced by pond or wetland 

recharge, while the water in the upper gravel unit recharges primarily from infiltration of spring 

snowmelt.   

Tritium concentrations of 13.4 to 14.1 TU in port 1, 4, and 7 indicate that modern water is present 

throughout the length of the VAN-1A core, with notably very close values between the three depths. 
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2.4.3.4 VAN-1A geochemistry 

Sediment geochemistry in the VAN-1A core (Figure 2.30, Appendix F) showed a soil profile 

approximately 0.6 m deep with higher nitrate-N and organic carbon up to 3.9 mg/kg and 3.4% by dry 

weight, respectively.  The sediments beneath the soil horizon have relatively consistent lower values 

(average 0.3 mg/kg nitrate-N and 0.2% organic carbon).  Ammonium-N was highly variable over depth 

(generally <0.02 to 8.8, with a peak at 18.7 mg/kg), with many of the higher concentrations found within 

the middle mud bed and lower sand package.  Total sulphur was not detectable (<0.01%). 

 

 

 

Figure 2.30: Select sediment chemistry in the VAN-1A core.  Samples span approximately 0.5 ft (0.15 m) centered 

on the plotted depth.  Organic carbon detection limit is 0.05% and total sulphur detection limit is 0.01% by dry 

weight.  See Appendix F for full data.



56 
 

Nitrate was not detected in any water samples from VAN-1A (see Appendix G for full water 

geochemistry data).  This is consistent with the land use history at this site, as there have been no nutrient 

additions to the land surface since the 1960s.  This suggests that any nitrate inputs from activities prior to 

reforestation did not penetrate this deep or have since been removed.  It also suggests that potential nitrate 

inputs from the surrounding farmlands and domestic septic systems are either not migrating laterally or do 

not persist due to on-site conditions.  ORP measurements are typically negative in each port and fairly 

consistent with depth (Figure 2.31).  Dissolved oxygen detected throughout VAN-1A is thus likely an 

artifact of aeration during inconsistent pumping.  Dissolved iron is detectable in all ports except 4, and up 

to concentrations of 1.15 mg/L in port 7.  These data together can also be taken as evidence of reducing 

conditions (Kehew et al., 1996). 

Dissolved organic carbon is relatively high throughout the column from ports 2 to 7 (6-17 mg/L).  This 

likely promotes the development of reducing conditions by consuming oxygen and other electron donors.  

In a glaciofluvial aquifer, lake and wetland recharge was observed to contain high DOC as well as higher 

iron (Kehew et al., 1996).  In VAN-1A, the high DOC may similarly originate from recharge through the 

numerous wetlands or ponds present in this hummocky region of the moraine (Aquaresource Inc., 2009).  

Total organic carbon in sediment samples throughout the VAN-1A core was low (below 0.5 %) and 

similar to the other two sites, so there is no apparent particular source within the sediment itself.  The 

reducing conditions and presence of DOC form a good environment for nitrate reduction to proceed if 

nitrate has entered these waters, either from historical land use or from the surrounding area. 

The relatively high ammonium, up to 1.4 mg/L, could also be sourced from wetlands or be a degradation 

product of the organic matter.  Ammonium would be expected to persist in the reducing waters at VAN-

1A.  Ammonium can also be produced by dissimilatory nitrate reduction to ammonium (DNRA), which 

can occur in reducing, low oxygen conditions when nitrate supplies are limiting and there is an excess of 

organic carbon (Tiedje et al., 1982).  This reaction may have occurred upgradient if there is a source of 

nitrate, although DNRA is less commonly identified as the nitrate removal process than denitrification in 

aquifers (McMahon and Chapelle, 2008).   
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a. 

 

b. c. d. e. 

Figure 2.31: Summary of key data from VAN-1A.  a. Geologic log. Top layer is soil.  b. Multi-level well design.  c. Tritium concentrations.  d. Static water level 

elevations on four dates (see Figure 2.28).  The winter profile corresponds to the high values of the year (March), and the other profiles correspond to sample 

dates.  e. Selected geochemistry profiles.  Data included are expected not to be impacted by pumping aeration or bentonite (see Appendix G for full geochemistry 

data and Appendix H for information on bentonite contamination).   

5
7

 

 



58 
 

2.5 Integration of datasets  

2.5.1 ARS-1A integration 

The Arkell Research Station is a historically agricultural site situated on glacial outwash deposits.  The 

ARS-1A core exhibits coarse surficial sediments (Figure 2.10), a thick unsaturated zone, and fractured 

bedrock groundwater recently recharged from precipitation and contaminated with nitrate (Figure 2.32).  

There was an apparent agricultural influence on sediment chemistry at this site, with a thick zone below 

the soil profile retaining relatively high organic carbon and nitrate (Figure 2.15).  Such nitrate stores in 

the unsaturated zone can serve as a source of nitrate in groundwater (Geyer et al., 1992). 

 

 

Figure 2.32: Conceptual model of ARS-1A site integrating geology, hydrogeology and geochemistry.   Additional 

cores were drawn to represent the typical lateral heterogeneity in sediments based on records from adjacent 

piezometers.  DOC = dissolved organic carbon. 

 

There is apparently fast infiltration of precipitation through the subsurface at this site, evidenced by the 

lack of runoff ditches or artificial drainage of the fields, dry sediment in the core, and modern-aged 

groundwater.  No perched or temporary water tables were observed in the lower intermediate-textured 

diamict, despite the presence of a basal diamict in most boreholes completed across the station, 

suggesting either relatively easy drainage pathways through this diamict or the presence of higher-
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conductivity windows to the underlying bedrock aquifer.  With the heterogeneous sediments revealed in 

cross-sections of the area (Figure 2.12), infiltrating water may be able to preferentially follow connecting 

units of coarse sand or gravel and bypass finer diamicts and occasional muddy beds (Anderson et al., 

1999; Iversen et al., 2008).  In this ice-proximal environment close to the Paris Moraine, the lower 

diamict may have been deposited by discontinuous lobes of debris flows from the melting ice margin.  

This process, which can be spatially limited compared with other types of deposits, could leave some 

areas without such diamict.  Previous diamicts may also have been eroded by high-energy meltwater, that 

subsequently deposited more conductive sand and gravel beds, allowing easier infiltration to the bedrock 

in these areas.  There is also the possibility of fractures existing as preferential flow paths through diamict 

units themselves (Ruland et al., 1989; Mckay et al., 1993; Harrar et al., 2007).   

Nitrate was consistently detected in the bedrock groundwater above the 10 mg/L nitrate-N drinking water 

limit, at 13 to 18 mg/L nitrate-N (Figure 2.17).  Geochemical conditions in the bedrock groundwater 

support the persistence of nitrate, with oxidizing conditions and the very probable presence of dissolved 

oxygen (Figure 2.16).  Compounds that are readily oxidized and thus would deplete the dissolved oxygen 

in the water appear to be limited in the lower vadose zone and shallow groundwater.  Although some 

dissolved organic carbon is present in the groundwater, this may be composed of less reactive forms of 

carbon as the more available compounds may be oxidized and depleted during transport through the thick 

vadose zone (Starr and Gillham, 1993).   

Fertilizer and liquid swine manure has been repeatedly applied to the crop field just upgradient of the 

ARS-1A well (Table 2.1, Figure 2.5).  Although isotopic analysis of nitrate was not undertaken in this 

study, δ
15

N and δ
18

O concentrations in nitrate from nearby piezometers suggest manure or sewage as a 

main nitrate source (Opazo Gonzalez, 2012).  Additional sources of groundwater nitrate could be nearby 

farms or septic beds, but mapping of nitrate concentrations in the area has shown that elevated 

concentrations appear to originate within the Arkell Research Station boundaries (Opazo Gonzalez, 

2012).  With the permeable soils, annual fertilizer and liquid manure applications, and fast drainage on 

site, groundwater nitrate could reasonably originate on the surface at the station.  Soil denitrification 

occurs at a lower rate in coarser, drier soils (Smith and Tiedje, 1979; Sexstone et al., 1985; Weier et al., 

1993), so in this well-drained area, nitrogen may not be attenuated very much after nitrification to nitrate.   

Nitrate contamination in unconfined aquifers is more probable in areas with permeable soils and 

overlying coarse unconsolidated sediments (Goss et al., 1998; Nolan et al., 2002; McMahon and 

Chapelle, 2008).  It is clear that care must be taken at agricultural sites situated on glacial outwash 

sediments, which are common in Ontario.  This appears to be the case even when the water table is deep, 
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in this case, approximately 13 m in ARS-1A, although contamination risks are considered greater with a 

shallow water table (Nolan et al., 2002).  Contrary to the common assumption that tills will provide some 

protection to the underlying groundwater, the common occurrence of a basal diamict across the Arkell 

Research Station does not appear to greatly slow water infiltration or mitigate nitrate contamination to the 

unconfined bedrock aquifer.  This could be due to the limited thickness and lateral continuity of the 

diamict, its coarse grained nature, or to preferential flow through fractures in the diamict units. 

 

2.5.2 TGI-1A integration  

The Turfgrass Institute site is situated on a drumlin historically used for agriculture.  Data from the TGI-

1A multilevel well reveals a groundwater system with steadily increasing age and changing geochemical 

conditions with depth (Figure 2.33).  Hydraulic head profiles provide evidence of a three-dimensional 

flow system with relatively greater lateral flow in the two sand beds, whereas poorly sorted, intermediate 

to muddy diamict packages act as aquitards such that flow within them is expected to be predominantly 

downward, and slow.  Nitrate is present below the 10 mg/L nitrate-N drinking water limit, and attenuates 

with depth. 

 

 

Figure 2.33: Conceptual model of the TGI-1A site integrating geology, hydrogeology and geochemistry.  SOC = 

solid organic carbon. 
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Water geochemistry at this site experiences a shift to greater reducing conditions with depth and a 

concurrent removal of nitrate (Figure 2.24), which has been observed elsewhere along flow paths in 

aquifers and with depth in multilevel wells (Postma et al., 1991; Robertson et al., 1996; Rudolph et al., 

1998; Singleton et al., 2007).  Nitrate is present within the relatively oxidizing water in the uppermost two 

monitoring zones, but is not detected within the relatively reducing water at depth.  A sharp redox 

boundary is not clearly identifiable using the water sampling monitoring zones as it can be in studies 

using higher resolution porewater samples from core (Pedersen et al., 1991; Postma et al., 1991; 

Robertson et al., 1996), but the redox shift appears to occur between 11.3 and 13.4 m depth (between port 

2 and 3).  Interestingly, the sediment surrounding the port 2 monitoring zone, which contains nitrate and 

relatively oxidizing conditions, is a slightly browner colour than that above and below.  A colour change 

from brown to grey could indicate the boundary between oxidizing and reducing conditions (Trudell et 

al., 1986; Pedersen et al., 1991; Robertson et al., 1996); however, this may also result from a different 

sediment source.  Below the port 2 monitoring zone, the greyer diamict has a matrix texture that becomes 

richer in clay and silt (Figure 2.18).  This presumably less permeable diamict likely slows the downward 

movement of water and facilitate the consumption of oxygen and the subsequent reduction of nitrate.  An 

alternative explanation for the lack of nitrate in port 3 is that when the water in this port recharged it was 

not influenced by nutrient leaching.  However, modern water is present in port 3, and head measurements 

have established a hydraulic connection and downward gradient between port 2 and 3, so nitrate reduction 

is the most likely explanation.  Another possible process occurring here could be the retardation of the 

nitrate front by diffusion into the fine-grained diamict pore water, if at some point nitrate began to 

infiltrate from the surface after being previously absent in the groundwater system (Foster, 1975). 

Nitrate can be transformed by microbial metabolism through denitrification to nitrogen gas or by 

dissimilatory nitrate reduction to ammonium (DNRA), using an electron donor, commonly organic 

compounds or reduced sulphide or iron compounds (Rivett et al., 2008).  With low levels of dissolved 

ammonium present in port 3 and throughout the groundwater profile, reduction to ammonium is not 

apparent and denitrification is more likely occurring.  An increase observed in sulphate from port 2 to port 

3 (Appendix G) could indicate the oxidation of sulphides such as pyrite.  However, sulphur was below 

the detection limit in the solid core.  This sulphate could have been produced by previous sulphide 

oxidation in the middle diamict package between port 2 and 3, as sulphides have been found in southern 

Ontario tills (Robertson et al., 1996), but this is uncertain.  The dissolved organic carbon present 

throughout the groundwater profile (Figure 2.24) could participate in denitrification, although DOC does 

not decrease between port 2 and 3 as might be expected were it being depleted.  At a site with a water 

table at approximately the same depth as in TGI-1A, a similarly low but consistent DOC profile was 
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observed along with the persistence of nitrate and oxygen, and the authors concluded that the DOC was 

not bioavailable for microbial oxidation (Starr and Gillham, 1993).  This explanation may be applicable 

for DOC in the TGI-1A well.  Finally, solid organic carbon in the core shows an increase from the port 2 

monitoring zone to port 3 and below (Figure 2.23).  This could be evidence of depletion through 

oxidation at port 2 and above, while organic compounds that remain in port 3 and below and can be used 

to reduce nitrate.   

Nitrate concentrations in the multilevel well might also be partially explained with changes in land 

management over time.  The basal diamict unit surrounding the port 4 and 5 monitoring zones is 

particularly hard and dense, and the slow recharge observed in these ports as well as the very small, often 

upward head gradient from port 4 to 3 indicates that this unit, and possibly the silt at the base of the sand 

surrounding port 3, provides a strong barrier to the migration of water from above.  Elevated nitrate is 

often found in waters recharged in the 1960s and later, when higher worldwide nutrient applications 

became common (Johnston et al., 1998; Puckett and Cowdery, 2002; Rupert, 2006).  Therefore, it is 

possible that the older water in port 4 and below never experienced high nutrient loading or thus the need 

to undergo nitrate reduction.  This is corroborated with very low to non-detectable tritium concentrations 

in port 4 and below, although this could also be due to tritium diffusion in the fine-grained units (Foster, 

1975).  The increase in nitrate between port 1 and 2 might be explained by more recent land management 

changes, as a nitrate increase over depth is typically not expected.  Treed intercrops were introduced at 

the Turfgrass Institute in 1980, and were demonstrated to lower nutrient leaching compared with an 

adjacent field without trees (Dougherty et al., 2009).  This shift in land management may explain the 

lower nitrate in shallower, younger water in port 1.  Land management changes have resulted elsewhere 

in traceable shifts in groundwater contamination over a scale of several years, the time frame depending 

on water transit time through the unsaturated zone and groundwater residence time (Honisch et al., 2002; 

Kaown et al., 2009). 

The variability of sediment texture over depth has a clear impact on groundwater characteristics at TGI-

1A.  The upper and middle diamict packages allow a controlled downward migration of water and solutes.  

At greater depth, the combination of more permeable sand above a muddy basal diamict results in limited 

infiltration of water into the diamict, only under seasonally greater recharge conditions.  This dense, fine 

grained diamict appears to slow movement enough that modern water does not appear to reach the 

underlying bedrock.  This in turn provides significant protection to the aquifer.   
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2.5.3 VAN-1A integration 

The Vance Tract is a forested site situated on the Paris Moraine, surrounded by rural agricultural and 

natural land.  Data from the VAN-1A core and multilevel well reveal a complex geologic setting and 

resulting groundwater flow patterns (Figure 2.34).  The lack of detectable nitrate throughout the 

multilevel well is attributable both to the lack of recent surficial nutrient additions, and geochemical 

conditions wherein nitrate contamination would not persist. 

 

 

Figure 2.34: Conceptual model of the VAN-1A site integrating geology, hydrogeology and geochemistry.  DOC = 

dissolved organic carbon. 

 

Although horizontal flow patterns cannot be determined without additional wells, vertical hydraulic head 

profiles from VAN-1A (Figure 2.31, 2.29) suggest multiple flow paths through the site.  These are likely 

influenced by the spatially heterogeneous sand and diamict packages found throughout the thick 

unconsolidated sediments in the surrounding area (Figure 2.27).  In VAN-1A, there appears to be 

primarily lateral flow through the uppermost gravel package; flow with an upward vertical component 

through the thick lower sand package; and slow downward movement through the silt and clay bed near 

the middle of the core.  This silt and clay bed appears to control groundwater flow by inhibiting 

movement from above, but its absence in other boreholes (Figure 2.27) and the presence of modern water 

beneath it suggest it is relatively localized.  Water likely recharges into units connected with the lower 
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sand package away from VAN-1A, resulting in the upward vertical component of gradient observed here 

as part of the three-dimensional flow system. 

Despite the vertical gradient reversal within VAN-1A, modern water with very consistent tritium 

concentrations is found throughout the multilevel well (Figure 2.31), suggesting that water from the 

surface enters the lower sediments and thus possibly the bedrock aquifer with relative ease.  This could 

present a threat of surficial contamination to the bedrock groundwater.  However, no nitrate was 

detectable in VAN-1A.  Dissolved organic carbon is abundant, and water in each port had reducing 

conditions, with the single exception of the uppermost port in the summer when the water table was low 

(Figure 2.31).  These conditions would likely promote nitrate reduction if or whenever nitrate came into 

contact with the water.   

Water slightly more enriched in 18-oxygen and deuterium in ports 3, 4, and 7 (Figure 2.14) coincides 

with greater DOC in these ports compared with port 1.  These data together with the surrounding surface 

topography suggest that the lower flow path is influenced by wetland recharge (Krabbenhoft et al., 1994; 

Kehew et al., 1996).  Numerous kettle features – ponds and marshes in depressions – are found in this 

hummocky area of the moraine (Aquaresource Inc., 2009; Blackport Hydrogeology Inc., 2009; Ahrens, 

2012), and one is found nearby and directly north of the VAN-1A well (Figure 2.7).  Collection of water 

in these depressions would allows for some evaporation to occur prior to recharge to the groundwater 

table.  These may supply the carbon, as well as the relatively high ammonium and iron in VAN-1A 

(Kehew et al., 1996).  The predominance throughout most of VAN-1A of reducing waters, with an 

abundant electron donor supply in the form of dissolved organic carbon, is a combination that may 

effectively mitigate potential nitrate contamination from farms or septic beds in the area.   

Moraines are often considered important areas of groundwater recharge (Aquaresource Inc., 2009; 

Blackport Hydrogeology Inc., 2009) and protection of these areas is a priority for many communities.  

Their complex and heterogeneous geology requires detailed investigation in order to characterize the 

groundwater system within them and devise appropriate source water protection plans (Martin and Frind, 

1998; Sharpe et al., 2003; Stotler et al., 2010).  Data from this study shows that high resolution data from 

short, discrete monitoring zones helps to reveal the complexity of groundwater flow paths and occurrence 

of geochemical reactions important to contaminant mobility in the moraine. 
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2.5.4 Discussion  

Each of the three sites had nitrate detections consistent with the surficial land use.  Nitrate contamination 

was found at a site with conventional cropping and nutrient application; the long history of nutrient 

additions was also reflected in the sediment geochemistry of the upper unsaturated zone.  Lower nitrate 

concentrations were found at an agricultural site with treed intercropping intended to lower nutrient 

leaching, and nitrate was not detected at the forested site where nutrient inputs stopped in the 1960s.  At 

the Turfgrass Institute, there may even be a signature of changing management practices from 

conventional cropping to treed intercropping, although more precise dating work would be needed to 

confirm this on a more quantitative basis. 

Quaternary geology also plays a major role in controlling the migration of water from the surface and 

creating the geochemical conditions that either attenuate nitrate or allow it to persist.  Vertical layering of 

distinct sediment units, as well as lateral continuity or geometry of heterogeneity, influenced flow paths 

and the ability of recent, potentially contaminated water to reach the unconfined bedrock aquifer.  

Generally coarse, variable sediments at ARS-1A allowed for a deep water table, located in the bedrock, 

and presumably the rapid, unattenuated leaching of nitrate from the surface.  Finer, denser diamict at TGI-

1A slowed water flow and allowed redox conditions to develop that promote denitrification.  It appears 

that modern water has been prevented from entering the bedrock aquifer here.  This implies that the 

diamict here is fairly laterally extensive, and stands in contrast to the Arkell Research Station area where 

there is also commonly diamict found above the bedrock, but either due to its coarser nature, later 

discontinuities, or the existence of preferential flow paths, water containing nitrate appears to infiltrate 

through it easily.  The variability between diamict types may pose a challenge for modelling of local 

unconsolidated sediments, since it may be classified very differently by different sources in geotechnical 

investigation; this highlights the benefit of high-quality core recovery and geologic logging.  The diamict 

types observed in this study may have differing glacial origins, for example, from debris flows in a 

meltwater environment compared to subglacial till that has been overridden by ice.  These origins have 

implications for the degree of consolidation, internal heterogeneity of sediment texture and the lateral 

continuity of the units, which will affect permeability to water and contaminant transport.  The 

complexity of the Paris Moraine sediments resulted in a very different flow system present at VAN-1A, 

with evidence of three-dimensional flow and recharge from surface depressions.  Thick, permeable gravel 

and sand, interlayered with finer silt and clay, exhibited multiple groundwater flow paths, which allowed 

modern water to reach the bottom of the unconsolidated sediments.  However, the water exhibited 

geochemical conditions conducive to nitrate reduction, possibly due to the influence of wetland recharge 

that again is related to the particular glacial setting and resultant topography and sediment distribution of 

the area. 
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2.6 Conclusions 
This study investigated three sites with differing land management practices and Quaternary geology, 

with a focus on their influences on nitrate transport and attenuation, based on detailed measurement of 

physical, hydrogeologic and geochemical properties in vertical profiles.  The study sites were an 

agricultural site with a long history of manure and fertilizer treatments, situated on glacial outwash 

sediments (Arkell Research Station); an agricultural site with regular fertilizer treatments and relatively 

recent incorporation of treed intercropping, situated on a drumlin (Turfgrass Institute); and a naturalized 

site reforested since the 1960s from agricultural use, situated within a hummocky end moraine (Vance 

Tract).   

Nitrate distributions were consistent with the surficial land use, as nitrate contamination was present at the 

site with conventional nutrient additions, lower nitrate was detected an agricultural site with treed 

intercropping in place to reduce nutrient leaching, and no nitrate detected at the forested site.  Physical 

and chemical properties of the subsurface environment also played a major role in the distribution of 

nitrate.  Coarse, variable outwash sediments overlying fractured bedrock allowed fast drainage at the 

Arkell Research Station resulting in a deep water table with elevated nitrate in the bedrock aquifer.  The 

predominance of more fine-grained diamict at the Turfgrass Institute slowed water movement, allowing 

redox conditions conducive to denitrification to develop.  A dense basal diamict slowed water movement 

to the degree that bedrock groundwater at this site appears relatively old compared with the other two 

sites, lowering the risk of impact by high nutrient application rates in recent decades.  At the forested 

Vance Tract, which was agricultural land until the 1960s, any previously leached nitrate that may have 

been present in the past has attenuated, and any possibly nitrate additions from the surrounding rural area 

either were not transported to this site or did not persist.  The consistent reducing conditions at this site 

are likely promoted by elevated dissolved organic carbon in the groundwater, which could originate from 

recharge through the numerous kettle ponds and wetlands found within the hummocky surface of the 

moraine.  The heterogeneity of sediments in the moraine also resulted in multi-directional flow paths 

being present above the bedrock.  These flow paths allow modern groundwater to reach the bottom of the 

sediments, which could pose a threat to the bedrock aquifer if nitrate-attenuating conditions were not 

present.  
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3 E. coli contamination in a fractured bedrock aquifer under a thick 

vadose zone 

3.1 Introduction 
Microorganisms such as Escherichia coli (E. coli) and other coliform bacteria are common contaminants 

in rural domestic wells (Goss et al., 1998).  Although these are not always human pathogens themselves, 

their presence suggests that pathogenic organisms that are more difficult to test for, such as Giardia or 

Salmonella spp., may also be present.  Large quantities of microorganisms are applied to crop fields 

within manure or biosolids applications.  Although these are traditionally expected to have a low survival 

rate outside of their host organisms, their possible transport to and persistence in drinking water resources 

is a growing cause for concern, especially with the intensification of agriculture (Unc and Goss, 2004; van 

Bochove et al., 2010). 

The transport of microorganisms from the soil to the saturated zone is mediated by several different 

processes.  Microorganisms generally migrate with moving water as colloids.  Physical filtration occurs 

when a cell encounters a pore space too small to fit through, and straining occurs when drying in the soil 

or unsaturated sediments causes water to recede into small pore spaces, preventing further movement of 

cells in the water (Fletcher and Murphy, 2001; Jamieson et al., 2002).  Adsorption of bacteria onto 

mineral or organic matter surfaces is a key process in determining the fate of these contaminants. The 

extent of this depends on multiple factors such as the cell shape, cell surface charge and hydrophobicity, 

the excretion of extracellular substances, chemical characteristics of the soil particle, and the pH, ionic 

strength and chemistry of the soil water (Unc and Goss, 2004; Bradford et al., 2013).  With changes in the 

soil solution, cells may be able to desorb from the surface (Bradford et al., 2013).  Rainfall or irrigation 

can thus greatly increase transport of microbes from the surface through the soil profile and in the upper 

unsaturated zone (Unc and Goss, 2003; Oliver et al., 2005; Ball Coelho et al., 2007).  These factors 

interact in complex ways that can be difficult to predict.  Although considerable modelling attempts have 

been made (Pachepsky et al., 2006; Bradford et al., 2013), it is difficult to account for the complexity of 

natural conditions, such as heterogeneity of the soil and subsurface properties like mineralogy and 

hydraulic conductivity (Bradford et al., 2013).  In addition to the deactivation of microbes by adsorption 

or filtration, die-off can be promoted by UV radiation at the soil surface, competition and predation with 

native microbes, high temperatures, and lack of moisture, nutrients or carbon (Unc and Goss, 2004; John 

and Rose, 2005).  Survival of fecal organisms has traditionally been expected to be short in the 

environment, but more recently bacteria such as E. coli have been observed to survive for months in soil, 

possibly replicating there (Zaleski et al., 2005; Lang and Smith, 2007; Brennan et al., 2010; Vanderzaag 

et al., 2010), and up to 100 days in groundwater samples (Filip et al., 1988).  
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A major channel through which microorganisms can move is macropore flow, which allows the microbes 

to bypass the soil matrix, more easily avoiding deactivation processes like adsorption and filtration and 

moving rapidly through the environment (Unc and Goss, 2003; Bradford et al., 2013).  Macropores can be 

formed from root or earthworm channels, animal burrowing, spaces between soil aggregates, and 

fractures in sediment or rock (Natsch et al., 1996; Fletcher and Murphy, 2001; Jarvis, 2007).  Once in the 

saturated zone, microbes generally flow by advection with the groundwater and do not undergo as much 

diffusion as solutes due to their greater size (Fletcher and Murphy, 2001).  Microbes can travel quickly, 

even faster than the average bulk water, due to the process of exclusion where in addition to not diffusing 

into small pore spaces, cells are concentrated in the middle of flow channels where they do not experience 

as much friction as water molecules at the channel edges.  This is more common in fractured media or 

when very fast water flow is present due to pumping (Fletcher and Murphy, 2001). 

Bacteria are frequently observed to reach the depth of tile drainage systems (Dean and Foran, 1992; 

Oliver et al., 2005; Ball Coelho et al., 2007; Dougherty et al., 2009; Samarajeewa et al., 2012), but 

monitoring in the deeper vadose zone or groundwater is less common, especially consistent monitoring 

over time.  Much research on the transport of microbes has also been done with lab bench scale column 

studies, whereas in-situ field studies are lacking.  Some field research focuses on the risk to shallow 

groundwater (Levison and Novakowski, 2009; Samarajeewa et al., 2012), but little work has been done at 

sites with a deep vadose zone.  In field scale studies, it is difficult to distinguish among the multitude of 

factors influencing transport and survival, but this field data is necessary in order to provide a basis for 

further modelling and predictive attempts (Bradford et al., 2013). 

In this study, E. coli and total coliforms in groundwater were monitored in an unconfined, fractured 

dolostone aquifer beneath a thick vadose zone.  The site was a crop field with a history of manure 

applications, with unconsolidated glacial outwash and diamict deposits.  Water samples were analyzed 

before and after a manure application over a period of five months to investigate the potential addition of 

these fecal indicators to the groundwater and their variability over time. 

 

3.2 Site background  
The Arkell Research Station is a 500 acre research facility run by the University of Guelph, which opened 

in 1967.  It includes cropped fields on a corn-corn-soybean-wheat rotation with a long history of manure 

applications, and houses cattle, pigs, horses, chickens and turkeys.  It is situated on a glaciofluvial 

outwash plain, adjacent to the frontslope of the Paris Moraine.  In previous internal studies (Whiteley, 

1982, 1987), piezometers were installed across the station.  During drilling the piezometers, the sediments 
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encountered over depth were logged in terms of broad categories but detailed data was not recorded.  

These piezometers have been used to estimate the water table (Opazo Gonzalez, 2012) (Figure 3.1) and 

monitor possible contamination from the surficial land use.  The research station has had historically 

elevated nitrate, potentially arising from on-site manure and fertilizer applications, dating back to 1980 

(Whiteley, 1982, 1987; Opazo Gonzalez, 2012), but microbial analysis has been less common.  In weekly 

to monthly sample campaigns from 1980 to 1982 and from 1995 to 1997, E. coli and coliform bacteria 

were detected sporadically (Whiteley, 1982; Unc, 1999).  The frequency of well contamination did not 

change significantly between the two campaigns and contamination was detected in wells installed both in 

the overburden and bedrock (Unc, 1999).  Bacterial movement through macropore flow within the soil 

profile has also been observed at the station (Unc, 1999).  However, neither investigations have 

specifically monitored groundwater contamination in relation to manure application timing.   

 

 

Figure 3.1: Map of the Arkell Research Station study area.  Map created using ESRI ArcMap 9.3 with water table 

data from Opazo Gonzalez (2012) and satellite imagery from SWOOP (2006). 
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The multilevel well for this study was installed near the eastern edge of the station (Figure 3.1), situated 

downgradient of field A5, so that applications on this field are the nearest possible source of impact on 

water quality in this well.  Further afield upgradient are a mix of forested areas on the Paris Moraine and 

other farms.  Field A5 has soil that has been classified as Burford Loam (Wagner-Riddle and Thurtell, 

1998), has gently rolling topography (Figure 3.2) with a maximum slope of 2%, and is very well drained 

with a very low potential for runoff.  There is no tile drainage and there are no runoff collection ditches 

surrounding or within the field.  With a crop rotation of corn-corn-soybeans-wheat, it is conventionally 

tilled by ploughing and receives fertilizer and manure applications once or more per year.  Additions are 

determined using a nutrient management plan under the Ontario 2002 Nutrient Management Act to 

determine appropriate input levels, balanced by the nutrient removal through crop harvest.  The manure is 

liquid swine, and is surface applied by tanker and incorporated within several days.  The typical manure 

application rate was 4900-6600 ga/ac (Table 3.1). 

 

 

    

Figure 3.2: Photos showing the topography in field A5.  a. Manure application on rolling topography (looking east); 

b. Most notable depression in field A5, at the northwest edge of the April 2012 manure application area (looking 

northeast); c. View from inside depression (looking southeast towards the Paris Moraine); d. view from inside 

lowest part of depression after wet weather, showing mudcracks and damp soil (looking east).  Photo credit E. 

Arnaud for photo b. and c.  
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Table 3.1: Crop rotation and liquid swine manure application rates at field A5 in the ten years prior to the study 

period.   

Season Crop Manure application rate (ga/ac) 

Spring 2012 Corn 6500 * 
Fall 2011 Corn 6600 ** 
Spring 2011 Soybeans 0 
Fall 2010 Soybeans 0 
Spring 2010 Winter wheat 0 
Fall 2009 Winter wheat 5400 
Spring 2009 Corn 490 
Fall 2008 Corn 4900 
Spring 2008 Corn 0 
Fall 2007 Corn 5000 
Spring 2007 Winter wheat 0 
Fall 2006 Winter wheat 5000 
Spring 2006 Soybeans 5000 (west half), 2500 (east half) 
Fall 2005 Soybeans 4200 (east half) 
Spring 2005 Corn 0 
Fall 2004 Corn 5200 
Spring 2004 Corn 2500 
Fall 2003 Corn 5000 
Spring 2003 Winter wheat 0 
Fall 2002 Winter wheat 5000 
Spring 2002 Soybeans 0 
Fall 2001 Soybeans 4500 

*The spring 2012 manure treatment was applied only to a 1.6 ha area next to ARS-1A to comply with the 

nutrient management plan (see Figure 3.1). 

**In fall 2011, application on the half of field A5 adjacent to the ARS-1A site was not undertaken until after 

well installation was complete, to avoid contamination during drilling.   
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3.3 Methods 
The ARS-1A site was drilled, continuous core removed and the multilevel well installed on September 18 

and 19, 2011.  Prior to this date, manure had been applied to the far half of field A5 in August 2011, but 

the side adjacent to the drill site was avoided until after well installation was completed, to avoid 

contamination of the subsurface during drilling.  Drilling was carried out using rotosonic drilling in the 

unconsolidated sediments and diamond drilling in the bedrock.  The continuous cores were logged and 

samples were analysed for particle size distribution using sieving and hydrometer analysis (Kroetsch and 

Wang, 2008).  The multilevel well installed was a 7 port Solinst Continuous Multichannel Tubing (CMT) 

well (Einarson and Cherry, 2002), with sand backfilled around the monitoring zones and bentonite 

backfilled between monitoring zones, and above the top monitoring zone to the surface, as seals.  This 

system allows groundwater sampling and monitoring of hydraulic conditions at discrete depths.  

Fractured zones of the bedrock, and unconsolidated sediment zones of different lithologies, which may 

act as aquifers or aquitards, were targeted when locating monitoring intervals in order to capture any 

perched water conditions or changes in hydraulic conditions.  During this study, water was obtained only 

from the deepest two ports, as the others remained dry.  Precipitation data for the study period were 

obtained from the nearby Guelph Turfgrass Institute weather station, 4.5 kilometers away.   

Field sampling of soil, manure and groundwater was undertaken from April 4 to August 13, 2012.  To 

determine background microbial loading in the soil, three soil samples of about 300g each were taken 

from the study field approximately 50 m apart prior to manure application.  These were taken with a 

trowel cleaned with 70% ethanol solution, from the top 15 cm of the soil, and stored in Ziploc bags on ice 

until transferred to a 4°C cooler.  Subsamples of soil were oven-dried to determine soil moisture content. 

Liquid swine manure, sourced onsite at the Arkell Research Station from an open topped circular tank, 

was agitated and surface applied by tanker at a rate of 6500 ga/ac to a four-acre area upgradient of the 

multilevel well (Figure 3.1) on April 9, 2012.  The field had been pre-tilled April 5 and incorporation of 

the manure was performed in the two days following application.   Triplicate manure samples were 

obtained directly from the tanker after application on April 9.  These were kept in sterile polyethylene 

bottles on ice until transferred to a 4°C cooler. 

Two groundwater samples were taken in the week prior to application.  Water samples were then taken 

repeatedly after the application at a rate of two or three times per week in the first four weeks after 

application, then once every one to three weeks.  Water samples were taken from the well ports using 

Teflon coated sample tubing and a peristaltic pump.  Before sampling from each port, two liters of 

deionised water was flushed through the sample tubing, and at least three well volumes were purged from 
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the port to remove stagnant well water and to again flush the sample tubing.  Due to the deep water table, 

water could not be pumped continuously from the well.  Instead, water was pumped into the tubing, 

which was then lifted out of the well to allow that water to be discharged, and this process was repeated 

until adequate volumes were recovered.  To avoid contamination during the process, the lower 2.5 m of 

tubing, which might directly contact the groundwater, were marked, and this tubing was kept inside the 

well during lifting and discharge so it would not contact the ground.  This was cleaned with 70% ethanol 

before insertion into the well and any time it was removed.  Sampled water was kept in a sterile 500 to 

1000 ml polyethylene bottle on ice until transferred to a 4°C cooler. 

Additional groundwater samples were collected from each port on Sept. 30, 2011, Oct. 27, 2011, Apr. 20, 

2012, May 30, 2012, and Aug. 13, 2012 and analyzed for nitrate-N by Maxxam Analytics (Mississauga, 

Ontario), using cadmium reduction to nitrite followed by automated colorimetry (SM 4500 NO3 I; SM 

4500 NO2 B).  Results are reported in mg/L nitrate-N and detection limits were 1-2 mg/L.  A groundwater 

sample was also collected from each port on May 14, 2012 and analyzed for the tritium isotope by the 

University of Waterloo Environmental Isotope Laboratory using enrichment by electrolysis and liquid 

scintillation counting (Taylor, 1977; Packard Instrument Company Inc., 1986).  Results are reported in 

tritium units (TU), with a method detection limit of 0.8 TU and a standard deviation of the mean of 0.3 to 

1.5 TU.   

Soil and manure samples were serially diluted with sterile phosphate buffered saline solution and spread-

plated (Buck and Cleverdon, 1960) on Oxoid CM1038 differential coliform agar.  Water samples were 

analyzed using vacuum filtration (EPA, 2002).  Each water sample was run in triplicate.  For each 

triplicate, 100 ml of sample water were filtered through a sterile, 47 mm, 0.45 µm mixed cellulose ester 

membrane filter (Fisher Scientific) and transferred aseptically to plates containing Oxoid CM1038 

differential coliform agar.  All plates were incubated at 35°C for 24 hours before total coliforms were 

counted and for 48 hours before E. coli were counted.  Plates were periodically re-counted after this 

period to account for slow-growing colonies.  Total coliform colonies appeared pink and E. coli appeared 

blue on the agar plate.  All samples were plated within 24 hours, but issues encountered with too much 

dilution of the April 9 manure samples resulted in re-plating these samples on April 19 after storage in a 

4°C cooler.  Final values are reported as colony-forming units (CFU) per gram of dry soil, CFU per 100 

ml manure and per g dry manure matter, and CFU per 100 ml water.  

To determine whether there were significant changes in the E. coli concentration of each port over time, a 

one-way analysis of variance was performed.  For each port, water sample data was grouped by sample 

date, where each date contained data from three laboratory replicates. The data were not normally 
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distributed, so a non-parametric Kruskal-Wallis test was used (Ramsey and Schafer, 2002).  The test 

assessed whether the differences between the median E. coli concentrations on each date were greater 

than would be expected by random chance.  Tests were performed using GraphPad Prism (version 6.02 

for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). 

 

3.4 Results 

3.4.1 Geological and hydrogeological characteristics 

The continuous sediment core was composed of an upper unit of crudely layered, poorly sorted gravel and 

lower unit of intermediate diamict, with a thin package of sandy diamict coarsening upward to gravel in 

between (Figure 3.3, Figure 3.4, Table 3.2,).  Paleozoic Guelph Formation dolostone bedrock was 

present from 11.6 m below surface to the bottom of the hole at 15.2 m.  Multiple fractures were observed 

in the bedrock core, with iron oxide staining suggesting water flow in six horizontal fractures and one 0.3 

foot (0.1 m) vertical fracture section.   

 

     

 

Figure 3.3: Photos showing typical sediments and bedrock of the ARS-1A core. Left of photos is toward the ground 

surface. a. Poorly-sorted, upper gravel; b. intermediate diamict; c. Fractured dolostone bedrock.  Although the 

diamict matrix is sandy in this area, the presence of mud in contrast to the gravel gives the diamict more cohesion.  

Scale in cm and decimal feet for a. and b., inches and cm for c. 

 

 

http://www.graphpad.com/
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Figure 3.4: Graphic log of sediments in the ARS-1A core.  The inverted triangle signifies the water table.  The 

numbered ranges indicate monitoring zones.  Fractures could not be identified in the upper bedrock due to being 

pulverized during rotosonic drilling. Dotted lines indicate stained fractures in the bedrock.  

 

 

Table 3.2: Particle size fractions from the unsaturated sediments in the ARS-1A core. 

 
Sample centre 
depth (m) 

  Fractions of matrix only  

Unit % Sand % Silt % Clay % Gravel 

2.7 Gravel 59 30 12 50-75 

6.7 Sandy diamict 77 18 5 30 

7.5 Intermediate diamict 51 40 10 10 

9.5 Intermediate diamict 45 32 23 10 
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During nearby piezometer installation in 1980 (Whiteley, 1987), cuttings were interpreted by Bill Clarke 

of the University of Waterloo (personal communication, H.R. Whiteley, 2013).  These records were used 

along with the ARS-1A core to produce a geologic cross-section through the station (Figure 3.5).  

Although classifications are broad and there is sometimes uncertainty between till and sandy gravel, 

possibly due to the very poorly sorted nature of the gravel and the relatively sandy nature of the diamict in 

this area, this cross-section provides some geologic context for the area.  Sediments are typically sand and 

gravel at the ground surface, with some occurrence of mud or diamict.  There is often a basal diamict 

present, but this appears to be discontinuous in places (Figure 3.5).  A GPR survey carried out on the 

front slope of the moraine, at the southeast edge of the station 400 m away from ARS-1A, was interpreted 

as showing stacked fans of sediment laid down by debris flows or water flows, sometimes interrupted by 

channelized flows, overlying a more homogeneous layer interpreted to be till (Sadura et al., 2006).   

 

 

Figure 3.5: Geologic cross-section through the Arkell Research Station (see Figure 3.1 for location).  Based on 

unpublished data associated with reports by Hugh Whiteley (1982, 1987).  The P12 core is considered part of the 

Paris Moraine rather than the outwash sediments.  Note the rolling topography across the site. Vertical exaggeration 

is 25x.  
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The water table was deep, at 12.9 to 13.2 meters below surface during the study period.  Water was 

present only in port 6 and 7 and had a downward gradient between these two monitoring zones.  A 

bedrock corehole 500 m away showed very high transmissivity due to fracture flow in the upper 

dolostone (Opazo Gonzalez, 2012).  Although no hydraulic testing was performed at the ARS-1A site, 

during drilling, about 1000 gallons of drilling water were quickly lost in the top several feet of bedrock 

while trying to cool the barrel, suggesting rapid fracture flow in the upper, unsaturated bedrock.  Tritium 

concentrations of 19-20 TU in water samples from ARS-1A indicates modern groundwater, recharged 

later than 1952.   

Water elevations measured in the two monitoring zones (Figure 3.6) generally decline over the study 

period, with the exception of a small increase in the second half of June.  This slight increase is possibly 

related to a relatively wet June following an unusually dry spring (Environment Canada, 2013a).  

Otherwise, water elevations do not show any immediate response to rain events (Figure 3.6).   

 

 

Figure 3.6: Daily precipitation and water elevations in ARS-1A.  Precipitation data was obtained from the Guelph 

Turfgrass Institute weather station maintained by Environment Canada (<5 km away from the site) (Environment 

Canada, 2012).   

  

0

10

20

30

40

50327.4

327.6

327.8

328.0

328.2

328.4

328.6

01-Apr-12 01-May-12 01-Jun-12 01-Jul-12 01-Aug-12

2
4

-h
o

u
r 

p
re

ci
p

it
at

io
n

 (
m

m
) 

W
at

er
 e

le
va

ti
o

n
 (

m
.a

.s
.l.

) 

Precip Port 6 Port 7



78 
 

3.4.2 Microbiological and geochemical characteristics 

Field soil collected prior to the April 2012 manure application had an average of 4.6 × 10
3 
CFU / g total 

coliforms and 3.8 × 10
3 
CFU / g E. coli (Table 3.3), showing a clear presence of these indicators even 

with no manure applications since September 2011.  The sample of liquid swine manure contained 6.6 × 

10
4
 CFU / 100 ml total coliforms and 4.6 × 10

4
 CFU / 100 ml E. coli.   

 

Table 3.3: E. coli and total coliform concentration in samples of liquid swine manure and in soil.  Soil numbers are 

indicative of conditions prior to the April 9 manure application.   

  E. coli Total Coliforms (not including E. coli) 

 n Mean Std. dev. Mean Std. dev. 

Soil 
(8-Apr-2012) 

3 3.8 × 10
3
 CFU/g  1.5 × 10

3
 CFU/g  4.6 × 10

3
 CFU/g  3.0 × 10

3
 CFU/g  

Manure 
(9-Apr-2012) 

3 
4.6 × 10

4 
CFU/100 ml 

6.4 × 10
4
 CFU/g  

1.9 × 10
4 

CFU/100 ml 
2.6 × 10

4 
CFU/g  

6.6 × 10
4 

CFU/100 ml 
9.3 × 10

4 
CFU /g  

2.3 × 10
4 

CFU/100 ml 
3.3 × 10

4 
CFU/g  

CFU = colony forming units.  CFU/g is based on dry weight. 

 

E. coli were detectable in all groundwater samples collected over the study period (Figure 3.7, Table 

3.4).  Total coliforms (besides E. coli) were rarely detected, and counts were below 5 CFU/100 ml when 

present, so no further analysis of the data was performed for total coliforms (see Appendix I for full 

microbiological results).  The low counts could have resulted from competition with other 

microorganisms (LeChevallier and McFeters, 1985).  Unidentified heterotrophic bacteria, which appeared 

clear or white, were present on all plates.   

Based on the Kruskal-Wallis test (Ramsey and Schafer, 2002), there were significant differences among 

the median E. coli concentrations over the sample dates (p-value < 0.0001) for port 6 and for port 7.  This 

indicates that there were significant changes in the E. coli concentrations over the study period which 

were not accounted for by the variations within each water sample.  Over the five month study period, the 

E. coli concentrations exhibited a period of variable, but elevated levels beginning between Apr. 11 and 

13, one week after the manure treatment, and ending between May 14 and 23, five to six weeks after the 

treatment.  This elevated concentration is more pronounced in Port 7, as there were several dates with low 

concentrations observed in Port 6 during this time period.  Before and after this elevated period, 

concentrations tend to be under 60 CFU/100 ml, including the two dates before manure application.  

Thus, there appears to be a “background” concentration of E. coli that is not related to the April 2012  
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Figure 3.7: E. coli concentrations in multilevel well samples with daily precipitation.  Error bars represent the 

standard deviation of lab triplicates for each sample.  Asterisks indicate concentrations above the upper detection 

limit, 300 CFU / 100 ml.  Precipitation data was obtained from the Guelph Turfgrass Institute weather station 

maintained by Environment Canada (<5 km away from the site) (Environment Canada, 2012).  The hatched bar 

indicates both the timing and the precipitation equivalent volume of the liquid swine manure application. 

 

manure treatment.  An exception is the sample taken on July 20, which contains relatively high levels of 

E. coli (approximately 110 CFU/100 ml in each port).  Precipitation also does not appear to correlate with 

E. coli concentrations (Figure 3.7).   

Nitrate-N concentrations over the five-month study period varied between 13 and 14 mg/L in port 6, and 

between 14 and 17 mg/L in port 7, with no clear trends over time.  These concentrations were consistently 

elevated above the 10 mg/L drinking water maximum allowable concentration (Health Canada, 2012). 
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Table 3.4: E. coli concentrations in groundwater samples.   

  Port 6                Port 7 

 
CFU/100 ml                 CFU/100 ml 

Date and time sampled  n Mean Std. dev.  n Mean Std. dev. 

04-Apr-12 12:00 PM 3 36 7 3 33 6 

08-Apr-12 3:30 PM 3 30 13 3 56 3 

09-Apr-12 9:30-11:30 AM – liquid swine manure application on field   

09-Apr-12 8:30 PM 3 17 0 3 13 6 

11-Apr-12 11:00 AM 3 4 1 3 9 2 

13-Apr-12 11:00 AM 3 19 3 3 11 0 

16-Apr-12 12:00 PM 3 >300*   3 >300*   

18-Apr-12 6:30 PM 3 24 4 3 138 4 

20-Apr-12 12:00 PM 3 14 3 3 198 44 

23-Apr-12 2:30 PM 3 2 3 3 31 6 

25-Apr-12 10:00 AM 3 20 8 3 135 37 

28-Apr-12 5:30 PM 3 168 14 3 >300* 
 

01-May-12 3:00 PM 3 20 2 3 6 2 

04-May-12 10:30 AM 3 186 23 3 29 3 

08-May-12 1:00 PM 3 90 18 3 131 30 

14-May-12 4:30 PM 3 149 35 3 212 18 

23-May-12 4:30 PM 3 14 4 3 7 4 

30-May-12 7:00 PM 3 14 2 3 9 7 

04-Jun-12 12:00 PM 3 4 2 3 3 2 

22-Jun-12 4:00 PM 3 17 8 3 34 23 

03-Jul-12 9:00 AM 3 15 3 3 10 2 

20-Jul-12 5:00 PM 3 109 10 3 111 7 

27-Jul-12 4:00 PM 3 18 6 3 20 2 

13-Aug-12 2:00 PM 3 45 6 3 17 2 

CFU, colony forming units.  

“n” and the standard deviation refer to lab triplicates analyzed from the same field sample.   

* Samples with all three lab triplicates having a concentration above the maximum detection limit of 300 

CFU / 100 ml.    
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3.5 Discussion 
Data from the ARS-1A multilevel well show the presence of E. coli contamination throughout the entire 

study period.  Although concentrations are variable between sample dates, a common observation in 

groundwater studies (Levison and Novakowski, 2009; Vanderzaag et al., 2010; Kozuskanich et al., 2011), 

there is a time frame of particularly elevated concentrations beginning one week after the manure 

application and continuing for one month.  These results suggest both a persistent source of background 

E. coli, and a temporary source for increased contamination.  Preferential flow paths may be present at the 

Arkell Research Station enabling the fast transport of bacteria from the surface to the groundwater.  These 

pathways could include macropore flow in the soil profile, depression focussed infiltration, 

interconnecting layers of coarse sand or gravel deposits providing a more permeable route to the bedrock, 

fracture flow within finer grained diamict or mud beds, and fracture flow upon reaching the dolostone 

bedrock. 

Populations of coliforms and E. coli were found in the field soil, and E. coli in the groundwater, before 

the manure application in 2012.  With the preceding manure application in field A5 occurring in August 

and September, 2011, these data suggest that these populations have survived over eight months in the 

soil or originate from a more recent source such as wildlife (Somarelli et al., 2007).  E. coli has been 

observed to survive in soil for several months, and even replicate there (Oliver et al., 2005; Zaleski et al., 

2005; Lang and Smith, 2007; Brennan et al., 2010).  Populations that adapt to and replicate in the soil 

environment are said to be “naturalized” (Ishii et al., 2006).  The high nutrient and carbon content of 

agricultural soil may provide a good environment for survival or replication (Vanderzaag et al., 2010).   

The temporary appearance of elevated concentrations of E. coli in the groundwater suggests a response to 

a particular input of bacteria rather than the presumably more consistent effect of wildlife and soil 

populations.  In a large scale survey of rural domestic well water, fecal coliforms including E. coli were 

under 70 CFU / 100 ml, and 90% of samples were under 21 CFU / 100 ml (Goss et al., 1998).  This 

suggests that the elevated concentrations detected in this study, 60 to over 300 CFU / 100 ml, are unusual 

and likely originate from a specific contamination source.  Apart from the local manure applications, 

there are farms on the northeast side of field A5 approximately 400 m away situated on similar glacial 

outwash materials.  Farms and houses are also located approximately 900 m to the southwest on the Paris 

Moraine, where the unsaturated zone is expected to be 10 to 20 m thicker and thus transport to 

groundwater is expected to be more difficult.  In previous work, mapping of groundwater nitrate 

concentrations has shown that nitrate likely originates within the Arkell Research Station boundaries 

(Opazo Gonzalez, 2012), and it is reasonable that related contaminants like manure bacteria originate here 

as well.  The modern recharge indicated by high tritium concentrations in ARS-1A also supports fast 
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infiltration of precipitation to the water table.  In this preliminary study, tracer tests were not carried out to 

confirm the origin of groundwater bacteria; this would be a useful area of future work.  However, given 

the timing of the elevated concentrations in ARS-1A soon after the local manure application, the local 

application is the most likely source of this contamination.  

Considering the surficial manure application as the most likely source of elevated E. coli concentrations, 

manure or bacteria-contaminated water would have to infiltrate the thick unsaturated zone to reach the 

groundwater.  Using sediment texture, organic matter content and gravel content of the ARS-1A 

continuous core, the field capacity moisture content of each sediment layer can be estimated using a 

modelling program such as SPAW (Soil-Plant-Air-Water, Saxton and Rawls, 2006; Saxton et al., 2006).  

Using a depth-averaged moisture content value and average infiltration rates for Guelph (Fallow et al., 

2003), the equation for unsaturated zone advection time (UZAT) (Technical Experts Committee, 2004) 

was used to estimate the average time of travel for bulk matrix water to move from the surface at ARS-1A 

to the top of the bedrock.   

     (    )    
                        

                  
  

Although there are several assumptions made in this calculation, it does provide a first order estimate of 

travel time that can provide context in the analysis of contaminant transport.  Using these calculations, the 

bulk matrix water would take seven years to travel through the ARS-1A sediment core, or almost four 

years if the core was entirely coarser, sandy diamict with the characteristics found in the ARS-1A sandy 

diamict layer.  If water moved through the unsaturated zone by matrix flow alone, a much greater amount 

of filtration and die-off would be expected over these time scales resulting in more consistent, lower, or 

non-detectable E. coli concentrations.  Thus, preferential pathways enabling faster transport of water from 

the surface must be present to produce the elevated concentrations of E. coli found in this study. 

The first type of preferential flow likely encountered by freshly applied manure bacteria is within the soil 

profile.  Soil macropores can be formed by earthworm or other animal burrows, channels left by decaying 

roots, or spaces between soil aggregates (Jarvis, 2007).  Macropore transport of fecal bacteria has been 

observed at the Arkell Research Station to a depth of 0.75 m, and this macropore flow can be initiated by 

as little as 2 mm of precipitation (Unc, 1999).  The application of liquid swine manure as opposed to solid 

manure results in significantly greater depths and transport speeds reached by manure bacteria (Unc and 

Goss, 2003).  In this study, the liquid swine manure application volume was an equivalent of 6 mm of 

precipitation, and the first spike in E. coli concentration occurred one week later after a 3.4 mm rainfall.  

These additions of water would promote the downward movement of manure bacteria.  There was no 
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clear correlation of precipitation with groundwater E. coli concentrations over the study period (Figure 

3.7), as is often observed in tile drainage (Natsch et al., 1996; Oliver et al., 2005; Ball Coelho et al., 2007; 

Brennan et al., 2010), but this is reasonable considering the increased depth to groundwater and the 

heterogeneity of the unsaturated zone at this site.  Bacteria would need to follow more complex pathways 

to reach the groundwater than migration through the soil profile alone. 

One phenomenon that could enhance the infiltration of bacteria-containing water is concentrated 

infiltration or depression focussed recharge.  This refers to greater volumes and rates of infiltration 

occurring at areas of lower elevation, especially when ponding occurs, and has been observed on a wide 

range of scales, from microtopographical elevation differences at the centimeter scale (Schuh et al., 1993) 

to depressions 100 m wide but under one meter deep (Derby and Knighton, 2001).  The study field is 

gently rolling (Figure 3.2) with small hills and swales.  There is one particularly noticeable depression 

approximately 10 m wide, which is located at one edge of the manure-applied area, and has been 

observed at times to have damp soil with visible mud cracks (Figure 3.2d) where the surrounding area of 

the field is coarser textured and drier, suggesting a greater amount of infiltration.  Small areas of ponding 

were also observed in the field in the one to two hours after the liquid manure application, particularly in 

the tracks of the manure tanker.  These factors could contribute to a faster than expected downward 

migration of water containing manure bacteria. 

Below the soil and deeper in the unsaturated zone, a factor likely to influence infiltration is the subsurface 

geology.  The Arkell Research Station is situated on glaciofluvial deposits including and adjacent to the 

outwash fan of the Paris Moraine.  These are spatially heterogeneous (Figure 3.5) and typically coarse, 

dominated by sands, gravels and diamict likely laid down by meltwater in sheet flows, channelized flows 

and debris flows (Sadura et al., 2006).  Heterogeneous layers within glacial outwash deposits, with 

varying texture between finer, more poorly sorted diamict and coarser sand or gravel, can affect saturated 

and unsaturated flow paths through the sediment, especially if the more permeable deposits are 

interconnected, as they can then function as preferential flow paths (Anderson et al., 1999; Iversen et al., 

2008).  The finer-grained basal diamict found in ARS-1A and frequently found throughout the station 

might be expected to slow infiltration.  However, this does not appear to be the case, given the deep water 

table and the lack of any perched water tables detectable in the upper ARS-1A ports.  Combined with the 

lack of runoff from the field, this supports the idea that infiltrating water leaches through the unsaturated 

overburden with relative ease.  The basal diamict appears to be discontinuous, and as a result, infiltrating 

water may be able to bypass this less transmissive layer by travelling through coarser sediments.  Bacteria 

may have flushed through particularly coarse and more permeable units nearby to reach the bedrock, 

especially at times with high infiltration rates.   
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An alternative explanation for fast water movement despite the presence of finer-grained diamict is the 

potential for fractures within the diamict acting as preferential flow paths.  Surficial, clay-rich tills can 

exhibit fracturing that can extend to 10 m depth, and these may not be visible to the naked eye or 

intercepted by core drilling (Ruland et al., 1989).  In a highly fractured zone, saturated transport of 

bacteriophage reached 2 to 5 m/day (Mckay et al., 1993).  Tills are diamict that were deposited directly by 

ice, and thus experienced stress from ice loading and a release of pressure with the removal of the ice, 

which is one cause of fracturing (Grisak and Cherry, 1975; Harrar et al., 2007).  The most likely mode of 

deposition for the Arkell diamicts is from debris flows, based on the lack of overconsolidation in the core 

and the moraine outwash fan environment, so this diamict may never have been overridden by ice.  

However, other causes for fracturing, such as freeze-thaw cycles, wetting and drying, and water chemistry 

changes (Grisak and Cherry, 1975; Harrar et al., 2007), could occur at this site, considering the climatic 

changes and the shift from the cold, wet, meltwater dominated fluvial environment that existed during the 

formation of the Paris Moraine to the dry vadose zone observed today.  The basal diamict in ARS-1A has 

a clay fraction of 10-23% compared to more clay-rich fractured tills that have 25-45% clay (Mckay et al., 

1993).  However, fracturing was observed in till with only 10-15% clay and attributed to shearing from 

glacial advance, subglacial loading, and drying-wetting or freeze-thaw cycles (Harrar et al., 2007).  

Leakage through buried till layers possibly due to fracturing has been observed in the Northern Till of the 

Oak Ridges Moraine system in Ontario (Gerber et al., 2001; Meriano and Eyles, 2003), which has an 

average clay content of 15% (Boyce and Eyles, 2000).  With the presence of multiple diamict beds and 

occasional mud beds, fracture flow enhancing infiltration is a possible factor at the Arkell Research 

Station. 

Upon reaching the unsaturated bedrock surrounding the ARS-1A well, infiltrating water is expected to 

move relatively quickly through fractures in the rock.  The Guelph formation dolostone was found to have 

a high transmissivity at another site 500 m away (Opazo Gonzalez, 2012), and drilling water was rapidly 

lost at this depth during drilling.  In the saturated zone, complex fracture flow could be responsible for the 

slightly different pattern of E. coli concentrations in the two monitoring zones despite the short distance 

between them (Levison and Novakowski, 2012).  

Despite the frequency of fecal indicator contamination in domestic wells (Goss et al., 1998), in-situ, field 

scale research into bacterial transport beyond the depth of the soil profile or tile drains is uncommon.  

Specifically, there has been little work done regarding bacterial movement through a thick vadose zone to 

groundwater.  Often, the processes of straining, filtration and adsorption, combined with bacterial die-off, 

are considered to be highly effective (Bradford et al., 2013), and assumed to mitigate the threat of 

bacterial contamination.  However, it is clear from this study that fecal bacteria can contaminate bedrock 
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aquifers even when these are overlain with relatively thick unsaturated sediments.  Because this was a 

pilot study, tracer application or replicate sites were not part of the study design and multiple years of 

monitoring were not possible.  Tracer experiments and long term monitoring would be useful to confirm 

the source of the bacteria observed in the Arkell Research Station groundwater.  However, the presence of 

high levels of E. coli in the Guelph Formation is cause for concern even if they originate from other areas.  

Once present in the fractured rock system, fecal pathogens could be taken up by city or private pumping 

wells.  Further research should be done at this site to confirm the source of this contamination and to 

investigate the mechanisms that allow movement through the vadose zone. 

 

3.6 Conclusions 
Persistent E. coli contamination was observed in the upper, unconfined Guelph Formation groundwater at 

this site, both before and after a local liquid swine manure application.  There appears to be a consistent 

source of low levels of E. coli, which could be a naturalized population reproducing in the nutrient-rich 

soil or cells that have survived in the vadose zone from past, repeated manure treatments.  With sharply 

elevated concentrations appearing one week after application, there is also evidence for quick transport of 

bacteria from the surface through preferential flow paths.  It appears that contamination reaches the water 

table with relative ease despite the depth of the unsaturated zone and the common, though discontinuous, 

presence of diamict above bedrock.  Macropore flow through the soil horizon has been observed at this 

site, and other processes may be at play allowing for fast transport through the deeper unconsolidated 

sediments.  These could include depression-focussed infiltration from the rolling surficial topography, 

interconnection of particularly coarse outwash sediment beds, or fracture flow through finer-grained units.  

Although further work should be undertaken to confirm the surficial source of E. coli at depth, the high 

concentrations of E. coli observed here are a cause for concern regardless of their source, as they could 

pose a threat to local drinking water resources or indicate contamination by other fecal pathogens. 
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4 Conclusions 
The goal of this thesis was to investigate the distribution of non-point source contaminants at depth in the 

Guelph area, and how this is affected by land management and the nature of Quaternary glacial sediments 

in the subsurface.  High resolution geologic data were gathered through continuous cores, and 

groundwater data were gathered through wells with discrete, multilevel monitoring zones.  Three sites 

were characterized with respect to the distribution and influencing factors of nitrate at depth over one 

year, and one site was monitored for E. coli contamination over a period of five months. 

While nitrate distributions appeared to reflect land management practices, they were strongly influenced 

by hydrogeologic and geochemical conditions arising from the sedimentary setting of the sites.  Layering 

over depth, and lateral heterogeneity, of geologic units with contrasting permeability affected infiltration 

rates through the unsaturated zone and flow paths and rates in the saturated sediment.  In turn, this 

influenced the presence of dissolved oxygen, one major control on denitrification.  The provision of 

electron donors for oxidation, which deplete oxygen in groundwater and are used for denitrification itself, 

was also affected both by surficial geology and the geologic substrate at depth.   

Much research has been done into nitrate transformations that can occur in groundwater, but their 

occurrence depends upon local geochemical factors.  Although comparison cannot be drawn directly 

between these contrasting sites, an examination of a variety of settings can help elucidate the controls on 

nitrate at depth and their relative importance in different settings.  The Quaternary sediments included in 

this study are common throughout the Guelph area and throughout many other communities in southern 

Canada, and the results of this research can be used as a basis for further work into geochemical processes 

in local unconsolidated sediments and elsewhere with similar geologic features.   

Persistent E. coli contamination was observed within the unconfined, upper Guelph Formation at the 

Arkell Research Station.  Particularly elevated levels were observed one week after a surficial treatment 

of liquid swine manure, with a decline to lower levels after approximately one month.  This suggests the 

existence of preferential flow paths through the thick, unsaturated outwash sediments, as well as a 

consistent background source of E. coli, such as naturalized populations in the soil.  Mechanisms for 

preferential flow could include soil macropore flow, depression focused infiltration, interconnected coarse 

sediment units, or fractures within finer units.  The presence of high concentrations of E. coli within the 

fractured bedrock is cause for concern and further investigation, as this could pose a threat to nearby 

drinking water sources.   

Further work at these sites can be undertaken to more fully explain the results of this pilot study.  More 

specific groundwater dating techniques would confirm the general age ranges implied by tritium levels.  
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This would provide further information about the rate of transport through the vadose zone at the Arkell 

Research Station, and transport through the unconsolidated sediments to bedrock at the Vance Tract.  It 

could also help assess the impact of changing management practices at the Turfgrass Institute, by 

confirming whether the switch to treed intercropping resulted in the decreased nitrate observed near the 

water table relative to slightly deeper water.  Isotopic work at the Turfgrass institute could also confirm 

the source of nitrate and the occurrence of denitrification at depth.  Elsewhere at the Arkell Research 

Station, isotopic work and mapping has shown that nitrate likely originate from manure treatments on-site 

(Opazo Gonzalez, 2012), but to build on this, future work should include surface application of tracers 

and monitoring in piezometers.  This could confirm whether nitrate and E. coli contamination originates 

locally, and provide more data to investigate the mechanisms of preferential flow.   

Since the City of Guelph and surrounding area are reliant on groundwater, and experiencing continued 

population growth and expansion, it is crucial not only to find clean groundwater sources but to prevent 

contamination from occurring today that will eventually make its way into productive bedrock aquifers.  

Groundwater protection should include determining the extent to which the local unconfined overburden 

or upper bedrock aquifers are currently being contaminated, and both the source and fate of that 

contamination.  High-resolution coreholes and multilevel monitoring wells such as those used in this 

study contribute valuable data to modeling efforts that otherwise depend upon less reliable sources like 

domestic water well databases.  Further high-quality data collection onsite and in other similar settings 

can build upon and verify the trends observed here in order to better predict the risk of non-point source 

pollution to local bedrock aquifers.  Geological logging and discrete multilevel monitoring are an 

effective combination to characterize the conditions and processes occurring within these heterogeneous 

glacial settings, which are widespread in the Guelph area and beyond. 
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Appendix A: Dates of field activities for Chapter 2 
 

Table A1: Dates of initial field activities at each site.   

Site Date Activity 

ARS-1A 12-Sep-2011 Drilling 
 13-Sep-2011 CMT construction and installation 
   
TGI-1A 14-Sep-2011 Drilling 
 15-Sep-2011 CMT construction 
 16-Sep-2011 CMT installation 
   
VAN-1A 17-Oct-2011 Drilling 
 18-Oct-2011 Drilling 
 19-Oct-2011 CMT construction and installation 
 20-Oct-2011 Finished CMT installation 

CMT = continuous multichannel tubing (monitoring well). 

 

Table A2: Dates of water geochemistry sample campaigns.  Environmental isotope samples 

were taken during the spring campaign unless otherwise noted. 

 Fall 2011 campaign Spring 2012 campaign Summer 2012 campaign 

ARS-1A Oct. 27, 2011 Apr. 20, 2012* Aug. 13, 2012 

TGI-1A Oct. 28-30, 2011 May 16-17, 2012 Aug. 13-15, 2012 

VAN-1A Dec. 10-11, 2011 May 29-30, 2012 Aug. 22-23, 2012 

*Environmental isotope samples collected May 14, 2012. 
Additional ARS-1A campaigns for nitrate: Sept. 30, 2011; May 30, 2012. 
Additional TGI-1A campaign for tritium: Apr. 17, 2013. 
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Appendix B: Well construction data 
 

CMT monitoring wells were constructed by academic field personnel including the author and 

were installed by Underground Sonic Drilling Services Inc. (Orillia, Ontario).  Tag line 

measurements during installation and backfilling were taken to the nearest inch or to the nearest 

0.1 foot. 

 

Table B1: Monitoring intervals for ARS-1A.  Ground surface elevation: 341.35 masl. 

 
Designed As built 

  
Design depth from 
ground surface (ft) 

Depth from ground 
surface (ft) 

Depth from ground 
surface (m) Elevation (masl) 

Port 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

1 18.0 24.1 17.8 24.0 5.43 7.33 335.92 334.02 

2 26.1 28.0 26.1 28.0 7.95 8.53 333.40 332.82 

3 31.2 33.0 31.2 32.8 9.50 10.01 331.85 331.34 

4 38.6 35.8 34.5 35.8 10.52 10.92 330.84 330.43 

5 37.1 41.1 37.1 41.2 11.29 12.54 330.06 328.81 

6 42.6 45.8 42.5 45.8 12.96 13.95 328.39 327.40 

7 48.8 50.0 48.8 50.1 14.87 15.27 326.48 326.08 

 

 

Table B2: Monitoring intervals for TGI-1A.  Ground surface elevation: 342.96 masl. 

 
Designed As built 

  
Design depth from 
ground surface (ft) 

Depth from ground 
surface (ft) 

Depth from ground 
surface (m) Elevation (masl) 

Port 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

1 19.0 24.0 19.0 23.0 5.79 7.01 337.17 335.95 

2 34.8 37.8 34.8 37.1 10.61 11.31 332.35 331.65 

3 44.0 46.1 44.0 46.1 13.41 14.05 329.55 328.91 

4 54.0 56.0 53.8 56.0 16.40 17.07 326.56 325.89 

5 59.0 60.7 59.0 60.7 17.98 18.50 324.98 324.46 

6 62.6 66.8 62.6 66.0 19.08 20.10 323.88 322.86 

7 70.1 73.9 70.1 73.9 21.35 22.51 321.61 320.45 

  



100 
 

Table B3: Monitoring intervals for VAN-1A.  Ground surface elevation: 330.00 masl. 

 
Designed As built 

  
Design depth from 
ground surface (ft) 

Depth from ground 
surface (ft) 

Depth from ground 
surface (m) Elevation (masl) 

Port 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

Top of 
monitoring 

interval 

Bottom of 
monitoring 

interval 

1 44.0 48.0 43.1 48.3 13.13 14.73 316.87 315.27 

2 58.0 60.5 55.2 60.7 16.82 18.49 313.18 311.51 

3 68.0 73.0 67.7 72.9 20.63 22.23 309.37 307.77 

4 77.0 80.2 77.1 79.9 23.48 24.35 306.52 305.65 

5 90.0 95.0 90.0 95.6 27.43 29.14 302.57 300.86 

6 100.0 105.0 100.0 103.5 30.48 31.55 299.52 298.45 

7 113.0 118.0 112.8 118.0 34.39 35.97 295.61 294.03 
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Appendix C: Particle size analysis methodology details 
 

Particle size analysis procedure.  All weights were recorded to 0.01 g.   

1. Sample preparation: if sample is wet, air-dry. If sample is consolidated, carefully crush with a 

mortar and pestle with an up-and-down motion into < 10 mm pieces.  Remove obvious gravel 

clasts. 

2. Riffle sample to obtain a subsample of about 100 g, if sandy, or about 40 g, if muddy.  Place in a 

pre-weighed tray. 

3. Dry overnight at 105°C and weigh subsample in tray. 

4. Soak overnight in 100 ml of 50 g/L sodium metaphosphate solution. 

5. Add sample, with 300 ml DI water, to a mixing cup and mix in electric mixer for 5 minutes. 

6. Wash contents of cup through a 45 µm sieve, within a large funnel inserted into a 1000 ml 

cylinder. 

7. Wash sieve with DI water until water running out looks clear, and rinse funnel into cylinder. 

8. Rinse retained sand from sieve and into a pre-weighed tray. 

9. For the sand fraction: 

a. Dry overnight at 105°C and weigh sample in tray. 

b. Clean and check sand sieves for tears. 

c. Record the weight of each clean sieve to 0.01 g. 

d. Assemble sieve stack, add sample, and shake for 10 minutes. 

e. Weigh each sieve with retained sand.  Weigh the gravel sieve as well, so any remaining 

gravel clasts can be removed from total sample mass. 

f. Carefully add any silt collected at bottom of stack to the corresponding 1000 ml cylinder. 

g. Calculate each sand fraction with the following equation: 

 

     (       )      
                                                  

                                                 
 

10. For the mud fraction: 

a. Add DI water to the 1000 ml mark on the sample cylinder. 

b. Set up a blank cylinder by combining 100 ml of 50 g/L sodium metaphosphate solution 

and 900 ml DI water and mix. 

c. Mix sample cylinder thoroughly with plunger, using an up-and-down and twisting motion, 

throughout cylinder, avoiding splashing at the surface. 

d. Record the time when mixing rod is removed. 

e. After seven hours, carefully insert hydrometer and take reading to 0.1 g/L. 

f. Insert clean hydrometer into blank cylinder and measure blank value. 

g. Calculate fractions of clay and silt using the following equations: 

 

           
(                            )

                                                 
 

                 ( )                                                                  

                                                                 

            
                 (                            )
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Table C1: Particle size fractions and methods of analysis.  *Gravel sieve was not used to 

quantify gravel content but to ensure that no gravel was included in the very coarse sand 

fraction. 

Wentworth size 
class 

Sieve mesh size 
Range in particle 
size (mm) 

Range in 
particle size 
(Φ units) 

Method of 
analysis 

Gravel 2 mm (No. 10)* Over 2 mm < -1.0 Visual estimate 

Very coarse sand 1 mm (No. 18) 1 – 2  -1.0 – 0 

Dry-sieving 

Coarse sand 0.5 mm (No. 35) 0.5 – 1 0 – 1 

Medium sand 0.25 mm (No. 60) 0.25 – 0.5 1 – 2 

Fine sand 0.125 mm (No. 120) 0.125 – 0.25 2 – 3 

Very fine sand 0.063 mm (No. 230) 0.063 – 0.125 3 – 4 

Silt (all sizes)  0.0039 – 0.063 4 – 8 
Hydrometer 

Clay  Below 0.0039 mm 8 – 14 
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Appendix D: Full data – Particle size analysis 
 

Particle size analyses were carried out by the author in the School of Environmental Science glacial geology lab. 

 

Table D1: Particle size analysis results for ARS-1A.  Samples were centered around the reported depth and typically spanned 0.5 

feet (0.15 m)of core.  See Figure 2.9 for diamict classification scheme. 

   
Percentage of matrix (phi range, Wentworth size class) 

  

   
-1 to 0 0 to 1 1 to 2 2 to 3 3 to 4 4 to 8 > 8 

Visually 
estimated 

gravel 
(%) 

 

Sample ID 
Depth 

(ft) 
Depth 

(m) 

Very 
coarse 
sand 

Coarse 
sand 

Medium 
sand 

Fine 
sand 

Very 
fine 

sand Silt Clay Classification 

ARS-5 8.8 2.69 16 11 8 9 14 30 12 75 gravel 

ARS 22 22.0 6.71 12 12 30 15 7 18 5 30 silty sand 

ARS-12 24.5 7.48 5 5 8 14 19 40 10 10 clast-rich intermediate diamict 

ARS-15 31.2 9.51 4 5 7 13 17 32 23 10 clast-rich intermediate diamict 
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Table D2: Particle size analysis results for TGI-1A.  Samples were centered around the reported depth and typically spanned 0.5 feet 

of core.  See Figure 2.9 for diamict classification scheme. 

   
Percentage of matrix (phi range, Wentworth size class) 

  

   
-1 to 0 0 to 1 1 to 2 2 to 3 3 to 4 4 to 8 > 8 

Visually 
estimated 

gravel 
(%) 

 

Sample ID 
Depth 

(ft) 
Depth 

(m) 

Very 
coarse 
sand 

Coarse 
sand 

Medium 
sand 

Fine 
sand 

Very 
fine 

sand Silt Clay Classification 

TGI-1 1.4 0.41 5 4 6 12 17 45 11 25 soil - loam 

TGI-3 3.8 1.14 5 4 6 12 16 40 17 10 clast-rich intermediate diamict 

TGI-7 16.7 5.08 8 8 8 14 15 35 12 15 clast-rich intermediate diamict 

TGI-8 19.3 5.87 1 3 15 41 21 15 4 0 silty sand 

TGI-10 26.9 8.19 4 4 6 10 14 35 26 10 clast-rich intermediate diamict 

TGI-12 35.5 10.81 3 3 5 8 15 51 15 25 clast-rich intermediate diamict 

TGI-13 40.0 12.18 1 1 2 3 10 68 15 2 clast-poor muddy diamict 

TGI-15b 44.8 13.64 0 0 0 12 60 25 3 0 silty sand 

TGI 52.5 52.5 16.00 3 3 3 4 6 61 21 2 clast-poor muddy diamict 

TGI-17 56.5 17.21 1 2 2 4 6 45 40 5 clast-poor muddy diamict 
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Table D3: Particle size analysis results for VAN-1A.  Samples were centered around the reported depth and typically spanned 0.5 

feet of core.  See Figure 2.9 for diamict classification scheme. 

   
Percentage of matrix (phi range, Wentworth size class) 

  

   
-1 to 0 0 to 1 1 to 2 2 to 3 3 to 4 4 to 8 > 8 

Visually 
estimated 

gravel 
(%) 

 

Sample ID 
Depth 

(ft) 
Depth 

(m) 

Very 
coarse 
sand 

Coarse 
sand 

Medium 
sand 

Fine 
sand 

Very 
fine 

sand Silt Clay Classification 

VAN 1.1 1.3 0.40 7 7 9 15 15 35 12 40 soil - sandy loam 

VAN-5.7 6.0 1.81 10 10 11 14 14 31 9 25 clast-rich intermediate diamict 

VAN 26.8 27.1 8.24 19 25 19 10 7 15 7 50 gravel 

VAN-31 31.3 9.53 8 9 11 16 19 29 8 25 clast-rich intermediate diamict 

VAN 35 35.0 10.67 12 15 19 15 12 22 5 50 gravel 

VAN 39.7 40.0 12.19 12 13 13 14 12 21 15 50 gravel 

VAN 58b 58.2 17.74 3 23 41 14 13 4 3 0 sand 

VAN 63.2 63.5 19.35 1 1 2 9 13 64 12 0 sandy silt 

VAN 70.5 70.8 21.56 0 0 1 22 33 31 13 0 silty sand 

VAN 76.4 76.6 23.35 1 1 1 1 3 57 37 0 mud 

VAN 79b 79.3 24.17 7 43 31 9 2 6 2 0 sand 

VAN 92.5b 92.7 28.25 0 3 14 59 19 4 0 0 sand 

VAN 
102.8b 

102.9 31.36 0 3 35 52 7 3 0 5 sand 

VAN 107.3 107.5 32.77 0 0 0 0 10 87 3 0 sandy silt 

VAN 
116.4b 

116.7 35.57 18 31 23 13 6 8 2 10 sand 

VAN 118.2 118.5 36.10 4 5 7 12 17 34 22 5 clast-poor intermediate diamict 
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Appendix E: Full data – Environmental isotopes 
 

Environmental Isotope analyses were carried out by the University of Waterloo Environmental 

Isotope Laboratory. 

 

Table E1: Environmental isotope results.  

  δ18O δ2H 3H 

  ‰ VSMOW ‰ VSMOW TU 

ARS-1A-p6 -11.5 -76.8 19.7 

ARS-1A-p7 -11.5 -75.7 19.1 

TGI-1A-p1 -10.6 -69.6 16.8 

TGI-1A-p2 
  

13.1 

TGI-1A-p3     7.8 

TGI-1A-p4 -9.8 -71.3 1.5 

TGI-1A-p5 -10.1 -69.5   

TGI-1A-p6 
  

< 0.8 

TGI-1A-p7 -10.2 -71.2 < 0.8 

VAN-1A-p1 -10.2 -71.1 14.1 

VAN-1A-p3 -8.7 -61.3 13.4 

VAN-1A-p4 -7.9 -61.2 13.4 

VAN-1A-p7 -8.7 -66.3   

Precision 0.2 0.8 0.5 

p# = port and monitoring zone number. 

Blank entries indicate that no analysis was performed.  
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Appendix F: Full data – Sediment geochemistry 
 

Sediment geochemistry analyses were carried out by the University of Guelph Agriculture & Food Lab. 

 

Table F1: Full sediment chemistry results for the ARS-1A core.  Blank results indicate the test was not performed.   

Sample ID 
Centre 

depth (m) 

NH4-N 
(mg/kg 

dry) 

NO3-N 
(mg/kg 

dry) 

Cl 
(extractable) 
(mg/kg dry) 

Inorganic 
carbon  
(% dry) 

Organic 
carbon  
(% dry) 

Total 
Carbon 
(% dry) 

Total S 
(solid)  

(% dry) 

ARS-1A-01 0.23 1.56 5.87 5.37 1.46 2.22 3.68   

ARS-1A-02 0.69 0.883 2.25 1.2 0.252 1.05 1.3 
 ARS-1A-03 1.03 1.15 1.14 14.6 7.88 0.74 8.62   

ARS-1A-04 2.38 0.205 0.394 
     ARS-1A-05 2.61 0.258 1.4 58.6 9.43 0.53 9.96   

ARS-1A-06 3.46 0.397 0.369 
     ARS-1A-07 3.77 0.221 0.342 62.9 10.5 < 0.05 10.3   

ARS-1A-08 4.04 0.587 1.36 
     ARS-1A-09 4.67 0.288 0.352 65.4 11.1 < 0.05 10.8   

ARS-1A-10 6.62 0.315 0.533 
     ARS-1A-11 7.51 1.54 0.859 3.35 6.91 0.27 7.18 <0.01 

ARS-1A-12 8.24 0.417 0.639 
     ARS-1A-13 8.69 4.07 0.706 12.9 7.62 0.13 7.75 <0.01 

ARS-1A-14 9.53 4.94 0.674 
     ARS-1A-15 10.30 3.92 0.854 7.54 7.19 0.25 7.44 <0.01 

ARS-1A-16 11.02 0.797 0.514 9.28 7.33 < 0.05 7.34 <0.01 

  



108 
 

Table F2: Full sediment chemistry results for the TGI-1A core.  Blank results indicate the test was not performed. 

Sample ID 
Centre 

depth (m) 

NH4-N 
(mg/kg 

dry) 

NO3-N 
(mg/kg 

dry) 

Cl 
(extractable) 
(mg/kg dry) 

Inorganic 
carbon  
(% dry) 

Organic 
carbon  
(% dry) 

Total 
Carbon 
(% dry) 

Total S 
(solid)  

(% dry) 

TG1-1A-1 0.17 0.789 3.4 6.95 0.97 2.08 3.05   

TG1-1A-2 0.41 2.41 0.582 7.82 5.37 0.4 5.77 
 TG1-1A-3 0.81 1.12 0.393 8 6.82 < 0.05 6.38   

TG1-1A-4 2.00 1.53 0.312 
     TG1-1A-5 2.67 2.43 0.368 15.7 6.45 0.32 6.77   

TG1-1A-6 3.34 2.31 0.274 
     TG1-1A-7 4.07 4.89 0.328 13.9 6.97 < 0.05 6.6   

TG1-1A-8 5.07 4.14 0.347 
     TG1-1A-9 5.87 1.52 0.578 46 5.99 0.17 6.16   

TG1-1A-10 6.87 1.29 0.523 
     TG1-1A-11 8.18 2.3 0.3 95.9 8 < 0.05 8.04 <0.01 

TG1-1A-12 9.19 2.88 0.427 
     TG1-1A-13 10.81 3.46 0.773 11.6 6.8 < 0.05 6.78 <0.01 

TG1-1A-14 12.18 7.21 0.462 
     TG1-1A-15 13.21 0.721 0.34 7.42 6.76 0.36 7.12 <0.01 

TG1-1A-16 13.64 0.775 0.325 7.04 6.62 0.17 6.79 <0.01 

TG1-1A-17 14.58 3.46 0.344           

TG1-1A-18 17.21 3.29 0.282 7.41 6.36 0.7 7.06 <0.01 

TG1-1A-19 18.09 4.31 0.358 8.51 6.66 0.13 6.79 <0.01 

TG1-1A-20 18.91 5.22 0.462           
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Table F3: Full sediment chemistry results for the VAN-1A core.  Blank results indicate the test was not performed. 

Sample ID 
Centre 

depth (m) 

NH4-N 
(mg/kg 

dry) 

NO3-N 
(mg/kg 

dry) 

Cl 
(extractable) 
(mg/kg dry) 

Inorganic 
carbon (% 

dry) 

Organic 
carbon (% 

dry) 

Total 
Carbon 
(% dry) 

Total S 
(solid) (% 

dry) 

VAN-1A-1 0.17 1.78 3.89 8.17 0.919 3.35 4.27   

VAN-1A-2 0.53 1.73 1.08 22.2 6.03 0.36 6.39 
 VAN-1A-3 0.99 0.351 0.187 15.5 6.33 0.15 6.48   

VAN-1A-4 1.81 <0.02 0.186 
     VAN-1A-5 2.64 18.7 0.573 19.9 6.84 0.14 6.98   

VAN-1A-6 3.46 <0.02 0.154 
     VAN-1A-7 4.19 1 0.307 109 8.18 0.48 8.66   

VAN-1A-8 5.01 <0.02 0.165 
     VAN-1A-9 6.48 <0.02 0.656 11.3 6.29 < 0.05 6.33   

VAN-1A-10 7.53 <0.02 0.37 23.8 6.47 0.15 6.62 
 VAN-1A-11 8.24 2.35 0.329           

VAN-1A-12 8.92 <0.02 0.946 14.9 8.3 0.15 8.45 <0.01 

VAN-1A-13 9.53 <0.02 0.366           

VAN-1A-14 10.79 2.82 0.514 13.1 7.17 0.36 7.53 <0.01 

VAN-1A-15 12.18 <0.02 0.424           

VAN-1A-16 14.16 <0.02 0.351 16.6 8.14 0.21 8.35 <0.01 

VAN-1A-17 16.02 0.75 0.23           

VAN-1A-18 16.69 2.67 0.286 
     VAN-1A-19 18.27 1.49 0.18 8.36 7.52 0.15 7.67 <0.01 

VAN-1A-20 19.34 3.66 0.195 
     VAN-1A-21 21.56 3.13 0.2 4.95 5.65 0.12 5.77 <0.01 

VAN-1A-22 22.63 8.83 0.243 
     VAN-1A-23 23.35 7.84 0.194 5.47 5.61 0.29 5.9 <0.01 

VAN-1A-24 24.16 1.67 0.244 6.54 7.01 0.13 7.14 <0.01 

VAN-1A-25 25.56 8.47 0.229           

VAN-1A-26 28.25 0.866 0.125 9.15 4.93 0.16 5.09 <0.01 

VAN-1A-27 29.25 5.76 0.156           

VAN-1A-28 31.36 0.906 0.169 6.4 6.08 < 0.05 5.89 <0.01 

VAN-1A-29 32.75 2.04 0.14           

VAN-1A-30 35.57 0.736 0.21 8.87 7.43 0.27 7.7 <0.01 

VAN-1A-31 36.10 2.23 0.174           

VAN-1A-32 37.08 5.6 0.194           
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Appendix G: Full data – Water geochemistry 

 
 

Water geochemistry analyses other than field parameters were carried out by Maxxam Analytics (Mississauga, Ontario) for alkalinity, 

Cl, DOC, bicarbonate, NH3-N, NO3-N, and SO4, and by Peter Smith at the School of Environmental Science Analytical Lab for Al, 

Ca, Fe, K, Mg, Na, P, and Si. 

 

Some values, as noted, are thought to be contaminated by dissolution of bentonite seals installed in the wells.  The coated bentonite 

pellets are known to release chloride, sulphate, sodium, and dissolved organic carbon (Brobst and Buszka, 1986; Remenda and van 

der Kamp, 1997).  When a sample showed unusually high concentrations of these analytes, together, it was assumed to be 

contaminated, especially when these concentrations decreased after the first sampling campaign with further time and well purging.  

Contamination was more prevalent during the first sample campaign in Fall 2011 soon after the wells had been installed.  See 

Appendix H for information on bentonite. 
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Table G1: ARS-1A full water geochemistry results.   

      ARS-1A-p6 ARS-1A-p7 

Parameter Units RDL 
30-Sep-

2011 
27-Oct-

2011 
20-Apr-

2012 
29-May-

2012 
20-Aug-

2012 
30-Sep-

2011 
27-Oct-

2011 
20-Apr-

2012 
29-May-

2012 
20-Aug-

2012 

Al mg/L 0.1     < 0.1   < 0.1     < 0.1   < 0.1 

Alkalinity (field) (as 
CaCO3) 

mg/L 20   320 280 
 

280 
 

300 280 
 

280 

Alkalinity (lab) (as 
CaCO3) 

mg/L 
1   250 230   230   239 240   240 

Ca mg/L 0.1   
 

70 
 

78 
  

79 
 

82 

Cl mg/L 1 7 6 5   6 10 8 7   9 

Conductivity µS/cm     391 473 
 

538 
 

395 556 
 

513 
DO (Dissolved 
Oxygen) 

mg/L 
    9.6 * 6.9 *   6.3 *   9.5 * 6.7 *   6.9 * 

DOC mg/L 0.2   1.2 1.7 
 

3.0 
 

1.3 2.2 
 

4.4 

Fe mg/L 0.1     0.11   < 0.1     0.13   < 0.1 
Bicarbonate (as 
CaCO3) 

mg/L 
1   246 220 

 
230 

 
237 240 

 
230 

K mg/L 0.1     3   3     3   2 

Mg mg/L 0.1   
 

20 
 

21 
  

23 
 

22 

Na mg/L 0.1     4   4     6   4 

NH3-N mg/L 0.05   < 0.05 < 0.05 
 

< 0.05 
 

< 0.05 < 0.05 
 

< 0.05 

NO3-N mg/L 1 14 *** 13 13 13 14 18 *** 15 17 14 14 

ORP mV     155 48 
 

238 
 

143 39 
 

301 

P mg/L 0.1     < 0.1   < 0.1     < 0.1   < 0.1 

pH (field)       6.9 7.5 
 

7.2 
 

7.1 7.4 
 

7.5 

Si mg/L 0.1     2.6   2.8     3.3   2.9 

SO4 mg/L 1 17 16 12 
 

15 29 21 23 
 

17 

Specific conductance µS/cm       547   594     632   572 

Temperature °C     6.1 18.0   20.0   5.4 18.7   19.6 

Blank results indicate the test was not performed.   

RDL = reportable detection limit.  DOC = dissolved organic carbon.  ORP = oxidation-reduction potential.   

* dissolved oxygen artificially raised by pumping method and/or lack of a flow cell. *** RDL for this date is 2 mg/L. 
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Table G2: TGI-1A full water geochemistry results.  

      
TGI-1A-p1 TGI-1A-p2 TGI-1A-p3 

Parameter Units RDL 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 

Al mg/L 0.1   < 0.1 0.19   < 0.1 < 0.1   < 0.1 < 0.1 

Alkalinity (field) (as 
CaCO3) mg/L 20 300 380 400 340 320 310 260 240 250 

Alkalinity (lab) (as 
CaCO3) mg/L 1 273   340 290   300 219   220 

Ca mg/L 0.1   90 103   86 95 
 

84 94 

Cl mg/L 1 64 ** 9 9 26 26 25 32 29 29 

Conductivity µS/cm   601 507 559 571 657 663 574 584 629 
DO (Dissolved 
Oxygen) mg/L   2.6 5.2 2.7 2.3 * 0.6 0.7 1.5 * 0.4 0.2 

DOC mg/L 0.2 4** 1 1 2 4 2 2 2 2 

Fe mg/L 0.1   < 0.1 0.35   < 0.1 0.1   0.16 0.15 

Bicarbonate (as 
CaCO3) mg/L 1 268 

 
340 285 

 
300 216 

 
220 

K mg/L 0.1   3 2   3 2   2 1 

Mg mg/L 0.1   34 35   42 43 
 

43 45 

Na mg/L 0.1   5 4   41 14   13 11 

NH3-N mg/L 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 0.053 < 0.05 < 0.05 0.064 

NO3-N mg/L 0.1 0.4 1.7 1.6 5.4 3.9 5.4 < 0.1 < 0.1 < 0.1 
ORP (Oxidation-
Reduction Potential) mV   -20 65 145 40 25 99 11 -20 -5 

P mg/L 0.1     < 0.1     < 0.1     < 0.1 

pH (field)     7.5 7.1 6.5 7.2 7.0 6.8 7.3 6.9 6.4 

Si mg/L 0.1   5 6   6 6   8 6 

SO4 mg/L 1 72 ** 28 31 92 130 90 170 170 170 

Specific conductance µS/cm     694 716   864 811   788 808 

Temperature °C   10.2 10.9 13.5 10.0 12.4 15.5 9.7 11.5 13.4 

Blank results indicate the test was not performed.   

RDL = reportable detection limit.  DOC = dissolved organic carbon.  ORP = oxidation-reduction potential.   

* dissolved oxygen artificially raised by pumping method and/or lack of a flow cell. ** value likely raised by bentonite dissolution.  
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(Table G2 continued) 

  
TGI-1A-p4 TGI-1A-p5 TGI-1A-p6 TGI-1A-p7 

Parameter 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 
28-Oct-

2011 
16-May-

2012 
13-Aug-

2012 

Al   < 0.1 < 0.1   < 0.1 < 0.1   < 0.1 0.26   < 0.1 < 0.1 

Alkalinity (field) (as 
CaCO3) 360 340 520 320 200 240 260 200 200 260 200 360 

Alkalinity (lab) (as 
CaCO3) 319   470 243   230 212   180 209   190 

Ca 
 

34 27   17 17   19 27   27 29 

Cl 150 ** 38 ** 34 ** 76 ** 9** 13** 30 ** 4 3 24 ** 6 5 

Conductivity 2171 ** 1605 ** 1404 ** 1060 ** 434 532 474 278 310 451 313 317 
DO (Dissolved 
Oxygen) 2.7 * 3.3 * 1.5 * 2.4 * 3.5 * 1.2 * 2.7 * 0.3 0.2 3.0 * 0.4 0.3 

DOC 177 ** 88 ** 70 ** 40 ** 8.5** 12** 7.7 ** 2.7 2.7 4.3** 3.4 2.5 

Fe   0.23 < 0.1   0.21 < 0.1   0.18 0.69   0.23 0.18 

Bicarbonate (as 
CaCO3) 316 

 
460 241 

 
230 207 

 
180 206 

 
190 

K   2 2   1 1   2 1   1 1 

Mg 
 

23 17   19 17   20 20   24 22 

Na   406 ** 344 **   83** 75**   32 31   31 24 

NH3-N 0.27 < 0.05 0.15 0.18 0.07 0.20 0.09 0.06 0.16 < 0.05 < 0.05 0.11 

NO3-N < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
ORP (Oxidation-
Reduction Potential) -16 -110 -132 -13 -60 -88 -29 -114 -130 -24 -72 -87 

P   < 0.1 < 0.1   < 0.1 < 0.1   < 0.1 0.11   < 0.1 < 0.1 

pH (field) 6.7 7.1 7.2 6.9 6.5 6.5 7.7 7.2 7.7 7.4 6.7 7.1 

Si   5 8   5 4   5 5   6 6 

SO4 1200 ** 620 ** 370 ** 380 ** 87** 110** 92 ** 27 30 73 ** 36 32 

Specific conductance   2217 1714   588 659   388 402   441 427 

Temperature 7.6 12.3 15.5 7.0 11.3 14.9 8.9 10.2 13.0 8.1 9.8 11.5 

Blank results indicate the test was not performed.   

RDL = reportable detection limit.  DOC = dissolved organic carbon.  ORP = oxidation-reduction potential.   

* dissolved oxygen artificially raised by pumping method and/or lack of a flow cell. ** value likely raised by bentonite dissolution.  
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Table G3: VAN-1A full water geochemistry results.   

      VAN-1A-p1 VAN-1A-p2 VAN-1A-p3 

Parameter Units RDL 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 

Al mg/L 0.1   < 0.1 < 0.1   0.13 0.28   < 0.1 < 0.1 

Alkalinity (field) (as 
CaCO3) mg/L 20 480 360 360 340 380 360   

 
400 

Alkalinity (lab) (as 
CaCO3) mg/L 1 312   330 322   330 345   360 

Ca mg/L 0.1   87 115   91 108   72 88 

Cl mg/L 1 16 11 13 27 24 25 40 ** 11 10 

Conductivity µS/cm   405 516 656 437 533 645 718 617 715 
DO (Dissolved 
Oxygen) mg/L   4.5 * 1.3 * 3.5 * 5.6 * 1.0 * 3.2 * 4.0 * 3.6 * 2.6 * 

DOC mg/L 0.2 3 2 4 6 8 10 25 ** 17 14 

Fe mg/L 0.1   0.15 0.33   0.84 0.61   0.10 0.10 

Bicarbonate (as 
CaCO3) mg/L 1 310 

 
330 321 

 
330 342 

 
350 

K mg/L 0.1   1 2   3 3   3 4 

Mg mg/L 0.1   31 33   30 33   22 25 

Na mg/L 0.1   6 6   9 9   54 29 

NH3-N mg/L 0.05 0.14 < 0.05 0.3 0.95 1 1.4 0.59 1.3 1.6 

NO3-N mg/L 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
ORP (Oxidation-
Reduction Potential) mV   -31 -58 64 -22 -69 -52 -18 -78 -53 

P mg/L 0.1   < 0.1 < 0.1   < 0.1 < 0.1   < 0.1 < 0.1 

pH (field)     6.9 7.3 7.2 6.7 7.2 7.2 7.1 7.4 7.2 

Si mg/L 0.1   4 4   4 4   5 5 

SO4 mg/L 1 27 23 25 34 32 33 230 ** 35 21 

Specific conductance µS/cm     641 703 701 677 736 1173 747 738 

Temperature °C   6.4 14.8 21.5 5.3 13.9 18.5 4.7 15.9 23.4 

Blank results indicate the test was not performed.   

RDL = reportable detection limit.  DOC = dissolved organic carbon.  ORP = oxidation-reduction potential.   

* dissolved oxygen artificially raised by pumping method and/or lack of a flow cell. ** value likely raised by bentonite dissolution.  
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(Table G3 continued) 

  VAN-1A-p4 VAN-1A-p5 VAN-1A-p6 VAN-1A-p7 

Parameter 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 
10-Dec-

2011 
29-May-

2012 
22-Aug-

2012 

Al   < 0.1 < 0.1   0.22 0.12   < 0.1 < 0.1   < 0.1 < 0.1 

Alkalinity (field) (as 
CaCO3)   

 
360 380 460 380   

 
360 320 340 360 

Alkalinity (lab) (as 
CaCO3) 322   330 329   330 337   320 313   310 

Ca   78 86   83 100   83 94   90 129 

Cl 27 ** 16 16 18 15 15 40 37 38 39 35 36 

Conductivity 529 570 584 381 564 534 462 654 664 437 624 677 
DO (Dissolved 
Oxygen) 3.5 * 2.2 * 4.5 * 4.7 * 4.0 * 3.9 * 5.1 * 4.1 * 3.6 * 5.8 * 1.6 * 3.9 * 

DOC 14 16 9 10 12 10 10 7 9 6 7 6 

Fe   < 0.1 < 0.1   0.48 0.13   0.17 0.15   1.1 1.2 

Bicarbonate (as 
CaCO3) 320 

 
330 327 

 
330 334 

 
320 312 

 
310 

K   2 1   2 1   2 2   2 2 

Mg   26 27   26 28   27 30   30 33 

Na   29 18   15 12   29 21   14 14 

NH3-N 0.51 0.51 0.68 0.39 0.48 0.6 0.32 0.38 0.43 0.28 0.22 0.37 

NO3-N < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 
ORP (Oxidation-
Reduction Potential) -75 -104 -57 -20 -69 -77 -10 -49 -82 -35 -77 -66 

P   < 0.1 < 0.1   < 0.1 < 0.1   < 0.1 < 0.1   < 0.1 < 0.1 

pH (field) 6.55 7.29 7.41 6.54 7.4 7.27 6.69 7.38 7.32 6.77 7.17 7.3 

Si   5 6   5 4   5 5   5 5 

SO4 120 ** 29 20 18 4 5 53 28 27 29 31 32 

Specific conductance 878 695 684   649 656   759 759   732 756 

Temperature 4.2 15.6 17.3 2.7 18.1 15.3 2.3 17.8 18.5 4.1 17.3 19.5 

Blank results indicate the test was not performed.   

RDL = reportable detection limit.  DOC = dissolved organic carbon.  ORP = oxidation-reduction potential.   

* dissolved oxygen artificially raised by pumping method and/or lack of a flow cell. ** value likely raised by bentonite dissolution. 
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Appendix H: Bentonite analysis 
 

Bentonite dissolution in the multilevel monitoring well seals is thought to have affected water 

geochemistry of some groundwater samples, as discussed in the text (see section 2.4.2.4).  

Bentonite pellets were thought to release dissolved organic carbon, sulphate, chloride, and 

sodium (Brobst and Buszka, 1986; Remenda and van der Kamp, 1997).  When a groundwater 

sample showed unusually high concentrations of these analytes, together, it was assumed to be 

contaminated, especially when these concentrations decreased after the first sampling 

campaign with further time and well purging.  Contamination was more prevalent during the first 

sample campaign in Fall 2011 soon after the wells had been installed.  See Appendix G for full 

water geochemistry results. 

Analysis was carried out to estimate the potential effect of bentonite dissolution on groundwater 

geochemistry.  The bentonite pellets used were dissolved in deionised water at a 20:1 ratio 

(Remenda and van der Kamp, 1997), shaken, left for 24 hours, and centrifuged.  The 

supernatant was analysed, with the same analytical procedures as in section 2.3, for dissolved 

organic carbon, sulphate, chloride, and sodium. 

Table H1:  Solutes released from coated bentonite pellets. 

Parameter Result (mg/L) 

DOC 61 
SO4 240 
Cl 40 
Na 160 
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Appendix I: Full data – ARS-1A water microbiology 
 

Analyses were carried out by the author in the School of Environmental Science Dunfield 

microbiology lab with guidance from Dr. Kari Dunfield and her students and staff. 

 

Table I1: Full E. coli counts for each lab triplicate.   

Date and time sampled 
Port 7 lab 
triplicates 

Mean 
Standard 
Deviation 

Port 6 lab 
triplicates 

Mean 
Standard 
Deviation 

04-Apr-2012 12:00 PM 37 26 35 33 6 43 30 34 36 7 

08-Apr-2012 3:30 PM 54 55 59 56 3 34 16 41 30 13 

09-Apr-2012 8:30 PM 10 10 20 13 6 16 17 17 17 0 

11-Apr-2012 11:00 AM 6 8 11 9 2 5 5 2 4 1 

13-Apr-2012 11:00 AM 11 11 10 11 0 22 18 17 19 3 

16-Apr-2012 12:00 PM 300* 300* 300* 300*   300* 300* 300* 300* 
 

18-Apr-2012 6:30 PM 137 134 142 138 4 22 29 22 24 4 

20-Apr-2012 12:00 PM 248 164 181 198 44 10 15 16 14 3 

23-Apr-2012 2:30 PM 25 32 36 31 6 6 1 0 2 3 

25-Apr-2012 10:00 AM 174 102 127 135 37 13 19 29 20 8 

28-Apr-2012 5:30 PM 300* 300* 300* 300*   182 154 167 168 14 

01-May-2012 3:00 PM 5 8 5 6 2 22 18 20 20 2 

04-May-2012 10:30 AM 31 26 30 29 3 182 166 210 186 23 

08-May-2012 1:00 PM 119 109 165 131 30 93 70 106 90 18 

14-May-2012 4:30 PM 180 225 199 201 22 111 180 157 149 35 

23-May-2012 4:30 PM 12 5 5 7 4 13 18 11 14 4 

30-May-2012 7:00 PM 2 14 11 9 7 12 16 14 14 2 

04-Jun-2012 12:00 PM 2 1 5 3 2 2 5 6 4 2 

22-Jun-2012 4:00 PM 28 14 59 34 23 22 8 22 17 8 

03-Jul-2012 9:00 AM 8 10 13 10 2 19 14 14 15 3 

20-Jul-2012 5:00 PM 104 114 117 111 7 98 110 118 109 10 

27-Jul-2012 4:00 PM 18 22 19 20 2 22 22 12 18 6 

13-Aug-2012 2:00 PM 18 15 18 17 2 51 46 39 45 6 

CFU = colony forming units.  

* Concentration above the maximum detection limit of 300 CFU / 100 ml.    
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Table I2: Total coliform counts for each lab triplicate (not including E. coli).   

Date and time sampled Port 7 lab triplicates Port 6 lab triplicates 

04-Apr-2012 12:00 PM 1 
 

  
  

1 

08-Apr-2012 3:30 PM   
 

  
   

09-Apr-2012 8:30 PM   
 

  
   

11-Apr-2012 11:00 AM   
 

1 
   

13-Apr-2012 11:00 AM   
 

  
   

16-Apr-2012 12:00 PM   
 

  2 2 
 

18-Apr-2012 6:30 PM 2 1 2 
   

20-Apr-2012 12:00 PM   
 

  
 

1 
 

23-Apr-2012 2:30 PM 3 1   
   

25-Apr-2012 10:00 AM   
 

  1 2 
 

28-Apr-2012 5:30 PM   
 

  
   

01-May-2012 3:00 PM   
 

  
   

04-May-2012 10:30 AM   
 

  
   

08-May-2012 1:00 PM   
 

  
   

14-May-2012 4:30 PM   
 

  
   

23-May-2012 4:30 PM   
 

  
   

30-May-2012 7:00 PM   
 

  
   

04-Jun-2012 12:00 PM   
 

  
   

22-Jun-2012 4:00 PM 1 
 

3 1 1 1 

03-Jul-2012 9:00 AM   
 

  
   

20-Jul-2012 5:00 PM 2 
 

  
   

27-Jul-2012 4:00 PM   
 

  
   

13-Aug-2012 2:00 PM             

Units are colony-forming units (CFU) per 100 ml.   

Blank indicates non-detect results. 
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