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ABSTRACT 

 

GROUNDWATER NITRATE IN THREE HYDROGEOLOGIC SETTINGS THROUGHOUT 

SOUTHWESTERN ONTARIO 

 

Scott Gary Gardner                  Advisor: 

University of Guelph, 2017                 Dr. Jana Levison 

 

Groundwater quality can be impacted by non-point source pollution from agricultural activities.  The 

objective of this research is to better understand how different environmental conditions effect 

groundwater nitrate contamination in southwestern Ontario.  Groundwater nitrate concentrations, along 

with multiple other hydrogeochemical parameters (e.g. pH, ORP, DO, DOC, EC, sulfate, chloride, 

temperature, isotopes) were measured at 25 different monitoring wells located at three research sites 

(Norfolk, Guelph, and Acton), bi-monthly (once every two months) from June 2014 to July 2016 (13 

sampling events).  Hydrogeologic settings of these three unique sites were characterized through 

descriptions of their climate, land use, soil, and the subsurface.  The Norfolk research site comprises a 

thick sand and gravel unconfined aquifer.  At the Guelph research site (located at University of Guelph 

Arkell Research Station) there is a fractured limestone/dolostone bedrock aquifer, overlain by sand and 

gravel.  The Acton research site comprises a fractured limestone/dolostone aquifer, overlain by a very thin 

layer of diamict.   Data were interpreted via statistical methods (multiple linear regression analysis aka 

MLRA), geographic information systems (GIS) analysis, and time series analysis.  Each of the three 

research sites displayed different trends of nitrate contamination over the study period.  The Guelph site 

experienced peaks in nitrate concentrations in spring of 2016 after a drought period in summer of 2015.  

The Norfolk site displayed concentrations which align with what is expected from a continuous nitrate 

source, although certain wells had concentration peaks like the Guelph site.  The Acton site experienced 

consistent nitrate concentrations which did not vary significantly over the study period.  Evidence from 

groundwater geochemical analyses suggests that denitrification may be occurring at some of the deeper 

monitoring wells while evidence for nitrification was found at shallower depths.  By determining which 

environmental and anthropogenic factors impact nitrate contamination in groundwater land managers can 

be informed to avoid further contamination of underlying groundwater resources. 
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1.0 Introduction 
 

Providing clean, sustainable drinking water is a mandate given to all municipalities in Ontario (Safe 

Drinking Water Act 2002).  Approximately 30%, or 9 million people rely on groundwater for domestic 

use in Canada (Rutherford 2010).  Groundwater is used for all domestic and commercial needs in many of 

Ontario’s municipalities (OGWA n.d.). 

Groundwater by nature is typically hidden from view and thus is often not as much of a concern to the 

public as surface water.  It is this disregard for groundwater as a resource that can contribute to its 

contamination.  Contamination of groundwater is the addition of chemicals which are undesirable to 

human consumption (taste), or health (Environment and Climate Change Canada 2013).  Another 

misconception is that groundwater is static.  Groundwater can travel at speeds ranging from millimeters 

per year, to centimeters per second (Alley et al. 2013).   

A survey of Ontario groundwater in 1991 to 1992 tested nearly 1,300 wells in rural locations reporting 

that almost 14% (or ~180) wells were contaminated with nitrate over the safe drinking water limit (10 

mg/L) (Goss and Goorahoo 1995, Rudolph et al. 1998, Goss et al. 1998).  Nitrate is a molecule consisting 

of one nitrogen atom and three oxygen atoms.  Nitrogen is an essential nutrient for all life, especially 

plants.  In nature nitrogen is provided to plants via the soil, and nitrogen is provided to the soil via decay 

of living tissue.  These fluxes of nitrogen must be in balance with each other for ecosystems to function 

(Myroid 2003).  Growing populations and further demand for export pressure farmers to produce higher 

yields requiring more nutrients to supply higher yielding crops.  These crops require far more nitrate than 

what the soil can provide to them over years of use so application of nitrogen (and other nutrients) is 

essential (OMAFRA 2017). 

 

1.1 Literature Review 
 

Nitrate is one small part of a large global process known as the nitrogen cycle.  The nitrogen cycle is the 

movement of nitrogen between various media (soil, air, water) through various types of transformations 

(denitrification, nitrification, mineralization, immobilization, etc.).  The cycle is complex so making 

simplifications is necessary to better understand the cycle (Figure 1.1). 
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Figure 1.1 - A simplified diagram of sol nitrogen cycling (USEPA n.d.) 

The parts of the cycle that are key to groundwater are those which occur once the nitrogen enters the soil.  

This occurs via fixation or percolation.  Fixation is the process by which legume plants (e.g. soybeans, 

lentils) acquire their nitrogen (Bundy 1998).  It is a symbiotic process facilitated by nitrogen fixating 

bacteria that live on the surface of the roots of legume plants.  The bacteria convert nitrogen gas (N2) from 

the atmosphere into forms the plant can use like ammonia and ammonium (NH3
+ and NH4

+) (Myroid 

2003).  The nitrogen fixating bacteria are given a place to live and supplied with sugars from the plant.  

Percolation is the dominant method of nitrogen application to the soil and is facilitated by rainfall 

mobilizing surface and soil dissolved nitrogen which is then picked up by bacteria, fungi, or plants 

through their roots absorbing the aqueous nitrogen (USEPA n.d., Myroid 2003).  Farmers must rely on 

rainfall or apply their own water with the nitrogen they add to make them available to plants.  The water 

required is very little in comparison to rain so the amount that is present in liquid manure, for example, is 

sufficient.  Providing nutrients from the surface to soil and then crops is known as application and 

incorporation.  Once nitrate is incorporated into the soil it can then be transformed, or transported to the 

groundwater depending on the rate of water percolation (Bundy 1998).   
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These transformations are chemical and include: ammonification, immobilization, denitrification, and 

nitrification.  Ammonification (or called mineralization) is the process of converting organic nitrogen 

sources (i.e. decaying organic matter) into ammonium.  It is facilitated by bacteria which break down the 

organic matter into simpler forms until ultimately converting them into ammonium which plants and 

other bacteria can easily use (Myroid 2003).  The opposite of ammonification is immobilization (or called 

assimilation), whereby bacteria and other organisms convert ammonium or nitrate into organic forms.  

The use of nitrogen by plants, animals, and bacteria is immobilization.  The nitrogen which is 

immobilized can only be released via the organisms detrital (feces, or other waste) matter (Myroid 2003).  

The removal of oxygen atoms from nitrate is called denitrification.  It involves continued removal of 

oxygen from nitrate to nitrite (NO2
-), to nitrous oxide (NO), and finally, to nitrogen gas.  Oxygen is 

needed for aerobic organisms to function.  This is provided to them via respiration; some bacteria in the 

absence of oxygen (aqueous or gaseous) can use the oxygen trapped in nitrate to breathe.  Removal of the 

oxygen step by step is too energy intensive to be done alone so atoms or molecules which can take the 

oxygen are required (known as electron acceptors); these are typically carbon (heterotrophically) or sulfur 

(autotrophically).  Denitrification can only occur in anoxic environments (devoid of oxygen) since it 

would be much less energy intensive for bacteria to use pure oxygen than to remove it from its bindings 

to nitrogen in nitrate (Bundy 1998).  The opposite of denitrification is nitrification, or the addition of 

oxygen atoms and removal of hydrogen atoms from ammonium or ammonia transforming them into 

nitrogen oxides (e.g nitrate, nitrous oxide).  Bacteria facilitate this process and oxygen presence is critical, 

along with moisture, and soil pH.  The hydrogen ions released by nitrification acidify the environment 

and the more acidic an environment is the greater the concentration of hydrogen ions and tougher it gets 

to add more.  Nitrification uses ammonium and ammonia which are also used for ammonification by soil 

organisms.  Thus, nitrifying bacteria must compete with these organisms for free ammonia and 

ammonium (Myroid 2003).   

Table 1.1 shows the reaction equations for the nitrogen cycling reactions which are important to this 

research; nitrification; and the two types of denitrification (heterotrophic and autotrophic).  Whilhelm et 

al. (1991) investigated nitrogen cycling reactions quantitatively via septic effluent traveling through the 

unsaturated zone and into the saturated groundwater table.  They found that rates of nitrate oxidation or 

reduction were controlled heavily by which zone the particle was traveling through; the unsaturated zone 

oxidized any ammonium into nitrate while in the saturated zone the redox state changed to reducing 

which resulted in denitrification.  The oxidation of nitrogen compounds (ammonium, and organic 

nitrogen) is unavoidable when oxidative conditions are prevalent (Wilhelm et al. 1991).   
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Table 1.1 - Nitrogen cycling reaction equations (Wilhelm et al. 1991) 

Reaction Equation 

Nitrification NH4
+ + 2O2 → NO3

- + H2O + 2H+ 

Heterotrophic denitrification 5CH2O + 4NO3
- + 4H+ → 2N2 + 5CO2 + 7H2O 

Autotrophic denitrification 4NO3
- + 3H2S → 2N2 + 3SO4

2- + 3H2
+ 

 

Contamination of groundwater in rural settings by nitrate typically comes from two sources, rural septic 

systems and fertilizers, while natural sources are rare but possible (Spalding and Exner 1993).  Rural 

residences or farms are often not connected to municipal water lines and thus need to drill a privately 

owned well for drinking water.  Rural residences also require a method to deal with septic waste, which is 

typically a septic tank underlain by a leachate bed (OBC 1992).  The large number of rural residences in 

Ontario and the rich nitrogen content in septic waste make septic contamination a likely source for nitrate 

in aquifers in rural areas of southwestern Ontario (Aravena and Robertson 1998).   

Nitrogen containing fertilizers are significant sources of nitrate in rural groundwater of southwestern 

Ontario, typically occurring as non-point sources leaching downwards through the unsaturated zone into 

aquifers and either directly contaminating groundwater with nitrate or destabilizing geochemical cycling 

(Goss and Goorahoo 1995).   Fertilizers come in many different forms, however they are all derived from 

either ammonium, or nitrate (Bundy 1998).   

Although large scale surveys like those completed by Madison and Brunett (1985), Goss and Goorahoo 

(1995), Rudolph et al. (1998), Cey et al. (1998), Goss et al. (1998), and Conboy and Goss (2000), are 

useful in determining areas where nitrate contamination is more likely, smaller field scale studies are 

useful to determine causal relationships between nitrate contamination and environmental and/or 

anthropogenic factors (Spalding and Exner 1993).  Many studies have been done concerning nitrate 

contamination of groundwater dating back more than 150 years (Goulding et al. 2000).  These studies 

typically link nitrate concentrations in monitoring wells to various geochemical parameters (ORP, DO, 

EC, chloride, and sulfate), along with land use over the time studied, and/or as far back in time as possible 

for that site (e.g. Schepers et al. 1991, Wei et al. 1993, Cey et al. 1998, Goss et al. 1998, Rudolph et al. 

1998, Goulding et al. 2000, Haslauer 2005,  Almasri and Kaluarachchi 2007, Cherry et al. 2007, Levison 

and Novakowski 2009, Hollingham 2011, Opazo 2012, Chapman et al. 2014, Best et al. 2015, Hamilton 

2015, Saleem et al. 2016). 

Di and Cameron (2002) conducted a review of studies looking at nitrate leaching from various 

agricultural ecosystems in New Zealand, the United States, and the United Kingdom.  They found that a 
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combination of drainage volume, soil texture, and applied nitrogen produced various amounts of leaching 

losses from different agricultural systems, with the greatest leaching losses resulting from an anhydrous 

ammonium nitrate application onto a beef grazing pasture with moderate drainage.  Typically, leaching 

from the soil root zone is a result of a surplus of nitrate stored in the root zone coupled with high drainage 

volumes (Di and Cameron 2002).  The different types of agricultural land use systems are ranked based 

on leaching potential by Di and Cameron (2002), and are as follows in increasing order of leaching 

potential: grasslands, pastures, arable crops, and horticultural crops.  Within conventional cropping 

systems in temperate regions the risk of leaching during growing season months is quite low due to crops 

and weeds using most of the nitrogen available in the root zone, along with zero to very low amounts of 

recharge to the aquifer (Di and Cameron 2002, Goulding et al. 2000, Almasri and Kaluarchchi 2007).   

Mineralization is stimulated by disturbance of the soil material (typically by agricultural cultivation).  

Mineralization of fertilizer nitrogen in the soil, along with the nitrogen already stored in the soil from 

previous years has the greatest potential to mobilize during late periods of fall and early spring in 

temperate regions where the top layer of soil freezes in early winter (Spalding and Exner 1993).  Like 

nitrogen balances during the growing season, water balances during the summer growing seasons of 

temperate regions (like southern Ontario) trend towards zero recharge to the aquifer, characteristic of 

plant uptake and evaporation of precipitation sources (AquaResource Inc. 2009a, AquaResource Inc. 

2009b, Davies and Holysh 2007, Di and Cameron 2002).  Of particular interest are CAFO’s (concentrated 

animal feeding operations), which produced the highest amount of potential leaching noted in Di and 

Cameron (2002).  Harter et al. (2001) studied nitrate leaching into groundwater via multiple dairy 

CAFO’s in California, U.S.A.  They measured groundwater nitrate concentrations and electrical 

conductivity in shallow overburden wells around dairy farming operations to observe leachate of organic 

nitrogen off different aspects of CAFOs (such as feedlots, corrals, and grazing areas).  They found that 

past applications of fertilizers resulted in the greatest impact in nitrate concentrations at monitoring wells, 

and that nitrate and EC levels were highly variable in space with each well showing unique trends through 

time.  Residence times in the unsaturated zone were deemed insignificant in comparison to saturated zone 

residence time which are on the magnitude of a few days to years (Harter et al. 2002, Molenat and 

Gascuel-Odoux 2002).  Depth below ground had the greatest effect since nitrate concentrations would 

always decrease with depth into an aquifer (Harter et al. 2001).  The two key observations by Harter et al. 

(2001) (lower nitrate concentrations with depth, and legacy land use impacts of up to 10 years previous) 

align well with other observations in the literature (Molenat and Gascuel-Odoux 2002, Best et al. 2015, 

Robertson et al. 2016, Veale et al. 2017).  Almasri and Kaluarachchi (2007) developed a regional scale 

model for the investigation of nitrate leaching into groundwater resources of a watershed in the United 

States.  Calibration and sensitivity analysis yielded nitrogen loading at surface and in the soil along with 
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denitrification as the strongest determinants of nitrate concentration in groundwater.  This aligns with 

observations from aforementioned studies along with others which highlight the importance of favourable 

conditions for denitrification (Best et al. 2013, Almasri and Kaluarachchi 2007, Levison and Novakowski 

2009, Molenat and Gascuel-Odoux 2002). 

Denitrification is the largest flux of nitrogen globally.  It is the stripping of oxygen atoms off of nitrate 

ions to produce nitrogen based gases (N2O, N2, and NO) which are typically released into the atmosphere 

(Myroid 2003).  Several geochemical parameters are key to producing conditions which favour 

denitrification such as dissolved organic carbon, oxidation reduction potential, and the presence of 

sulfurous compounds such as sulfate.  Denitrification typically occurs heterotrophically via the use of 

dissolved organic carbon as an electron acceptor.  However, in the presence of sulfur compounds 

denitrification can occur autotrophically with sulfur acting as an electron acceptor increasing the 

concentration of sulphates (Spalding and Parrott 1994).  In order to study the dynamics of nitrate 

concentration in a fractured bedrock aquifer, Levsion and Novakowski (2009) measured nitrate 

concentrations along with nitrite concentrations, chloride, sulfate, DOC, and DO in multiple monitoring 

wells monthly over a 16-month period. They found that although conditions were unfavourable for 

denitrification at the site, mixing of contaminated and clean waters via dispersion and diffusion appeared 

to be the dominant factor in decreasing nitrate concentrations over time.  This was supported with 

comparisons of nitrate nitrogen concentrations with chloride concentrations over time and with depth 

(Levison and Novakowski 2009).  

Isotopic tracing is another technique used in groundwater nitrate sourcing and processing studies (Veale 

et al. 2017, Anornu et al. 2017, Robertson et al. 2016, Aravena and Mayer 2009).  Denitrification favours 

lighter nitrogen isotopes so the greater the enrichment in heavier isotopes in the remaining nitrate the 

more likely denitrification is occurring (Aravena and Mayer 2009).  Anornu et al. (2017) attempted to 

trace nitrate nitrogen sources in groundwater using isotopic tracing of nitrogen-15 and oxygen-18 in 

nitrate molecules.  They found that most of their samples traced to manure and septic waste sources which 

was supported by field surveys of the site indicating inadequate sanitary conditions.  All of their samples 

clustered around the denitrification line which describes the rate of enrichment of the groundwater nitrate 

pool in N15, the heavier isotopic species (Anornu et al. 2017, Robertson et al. 2016).  By tracing 

enrichment of oxygen-18 and nitrogen-15 the origin of the nitrate can be determined as either synthetic or 

precipitation based (enriched in oxygen-18 and low in nitrogen-15), soil nitrogen (enrichments around 

zero), or manure/septic (enriched in nitrogen-15) (Aravena and Mayer 2009). 

Nitrate attenuation and transport in groundwater is determined by multiple different processes and a wide 

range in field conditions as described herein.  Accommodation and interpretation of the multiple 
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parameters is difficult and so methods which account for multiple variables working together are 

required.  One such method is multiple linear regression analysis, implemented by Wick et al. (2012) for 

groundwater nitrate contamination in multiple counties across Austria between 2006 and 2010.  Multiple 

linear regression analysis allows for the implementation of multiple parameters into the equation for a 

bulk linear regression used to predict a dependent variable (in this case nitrate-nitrogen concentration in 

groundwater) (SPSS 2016).  Land use, climate, soil, and hydrologic properties were examined for their 

significance in predicting nitrate concentrations, precipitation, air temperature, and nitrogen balances 

were found to have the most significant impact on nitrate concentrations in Austrian counties (Wick et al. 

2012).  Additionally, row crops, forages, and cereals, were found to increase nitrate concentrations while 

grasslands and natural areas decreased nitrate concentrations.  This aligns with observations previously 

described studies (e.g. Di and Cameron 2002, Goulding et al. 2000, Almasri and Kaluarchchi 2007).   

Another useful statistical method is cross-correlation functions (CCF).  These can be used to test how 

quickly one data set reacts to another (in this case how quickly the water table level would react to 

incoming precipitation events) (Padilla and Pulido-Bosch 1995, MacDonald 2015).  Padilla and Pulido-

Bosch (1995) looked at quantifying water level response time to precipitation events in multiple different 

karstic aquifers.  They found that response times on the order of 1 to 30 days correlated best in the CCF 

analysis aiding in the determination of flow characteristics of the respective different aquifers dependent 

on their response times.  MacDonald (2015) used CCF analysis for qualitative analysis of groundwater 

quality parameter response times between different wells believed to be along similar flow paths.  These 

time lags were typically on the order of 50 to 600 days for water quality parameters.  A limited analysis 

was done for precipitation and water level response times, where lags of 0 to 3 days were found 

(MacDonald 2015). 

Protection of groundwater resources from nitrate contamination relies on an understanding of loading 

rates along with subsurface transport and attenuation processes.  As identified in the literature, the spatial 

and temporal variability of observed groundwater nitrate concentrations requires additional smaller scale 

studies to gain insight about these processes (Levison and Novakowski 2009, MacDonald 2015, Di and 

Cameron 2002).  Research that can determine direct causal links between geochemical parameters 

involved in nitrogen cycling and nitrate concentrations in aquifers would be most beneficial in predicting 

aquifer vulnerability through space and time at a broad range of study locations (Wick et al. 2012).  How 

geochemical parameters vary temporally must be aligned with processes that influence nitrate transport 

(precipitation, and snowmelt), and surface sources (loading rates) for accurate interpretations and 

predictions about groundwater nitrate concentrations (Robertson et al. 2016).  Finally, statistical methods 

that can accommodate the complexity of the nitrate transport and attenuation system have the potential to 



 

8 
 

determine the direct causal linkages given the many different potential combinations of parameters.  By 

applying these methodologies as lumped parametric processes, insight can be gained on the bulk system 

behaviour of nitrate attenuation and cycling at these sites, this bypasses the need to deal with inherent 

system complexities.   

   

1.2 Objectives 
 

The objective of this research was to link nitrate concentrations in groundwater with surficial and 

subsurface conditions to help understand groundwater quality under different environmental and land use 

conditions.  Nitrate concentrations were compared between three distinct hydrogeologic settings in 

southwestern Ontario to determine differences in aquifer vulnerability between the study sites.  The three 

sites are located in Norfolk County, Guelph, and Acton, Ontario Canada.  Spatial and temporal trends in 

nitrate concentrations at the three sites were identified to link surficial activities to subsurface water 

quality conditions.  Groundwater samples were collected bi-monthly (once every two months) from June 

2014 to June 2016, and analyzed for nitrate-nitrogen and nitrite-nitrogen concentrations at 25 different 

monitoring wells distributed between the three research sites.  To help inform reaction conditions in 

monitoring wells, pH, EC, ORP, DO, sulfate concentration, chloride concentration, and temperature were 

monitored with every sampling event at each well.  Additional monitored parameters to help inform 

hydrogeochemical conditions were: dissolved organic carbon (DOC) concentration, and isotopic 

composition analyses (nitrogen-15 and oxygen-18 in nitrate).  Site conceptual models for each geologic 

setting were developed to inform surface-subsurface interactions as well as identify differences in aquifer 

vulnerability between sites.  Land use data were taken from the Agriculture and Agri-Food Canada 

(AAFC) annual crop inventory acquired from remote sensing data (AAFC 2017).  Climatological 

parameters (daily rainfall, daily average, max, and min temperature, and snow accumulation) were taken 

from weather stations nearest to sampling wells (Environment and Climate Change Canada 2016).  Soil 

(water and chemical) data were acquired from soil surveys and soil sampling completed surrounding each 

monitoring well.  Site data were compared with groundwater quality data to characterize current nitrate 

trends and to inform future conditions given climate and land use changes.  Recommendations from this 

research will be used to aid future numerical modeling efforts specific to the study sites investigated 

herein.  Numerical modeling which is informed by physical data will investigate the nitrogen attenuation 

and transport systems given future climate change and land use change scenarios to determine how nitrate 

contamination in southern Ontarian aquifers might evolve. 
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1.3 Thesis Outline 
 

Within the Introduction chapter research objectives are discussed, and a brief literature review on 

groundwater nitrate studies is presented.  The complexity of nitrate transport, attenuation, and processing 

requires a holistic approach to be taken in understanding how nitrate contamination may differ between 

different hydrogeologic settings.  The Research Sites chapter (chapter 2.0) is structured into multiple 

sections with each one covering unique aspects of each sites’ physical and chemical attributes.  First, the 

structure and content of the stratigraphy (geologic layers) is discussed for each of the study sites in the 

Geology section (section 2.1).  Next each sites’ soil properties, both physical and chemical are discussed 

in the Soil section (section 2.2).  The different sources of nitrate (agricultural, septic, and natural) are then 

discussed in the Land Use section (section 2.3).  The different aspects of climate which impact recharge 

to aquifers and thus flow of nitrate from surface sources into underlying aquifers are discussed for each of 

the three sites in the Climate section (section 2.4).  In the Results and Discussion chapter, three different 

types of analyses of collected data are presented and discussed: simple visual analysis of time series of 

various hydrogeochemical parameters collected via field sampling; multiple linear regression modeling of 

hydrogeochemical and physical parameters unique to each of the three sites; and cross-correlation 

functions between precipitation and groundwater levels.  Finally, in the Conclusions and 

Recommendations chapter (5.0), results and key trends are summarized and presented along with overall 

differences in nitrate transport, attenuation, and processing between the three sites. 

  



 

10 
 

2.0 Research Sites 

2.1 Introduction 
 

Each of the three research sites were selected based on hydrogeologic setting, nitrate-nitrogen 

concentrations, and proximity to the University of Guelph.  The Norfolk research site is located between 

Delhi, Ontario and Simcoe, Ontario, nestled between the remnants of the Paris and Galt moraines, and 

approximately 2 km northwest of the shores of Lake Erie.  The Guelph research site is within the 

University of Guelph Arkell Research Station which is located on the foot slopes of the Paris moraine on 

the east side of the City of Guelph.  Finally, the Acton research site is located approximately 1 km 

northwest of downtown Acton, Ontario, on the back slope of the Paris moraine.  The three sties provide a 

variety of hydrogeologic settings, Norfolk, a thick unconfined sand and gravel aquifer, Guelph, a thin 

unconfined sand and gravel aquifer with a fractured limestone/dolostone bedrock aquifer underlying, and 

Acton, a fractured limestone/dolostone aquifer underlying overburden of very thin to negligible thickness. 

 

2.2 Geology 

A key aspect of this thesis is comparing the differences in groundwater nitrate concentrations between 

three distinct hydrogeologic and agricultural settings.  Thus, the research sites were selected for 

contrasting geologic settings, described below.  Figure 2.1 shows the research site locations and regional 

bedrock topography.  Acton lies 20 km northwest of the metro Toronto area, and a few km from the edge 

of the Niagara escarpment.  The Acton research site intersects the Paris moraine to the northwest and 

transitions into outwash sediments to the southeast.  The overburden thickness (Figure 2.2) trends from 20 

to almost 0 meters dipping northwest to southeast along the site.  This overlies a fractured fossiliferous 

dolomite bedrock (Davies and Holysh 2007).  The Guelph research site also lies along the Paris moraine 

about 15 km southwest of the Acton site.  The northwest section of the site overlies spillway/outwash 

sediments moving into the foot of the Paris moraine to the southeast.  Overburden thickness (Figure 2.2) 

is consistently 12 to 20 meters thickening slightly towards the southeast.  This overlies the Guelph 

formation a porous fractured dolomite bedrock (Davies and Holysh 2007).  The Norfolk research site is 

located just to the west of the town of Simcoe nestled between the broken-down remnants of the Paris and 

Galt moraines.  The site is dominated by several layers of fine glaciolacustrine sediments (fine sands, 

silts, and clays) with till interlaid deeper down.   
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The overburden (Figure 2.2) is by far the thickest of the three sites, typically 70 meters thick trending 

thinner towards the east within the study area.  At the east side towards the Galt moraine the overburden 

thins up to 20 to 30 meters (Marich 2014). 

 

Figure 2.1 - Regional bedrock topography in Southwestern Ontario (Gao et al. 2006). 

 

Lake Ontario 

Lake Erie 
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Figure 2.2 - Drift thickness mapped at the Norfolk site (upper); the Guelph site (left); and the Acton site 

(right) (Gao et al. 2006) 

 

2.2.1 Bedrock Geology 

All bedrock to glacial drift contacts are severely to moderately eroded from the period between the 

Devonian (bedrock deposition) to the Pleistocene (glacial drift deposition) known as the ‘big gap’ where 

all formations deposited during this period were eroded away (Eyles 2002). 

2.2.1.1 Norfolk Research Site Bedrock Geology 

The bedrock at the Norfolk research site is comprised of three different units.  In ascending order these 

are Dundee, Lucas, and Amherstburg/Onondaga (Figure 2.4).  These units dip gently towards the south to 

southeast (Figure 2.3) with most of the study area being covered by the Dundee formation and a small 

northeast section being covered by a thinning section of the Lucas formation upwards into the 

Amherstburg/Onondaga formation (Marich 2014).  The Dundee formation underlies all the Norfolk 

monitoring wells forming a contact aquifer with glacial drift about 30 meters thick which is part of a 
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regional aquifer complex in southwestern Ontario yielding sulphurous salty water. Although the rock 

matrix itself is relatively impermeable, where it is fractured the upper 1 to 3 meters of this formation 

yields fresh water (Armstrong and Carter 2010). 

 

Figure 2.3 - Local bedrock topography for the Norfolk site (upper); the Guelph site (left); and the Acton 

site (right) (Gao et al. 2006) 

 

The Dundee formation is described as 35 to 45 meters of grey to tan brown, fossiliferous, medium to 

thick bedded limestones and minor dolostones with some bituminous partings and chert nodules (Johnson 

et al. 1992). The Lucas formation exhibits a substantial thickness (96 meters) near Huron County (in 

southwestern Ontario) and thins towards Norfolk County (in southeastern Ontario) to 0 meters within the 

town of Simcoe (Armstrong and Carter 2010).  It comprises three members, listed here in descending 

order: Lucas, Anderdon, and Sandy Limestone Anderdon.  The uppermost sandy limestone member acts 

as a main aquifer, joining Dundee in the regional sulphurous, salty aquifer in southwestern Ontario.   



 

14 
 

Below is the pure Anderdon, a thin to medium fine grained interbedded limestone from sparse fossils to 

bio clastic limestone.  The pure Lucas is a thin to medium fine crystalline laminated dolostone/limestone 

with anhydrite beds interlaid (Uyeno et al. 1982).  The Amherstburg/Onondaga formation forms the 

northeastern most fraction of the study site; it is a tan to grey-brown to dark brown fine to coarse 

bituminous, bio clastic, fossiliferous limestone and dolostone.  Amherstburg/Onondaga forms the regional 

aquifer complex in southwestern Ontario along with Lucas and Dundee.  Although this unit has little to 

no primary porosity, flow is substantial through vuggy networks in this unit (Armstrong and Carter 2010). 

2.2.1.2 Guelph and Acton Research Site Bedrock Geology 

The Guelph research site bedrock is split between the Guelph formation in the southwestern half and the 

Amabel formation in the northeastern half (Figure 2.4).  The Guelph formation is a platformal/reefal 

dolostone and limestone.  The formation is largely reefal, with inter-reef deposits alternating.  These 

reef/inter-reef complexes overlie the Eramosa member, a fine to medium crystalline bituminous 

dolostone.  The inter-reefal units are a dark bituminous dark dolostone at the lower contact moving up 

into a porous sucrosic dolomudstone and siltstone with clasts of dolowackestone at the upper contact.  

Reefal deposits are comprised of a fine to medium crystalline sucrosic dolostones which are highly 

porous.  The Guelph formation forms a regional confined aquifer system of sulphurous and salty water.  

The top 2 to 40 meters holds fresh water over top of the sulphurous salt water.  This fresh water is used as 

the main drinking water source for the city of Guelph (Armstrong and Carter 2010).  Both the Guelph and 

Acton research sites share contact with the Amabel Formation (Figure 2.4).  This unit is split into four 

members, which in descending order are Goat Island (of the Lockport Formation), Gasport (also of the 

Lockport Formation), Wiarton, and Lions Head.  Goat Island is a dark to light grey to brown, very fine to 

fine, crystalline, thin to medium, irregularly, bedded variably argillaceous dolostone with locally 

abundant chert or vugs filled with gypsum, calcite, or fluorite (Armstrong and Carter 2010).  Gasport is a 

thick to massive bedded, fine to coarse grained, blue-grey to white to pinkish grey, dolostone, and 

dolomitic limestone, with minor argillaceous dolostone present (Armstrong and Carter 2010).  These two 

units (Goat Island and Gasport) are members of the Lockport Formation.  This formation shares the same 

depositional timing as Amabel with Lockport outcropping around Hamilton and extending more 

westward while thinning towards the south, and Amabel occurring more to the northern sections of 

southern Ontario (Armstrong and Carter 2010). Wiarton and Lions Head are the third lowest and lowest 

units respectively, with Wiarton being a massive bedded, blue grey to mottled light grey to white, fine to 

coarse, crystalline, porous, crinoidal, dolostone, with local biohermal development.  Lions Head is a light 

grey to grey brown, fine crystalline, thin to medium bedded, sparsely fossiliferous, dolostone with 

abundant chert nodules (Armstrong and Carter 2010).  Amabel forms the regional confined 

salty/sulphurous aquifer with the Guelph Formation (Armstrong and carter 2010).   
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Figure 2.4 - Bedrock formations within southwestern Ontario (Ministry of Northern Development and 

Mines 2012) 

 

2.2.2 Unconsolidated Geology 

2.2.2.1 Norfolk Research Site Unconsolidated Geology 

The Norfolk site is nestled between the Paris moraine to the west and the Galt moraine to the east.  These 

moraines extend from the north in the Greater Toronto Area (GTA) down south to Norfolk County and 

into the Norfolk sand plain (Figure 2.5).  All Norfolk site monitoring wells are located on the Norfolk 

sand plain.  This plain is comprised of a series of layered lake sediments laid down in the Port Huron 

stadial (Marich 2014).  Cross-sections along roadways within the site which showing these layered lake 

sediments are shown in Appendix A.  The layers are described as follows in reverse chronological order: 

Lake Whittlesey/Warren; Ypsilanti low water lakes; Lake Maumee/Arkona; Port Stanley Till; Erie Phase; 

Catfish Creek Till. 
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Figure 2.5 - Physiography of the Norfolk study site, modified from Chapman and Putnam (2007) 

 

Lake Whittlesey/Warren (Fine and Coarse phases) 

The most recent lake sediments are a series of inversely graded clays to medium sand or fine sand to 

medium sands.  Within the Ontario Geological Survey’s report on the groundwater resources in Norfolk 

County, Whittlesey and Warren sediments are split into two packages based on the grading (Marich 

2014).  The package which contains the finest materials is located on the bottom and deemed 

Whittlesey/Warren fine phase and the coarser material located at the top is deemed Whittlesey/Warren 

coarse phase.  Whittlesey and Warren are believed to have been a result of a basin wide flooding event 

caused by the damming up of low-level outlets (Barnett 1979).  Regionally, within the site both 

Whittlesey/Warren phases (fine and coarse) act as the first layer of the Erie basin lake sediments and are 

found all throughout the site with the fine phase pinching out only at the easterly side of the study area.  

As a side note, the Whittlesey/Warren coarse phase is also known as the Norfolk sand plain, identified as 

a vast layer of sand laid down during the end of the Huron stadial.   
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Lake Ypsilanti 

This layer represents a well-defined period of quick drops in lake levels resulting in relatively more 

coarse sediments overlying the Maumee/Arkona lake deposits (Marich 2014).  Composed of coarse sand 

to gravel with some minor fine sands this layer acts as a marker to divide fine Maumee/Arkona and 

Whittlesey/Warren sediments (Marich 2014).  This layer is only encountered in the eastern section of the 

study site corresponding to the Kunkle (1963) theory of an easterly drained low-level lake. 

Lake Maumee/Arkona 

This layer defines a time when deep lakes dominated the study site during the late Port Bruce stadial to 

the Mackinaw interstadial (Matrix 2013).  The layer is dominated by a low energy deposition very fine to 

fine sediments (very fine sand to clay).  Some rhythmically bedded ice rafted debris are found within the 

laminated very fine sand to silt to clay beds (Marich 2014).  The lack of a coarse phase along with this 

lake package is made up for by the Ypsilanti low lake layer of quick lake level drop (Morris et al. 1993).  

This layer thickens more so towards the east within the study site but it presents throughout all cross-

sections.   

Port Stanley Till 

The re-advance of the Erie lobe during the Port Burce stadial picked up the older Erie phase 

glaciolacustrine deposits, mixed them up and deposited them down with ice contact debris as a stone poor 

silty to clayey till. The Port Stanley till is more formally defined as a clayey silt to sandy silt diamicton 

with minor grits and granules (Marich 2014).  This till is the most extensive in the study area and caps 

and/or comprises most of the moraines throughout the area surrounding the study site (Marich 2014).  

Laid down as palimpsest deposits the Port Stanley till delineates the extent of the Breslau, Ingersoll, and 

Waterloo moraines (Karrow 1974).  This layer tends to thin towards the center of the study area between 

the Paris and Galt moraines, and thickens towards the north side of the study area. 

Erie Phase Glaciolacustrine Sediments 

Lake sediments comprised of rhythmically bedded sands, silts and clays represent a period of ice retreat 

referred to as the Erie interstadial (Karrow et al. 2000).  Drop-clasts and ice rafted debris are common in 

this layer (Karrow et al. 2000).  The Erie phase sediment package is discontinuous in the study area with 

the layer thinning towards the center and thickening again in the east (Marich 2014).  The layer is 

overlain by Port Stanley till typically making identification relatively easy; however, where the Port 

Stanley till is thin or missing, especially in cross-section E-E’ (shown in Appendix A) the Erie phase and 

Maumee/Arkona sediment packages are very difficult to discern (Marich 2014). 



 

18 
 

Catfish Creek Till 

The smallest and oldest sediment packages delineated by Marich (2014) is the Catfish Creek Till.  This is 

a stony, sandy till which correlates to the Nissouri stadial where the ice advanced all through Ontario and 

down into the United States (Barnett 1992).  The till is very minimal in extent within the study area, only 

existing in bedrock depressions (Marich 2014).  Thicknesses vary from 1 to 10 meters and typically the 

layer thins generally towards the south (Marich 2014).  Sand content in this till increases towards the east 

side of the research site, with the contrasting silt content decreasing to the east (Marich 2014).  This till is 

associated with two different geologies: the stony sandy till mentioned above, and a more stratified 

version found in the eastern portions of the study site.  Matrix (2013) notes the lodgement till, 

glaciofluvial, and glaciolacustrine facies which can be associated with this till.    

2.2.2.2 Guelph Research Site Unconsolidated Geology 

The Guelph monitoring wells (Figure 2.6) are all located on the front slopes of the Paris moraine along 

what are referred to as spillways or channels created during a period of glacial retreat (Sadura et al. 2006).   

The Paris moraine, which is present in all three study sites is believed to have been deposited during the 

Port Huron stadial via Lake Ontario lobate ice (Gwyn and Cowan 1978).  Best et al. (2015) completed 

continuous coring at this study site creating the multi-level well at ARS-1 (Figure 2.7).  The cross-

sections produced by Best et al. (2015) from the wells on site were interpreted into continuous layers 

across the entire study area (shown in Appendix A).  These continuous layers are presented in Appendix 

A and follow a rough pattern moving up from bedrock to Port Stanley till, into glaciofluvial with minor 

glaciolacustrine sediments, up to surface.  These observations are supported by a GPR (ground 

penetrating radar) survey completed by Sadura et al. (2006).  A thorough explanation of the Port Stanley 

till is available in section 2.2.2.1 on the unconsolidated geology of the Norfolk site.   

Port Stanley till has not reliably been logged under the Paris moraine at this site but the presence in ARS-

1 and previous reports on the stratigraphy of the Guelph area (Karrow et al. 1982, Gwyn and Cowan 

1978) would indicate a thinning/discontinuity of the layer off the moraine towards the northwest down the 

frontal slope.  In addition to the Port Stanley Till, Wentworth Till is expected to overly either Port Stanley 

itself or small deltaic deposits associated with small fluctuations in the ice margin during deposition of 

the Paris moraine (Burt and Dodge 2016, Marich 2014).  Wentworth Till is a stony, coarse textured, 

sandy silt till deposited by the Erie-Ontario lobe during a readvancement forming the Paris moraine (Burt 

and Dodge 2016).  These tills either cut off downslope or are overlain by outwash sandy gravels and/or 

ice rafted debris drops or flows which are in a couple spots along both the north-south and east-west 

cross-sections (Best et al. 2015).  Debris flow and/or glaciofluvial sediments are laid down via fans or, 

where confined by trenches of eroded previous layers, channel fill (Sadura et al. 2006). 
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Figure 2.6 - Physiography of the Guelph site, modified from Chapman and Putnam (2007) 

 

Within the Guelph cross-sections (found in Appendix A) six layers are denoted, these are as follows in 

ascending order starting at the top of bedrock. 

Port Stanley Till 

This described previously in section 2.2.2.1, however this version is slightly sandier and stonier than the 

southern Norfolk version of Port Stanley Till. 

Wentworth Till 

This is described below in the Acton Research Site Unconsolidated Geology section under the code 

ATA2-1 by Burt and Dodge (2016) 

Outwash Sediments 

Mapped as sandy gravel mix which dominates the study area particularly in the NW to SE cross-section, 

this layer is cut down by ice rafted or debris flow in the E to W cross-section.  These sediments are 
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described by Best et al. (2015) as poorly sorted gravel within a silty sand matrix with layers of large 

cobble sand a few smaller clasts.  Through the older core logs the sand content within this layer appears to 

increase downslope from the moraine.    

Ice-Rafted Sediments 

These sediments are mapped as diamicts which do not fall within the Port Stanley or Wentworth Till 

classifications.  These are poorly understood as the logs which described them are relatively old, but this 

layer is believed to arise from ice rafted or debris flow deposits from the moraine (Best et al. 2015).         

Low Energy Ponding Sediments 

The presence of a silt/clay layer which appears to correspond to a dip in the outwash sediments leads to 

the interpretation of a low energy pond/small lake environment.  This layer would typically be related to 

very low flow rates which were experienced at the surrounding piezometers.     

2.2.2.3 Acton Research Site Unconsolidated Geology 

The Acton site is also situated on the Paris moraine (Figure 2.7); however, unlike the Guelph site, the 

sediments coming off of the moraine are more till-like than sandy and gravely.  This difference is likely 

because the Guelph site is at the terminus of the moraine down the front slope, where Acton is on the 

backslope of the moraine in direct contact with the main lobate ice. 

The Acton site was included in the study area for a three-dimensional subsurface modeling survey done 

by the OGS in 2016 (Burt and Dodge 2016).  The modeling split the unconsolidated sediments into 

packages based on hydrogeologic properties (aquifers and aquitards), the packages which are found 

within this studies’ area are described below using translations made up by Burt and Dodge (2016). 

(Please note: The sediment packages listed below are in reverse chronological order.) 
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Figure 2.7 - Physiography of the Acton site, modified from Chapman and Putnam (2007) 

 

Modern Glaciofluvial/Glaciolacustrine sediments (AFA1) 

These sediments were laid down by the retreat of Wentworth ice around the end of the Wisconsinan just 

after the Huron stadial (Davies and Holysh 2007).  This unit is comprised of coarse to fine sand with 

some silty sand, and minor gravel (Burt and Dodge 2016).  The unit exists only in the southernmost part 

of one of the north south cross-sections (Fourth Line Cross-Section) overlying bedrock up to surface at 

about 7-8 meters thick (shown in Appendix A).   

Wentworth Till (ATA2-1, ATA 2-2) 

Laid down during and towards the end of the Huron stadial, the Ontario-Erie lobate ice advanced to the 

Paris Moraine dumping down mixed discontinuous beds of coarse debris flow diamicts along with 

laterally continuous beds of glaciofluvial and/or glaciolacustrine sediments (Burt and Dodge 2016). Due 

to this complexity, the Paris Moraine is assigned its own unit separate from the less mixed up diamict 

version.  The first unit (ATA2-1) describes a more uniform diamict layer coming off the back slope of the 

Paris Moraine, it is a stony, sandy, till, believed to have been laid down after the initial Wentworth Till on 

MW-32 

Davidson Well Cluster 
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the Paris Moraine (Burt and Dodge 2016).  The more complex layer (ATA2-2) is the dominant layer in 

the Acton study site found in almost every cross-section.  The surface of the Paris Moraine is very 

hummocky but dips downwards towards the southeast half of the study area.  At that dip in the moraine 

towards the southeast the more recent and uniform Wentworth Till (ATA2-1) unit emerges, thickens 

southeastward, and thins into the more recent AFA1 unit described above.  Both units combined overly 

older tills and reach to surface all through the study site. 

Port Stanley Till (ATB1) 

This unit is similar to the Port Stanley Tills noted in the Norfolk and Guelph areas; however, the northern 

version is slightly stonier and sandier than the southern Norfolk and Guelphs versions.  This till is 

correlative to tills described in other studies under the monikers of Newmarket, or Tavistock Tills (Burt 

and Dodge 2016). 

Maryhill Drift (ATB3) 

This unit is part of the sediments laid down during the Erie phase and comprises the lowest section of that 

unit.  It contains both diamict and glaciolacustrine beds interbedded between each other (Burt and Dodge 

2016).  This unit is found only in the Northeastern most part of the study area being pinched out as the 

Port Stanley Till thins down towards the bedrock which slopes downward.  The sediments as formally 

described as clayey silt till with silt and clay rhythmites (Burt and Dodge 2016). 

Catfish Creek Till (ATC1) 

Similar in sediment characteristics to the Catfish Creek Till described in the Norfolk section just with 

larger stones (like boulders) and more silt content than the Norfolk version (Davies and Holysh 2007).  

This unit exists only in the Northern sections of the study area, typically within lower sections carved out 

in the bedrock by old channels/valleys (Burt and Dodge 2016). 
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Figure 2.7 - Physiography of the Acton site, modified from Chapman and Putnam (2007) 

 

2.2.3 Hydrogeology 

Described below are detailed geologic profiles for each well sampled in this study.  These layers are taken 

from borehole logged data and several similar layers are put together to correspond to glacial history and 

previously mapped glacial overburden units.  The hydraulic properties of these materials are described to 

compare regional and local flow within each of the glacial overburden units described in the previous 

section. 

2.2.3.1 Norfolk Research Site Monitoring Wells 

LP-MW-19-10 

This well is screened approximately 5 to 6 m below ground surface (BGS) within the Whittlesey/Warren 

coarse phase.  This section of the phase is coarse sand dominated with trace (~5%) silt.   

Only one screened interval exists at this location, below this interval there is a thin gravel layer going into 

finer and finer sand until 23 mBGS.  Within the finer sand interval, the lower half is comprised of 

rhythmites.  Two silt layers exist in the upper sandy section of the log, one at 11.6 mBGS and another at 

MW-32 

Davidson Well Cluster 
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14.5 mBGS.  This top half of the log (going from surface down to 23 mBGS constitutes a regional 

unconfined aquifer.  This unit is highly transmissive in this area and is used as a primary source of 

drinking water for the nearby municipalities of Delhi and Nixon (AquaResource 2009a).   

The next unit is the Whittlesey/Warren Fine Phase, between 23 and 28 mBGS.  It is dominated by silt 

with one silty diamict at 26 mBGS.  Next is the Port Stanley Drift; this is composed of two repeating 

sequences of silt, silty/clayey diamicts, and gravel.  The sand content is low to zero at the upper part of 

the unit (26 to 32 mBGS) but increases in a lowermost diamict up to over 50% before transitioning into 

the next unit.   

The last unit is Erie phase glaciolacustrine deposits with very low sand content and about equal parts 

silt/clay with a slight bias towards silt.  The bottom half of the log (Fine Whittlesey/Warren and below), 

while having not been hydraulically tested, the fine nature of the sediments suggests a low transmissivity 

zone overlying the bedrock. 

LP-MW-18-10 

This location has three sampling intervals starting at 6 mBGS, 12 mBGS, and 27 mBGS.  The top two of 

these intervals are in the Whittlesey/Warren coarse phase and are completely medium to coarse sand 

dominated.  The lower interval is screened in a medium to coarse sand called Lake Ypsilanti.  This is also 

referred to as the middle-confined aquifer in the source water protection report (AquaResource 2009, 

Marich 2014). 

Separating the two aquifers is a sequence of fine sediments known as Whittlesey/Warren Fine deposits at 

14 to 17 mBGS.  These act as an aquitard limiting flow between the unconfined and confined aquifers 

(AquaResource 2009a). 

The middle-confined aquifer is composed of finer sands (Lake Ypsilanti) than the unconfined aquifer, and 

these are laid down in alternating medium to fine beds going down to 38.5 mBGS. 

Underlying the confined aquifer are the Maumee/Arkona Fine Phase sediments which are comprised of a 

layer of silt from 38.5 to 45 mBGS.  This is followed by the previously described Port Stanley Till (45 to 

52 mBGS) and Erie phase glaciolacustrine sediments down to bedrock at 55 mBGS. 

Like LP-MW-19 this monitoring location has fine sediments overlying the bedrock, theoretically 

providing a flow limiting barrier on top of bedrock, and the high flow unconfined regional aquifer.       

LP-MW-14-10 
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This location is hydrogeologically similar to LP-MW-18, likely due to the spatial proximity of these two 

locations (~1.2 km) and their positions between the Paris/Galt moraine basin.   

This location also has three monitoring intervals, located at 6, 20, and 42.5 mBGS.  Just like LP-MW-18 

the top two intervals are screened in the top unconfined aquifer while the deepest interval is screened in 

the confined middle aquifer.   

The key difference from this location and LP-MW-18 is that the Port Stanley Till unit is pinched out, 

while the confining layer overlying the middle-confined aquifer is significantly thicker (about 5 times 

thicker) and occurs deeper, starting at 20 and going to 35 mBGS.  The deeper occurrence of these 

sediments, along with the increased presence of clay suggest deep lake depositional environments. 

LP-MW-07-10 

There are two monitoring intervals at this location, one at 9 and another at 15 mBGS.  These are both 

within the regional unconfined aquifer aka Whittlesey/Warren Coarse phase which is constantly medium 

to coarse sand dominated throughout the site. 

Underlying the unconfined aquifer (at 15 to 27 mBGS) is the Port Stanley Drift, a unit similar to Port 

Stanley Till; however, in addition to the silty/clayey diamict there are silts to fine sand beds interlaid 

within.  Next is a thick segment of Fine texture Erie phase deposits from 28 mBGS down to bedrock at 47 

mBGS.  

Like all the other sampling locations at this research site, this monitoring location has fine sediments 

overlying the bedrock, theoretically providing a flow limiting barrier on top of bedrock, and the high flow 

unconfined regional aquifer. 

LP-MW-04-10 

Three monitoring intervals are at this location located at depths, 6, 13, and 22 mBGS.  All three intervals 

are screened in the Coarse Whittlesey/Warren Phase, this unit is the regional unconfined aquifer in the 

study area and is described previously.  Underlying this is Maumee/Arkona Fine Phase, followed by Port 

Stanley Drift, and Fine Erie Phase deposits, all previously described.  One slight different at this location 

is the presence of a 1 to 2-meter-thick gravel unit at 39 mBGS just above the fine Erie Phase deposits. 

2.2.3.2 Guelph Research Site Monitoring Wells 

P2 

Located on the western corner of the site this well is screened within an outwash slightly sandy gravel 

deposit which is roughly continuous from surface to bedrock (Best et al. 2015).  The water table is located 
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at 4 mBGS but fluctuates higher during spring recharge periods (~2 mBGS) and lower in the summer 

when water levels dropped below the well screen.  This interval could be continuously pumped at rates of 

~ 1 LPM (liter per min).  Hydraulic tests noted by Best et al. (2015) along with pumping tests noted from 

surrounding wells in the Ontario Well Record Database indicates a highly fractured upper portion of the 

Guelph formation bedrock which is highly transmissive and well hydraulically connected to overlying 

unconsolidated materials (Best et al. 2013).   

P3 

This monitoring well is very close to P2 and as such exhibits very similar hydrogeologic traits except for 

being screened slightly shallower, and having a consistently lower water level (~1m lower).  This results 

in the water level dropping and staying below the well screen for much longer periods of the year than at 

P2.   

P8 

Towards the center of the site lies P8.  It is screened lower than previously described intervals at about 11 

mBGS.  The water table here is close to the bottom of the well however this interval is transmissive at 

values equal to or greater than P2 and 3 (~ 1 to 2 LPM estimated from pumping during groundwater 

sample collection).  This association makes sense as P8 is screened in a similar material (sandy gravel) to 

P2 and 3.  One key difference is the presence of a sandy diamict overlying the slightly sandy gravel unit.  

This may slow vertical groundwater movement.  Best et al. (2015) notes debris flow/ice contact debris 

within these areas and the sandy diamict noted at this location aligns with that in the cross-sections.     

P9 

The furthest northwestern location in the study site is this location.  Screened in a sandy diamict this well 

exhibits extremely low rates of recovery (estimated from pumping during groundwater sample collection) 

taking several hours to increase water levels from dry (>10 mBGS) to their static level at around 5 mBGS.  

This sandy diamict extends from the well bottom at 10 mBGS up to 6 mBGS.   

Below 10 meters are not logged although from the cross-sections and interpretation of the layer extending 

down to bedrock seems not unreasonable.  Overlying the sandy diamict is a sandy gravel like in previous 

locations; however, there is a greater presence of sand judging from the surrounding borehole logs and 

previous studies’ results (Sadura et al. 2006, Best et al. 2015).  

P10 
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This location is similar to P9.  However, it is screened above the slower recharging sandy diamict unit in 

the same type of material that P8, 3, and 2 are screened in, a slightly sandy gravel.  This more northerly 

version exhibits more sand content, supported by Best et al. (2015).  The sandy diamict starts at bedrock 

likely as Port Stanley till, rising from 12 to 8.5 mBGS.  Overlying this is the sandy gravel unit up to 5 

mBGS.  From here up to surface a homogenous silty sand unit is noted.  The hydraulic properties are 

untested but literature values indicate slower hydraulic conductivity than the sandy gravel but higher than 

the diamict due to the homogeneity of the unit (Freeze and Cherry 1979).    

P13 

The southeastern most location, this well is situated on the middle of the front slope leading up to the 

Paris moraine.  It is on the largest overburden at the study site, at almost 40 meters thick.  The well is 

screened at 22 mBGS within a stony sandy till (likely Port Stanley).  It has a similar rate of recovery to P9 

which is on the other side of the study site about 2 km away.  Overlying the till is interbedded sands to 

sandy gravels alternating at 5 to 10 meters thick up to surface.  These sediments correlate to those 

described by Sadura et al. (2006) as sequences of fans and debris flows lain down during the retreat of 

Wentworth ice.         

P15 

Situated just to the southwest of P13 along the moraine front slope, lies P15.  It is screened in a similar 

slow rate of recovery type material as P9, and P13 that is most likely Port Stanley Till (Best et al. 2015).  

The till extends from bedrock at 26 mBGS up to approx. 10 mBGS; overlying that are interbedded sands 

and sandy gravels very much like the pattern observed in P13.  This well is also slow to recover like P9 

and P13.  However, the recovery is slightly faster (water levels rising from the bottom of the well up 3 

meters into the casing in ~10 min).  This may be due to the sandier nature of the till at this level along the 

moraine’s profile.  Sadura et al. 2006 notes an increase in sand content while moving down the moraine’s 

front slope.     

CMT Ports 6 and 7 

The most well documented monitoring well on site is the CMT (continuous multi-channel tubing) well 

drilled and logged by Best et al. (2015).  Only two of the seven ports are sampled in this study because 

they are the only ones which are not dry.  The water table fluctuates around 13 to 14 mBGS.  The two 

ports sampled are screened in bedrock at 13 and 15 mBGS.  The bedrock is of the Guelph formation and 

is highly fractured at the sampling intervals (Ports 6 and 7) (Best et al. 2015).  Overlying bedrock is a 

diamict believed to be associated with Port Stanley Till; this extends to 8.7 mBGS (Best et al. 2015).  The 
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next unit is well sorted gravel that is 0.5 meters thick underlying 2 meters of diamict to sandy diamict 

towards the surface.  Finally, a gravel unit caps the underlying sediments from 20 mBGS up to surface 

(Best et al. 2015).  No hydraulic testing was completed on this well, however, Best et al. (2015) notes the 

loss of 1000 gallons of drill water throughout the period of drilling into bedrock suggesting a highly 

transmissive fractured upper section of the Guelph formation.  This is backed up by FLUTETM 

transmissivity profiling completed at a well 300 meters northwest of the CMT screened open borehole 

into the Guelph formation (Opazo et al. 2012).  

2.2.3.3 Acton Research Site Monitoring Wells 

TW1/85 

Located off the back slope of the Paris moraine this well is part of a group of monitoring wells installed 

close (<200 meters) around the production wells for the town of Acton called the Davidson wells.  This 

well is very close to an artesian natural spring coming from an exposed bedrock aquifer, and as such has 

very shallow overburden (~2 meters) composed of outwash sands and gravels.  The water level here stays 

around 2 mBGS or just above the top of bedrock.  The bedrock is the Amabell formation and is highly 

fractured to cavernous in places resulting in very high flow rates suitable for a municipal production well 

(Burt and Dodge 2016). 

TW2/85 

This well is only 100 meters from TW1/85 so all the characteristics from that well are transferable here.  

The only key difference is that at TW2/85 bedrock has increased in elevation from 2 to 1.5 mBGS, the 

unconsolidated sediments are the same.   

Davidson Production Well 1 and Well 2 

The two production wells again are very close to the two test wells (TW1/85 and 2/85) so they share the 

overburden and bedrock depth and water level with them.   

These wells are drilled much deeper than the test wells (down to 14 mBGS) with the bottom 10 meters 

being open casing into the fractured/cavernous dolostone/limestone (Davies and Holysh 2007). 

MP-10/03D and Stream 

These sampling points are located within the forest beside the Davidson wells right on top of the flowing 

stream fed by artesian conditions.  MP-10/03D is a shallow monitoring point with water level just a few 

centimeters below surface.  The stream is a surface water feature located downstream of the artesian 
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conditions with a very mucky bed.  Both sites are on top of a high organic material patch surrounding the 

forest spring. 

MW-32 

The only monitoring well at the Acton site that is not within the Davidson cluster, this sampling location 

is up on the back slope of the Paris moraine within a depression between two hummocky features.  The 

well is an open hole into the bedrock aquifer from 21 to 70 mBGS.  Bedrock here is at 20 mBGS; 

overlying this is about 3 meters of the previously described Catfish Creek Till, and overlying that is the 

Paris Moraine unit (Wentworth Till).  The Catfish Creek Till forms a regional aquitard that pinches out 

towards the southeast within the study area (Burt and Dodge 2016).  The Paris Moraine unit being very 

hummocky provides significant recharge to the underlying bedrock aquifer (Burt and Dodge 2016).  

Water level at this location is within the Paris Moraine unit at 15 mBGS within the depression surface 

elevations are lower than the crests of the hummocks so the water table elevation is better described as 

378 mASL (above sea level).  In 2015 two new monitoring wells were drilled at this site by Halton 

Region (a shallow and intermediate interval), and were subsequently added to the study area as 

monitoring wells. 

2.2.4 Study Site Hydrogeologic Continuity 

2.2.4.1 Norfolk 

Two aquifers and two aquitards exist in the borehole logs for the Norfolk site and through interpretations 

made by the cross-sections (found in Appendix A) the continuity of these units can be discussed.  

Between the interpretations from Marich (2014) and AquaResource (2009), both agree that the fine 

glaciolacustrine and most of the till layers encountered at this site are discontinuous and therefore allow 

regional hydraulic connections between the top unconfined sandy aquifer and the middle sandy confined 

aquifer.  The yields from nearby production wells for the community of Delhi indicate the aquifer 

complex is highly transmissive (AquaResource 2009).   

This implies fast transport of contaminants; however, recorded water levels at the site over different 

sampling rounds (Figure 2.8) indicate low horizontal flow gradients (found in Appendix A).  Unconfined 

aquifers tend to follow topographic trends and the Norfolk research site supports that by exhibiting a flat 

topographic profile slightly sloping towards the east and south (Figure 2.9).  Two of the monitoring wells 

are within the 25-year WHPA (well head protection area) of the Delhi production wells modelled by 

Waterloo Hydrogeologic (2003), LP-MW-14 and LP-MW-18.  While the topography steepens towards 

Simcoe, the potentiometric surface indicates greater hydraulic gradients towards the Lynn River basin 

such that LP-MW-04, and LP-MW-07 are both in the 10-year WHPA for Simcoe’s Cedar street 

production wells despite being further away from them than LP-MW-14 and 18 are from the Delhi 
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production wells (Waterloo Hydrogeologic 2003).  Despite the discontinuous nature of the till and fine 

glaciolacustrine units the number of layers available means that even if most confining layers are pinched 

out at least one always overlies bedrock to provide a flow-limiting barrier.

 

Figure 2.8 - Norfolk water levels measured over the study period (June 2014 to July 2016) 
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Figure 2.9 - Norfolk surface topography (Gao et al. 2006) 

2.2.4.2 Guelph 

There is little continuity of sediment units between wells due to the nature of their deposition.  The water 

table on site lies within the slightly sandy gravel layer that is moderately continuous through the site.  The 

slower recharging till layer only exists underneath the sandy gravel but the discontinuity results in only 

local (well scale) vertical flow restriction.  There are no monitoring intervals in the upper diamict/debris 

flow sediments so hydrogeologic interpretations are limited on that unit.  Bedrock along the lateral profile 

of the Paris moraine shows a dip where the moraine starts to slope upwards; this might be indicative of 

isostatic depression from loading of glacial ice overtop bedrock (Karrow et al. 1982).  The depression 

created in the bedrock has been filled by Port Stanley Till providing a cap over the fractured bedrock 

aquifer there.  The fractured Guelph formation is used as the primary source of drinking water for the city 

of Guelph providing over 2,000 cubic meters of water per day on average at the nearby Carter, and Burke 

production wells (GRCA 2015).  The entire study site is located within a 2-year capture zone for the City 

of Guelph’s water works system (GRCA 2015).   

 



 

32 
 

2.2.4.3 Acton 

Groundwater flow within the site is dominated by the intermittent pumping of the Davidson supply wells 

which are permitted to take about 2,500 cubic meters of water per day (Stantec 2015).  Groundwater 

levels are displayed in Figure 2.10.  Flow tends to be southeasterly coming off the backslope of the 

moraine and down into the exposed bedrock depression where artesian conditions are observed.  This 

follows the bedrock topography (Davies and Holysh 2007).  Burt and Dodge (2016) note the hummocky 

Paris Moraine aquifer which is continuous and very thick throughout the northwestern half of the study 

area as a significant source of recharge.  All wells in the study area are within the WHPA for the 

Davidson production wells; those wells within the Davidson cluster fall in the 2-year capture zone 

although travel times are likely lower (Stantec 2015).  MW-32 lies within the 5-year capture zone for the 

Davidson wells.  All sediment layers trend upward or are cut off by a bedrock topographic high just 

before the drop on the back slope of the Paris Moraine.  Those which are not cut are pinched into a thin 

discontinuous layer of silty sandy gravel outwash underlying the Davidson wells and Davidson cluster 

(Burt and Dodge 2016).  The distinctions between sediment packages or units represent unique 

depositional periods; however, within these periods (especially so in the Paris Moraine aquifer complex) 

layers can be mixed up and have discontinuous beds, so flow through these units may be poorly 

understood.  The original borehole logs used to make these interpretations are available in Appendix A. 

 

Figure 2.10 - Physiography of the Research Sites (Chapman and Putnam 2007) 
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2.3 Soil 
Soil polygons were acquired from the Canadian Soil Information System National Soil Data Base product 

(CANSIS 2000).  Soil polygons are provided in shapefile format with taxonomic and basic information 

included in the attribute table.  These soil polygon data were then connected to soil name and profile data 

tables which join Ontario taxonomic information to physical, chemical, and biological data unique to each 

soil type (CANSIS 2013). 

2.3.1 Research Site Top Soil Profiles 

2.3.1.1 Norfolk Site Top Soil 

The Norfolk site top soil (Figure 2.11) is comprised mostly of Granby, Plainfield, and Fox profiles.  

These soils range from homogenous to moderately heterogenous (70 – 60 %) (CANSIS 2013).  

Information on the most commonly encountered horizons at this site is provided below. 

 

Figure 2.11 - Norfolk research site top soil map 

Plainfield – Dune Phase (Brunisolic Gray Brown Luvisol) 

Soil is rapidly drained with a poor available storage capacity (2.5 - 4 cm).  Parent material is of eolian 

origin and uniformly deposited.  Material is almost fully dominated by fine sand (91 - 98%).  Organic 

carbon is available in greatest quantity down to about 15 cm below surface at around 3.2% by mass.   

The soil’s pH is moderately neutral (~7).  Base saturation is very high, almost always 100%.  Cation 

exchange capacity is quite low due to the dominance of sand over clay in this soil.  Water retention is 

strong, most desorption occurs at around 33 kpa.  Saturated hydraulic conductivity ranges from 6.7 cm/h 

to 8.9 cm/h (CANSIS 2013). 



 

34 
 

Fox (Brunisolic Gray Brown Luvisol) 

Soil is well drained with an intermediate available storage capacity (4 – 5 cm).  Parent material is of 

glaciolacustrine origin.  Soil material is majority sand with around 25- 12% silt/clay.  Organic carbon is 

available in the top 45 cm of the profile at around 1.9 – 1.5 % by mass.  The soil’s pH is neutral (~7).  

Base saturation is very high at 100%.  Cation exchange capacity is moderate at about 20 meq/100 g.  

Water retention is strong, most desorption occurs at around 33 kpa.  Saturated hydraulic conductivity is 

moderately low, ranging from 2 cm/h – 5.5 cm/h (CANSIS 2013). 

Granby (Orthic Humic Gleysol) 

Soil is poorly drained, excess water is very common; however, the soil has a wide range of storage 

capacity reflective of the variability in material configurations possible in a lacustrine environment.  

Parent material is of lacustrine origin.  Soil material is primarily a medium sand with 14 – 6 % silt and 

clay.  Organic carbon is found majorly from 38 cm and up to the surface (1- 4% by mass).  The soil’s pH 

is neutral (~7).  Base saturation is very high at 100%.  Cation exchange capacity is moderate (~30 

meq/100g) to low (6 meq/100g) as depth into the profile increases.  Water retention is moderate with most 

desorption occurring at 10 kpa.  Saturated hydraulic conductivity is medium to low with depth in the 

profile (1.8 to 6 cm/h) (CANSIS 2013). 

Plainfield (Brunisolic Gray Brown Luvisol) 

Properties are all the same as the dune phase version of this soil, although the slight difference is in 

particle sizes.  The dune phase exhibits a smaller sand particle sizes.  The difference in particle size 

results in the regular phase Plainfield having slightly higher saturated hydraulic conductivities (CANSIS 

2013). 

Walsingham (Gleyed Brunisolic Gray Brown Luvisol) 

Soil is imperfectly drained.  Parent material is of eolian origin, uniformly deposited.  Soil material is a 

fine to very fine sand with very small fractions (2 – 10%) of clay and silt.  Organic carbon is available in 

very small quantities (0.2 – 0.5% by mass) in the top horizons of the profile to about 45 cm below 

surface.  Base saturation is very high at 100% throughout the horizons.  Cation exchange is low at around 

10 meq/100g.  The soil’s pH is neutral (~7).   

Water retention is weak with most drainage occurring at 33 kpa with almost all water content available at 

1500 kpa.  Saturated conductivity is moderate at around 7 cm/h (CANSIS 2013). 

Walsher (Brunisolic Gray Brown Luvisol) 
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Soil is well drained with a moderate available storage capacity.  Parent material is fluvial in origin.  The 

soil material is majority sand with a major silt component typically present at about 13 to 45% by mass.  

Organic carbon is available in small quantities (0.2 – 0.8% by mass) in the top horizons to about 65 cm 

below surface.  pH is moderately neutral to slightly acidic ranging from 4 to 7.  Base saturation is very 

high at 100%.  Cation exchange capacity is low at around 8 – 13 meq/100 g.  Water retention is weak 

with most drainage occurring at 33 kpa with almost all water content available at 1500 kpa.  Saturated 

hydraulic conductivity is high in the top horizons (up to 9 cm/h) but falls quickly with depth into the 

subsurface to around 1 cm/h (CANSIS 2013). 

Vittoria (Gleyed Brunisolic Gray Brown Luvisol) 

Soil is imperfectly drained with a relatively high available storage capacity.  Parent material is 

glaciolacustrine in origin.  Soil material is largely sand with fractions of silt at 25% in the upper sections 

increasing to 88% at the lower horizons.  Organic carbon content is very low in all but the uppermost 

horizons and even there only reach around 1% by mass.  Soil pH is neutral (~7).  Base saturation is very 

high at 100%.  Cation exchange is low at around 10 meq/100g.  Water retention is weak with most 

drainage occurring at 33 kpa with almost all water content available at 1500 kpa.  Saturated hydraulic 

conductivity is high in the top horizons (up to 9 cm/h) but falls quickly with depth into the subsurface to 

around 1 cm/h (CANSIS 2013). 

Brady (Gleyed Gray Brown Luvisol) 

Soil is imperfectly drained with a relatively high available storage capacity.  Parent material is 

glaciolacustrine in origin.  Soil material is mostly a medium sand at around 60% by mass with 12 to 30% 

clay and silt fractions, respectively.  Organic carbon is available at 1 to 3% by mass in the top horizons, 

only dropping to 0.6% in the lowest horizon at 40 to 100 cm below surface.  Soil pH is neutral (~7).  Base 

saturation is very high at 100%.  Cation exchange capacity is moderate at around 20 to 30 meq/100g.  

Water retention is very weak with most water desorbed at 10 kpa.  Saturated hydraulic conductivity is low 

at around 2 to 3 cm/h (CANSIS 2013). 

Silver Hill (Orthic Humic Gleysol) 

Soil is poorly drained with ponding common.  Parent material is of glaciolacustrine origin.  Soil material 

moves from sand dominant to silt dominant with depth below surface.   

Organic carbon is available only in the uppermost horizon at 2.6% by mass.  Soil pH is neutral (~7).  

Cation exchange is highest in the uppermost horizon at 25 meq/100g but drops to 8 meq/100g as depth 



 

36 
 

increases to the lowest most horizon.  Water retention is moderate, and saturated hydraulic conductivity is 

moderate at around 5 cm/h (CANSIS 2013).   

Other soils common to the area but not present significantly (~1-2% by area) within the study site are as 

follows: Hampden-Organic Phase (Terric Humisol), Normandale (Gleyed Brunisolic Gray Brown 

Luvisol), Tuscola – Coarse Phase (Gleyed Brunisolic Gray Brown Luvisol), Alluvium (Gleyed Melanic 

Brunisol), Oakland (Gleyed Gray Brown Luvisol), Colwood (Orthic Humic Gleysol), St. Williams 

(Orthic Humic Gleysol), Waterin (Orthic Humic Gleysol), Wattford (Brunisolic Gray Brown Luvisol), 

Wilsonville (Brunisolic Gray Brown Luvisol), Brantford (Brunisolic Gray Brown Luvisol), and Scotland 

(Brunisolic Gray Brown Luvisol) (CANSIS 2013). 

2.3.1.2 Guelph Site Top Soil  

The Guelph site top soil (Figure 2.12) is mostly comprised of Donnybrook and Dumfries sandy loams 

which are bordered by more complex areas to the northwest and southeast.  Soils are more homogenous 

around the wells with increasing heterogeneity coincident with increased complexity to the northwest and 

southeast.  Information on the most commonly encountered horizons at this site is provided below. 

 

Figure 2.12 - Guelph research site top soil map 

Guelph Loam (Brunisolic Gray Brown Luvisol) 

Soil is well drained with an available storage capacity of 4-5 cm.  Parent material is of glacial ice contact 

deposits.  Sandy loam is the dominant material through the profile.  Organic carbon only occurs in 
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significant amounts in the uppermost horizon at 1.5 % by dry mass.  The pH is neutral.  CEC (cation 

exchange capacity) is at about 20 meq/100g throughout the upper layers then dropping to 13 meq/100g in 

the lower C horizon.  Water retention is moderate and saturated hydraulic conductivity is low at around 1 

cm/hr (CANSIS 2013).    

Donnybrook Sandy Loam (Orthic Gray Brown Luvisol) 

Soil is well drained with an available storage capacity of 4-5 cm.  Parent material is of fluvial origin and 

the soil material itself is sand dominated at around 80% by mass.  Organic carbon is only available in 

significant amounts in the uppermost horizon at about 1.7% by dry mass.  The pH is neutral.  CEC is at 

27 meq/100g gradually dropping to 5 meq/100g in the lowest most horizon.  Water retention is poor as 

60% is drained out under 10 kpa.  The saturated hydraulic conductivity is high at 4 cm/hr and increases 

into almost 8 cm/hr with depth into the profile (CANSIS 2013).     

Dumfries Sandy Loam (Brunisolic Gray Brown Luvisol) 

Soil is well drained with an available capacity of 4-5 cm.  The parent material is morainal in origin.  Soil 

material is a sandy silty loam with a slight bias towards sand (~3 %).  Organic carbon is moderate at 2.5% 

by dry mass and decreasing with depth into the profile to ~0%.  The pH is neutral.  CEC stays around 20 

to 25 meq/100g throughout the profile.  Water retention is poor with over 50% loss at 0 kpa.  Saturated 

hydraulic conductivity is low at around or slightly lower than 1 cm/hr (CANSIS 2013). 

Burford Loam (Orthic Gray Brown Luvisol) 

Soil is well drained with an available capacity of 4-5 cm.  The parent material is of glaciofluvial origin.  

The soil material is a sandy silt loam with increasing fraction of sand with depth.  The organic carbon is at 

2.1% by dry mass dropping to around 0.5 towards the lower horizons.  The pH is slightly acidic at around 

5.  CEC is around 20 meq/100g throughout the profile.  Water retention is poor at 60% lost at 0 kpa.  

Saturated hydraulic conductivity is low at ~1 cm/hr trending towards 2.5 lower in the horizon, likely 

related to sand content (CANSIS 2013). 

Muck (Terric Humisol) 

Soil is very poorly drained.  Soil is organic content dominant.  Available organic carbon is at 20% by 

mass.  pH is slightly acidic at 5.  CEC is very high at 122 meq/100 g.   

Water retention is very strong (~100%) in the upper layer and drops off to 44% in the lower layers at 0 

kpa.  Saturated hydraulic conductivity is high in the top layer and drops to ~0 in the lower layers 

(CANSIS 2013).   
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Parkhill Loam (Orthic Humic Gleysol) 

Soil is poorly drained.  Parent material is of morainal origin.  Soil material is a loamy silt.  Organic 

content is higher in the upper layers, ~4% dropping to ~0% towards the bottom.  pH is neutral at around 

6.5.  CEC is high at around 60 meq/100g dropping to only 20 meq/100 g towards the bottom.  Water 

retention is poor, losing around 45% at 0 kpa.  Saturated hydraulic conductivity is low at around 0.3 

cm/hr (CANSIS 2013).  

Gilford Loam (Orthic Humic Gleysol) 

Soil is poorly drained.  Parent material is glaciofluvial in origin.  Primary material is a coarse sandy silty 

loam.  Organic content is high at around 4-3% in the upper layers dropping to 0 in the lowest.  pH is 

neutral (~7).  CEC is high at around 30 meq/100 g, dropping to 13 meq/100 g in the lowest horizon.  

Water retention is moderate with the soil losing about 40% at 0 kpa.  Saturated hydraulic conductivity 

remains in the range of 1-3 cm/hr throughout (CANSIS 2013). 

Colwood Fine Sandy Loam (Orthic Humic Gleysol) 

Soil is poorly drained.  Parent material is glaciolacustrine in origin.  Soil material itself is a medium 

textured sand/silt loam.  Organic content is available in the uppermost horizon at around 6%, and not at 

all below 23 cm depth.  pH is neutral at around 7.5.  CEC stays around 15 meq/100 g throughout the 

profile.  Water retention is moderate at around 50% under 0 kpa pressure.  Saturated hydraulic 

conductivity is very low at 0.4 mm/hr (CANSIS 2013).     

Fox Sandy Loam 

See Fox description above in section 2.3.1.1. 

Peat 

See Muck description above in section 2.3.1.2. 

2.3.1.3 Acton Site Top Soil  

The Acton site top soil (Figure 2.13) (like the Guelph site) is majorly comprised of Dumfries sandy loam.  

Killean loam lies within drainage areas off the local moraine. Soil polygon complexity increases to the 

southeast of the site.  Soils are almost entirely homogenous throughout the site.  Information on the most 

commonly encountered horizons at this site is provided below (CANSIS 2013).     
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Figure 2.13 - Acton research site top soil map 

Donnybrook Sandy Loam 

See Donnybrook Sandy Loam description in section 2.3.1.2. 

Dumfries Loam 

See Dumfries Loam description in section 2.3.1.2.  

Dumfries Sandy loam 

See Dumfries Loam description in section 2.3.1.2. 

Farmington Loam (Orthic Melanic Brunisol) 

Soil is well drained; having an available storage capacity of 4-5 cm.  Parent material is of glacial origin, 

specifically morainal.  The soil material is a silty sand loam.  Organic carbon is available through to about 

37 cm depth at around 2% by dry mass.  The soil pH is neutral to slightly acidic at ~6.  CEC starts at 

around 30 meq/100g and drops off to 9 meq/100g gradually up to the lowest horizon.  Water retention is 

moderate with 50% loss at 0 kpa.  Saturated hydraulic conductivity is high at around 2.5 cm/hr and 

spiking in the lowest horizon up to 7 cm/hr (CANSIS 2013).     

Guelph Loam 

See Guelph Loam description in section 2.3.1.2. 
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Killean Loam (Gleyed Gray brown Luvisol) 

Soil is imperfectly drained; drainage is slower than the typical supply rate.  Parent material is till 

(morainal), with the soil material itself being a sandy to silty sand loam transitioning with depth.  Organic 

carbon is available in the two uppermost horizons at 2.5 and 1.1% with depth.  pH is neutral to slightly 

acidic at around 6.  CEC is relatively constant throughout the profile hovering above or below 20 

meq/100g.  Water retention is moderate to high with 50 to 70% loss at 0 kpa.  Saturated hydraulic 

conductivity is 2 cm/hr in the two uppermost horizons (~40 cm depth) dropping steadily to 0.5 cm/hr in 

the lowest horizon (CANSIS 2013).     

Muck 

See Muck description in section 2.3.1.1. 

Organics – Mesisol – Shallow Phase 

See Muck description in section 2.3.1.1. 

Brady Sandy Loam – Shallow Phase 

See Brady description in section 2.3.1.1. 

2.3.2 Organic Carbon 

Soil organic carbon comes from the decomposition of organic material at the surface and/or within the 

root zone.  Decomposition occurs through multiple cycles on the same material eventually producing a 

highly stable carbon rich material, humus (Stockmann et al. 2013).  Soil organic carbon originates from a 

few sources: surface plant residue; buried plant residue; particulates; humus; and resistant organic carbon 

or burned material.  Most of the sources listed decompose on the order of days to years except for humus 

and resistant material which can take many decades to cycle through (Baldock 2007).  The order of 

degradation for different soil organic material is as follows (from slower to faster): surface<buried<root 

exuded, with the initial state of the material always taking less time to decay than the next (Stockmann et 

al. 2013).  The rate and state of decomposition in a soil are linked to plant production and biomass.  These 

factors have a strong control over the distribution of organic carbon in space.  The typical amount of 

organic carbon content in any given organic material is around 48 – 58% (Nelson and Sommers 1996).   

 

Carbon (typically in the form of glucose or carbon dioxide) acts as the electron donor through almost all 

nitrogen transition reactions, nitrification, denitrification, and immobilization, additionally microbes 

which enable these processes require energy to survive, typically taken in the form of carbon.  Taylor and 
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Townsend (2010) completed a meta-analysis of organic carbon and nitrate concentrations in various 

environments.  They found that in all environments nitrate concentrations exhibit a negative association 

outside of a critical threshold with dissolved and particulate organic carbon.  They show that nitrification 

rates increase exponentially beyond the minimum carbon/nitrogen ratios required by heterotrophic 

microbes.  Similar associations occur in C:N ratios and denitrification; exponential increases in rates of 

denitrification are observed with increases in organic carbon concentrations (Taylor and Townsend 2010). 

2.3.3 pH 

The pH of a soil controls the occurrence and rate of chemical reactions in situ.  pH is a measure of the 

concentration of hydrogen ions H+.  It is measured on a base 10 logarithmic scale.  The pH of a soil is 

used to describe how acidic or basic the soil environment is.  Generally, a soil should have a pH of around 

6-8 to be productive.  Values which are too acidic or basic greatly affect a plant’s ability to uptake 

nutrients (McKenzie 2003).  Soil pH tends to vary seasonally in direct correlation to the dissolved salts 

available in the soil solution and matrix.  This relationship is due to the ability of the salt to bump cations 

out of exchange sites increasing the soil pH.  In humid temperate regions (like southern Ontario) soils 

tend to lose most of their salts during the winter leaching period and a lack of nitrification to produce salts 

results in a higher pH.  Spring planting seasons increase soil salt and consequently decrease pH around 

fertilizer application periods and as a by-product increased nitrification also increases salt in the sub-

surface.  Late summer plant growth is constantly using salt stored in the soil up to harvest, then salt is low 

again, immediately after harvest the absence of plants means salt starts to recharge and mineralization of 

the residues left after harvest results in an increase in salt content thus decreasing pH rapidly (Thomas 

1996).  When considering nitrogen cycling in the sub-surface, pH is one of the strongest factors 

influencing these systems.  Nitrification, denitrification, and immobilization are all facilitated by 

autotrophic or heterotrophic action.  These organisms require a near neutral to a slightly basic pH to 

operate.  Any soil with pH below 6 is almost entirely toxic to these organisms (Myroid 2003).  As soils 

approach basic pH levels the equilibrium between ammonia and ammonium shifts toward increasing 

concentrations of gaseous ammonia which plants cannot use and is lost to the atmosphere or nitrified 

rather easily (McKenzie 2003).  Stevens et al. (1998) observed increased N2 production with increasing 

pH, indicating denitrification rates increasing with pH.   

They also speculate that along with increased denitrification, dissimilatory nitrate reduction to ammonium 

reaction rates increase with pH (Stevens et al. 1998).  These observations are supported by a meta-

analysis of denitrification studies from the 1950’s to 2000 (ŠImek and Cooper 2002). 
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2.3.4 Base Saturation 

This parameter is directly linked to CEC in that it refers to the saturation of the exchange sites in a soil 

with potassium, calcium, and magnesium.  All three cations are essential to plant growth and productivity.  

Table 2.1 depicts ideal saturation percentages for a given soils CEC (Spectrum Analytic Inc. n.d.).  The 

soils CEC describes the number of exchange sites so the significance of the base saturation relates directly 

to CEC.  Base saturation only describes the proportion of sites filled by the three main cations where CEC 

is the limiter controlling the maximum amount of those cations (Spectrum Analytic Inc n.d.).  Base 

saturation, at high levels protects a soil from acidification via keeping toxic aluminum ions from binding 

to soil exchange sites due to the sites already housing a cation (Mg2+, Ca2+, K+) (Thomas 1996). 

Table 2.1 - Soil base saturation under varied cation exchange capacities (Thomas 1996) 

Soil CEC %K %Ca %Mg 

0 – 5 4 – 6 50 – 70 10 – 20 

6 – 10 3 – 5 50 – 70 8 – 20 

11 – 15 3 – 4 50 – 70 8 – 20 

16 – 20 2 – 4 50 – 70 8 – 20 

21 - 25 2 – 4 50 – 70 8 – 20 

 

Base saturation being a descriptor of soil fertility acts indirectly as an indication of nitrate and ammonium 

uptake as more productive plants will require greater amounts of nitrogen.  Saturation of exchange sites 

by these three ions would prevent ammonium from exchanging at them due to the double positive charge 

of calcium and magnesium and single positive charge of potassium, thus increasing ammonium 

availability to soil microbes.  Several interactions between the nitrogen cycle and base saturation (or 

salinity) are present in the literature.  Cahn et al. (1993) found that depletion of soil Mg and Ca was a by-

product of nitrate leaching.  Ali et al. (2001) found that soil salinity increased nitrogen uptake by plants 

but decreased immobilization most likely through interruption of enzyme activity by specific ions. 

2.3.5 Cation Exchange Capacity (CEC) 

Cations are positively charged ions.  Typical cations encountered in the soil matrix are, Li+, Na+, NH4
+, 

K+, Rb+, Cs+, Mg2+, Ca2+, Sr2+, and Ba2+.  The cation exchange capacity describes the total charge excess 

of cations over anions (Sumner and Miller 1996).  Not all soil is negatively charged, only those soils 

containing clay and or organic matter hold a permanent negative charge, meaning it does not change with 

pH.  Organic matter will hold onto cations in much greater number than clay will, sometimes up to 50 

times.  Measurement of CEC is in milli-equivalents per 100 grams of dry soil or meq/100g.  Typical 

values of CEC range from 30 to 10 meq/100g (Ketterings et al. 2007).  The higher the CEC meq value the 
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more sites are available to exchange cations.  Organic material does not maintain its CEC through 

changes in the soil solution pH.  As pH increases, CEC increase; this is known as pH dependent CEC.  

Clay material will retain its charge no matter the pH of the solution surrounding the material; this is 

known as pH independent CEC (Sims and Patrick 1978).  Ammonium, calcium, and several other cations 

are involved in nitrogen cycling processes and reactions.  When these cations are bound to exchange sites, 

they are deemed immobile as they can no longer be leached; however, they remain accessible to plants.  

Minotti et al. (1968) observed increased rates of nitrate uptake coincident with increased potassium and 

calcium presence in the soil solution. 

2.3.6 Saturated Hydraulic Conductivity and Infiltration, and Water Retention 

Hydraulic conductivity is a measure of the ease with which water may flow through a media.  It is 

dependent on attributes of the soil particles and continuity of that soil material through the landscape 

(USDA n.d).  Hydraulic conductivity is measured as a unit length per unit time.  This term can be used in 

Darcy’s law (Eq 3.1) to compute flow of water for a given cross-sectional area. 

𝑄 = −𝐾𝑖𝐴 (𝐸𝑞. 3.1) 

Where Q is the volumetric discharge of water (L3/T), K represents the hydraulic conductivity (L/T), i 

represents the hydraulic gradient, or the change in hydraulic head per unit length (unit-less), and A is the 

cross-sectional area through which flow is occurring (L2).  Infiltration is the rate at which water is moved 

from the surface into the soil and eventually down to the water table.  The rate of infiltration is directly 

related to characteristics of the soil material; rainfall intensity; and rainfall duration.  If the volume of 

rainfall is too great for the soil’s infiltration rate to remove, water pools at the surface and runoff occurs.  

An initially dry soil will have a much greater infiltration rate than an initially wet one.   

As the soil gets wetter the infiltration rate decreases until it reaches that soil’s saturation point.  That 

saturation point is determined by the bulk pore space available for water storage and how strongly that 

soil will attenuate water to those pore spaces.  Soils which hold onto water stronger will have lower 

infiltration rates and high runoff and vice versa for weakly retentive soils (Allen et al. 1998). 

2.3.7 Calcium Carbonate Equivalence (CCE) 

Liming a soil is the standard method for treating an acidic soil to neutralize the pH.  Calcium carbonate is 

the precursor to lime and so acts in a similar way to neutralize soil pH.  Calcium carbonate equivalence 

refers to a soil’s mineral constituents’ ability to neutralize acids.  This is measured on a percentage scale 

relative to mineralized calcium carbonates’ capacity to neutralize acids (Mallarino 1997).  Soil with a 

calcium carbonate equivalence of 150% neutralizes acids 50% more effectively than calcium carbonate 

and vice versa.  Calcium carbonate equivalence is strongly tied to the pH of a soil.  Reactions occurring in 
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soil solution which would normally decrease pH would operate without acidification in a soil with a high 

CCE.  Observations by Stevens et al. (1998) increased alkalinity in a soil indicate that denitrification 

would be promoted.  The relationship with CCE and nitrate cycling works both to promote nitrification 

first then denitrification with increased pH.  Both processes require a near neutral pH to operate (Myroid 

2003). 

2.3.8 Involvement in Nitrogen Cycling 

The top 1-2 meters under the surface is considered the soil material.  This complex mixture of air, water, 

and soil particles provides plants with their water and nutrient requirements.  The top soil acts as the first 

barrier to entry into the subsurface water flow system and ultimately the water table.  The soil 

environment is a critical contributor to nitrogen reactions in the subsurface and is more dynamic in this 

aspect than the saturated sub-surface due to the flushing effect precipitation has on the soil and the 

transience of the state of flow from saturated to unsaturated as this flushing occurs.  Soil nitrogen exists in 

two basic forms within the soil: organic and inorganic.  Of those forms, organic nitrogen is the most 

abundant at 79% of the global N budget with the remainder being inorganic forms which include but are 

not limited to: nitrogen gas; nitrous oxide gas; ammonium; and nitrate (Myroid 2003).  A major challenge 

in studying N cycling is that N does not move and assimilate independently of other elements rather these 

processes are involved in a complex set of reactions (Taylor and Townsend 2010).  
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2.4 Land Use 
 

Almost all nitrate found in groundwater originated from the surface in one way or another.  Sources can 

be industrial, septic, natural, and agricultural (Spalding and Exner 1992, Wakida and Lerner 2005).  Land 

use activities at all three research sites are described and compared.  Most monitoring wells lay within 

agricultural land use areas; however, some of these areas are within 0.1 to 1 km of populated urban areas.  

Note that land use sources of nitrate will only be described if they are observed within one kilometer of a 

monitoring well.  Also, note that up gradient and downgradient in this section indicate the direction of 

flow estimated from both DEM surface elevation data and groundwater table/potentiometric surface 

mapping complete for all three sites by the GRCA (Holysh et al. 2000). 

2.4.1 Industrial/Commercial 

Industrial and commercial land use can contribute to nitrate contamination through the oxidation of 

contaminants into nitrate form or directly via nitrate leaching.  Between the study sites there are three 

industrial/commercial areas within one kilometer of the sampled wells. 

2.4.1.1 Norfolk 

Within the Norfolk site boundaries there is a hazardous waste facility, a commercial lumber enterprise, a 

pool supply business, and a recycling facility.  Of interest are the lumber enterprise and the two waste 

facilities.  These could contribute to nitrate contamination at the source well (LP-MW-04-10); however, 

their locations downgradient suggest otherwise (Wakida and Lerner 2005, AquaResource 2009a).  One 

commercial enterprise which is located up gradient is a tractor dealership on Highway 3 just 600 meters 

from a monitoring well (LP-MW-04-10).  With fertilizer application equipment on site, fertilizer leakage 

is a possibility. 

2.4.1.2 Guelph 

Only one commercial site is found within the Guelph monitoring well boundaries, a 27-hole golf course 

which is located downgradient from the wells.  Golf courses require regular nutrient application to 

maintain playable conditions throughout the spring, summer, and fall seasons (Wong et al. 1998).  The 

downgradient location of the course warrants less concern for contamination to the sampling wells caused 

by fertilizer use. 

2.4.1.3 Acton 

Proximal to the Acton monitoring wells is an industrial park with several commercial and industrial 

enterprises including a public works facility.  Although these have a strong potential to be of concern for 

contamination, their location downgradient from the study wells indicates they are not likely to be the 

source of nitrate contamination (Wakida and Lerner 2005). 
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2.4.2 Residential 

All wells sampled are within 500 meters of a rural residence, as well as within 1 kilometer of a built-up 

area.  Residential sources of nitrate can be from either septic leakage, or fertilizer applied to lawns and 

gardens (Wakida and Lerner 2005, Wong et al. 1998, Spalding and Exner 1992). 

Rural residents who are not linked to municipal utility lines require their own private infrastructure for 

drinking water and sewage.  A total of 150 residencies are within 1 km of the Norfolk monitoring wells.  

Locally, oxidizing conditions would perpetuate nitrate in a septic plume within the shallow groundwater 

(Aravena and Robertson 1998).  Fifty-five rural residencies are located surrounding the Guelph site; 

septic beds are found at each of the four barns/buildings within the study site property at Guelph.  Best et 

al. (2015) through an isotopic tracer analysis notes these septic beds may be a potential source of nitrate 

contamination on site.  Fifty homes lie within the Acton study site capture zones.  While no previous 

research has been completed to isotopically trace these sources, similar oxidizing conditions exist in the 

shallow groundwater at this site so a similar risk to the Norfolk site can be inferred (Aravena and 

Robertson 1998).  All residencies noted here are confirmed to have private septic tanks and/or beds 

inferred from their distance to a known municipal septic system and road side surveying. 

2.4.3 Natural 

Forests and other natural ecosystems fixate significantly greater quantities of nitrate than agricultural 

lands; however, these systems have evolved over millions of years to cycle only what is required to keep 

an ecologically safe balance of nutrients (Bundy 1998).  Studies have found that natural sources of nitrate 

can rarely be significant contributors to contamination in groundwater; however, other studies note a 

sharp increase in nitrate concentrations in under natural areas which are very close to urban or agricultural 

land (Williams et al. 1998).  Natural systems are adapted to handle natural nitrate concentrations so when 

increased input occurs those systems break down or halt due to nitrate toxicity (Weil and Brady 2016).  

The land area classified as ‘natural’ by AAFC mapping products is as follows: Norfolk (100 ha), Guelph 

(93 ha), and Acton (96 ha) (AAFC 2017). 

2.4.4 Agricultural 

All review papers concerning nitrate contamination in groundwater list agricultural nutrient application as 

the primary source (Power and Schepers 1989, Spalding and Exner 1993, Bundy 1998, Ribaudo et al. 

2011).  The dominant land use in southern Ontario is agriculture and with population and climatic 

pressures dampening yields regionally, intensification is either already occurring or underway in all parts 

of the region (Ketterings et al. 2007, OMAFRA 2017).  This intensification comes in the form of 

increased nutrient application or increased ground sown, or in many cases both.  Subsequent sections will 
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discuss different cropping systems and their impacts on subsurface water quality and quantity, and their 

spatial and temporal structure.   

2.4.4.1 Nutrients and Nutrient Application 

To produce profitable yields in Ontario additional nutrients need to be added on top of what is already 

available to the crop in the soil.  Nutrients come in two forms: organic, or synthetic.  Organic forms are 

comprised of manure (either animal waste or green), while synthetics are specific chemical formulas 

which are produced in factories (OFA 2008). 

2.4.4.2 Organic 

Manure comes either from livestock waste or in some rare cases dead plant matter as bioorganic waste.  

Manure is highly variable in its consistency and composition and as such can be adapted for use under 

most cropping systems.  These are listed in Table 2.2 (OMAFRA 2017). 

Table 2.2 - Nitrogen, and phosphate densities with monetary values of different livestock manures 

(OMAFRA 2017). 

Type Nitrogen Phosphate Value  

Dairy, Liquid 1.4 kg/m3 0.7 kg/m3 14.00 $ / ton 

Swine, Liquid 2.4 kg/m3 1.1 kg/m3 17.00 $ / ton 

Poultry, Liquid 5.1 kg/m3 2.5 kg/m3 36.00 $ / ton 

Dairy, Solid 1.5 g/kg 1.5 g/kg 8.00 $ / ton 

Poultry, Solid 9.5 g/kg 10 g/kg 36.00 $ / ton 

 

The compositions in Table 2.2 simplify the nitrogen composition into a bulk measurement.  Manure hosts 

many different forms of nitrogen which can be organic or inorganic.  While some manure nitrogen is in 

ammonium or nitrate (unstable inorganic form) the majority is a stable organic form which releases 

slowly into the soil via decomposition into ammonium and subsequent mineralization to a plant usable 

nitrate form (Bundy 1998).  Due to its nature manure will provide nitrogen to crops for subsequent 

growing seasons after the application year, from 4% the year after application to 1% three years after 

(OFA 2008).  The nitrogen value of a manure can decrease significantly due to volatilization of the 

unstable ammonium form.  This requires farmers to minimize air to manure contact by incorporating the 

manure directly into the soil (OFA 2008).  The Ontario Ministry of Agriculture, Food and Rural Affairs 

reports an average of 30% loss in nitrogen via volatilization of ammonium immediately at time of 

application (OMAFRA 2017).  For manure to be properly incorporated into the soil and made available to 

plants, the support of the soil/manure ecological community is required.  Soil microbes and 

microorganisms decompose manure into usable forms depending on the availability of nitrogen, carbon 
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(also known as the C/N ratio), as well as oxygen.  The productivity of this system depends on the 

neutrality of the C/N ratio (closeness to 12:1); too high and bacteria will immobilize all the available 

nitrogen forms, too low and the plants will use it all up causing the bacteria to die and thus the conversion 

of organic nitrogen to inorganic will stop starving plants of available nitrogen (Myroid 2003).  In addition 

to providing crops with nutrients, manure application stimulates soil biodiversity, and water retention 

(OFA 2008). 

2.4.4.3 Synthetic 

Synthetic or inorganic sources of nitrogen are popular due to their speed and consistency of application 

potency and timing.  Whereas manure can vary in composition based on the environmental, health, and 

diet of the animal, a synthetic fertilizer can be manufactured to a high level of accuracy producing more 

consistent results with the desired standard (OFA 2008).  Table 4.2 below displays these standard 

compositions for common synthetic fertilizers. 

Table 2.3 - Nitrogen composition of different commercial fertilizers (OMAFRA 2017). 

Type N as percent of total mass 

Anhydrous Ammonia 82 

Ammonium Nitrate 34 

Ammonium Sulphate 21 

Calcium Nitrate 15 

Calcium Ammonium Nitrate 27 

Sodium Nitrate 16 

UAN Solutions 30 

Diammonium Phosphate (DAP) 18 

Monoammonium Phosphate (MAP) 12 

Potassium Nitrate 12 

 

Organic nutrients need to be converted into an inorganic nitrogen form before a plant can use them; 

however, synthetic fertilizers are delivered to the soil as inorganic nitrogen meaning the plant can use it 

right away.  A downfall of this speed is that if a crops’ uptake of fertilizer cannot keep up with the amount 

introduced, the excess will runoff or leach into surface water or groundwater respectively.  The inorganic 

nature of these nutrients means that they cannot be as easily incorporated into the soil environment; they 

must first be converted to organic form by immobilization. 
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2.4.4.4 Residue Management 

Not all the different parts of a crop are profitable to harvest and sell.  Some parts of the plant (i.e. the 

stem, or stalk) are more valuable being incorporated back into a field thus returning some of the nutrients 

the plant took.  Anything left on the field after harvest is referred to as crop residue.  Management of crop 

residue can boost soil fertility; mismanagement can result in over saturation of nutrients which leads to 

leaching.  Table 2.4 shows nitrogen availability via residue for the next season’s crop. 

Table 2.4 – Nitrogen available to crops via the previous years crop as residue (OMAFRA 2017) 

Crop Residue Nitrogen Available (kg/ha) 

Forage residue (50% legumes) 18 

Corn stalks and soybean strings/pods 5 

Double corn stalks 2 

Corn stalks and wheat stems 2 

 

2.4.4.5 Timing of Nutrient Application 

Due to the natures of different types of crops and local environmental conditions farmers need to apply 

nutrients to their fields at different times in the year.  Crops will use nitrogen at different rates and at 

different times.  Figure 2.14 is a compilation of different crops’ nitrogen uptake taken from the literature.  

The representations of crops in Figure 2.14 depicts an average over environmental conditions like those 

present in Ontario (good soil and temperate growing season conditions).  Application of nutrients depends 

on the soil, crop type, and weather.  These factors combine to describe when and where nutrients should 

be added. 

 

Figure 2.14 - Average nitrogen uptake by various crops after planting in temperate regions (Schrader et 

al. 1972, Beimond and Vos 1992, Mengel 1995, Delogu et al. 1998, Gayler et al. 2002, Moustakas and 

Ntzanis 2005, Al-Kaisi and Kawa-Mensah 2007, Pioneer n.d., Park et al. 2012). 
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2.4.4.6 Livestock Operations 

These operations are what source manure fertilizers to cash crop farmers in the local area.  The waste 

produced by the animals (in pastures, corrals, or barns) must be collected and sequestered typically onsite 

in storage tanks or pools.  The integrity of the seals on the bottoms and/or sides of these implements can 

be compromised causing contamination.  A more likely cause for on-site contamination would be excess 

spill over onto bare ground during a transfer process between the structures and tractors or trucks (OFA 

2008).  Within the Norfolk site there are many scattered hobby horse farming operations.  These are small 

horse farms raised for recreational purposes and never exceed 10 acres in size.  There are two larger 

livestock operations: one medium sized poultry (one ~10,000 bird barn): and one large swine operation 

(~1000 hogs).  The Guelph (Arkell) research farm houses mostly horses and some cows with about 40 ha 

of pasture area.  Several poultry operations are on site as well (~20,000 birds).  The Acton study site has 

one hobby horse farm right across the road from the Davidson wells and a medium sized beef cattle 

operation right across the road from MW-32 to the north. 

 

2.4.5 Legacy Effects 

For farmers to produce profitable yields on their fields they must manage the available nutrients in the 

soil.  Fertilizers will only provide a boost to the crop; if the ground is severely depleted it could take years 

to replenish.  There are many different crops a farmer could grow, and each type has requirements for 

nutrients, water, and light to yield well.   

To match the requirements for the current seasons crop, and ensure that next season’s crop will yield well 

all farmers should be using crop rotations, a beneficial management practice.  Crop rotations consist of 

growing a highly profitable crop which typically uses more nutrients one season, then growing a less 

profitable crop which typically takes little to zero nutrients (or often adds nutrients) from the soil the next 

season.  This ensures soil fertility and biodiversity and protects from diseases and pests (OFA 2008).  The 

common crops found throughout the research sites will be discussed below including their entire nutrient 

footprint which can sometimes span many subsequent growing seasons.  Following this, common 

rotations involving those crops will be discussed. 

2.4.5.1 Soybeans 

These are typically planted in mid- to late-May depending on available heat units and thaw times, and 

harvested around mid-September to mid-October.  Soybeans are part of a botanical family called legumes.  

This means that instead of taking nitrogen from the soil, bacteria which live on their roots will fixate 

molecular nitrogen (N2) into ammonium for the plant to use, and in turn the bacteria are provided a place 
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to live and sugars to sustain themselves.  What this means agronomically is that soybeans are used as a 

break for the soil to give it a chance to replenish nutrients, while still providing a profitable yield for a 

farmer.  Soybeans are also part of a larger botanical family known as dicots.  This means that for a seed to 

germinate and emerge it must rely on only the sugars included in its seed in what are called cotyledons.  

The plant has adapted over hundreds of thousands of years to this growing technique and so they require 

for the soil moisture to be high enough that breaking through would be possible with the energy storage 

they have before they would ever attempt to do so.  Another great aspect for soil health with soybeans is 

that they do better under less tillage of the soil.  This means that not only do they have little risk of 

leaching from applied fertilizers (because there are none) but the soils integrity is also kept through a no-

till practice (Bundy 1998, OFA 2008).  The only possible way which a soybeans crop could negatively 

impact nitrogen leaching would be an excess of residue left after harvest, in this case the organic form 

nitrogen could become incorporated into soil organic material (Bundy 1998).   

Soybeans are extremely common throughout southern Ontario with about 2 million acres grown annually 

(OMAFRA 2017).  Their popularity is obvious given their ability to replenish soil fertility.  Typically 

they are used in rotation with higher yielding, nutrient heavy crops like, corn, vegetables, and specialty 

crops. 

2.4.5.2 Corn 

Corn is typically planted in early-May to late-April and harvested any time after October.  Corn is one of 

the most popular high profit crops in southern Ontario.  Having one of the highest nitrogen requirements 

at approximately 200 lbs/acre, nutrient application onto corn is a necessity (OFA 2008).   

Nutrients are typically applied in spring around or not long after planting occurs; broadcast application of 

commercial fertilizers should never occur past the point where the plant is over one-meter high else 

nitrogen burn is a serious risk.  As was shown in Figure 2.14, corn will not start using applied or soil 

nitrogen until around 50 days after planting so nitrogen which is not incorporated into the soil (i.e. 

commercial fertilizers) would leach through before that time (Schrader et al. 1972).  While moisture 

controls soybean development, temperature controls corn development so the development plot in Figure 

2.14 would be transposed forward or backward based on the average high and low during the beginning 

of the growing season (OFA 2008). 

Corn is prevalent through all the study sites in and in most of the field rotations along with soybeans.  A 

common rotation throughout southern Ontario is corn, soybeans, and wheat, then back to corn (OFA 

2008).  This gives profitable and sustainable yields under most soil and weather conditions. 
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2.4.5.3 Grains 

Grains are a diverse family of crops used throughout all three research sites and the province, including 

winter wheat, spring wheat, barley, rye, oats, triticale, spelt, Durham wheat and many others.  Each has a 

niche use and development conditions; however, they will be generalized roughly into winter and spring 

grains here.  Winter grains require more nutrients than spring grains and so they are typically used in the 

popular corn, soybeans, wheat rotation.  Spring grains are used to turn a small profit (~50% less than 

soybeans on average) or completely incorporated into the soil to provide greater fertility for next season 

(GFO 2017).  A popular grain at the Norfolk research site is rye.  It increases soil integrity and fertility 

and performs very well in well drained environments unlike soybeans.  This makes rye an ideal candidate 

for tobacco, ginseng, and vegetable cropping systems which are common throughout the Norfolk sand 

plain. 

2.4.5.4 Forages/Pasture 

This type of crop consists of plants used as food for livestock (typically larger animals).  Forages can be 

either legumes (alfalfa) or grasses (timothy also called hay), and are commonly planted as mixtures of 

multiple types, the most common one being half alfalfa and half grasses.  Alfalfa being a legume acts just 

as soybeans do in that the plant fixates its own nitrogen using bacteria, whereas the grasses require 

nitrogen from the field to grow (Bundy 1998).  Grass forages follow a different growing cycle than 

regular crops.  They need to be cut like a lawn, bailed up for harvest, and then regrown.  This would 

happen 2 to 4 times annually during the spring, summer, and fall months (OMAFRA 2017).  After each 

harvest, small amounts of manure are typically added to a field to give the fresh cut grasses a boost (OFA 

2008).  Both timothy and alfalfa are perennial crops meaning they grow in the spring and summer then go 

dormant in the fall and winter months.  They do not require planting every year like annual crops (corn, 

soybeans, wheat, etc.).  Annual forages act in the same way as perennials, the only difference is that they 

need to be planted every spring.  The most common cropping system including forages in Ontario is the 

perennials, grown in fields or pastures continually for five years or longer. 

2.4.5.5 Specialty Crops 

This group of crops is classified in this research as, tobacco, ginseng, oil crops, hops, flowers, nurseries, 

and seed crops.  Very few of these crops are planted at the three sites.  Norfolk County has a significant 

amount of tobacco, and ginseng operations, while the other two sites have little to none of the crops listed 

above.  Tobacco and ginseng are grown in the Norfolk area because of their extremely high profitability 

and the environmental conditions are met there; both crops need hot and relatively dry climates with good 

soil drainage being key (OMAFRA 2017).  Tobacco has comparable nitrogen requirements to winter 

wheat along with application periods like corn after transplant, while ginseng’s nitrogen requirements are 

low needing only about a quarter of annual crops requirements.  This is because ginseng follows a three to 
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five year growing period before harvest.  These two crops are hard on soil fertility and so they are often 

mixed into a rotation with rye for its soil replenishment abilities (Jun-Yeon and Jae-Seong 1999). 

2.4.5.6 Fruits and Vegetables 

Almost all fruit and vegetable crops in the study areas are at Norfolk.  This crop type represents a diverse 

group with many different types of plants with different needs.  Potatoes are the common crop grown 

nearby the monitoring wells in Norfolk so only these will be mentioned.  Potatoes have high nutrient 

(specifically nitrogen) requirements especially around 30 days after emergence.  Nitrogen is typically 

applied at planting as seed coatings or incorporated before the plant gets too large.  Good soil drainage is 

required with tillage, an absolute necessity given the nature of potato harvest technology.  Potatoes are 

treated like tobacco in Norfolk in rotations because they have high nutrient demands so the soil would 

need time to replenish before being able to produce high nutrient load crops again.  Rest crops can be 

soybeans or a light spring grain like rye (Gayler et al. 2002). 

2.4.6 Regional Crop Profiles 

In Figure 2.15 are plots of areal crop composition within the watersheds which house the study sites 

throughout the study period and back to the 2011 growing season.  Guelph and Acton appear similar with 

forage domination over all other crop types with soybeans, corn, and grains about equal.  Norfolk shows 

significant diversity with soybeans and corn dominating equally and grains and forages around 10% to 

20%, followed by small amounts of specialty, vegetables, and fruits.  This diversity is explained by the 

combination of soil and climatic characteristic difference/similarities previously mentioned in other 

sections between the three sites.  The longer growing seasons in Norfolk County (section 2.5) explains the 

significantly different agricultural land use profile from Acton and Guelph. 
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Figure 2.15 - Regional crop profiles for the Lynn River Norfolk (A), Eramosa River Guelph (B), and 

Credit River Acton (C) watersheds (AAFC 2017)  
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2.5 Climate 
 

All three research sites experience similar seasonality: freezing winters followed by warm wet springs; 

hot; dry summers; and cool wet autumns.  Climate normals are displayed in Table 2.5 and 2.6.  All three 

sites have similar weather patterns as a result of being in the same storm system pathways of the Great 

Lakes, and the Colorado lows (Klock et al. 2002).  These pathways coincide with a meeting of the 

tropical air mass from the Gulf of Mexico coming up from the south and the colder Arctic mass coming 

down from the north.  While air mass movements act on a mesoscale, most if not all the weather southern 

Ontario experiences is controlled by the Great Lakes.  When cool air (cooler than the lake temperatures) 

blows over the lakes the warm air at the surface rises carrying with it large amounts of water vapour.  

This vapour mixes with the cooler air as it moves closer to land and once the droplets reach critical mass 

they fall as lake effect precipitation.  Lake effect events can either oppose, or, coincide with large scale air 

mass movement, the latter of which produces large storms with significant amounts of precipitation 

(Smith 2010).   

Table 2.5 - Temperature normals from 1996 - June 2016. Stations are within 10 km of groundwater 

monitoring wells (Environment and Climate Change Canada 2016). 

 

Table 2.6 - Precipitation normal from 1996 - June 2016. Stations are within 10 km of groundwater 

monitoring wells (Environment and Climate Change Canada 2016) 

Precipitation Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Norfolk Rain (mm) 30.8 29.3 30.7 62.2 71.5 69.4 59.9 48.4 87.9 68.6 60.9 36.0 

 Snow (cm) 27.8 17.4 16.9 2.3 0.0 0.0 0.0 0.0 0.0 0.1 7.5 17.3 

Temperature(Co) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Norfolk 

 

 

Max 3.4 -0.6 6.1 14.5 22.2 23.6 25.2 23.7 25.2 17.5 13.2 7.0 

Mean -6.5 -7.9 -1.3 6.6 14.8 18.2 20.3 19.8 16.7 10.5 3.2 -0.5 

Min -15.5 -15.4 -9.8 -1.7 6.8 13.0 15.8 15.5 10.8 4.7 -6.8 -6.2 

Guelph 

 

 

Max -3.4 -1.5 3.3 11.1 18.1 23.4 25.5 24.9 21.2 13.3 6.3 0.2 

Mean -7.4 -6.0 -1.7 5.6 12.1 17.6 19.7 19.1 15.4 8.3 2.5 -3.2 

Min -11.5 -10.6 -6.7 0.6 6.2 11.7 13.9 13.3 9.5 3.3 -1.4 -6.6 

Acton 

 

 

Max -1.2 0.4 5.3 12.7 19.7 24.9 27.1 26.5 22.8 15.0 8.4 1.9 

Mean -5.8 -4.7 -0.4 6.3 12.6 17.9 20.1 19.5 15.8 9.2 3.5 -2.1 

Min -10.3 -9.7 -6.1 -0.1 5.6 10.9 13.0 12.4 8.8 3.3 -1.4 -6.2 
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 Total (mm) 58.1 46.7 47.6 64.5 71.5 69.4 59.9 48.4 87.9 68.7 68.4 53.4 

Guelph Rain (mm) 18.3 17.5 21.9 52.6 68.2 75.2 50.7 57.9 74.2 59.9 49.4 26.3 

 Snow (cm) 33.7 24.0 19.1 4.8 0.0 0.0 0.0 0.0 0.0 0.4 6.4 24.5 

 Total (mm) 51.9 41.5 41.0 57.3 68.2 75.2 50.7 57.9 74.2 60.3 55.7 50.8 

Acton Rain (mm) 23.5 22.5 23.9 54.9 62.2 60.4 41.5 49.4 69.6 53.4 56.1 24.6 

 Snow (cm) 27.1 22.5 16.4 4.1 0.0 0.0 0.0 0.0 0.0 0.3 4.9 19.4 

 Total (mm) 50.5 45.0 40.4 59.0 62.2 60.4 41.5 49.4 69.6 53.7 61.0 44.0 

 

Please Note: All data which are 20-year averaged are the mean values from 1996 to 2016 

2.5.1 Norfolk Site 

The Norfolk research site lies on the lowest latitude and surface elevation of the three sites at 42.3 degrees 

north and 224 meters above sea level.  Located approximately 16 km north west of the shores of Lake 

Erie, the site receives some degree of climate regulation by the lake.  This regulation results in milder 

winters and summers than the other two sites. Milder temperatures result in more rain during the winter, 

spring, and fall seasons over Guelph and Acton.  Proximity to the lake also results in more impacts from 

lake effect precipitation.  Smith (2010) notes that many of the air current configurations delivering 

systems to southern Ontario favour Lake Erie pathways.  Average snowfall is consistent over the three 

sites throughout the last 20 years.  The Norfolk site sees the most rainfall both at the 20-year and 3-year 

time frames.  Table 2.6 presents months during the sampling period which experienced abnormal climate 

conditions.  Overall, the entire sampling period received significantly less rainfall than normally 

experienced.  Snowfall was also abnormally low over the sampling period. 

 

Figure 2.16 - Norfolk climate normals from 1996-2016 (Environment and Climate Change Canada 2016) 
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Table 2.7 - Norfolk climate summary over the groundwater sampling period (2014-2016). Cells 

highlighted in red indicate values which are 50% greater then the 20-year average, while blue cells are 

values which are 50% below the 20-year average (Environment and Climate Change Canada 2016). 

 

Rain (mm) Snow (cm) Temperature (deg C) 

Jan 2014 16 23 -9.5 

Feb 2014 0 16 -10.0 

Mar 2014 11.8 18 -4.8 

Apr 2014 99.7 6 6.9 

May 2014 55.1 0 13.7 

Jun 2014 63.2 0 20.3 

Jul 2014 33.1 0 17.8 

Aug 2014 19.4 0 19.7 

Sep 2014 126.8 0 16.4 

Oct 2014 52.8 0 10.7 

Nov 2014 13.5 21 0.5 

Dec 2014 1.2 0 -1.5 

Jan 2015 0 9 -8.1 

Feb 2015 0 10 -15.2 

Mar 2015 5.4 11 -2.2 

Apr 2015 25.3 0 7.5 

May 2015 12.6 0 15.1 

Jun 2015 35.5 0 18.4 

Jul 2015 39.3 0 20.1 

Aug 2015 14.1 0 19.5 

Sep 2015 36 0 18.6 

Oct 2015 74.2 0 10.2 

Nov 2015 37.6 2 7.5 

Dec 2015 22.4 0 4.7 

Jan 2016 8.4 17 -5.0 

Feb 2016 38.4 16 -2.8 

Mar 2016 53.9 9 3.7 

Apr 2016 7.8 0 5.8 

May 2016 1.8 0 14.6 
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Jun 2016 29 0 18.0 

Jul 2016 0.4 0 N/A 

Aug 2016 39.2 0 N/A 

Sep 2016 65.8 0 N/A 

Oct 2016 29 0 N/A 

Nov 2016 52.8 0 N/A 

Dec 2016 8.2 24 N/A 

 

2.5.2 Guelph and Acton Site 

These two research sites behave very similar climatically, likely due to their proximity (~20km).  The 

Guelph site lies on the south-eastern side of the City of Guelph on an experimental farm at 43 degrees’ 

latitude and 334 meters elevated above sea level.  The Acton research site also lies around the 43rd parallel 

but rises slightly in elevation from Guelph to about 350 meters above sea level.  These sites still have 

their weather systems controlled by the Great Lakes but to a significantly lesser degree than the Norfolk 

site (OMAFRA 2017).  Being further from a large body of water these two sites experience colder 

temperatures and more snow than Norfolk on average.  Typically, in the early spring and late fall 

precipitation will fall as rain in Norfolk and snow in Guelph and Acton.  This could be a result of heat 

units from Lakes Erie and/or Ontario, or, the 100-meter elevation difference (AquaResource Inc. 2009b).  

Like the Norfolk site the Guelph and Acton sites received significantly less precipitation during summer 

of 2015 and the winter of 2015 into 2016 was particularly warm.  Figure 2.17 illustrates climate normals 

for the Guelph research site, while Figure 2.18 illustrates the data from the Acton research site. 
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Figure 2.17 - Guelph site climate normals from 1996-2016 (Environment and Climate Change Canada 

2016) 

 

Table 2.8 – Guelph climate summary over the groundwater sampling period (2014-2016). Cells 

highlighted in red indicate values which are 50% greater then the 20-year average, while blue cells are 

values which are 50% below the 20-year average (Environment and Climate Change Canada 2016). 

 

Rain (mm) Snow (cm) Temperature (deg C) 

Jan 2014 0 35.7 -11.6 

Feb 2014 0 13 -11.8 

Mar 2014 7.8 18.6 -7.0 

Apr 2014 61.7 8 5.1 

May 2014 64.7 0 12.8 

Jun 2014 52.8 0 19.4 

Jul 2014 6.8 0 16.7 

Aug 2014 37.2 0 18.5 

Sep 2014 148.2 0 15.4 

Oct 2014 31 0 10.1 

Nov 2014 8.4 18.2 -1.2 

Dec 2014 0.4 8.8 -3.7 

Jan 2015 0 5.4 -10.2 

Feb 2015 0 17.1 -16.9 

Mar 2015 8 4 -4.3 
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Apr 2015 30.2 0 6.0 

May 2015 10.6 0 13.9 

Jun 2015 48 0 17.4 

Jul 2015 44.4 0 18.7 

Aug 2015 41.4 0 18.8 

Sep 2015 22.4 0 18.3 

Oct 2015 75.8 0 8.0 

Nov 2015 36.6 1.4 5.6 

Dec 2015 38.4 0 2.8 

Jan 2016 7.2 50.8 -6.9 

Feb 2016 15.8 11.6 -4.4 

Mar 2016 48.8 13.6 0.8 

Apr 2016 7.4 2.4 4.4 

May 2016 10.4 0 12.7 

Jun 2016 59.6 0 16.2 

Jul 2016 0.8 0 22.6 

Aug 2016 74.6 0 21.6 

Sep 2016 68.6 0 16.8 

Oct 2016 38 0 9.7 

Nov 2016 51.6 3.2 4.9 

Dec 2016 2 60.8 -4.4 

 

Table 2.9 – Acton climate summary over the groundwater sampling period (2014-2016). Cells highlighted 

in red indicate values which are 50% greater then the 20-year average, while blue cells are values which 

are 50% below the 20-year average (Environment and Climate Change Canada 2016). 

 

Rain (mm) Snow (cm) Temperature (deg C) 

Jan 2014 12.6 11 -10.1 

Feb 2014 0 20 -10.8 

Mar 2014 5.8 21 -5.6 

Apr 2014 76.3 6 6.6 

May 2014 42.2 0 13.5 

Jun 2014 53.4 0 19.5 

Jul 2014 14.8 0 18.5 
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Aug 2014 51.2 0 19.1 

Sep 2014 106.2 0 16.1 

Oct 2014 22.7 0 11.2 

Nov 2014 11.6 5 1.5 

Dec 2014 0 6 -1.5 

Jan 2015 0 5 -8.0 

Feb 2015 0 5 -16.3 

Mar 2015 4.1 1 -2.8 

Apr 2015 24.9 0 7.9 

May 2015 7.2 0 15.3 

Jun 2015 37.4 0 18.3 

Jul 2015 29.3 0 19.1 

Aug 2015 21 0 18.9 

Sep 2015 49.7 0 18.7 

Oct 2015 47 0 10.1 

Nov 2015 28.5 3 6.9 

Dec 2015 13.7 0 3.4 

Jan 2016 5.3 12 -4.7 

Feb 2016 29.8 6 -2.9 

Mar 2016 55.1 5 1.3 

Apr 2016 2.8 0 5.2 

May 2016 3.8 0 13.5 

Jun 2016 16.8 0 17.4 

Jul 2016 0.2 0 23.3 

Aug 2016 52.8 0 22.3 

Sep 2016 45.8 0 17.6 

Oct 2016 33.6 0 10.5 

Nov 2016 56.2 1 5.8 

Dec 2016 0.2 38 -2.7 

 



 

62 
 

 

Figure 2.18 - Acton site climate normals from 1996-2016 (Environment and Climate Change Canada 

2016) 

 

2.5.3 Climate at the Research Sites Summarized (2014-2016)  

All three research sites experienced similar trends from 2014 to 2016: less rainfall and snowfall overall 

and a cooler 2013-2014 winter into a warmer 2015-2016 winter.  Summers remained normal as far as 

temperature.  The number of above average rainfall events is constant through the three sites at two events 

which were over 50% the 20-year average.  Snowfall extremes occurred in Guelph throughout the 

sampling period are masked by a decrease in snowfall at all three sites from 2014 through to 2017. 

 

2.5.4 Intensity Duration Frequency Curves 

Intensity duration frequency (IDF) curves plot rainfall intensity against the duration of a rainfall event 

over a certain area.  These curves are plotted for different return periods of storms meaning that a storm 

which happens every two years on average has a different IDF curves than one which happens every 100 

years.  They are commonly used in engineering to approximate the intensity of precipitation expected at a 

site (Maillhot et al. 2007).  IDF curves for each of the three sites were obtained through the Ontario 

Ministry of Transportations ‘IDF curve lookup’ tool (MTO 2015).  An example curve is displayed in 
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Figure 2.19.  Norfolk experiences the most intense storms, with Guelph having storms 1 to 0.1 mm/hr less 

intense, and Acton 2.3 to 0.1 mm/hr less intense than Guelph.  Differences in intensities are greatest at the 

lowest frequency low duration storms, around 2-year return and 5-minute durations.  These curves only 

work under the assumptions that intensities for storms of a given return period remain constant over time 

so the accuracies of these curves decrease with age due to climate change (Mailhot et al. 2007). 

 

Figure 2.19 - IDF curve for Norfolk Research site (MTO 2015) 

 

2.5.5 Recharge via Precipitation 

2.5.5.1 Norfolk Site 

Water levels in the Norfolk site fluctuate approximately 1 meter at most monitoring locations throughout 

the study period.  The major recharge events are typically coincident with annual snow melt occurring 

early spring around March for all three research sites (Figure 2.24).  Groundwater elevations were 

monitored via pressure transducers and are shown in Figure 2.20 along with daily precipitation acquired 

from the Delhi climate station.  Some abnormalities exist throughout 2015 likely due to the significantly 

lower rainfall and lower temperatures creating a lagged snow melt.  
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Figure 2.20 - Groundwater level at LP-MW-04 Shallow plotted with average daily air temperature and 

precipitation from the Delhi climate station in Norfolk County (Environment and Climate Change 

Canada 2016) 

2.5.5.2 Guelph Site 

Water levels in the Guelph site fluctuate at much greater intervals than the Norfolk site, typically around 

5-10 m seasonally.  These are more coincident with the increased precipitation in the fall than with the 

spring melt like the Norfolk site.  Extreme precipitation seems to impact the Guelph site much slower 

than the Norfolk site.  This could be due to the much lower (than average for this study) transmissivities 

experienced when pumping these wells for groundwater samples.  The difference in this response could 

be explained by the geology of the site; a sandy top layer infiltrates water readily to the water table but 

upon arrival the water would take more time to disperse through the rest of the aquifer because of the 

deeper lower transmissivity silt/clay layers. 

2.5.5.3 Acton Site 

The Acton site behaves like the Norfolk site in that groundwater elevations only fluctuate approximately 

1 to 2 meters annually.  The cycle follows the spring melt, and levels do not react strongly to extreme 

precipitation events.  Although the geology is different between Norfolk and Acton, the high 

transmissivity bedrock aquifer of Acton dampens any precipitation response just like the highly 

transmissive sandy aquifer of Norfolk (Davies and Holysh 2016). 

2.5.6 Evapotranspiration 

Evaporation is the vaporization of liquid water.  Transpiration is the vaporization of water from plant 

tissue.  Both are treated together through the parameter evapotranspiration (Allen et al. 1998).  

Evapotranspiration (ET) was approximated using the FAO Penman-Monteith equation for all three sites 
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over the 2014-2016 sampling period (Aller et al. 1987).  The Penman-Monteith equation provides an 

estimate of ETo or the reference crop evapotranspiration.  This is described as the ET occurring over a 

grass field.  This value is modified with a crop coefficient to correct the reference ET for each specific 

land cover (Allen et al. 1998).  Crop coefficients are known to vary over the lifespan of annual and 

perennial crop types so crop coefficients were modeled over the study period for each type of land cover 

encountered at each site (Allen et al. 1998).   

As with all climatic parameters ET varies greatly through the seasons especially at a temperate region like 

southern Ontario.  The modeled ET was found to vary from 1 mm/day in the winter to 6 mm/day at the 

height of the respective growing season (for 2013 to 2016), this aligns with literature values in other 

temperate regions to an accuracy of about +/- 1 mm/day (Wilson and Baldocchi 2000, Lafleur et al. 2005, 

Lei and Yang 2010, Sentelhas et al. 2010).   

ET is subtracted from precipitation values, specifically during the growing season months, since ET can 

account for 25 to 35 percent of total water loss over this period (Lafleur et al. 2005).  This net 

precipitation (total precipitation minus ET) would provide a more accurate estimation of recharge timing 

and intensity since trace precipitation events would not contribute, and extreme events would be 

dampened.  All three of the study sites show the same periodicity that the Norfolk site experiences (Figure 

2.21).  A more detailed description of the calculation process and inherent assumptions/inaccuracies can 

be found in the methodology chapter (chapter 3.0). 

 

Figure 2.21 - Evapotranspiration rate compared with rainfall at the Norfolk site through 2013-2016 

(Environment and Climate Change Canada 2016) 
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2.5.7 Infiltration 

Infiltration rate indicates the speed with which water may flow into the soil from the surface, depending 

on the soils current moisture content and the rate at which water is being applied to the surface.  

Infiltration rate typically follows an exponential decay with time as soil moisture continues to increase up 

to when the soil is completely saturated.  At this point the infiltration rate is at its minimum and will stay 

at this rate until the soil becomes unsaturated.  The infiltration rate depends heavily on the soil material 

and structure.  Homogenous even graded sand will have a much higher infiltration rate and decay much 

slower than heavy banded clay/silt layer.  Also, since the rate of decay is dependent on the current soil 

moisture, soils with much greater water retention are much more likely to be more saturated than a soil 

which holds onto water poorly.  Water retention, and saturated hydraulic conductivity are available for all 

soils in Ontario through the CANSIS soil maps (CANSIS 2016).  These data are used with Double Ring 

Infiltrometer data collected at some of the sampling locations (an example of which is found in Figures 

2.22 and 2.23) to get a good idea of the infiltration rates for each site (data for the other locations from the 

Double Ring Infiltrometer are available in Appendix B).  Infiltration is a key factor for nitrate transport.  

Precipitation is the source of the transport mechanism (water) and infiltration is a limiting factor.  If a site 

has low infiltration rate, the intensity of rainfall will not be as significant a factor due to the soil reaching 

field capacity quickly and most of the water then being lost to surface runoff, and vice versa for a high 

infiltration site. 

 

Figure 2.22 - Double Ring Infiltrometer data measured at the eastern most LP-MW-04 location at the 

Norfolk Site 
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Figure 2.23 - Top soil drainage at the Norfolk site classified to the CANSIS drainage groups (CANSIS 

2016) 

 

2.5.8 Snowmelt 

Surface recharge to the water table comes mainly via precipitation; the intensity, duration and form of this 

input are seasonally based.  Winter freezing conditions bring snowfall to all three study sites.  Snow 

accumulation on the ground is measured at each of the climate stations used for other climate data (Figure 

2.24).   

 

Figure 2.24 - Ground snow accumulation from January 2013 to July 2016at all three study sites 

(Environment and Climate Change Canada 2016) 

All three sites experience complete melting to 0 cm in April regardless of year sampled; however, each 
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example of these anomalies exists in February of 2015.  Norfolk experienced complete melting while 

snow packs in Acton and Guelph degraded but not nearly to the degree of Norfolk.  Table 2.10 shows 

similar results to Figure 2.24: Guelph and Acton spring melts are typically within the same week between 

2006 and 2016, while Norfolk, often (except for three separate years) receives spring melts earlier than 

both the other sites.  The snow packs show a slightly different trend: Acton is typically the lowest with 

Norfolk next then Guelph having the greatest amount of snowfall and accumulation.  

Table 2.10 - Melt data and total snowfall for each site from 10 years (2006-2016), with melt data being 

taken as the day in spring when zero snow accumulation is reached. 

Year 
Acton Guelph Norfolk 

Melt Date Total Snow (cm) Melt Date Total Snow (cm) Melt Date Total Snow (cm) 

2006 Mar 6 24 - - Mar 9 62.4 

2007 Mar 14 56 Mar 23 76.5 Apr 12 64.5 

2008 Apr 1 77.4 Apr 1 113.9 - - 

2009 Apr 8 36 Apr 13 72.5 Mar 2 35.3 

2010 Mar 3 23.5 Mar 12 56.2 Mar 8 52.4 

2011 Mar 28 72 Apr 5 79.2 Mar 28 82.7 

2012 Mar 5 27.3 Mar 1 51.7 Feb 27 45.9 

2013 Mar 25 55.5 Mar 26 99 Mar 22 65.5 

2014 Apr 8 69 Apr 9 102.3 Mar 19 84 

2015 Mar 17 14 Mar 20 27.9 Apr 1 32 

2016 Apr 8 62 Apr 8 142.4 Apr 8 66 

2.5.9 Implications for Nitrate Transport 

Precipitation is a mechanism which facilitates nitrate leaching.  When liquid water hits the soil surface 

and infiltrates down through the soil column, nitrate from the soil readily dissolves and moves with the 

water down into the water table.  Most nitrogen transformation reactions (denitrification, nitrification, 

etc.) require an aqueous or sub-aqueous environment.  So, a thorough understanding of how water moves 

into (through precipitation), is stored in (as water retention), and moves out of (through infiltration and 

percolation) the soil is paramount to understanding nitrate transport.  Sugita and Nakane (2007) related 

rainfall intensity and frequency to nitrate concentrations in soil columns of differing porosities in a lab 

setting.  They found that nitrate concentrations were greatest in precipitation events of intensity 2.6 

mm/min and greater, and that events lower than 0.4 mm/min were eliminated through evaporative losses.  

Between the homogenous sand, heterogenous sand, and the macro pore columns the macro pore 

transported nitrate fastest while the homogenous sand was slow, and the heterogenous sand slower still.  
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At almost all rainfall events they noticed twin peaks in nitrate-nitrogen concentration.  This emulates the 

initial arrival of contaminants through preferential flow followed by a second lagged matrix flow plume.  

Goudling et al. (2000) studied nitrate contamination at an experimental farm for eight years.  They also 

found a strong correlation with rainfall intensity and nitrate leaching.  Years with dry summers would 

have fall and spring nitrate-nitrogen concentrations greater than 11 mg/L in areas which had never 

previously had any nitrate.  On average nitrate nitrogen concentrations increased three-fold from late 

winter to early spring and late summer to early fall.  They found a variance in nitrate nitrogen 

concentrations of 10-60 kg/ha/year at the same sampling location aligning with climate patterns over the 

eight years studied.  Zhu et al. (2005) used the water balance approach to examine nitrate transport with 

irrigation and rainfall over two years at an agricultural field site.  They found that almost a quarter of 

surface water is lost to groundwater drainage while most nitrate nitrogen accumulates at the bottom of the 

root zone.  Through the two years studied (1999 and 2000) the year 2000 experienced the highest nitrate 

nitrogen concentrations at around 81 kg N/ha or about 16% of all nitrogen applied to the surface.  This is 

attributed to the previously reported 25% surface water loss to groundwater discharge.   

In addition to the above studies, Savard et al. (2010), Dhondt et al. (2002), Spalding and Exner (1993), 

Altman and Parizek (1995), and Baram et al. (2016) observed seasonal variations in nitrate-nitrogen 

concentrations, with almost all studies reporting significant increases in leaching around spring and most 

reporting losses around fall as well.  These increases are concluded by the authors to be attributed to both 

increases in recharge around these times of the year and coinciding with agricultural nutrient application 

timing.  The impact of recharge variations on the previous conclusion is supported by Lockhart et al 

(2013) who observed no seasonal variation in nitrate-nitrogen concentrations in a California watershed 

which receives constant recharge rates throughout the year regardless of season and normal fertilizer 

applications. 
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3.0 Methodology 
 

Data for this research are collected and/or analyzed using a combination of field, computational, and 

statistical methodologies.  Two different groundwater sampling methods are discussed (regular flow and 

low flow).  Geochemical parameters measured from groundwater samples collected are listed along with 

the lab used and the analytical methodologies used.  Computational methods including evapotranspiration 

modeling, geological cross-section development, and source zone development are then explained.  

Finally, statistical methods used to analyze data are outlined and explained along with testing for 

assumptions required for each method of analysis. 

 

3.1 Field Methods 
 

Upon arrival to every monitoring well static groundwater elevation was measured both for data collection 

and purge water volume calculation.  Traditional purge and sample methods were conducted using a 

Grundfos submersible pump (Grundfos Redi-Flo2®) coupled with a Geotech Reel E-Z® system powered 

by a Honda generator, to sample 25 different monitoring wells.  Two field parameters (specific 

conductance, and temperature) were monitored throughout the purging process until they stabilized, to 

ensure a representative sample of formation water was sampled (US EPA 2013).  Pump discharge was 

sent to a large bucket which acted as a flow through cell which the field parameters could be monitored 

from.  Once both field parameters remained constant for 1 minute or three well volumes had been 

pumped, a groundwater sample was collected (US EPA 2013).  Field parameters were recorded after 

purging using a handheld YSI 556 Multiprobe System and are as follows: pH, temperature, specific 

conductance, dissolved oxygen, and oxidation reduction potential.  Prior to any sampling at a monitoring 

well the well was pumped for a minimum of 1 minute to ensure that all sampling equipment were flushed 

with the current monitoring wells’ water to remove any water from previously sampled wells.  The tubing 

consisted of 200 feet of reinforced nylon from Regional Hose and Hydraulics, Guelph, Ontario, Canada.  

As soon as possible after a sample was collected, it would be put into a cooler on ice until submission to 

the analytical lab.  Once a sampling round was finished all sample bottles (HDPE) were delivered to the 

University of Guelph’s on-site Agriculture and Food Lab (AFL) for analysis of, chloride, sulphate, nitrite-

nitrogen, nitrate-nitrogen, and major ion concentrations.  Duplicate and blank samples were taken for all 

equipment and lab procedures twice yearly.  All samples were placed into a cooler and subsequently a 

refrigeration unit to 4 degrees Celsius as soon as possible after sampling occurred.   
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Field measurement of dissolved oxygen was attempted using the YSI 556 instrument;, however probe 

malfunctions resulted in dissolved oxygen data which were much greater in concentration than what is 

physically possible (>10 mg/L).  Instead of removing this data set, the data were redistributed into a 

relative scale so that observations could still be made but only between wells of the same site in a relative 

context.  At each study site and sampling round the highest dissolved oxygen concentration was set to be 

100% while all other data at that site and time period were divided by the highest DO (dissolved oxygen 

concentration) value an thus made relative to each other in reference to the highest value.  These values 

reported herein are referred to as the DO index.  

3.1.1 Low-flow sampling 

Certain sampling locations were not transmissive enough to maintain constant flow through the 200-foot 

tubing or were too narrow to fit the 2-inch Grundfos system.  In these cases, a Geotech peristaltic pump 

(Geopump) was used in conjunction with Nycoil LLDPE tubing which was rinsed with DI water after 

every sample taken. 

3.1.2 Dissolved Organic Carbon and Isotopic Sampling 

One hundred mL glass bottles were used to hold samples for analysis of dissolved organic carbon and 

Nitrogen-15 and Oxygen-18 isotopes.  Dissolved organic carbon was analyzed in house in the School of 

Engineering at the University of Guelph, SOWC lab, using a TOC analyzer, while samples for isotope 

analysis were sent to University of Waterloo Environmental Lab (Waterloo, Ontario).  Table 3.1 shows 

the schedule of groundwater sampling along with times for when extra analyses were completed (e.g. 

DOC, major ions, isotopes). 

Table 3.1 - Extra geochemical parameters collected in addition to nitrate-nitrogen concentrations and 

field parameters, which were measured every sampling round 

Date Parameters Measured 

June 2014 DOC, major ions 

August 2014 DOC, nitrite-nitrogen, DOC, chloride, sulfate, 

isotopes nitrogen-15 and oxygen-18 in nitrate, 

major ions 

October 2014 DOC 

December 2014 DOC, chloride, sulfate 

February 2015 Nitrite-nitrogen, chloride, sulfate 

April 2015 Nitrite-nitrogen, chloride, sulfate 

June 2015 Nitrite-nitrogen, sulfate, major ions 

August 2015 DOC, major ions 



 

72 
 

October 2015 Nitrite-nitrogen, chloride, sulfate, major ions 

December 2015 Nitrite-nitrogen, chloride, sulfate, isotopes 

nitrogen-15 and oxygen-18 in nitrate 

February 2016 DOC, chloride, sulfate 

April 2016 Nitrite-nitrogen, chloride, sulfate 

June 2016 Nitrite-nitrogen, chloride, sulfate 

 

Manufacturers and distributors used for each equipment item in this research are listed in Table 3.2.  The 

specific analytical methodologies used at each lab for parameters measured in this research are in Table 

3.3. 

Table 3.2 - Hydrogeochemical parameters with the lab, and methods used for analysis. 

Hydrogeochemical Parameter Lab  Method 

Temperature Field measurement Thermistor 

pH Field measurement Platinum electrode 

Dissolved Oxygen Field measurement Polyethylene (PE) membrane 

Electrical Conductivity Field measurement Nickel electrode 

Oxidation Reduction Potential Field measurement Platinum electrode 

Dissolved Organic Carbon University of Guelph SOWC Combustion catalytic oxidation 

Nitrate-Nitrogen Concentration University of Guelph AFL  Cadmium reduction, then SPM 

Nitrite-Nitrogen Concentration University of Guelph AFL Cadmium reduction 

Chloride Concentration University of Guelph AFL  

Sulfate Concentration University of Guelph AFL  

Nitrogen-15 in Nitrate (isotope) University of Waterloo EIL GVI IsoPrime-TG/MG 

Oxygen-18 in Nitrate (isotope) University of Waterloo EIL GVI IsoPrime-TG/MG 

 

Table 3.3 - Field equipment used for sampling of monitoring wells. 

Equipment Manufacturer/Distributor Use 

Grundfos submersible 

pump 

Grundfos Inc., Oakville, ON Collecting groundwater samples 

Geotech Reel E-Z Pumping 

System 

Geotech Environmental Equipment 64 

Inc., Denver, CO 

Hose reel for pump 
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YSI 556 handheld 

multiprobe system 

YSI Inc., Yellow Springs, OH Measuring field parameters 

250 mL HDPE bottles Fisher Scientific, Pittsburgh, PA Storage of groundwater samples 

Honda Generator 240 V Honda Power Equipment Canada, 

Markham, ON 

Power for field equipment 

200’ (3/8’ OD) reinforced 

nylon tubing 

Regional Hose and Hydraulics, Guelph, 

ON 

Delivery of groundwater sample 

from well to surface 

Peristaltic Pump Geotech Environmental Equipment, Inc, 

Denver, CO 

Collecting groundwater samples 

LLDPE tubing ¼ inch cut 

to various lengths 

Nycoil Randleman, NC Delivery of groundwater sample 

from well to surface 

 

3.2 Computational Methods 
 

3.2.1 Evapotranspiration Modelling 

 

Evapotranspiration (ET) was modeled to determine the net precipitation (precipitation minus 

evapotranspiration) at the research sites using the FAO Penman-Monteith equation shown below in 

Equation 3.1 (Allen et al. 1998). 

𝐸𝑇𝑜 =
0.408𝛥(𝑅𝑛−𝐺)+𝛾

900

𝑇+273
𝑢2(𝑒𝑠−𝑒𝑎)

𝛥+𝛾(1+0.34𝑢2)
        Equation 3.1 

   

Where: 

ETo is reference evapotranspiration [mm/day] 

Rn is net radiation at the crop surface [MJ/m2/day] 

G is soil heat flux density [MJ/m2/day] 

T is mean daily air temperature at 2 m height [°C] 

u2 is wind speed at 2 m height [m/s] 

es is saturation vapour pressure [kPa] 

ea is actual vapour pressure [kPa] 
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(es – ea) is saturation vapour pressure deficit [kPa] 

Δ is the slope vapour pressure curve [kPa/°C] 

γ is the psychrometric constant [kPa/°C] 

Net radiation at the surface over one year was taken from one NASA’s CERES satellites available at their 

Atmospheric Science Data Center (NASA 2004).  Data from one year were cut and transposed into daily 

radiation fluxes from the surface from January 1, 2013 to June 30, 2016.  Units had to be transformed 

from W/m2 to MJ/m2/day using a conversion factor of 0.0864 (Allen et al. 1998).   

Soil heat flux can be assumed as the net energy absorbed minus energy emitted by the soil per day.  A 

positive value indicates a heating soil, while a negative value indicates cooling.  Over long periods of 

time (>10 days) soil heat flux can be assumed to be negligible since nighttime cooling and daytime 

heating are typically in balance at that time scale (Allen et al. 1998). 

Mean daily temperature in degrees Celsius was taken from the Environment and Climate Change Canada 

historical climate database.  The stations used are as follows: 

Norfolk Research Site = Simcoe, ON (42.853352° latitude, -80.269683° longitude) 

Acton Research Site = Georgetown, ON (43.649722° latitude, -79.903418° longitude) 

Guelph Research Site = Turf Grass Institute, Guelph, ON (43.547363° latitude, -80.209658° longitude) 

Although data are only available at 10 meters above surface elevation the temperature difference between 

the 10-meter available data and the 2-meter required data is assumed to be negligible (Allen et al. 1998). 

Wind speed data are taken from the same stations as mean daily temperature only on the hourly scale and 

then averaged into daily data.  Wind speed is assumed to have a logarithmic relationship with height 

above ground surface.  Thus, data recorded at 10-meter height are converted to 2 meters via Equation 3.2 

(Allen et al. 1998). 

𝑢2 = 𝑢𝑧
4.87

𝑙𝑛 (67.8𝑧−5.42)
          Equation 3.2 

 

Where: 

u2 is wind speed at 2 meters above ground surface (m/s) 

uz is wind speed at z meters above ground surface (m/s) 
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z is the height at which the measurement was taken (m) 

Saturation and actual vapor pressure are approximated using Equations 3.3 and 3.4 from mean daily 

temperature data (Allen et al. 1998). 

𝑒𝑠 = 0.6108𝑒17.27𝑇/(𝑇+237.3)         Equation 3.3 

 

Where: 

es is saturation vapor pressure (kPa) 

T is mean daily temperature (°C) 

Actual and saturation vapor pressure can be expressed as a ratio percentage called relative humidity, thus 

available relative humidity data from the same stations as mean daily temperature can be used in 

conjunction with saturation vapor pressure to approximate actual vapor pressure. 

𝑒𝑎 =
𝑅𝐻𝑒𝑠

100
           Equation 3.4 

       

Where: 

ea is actual vapor pressure (kPa) 

es is saturation vapor pressure (kPa) 

RH is relative humidity (%) 

The slope of the vapor pressure curve is an exponential function of temperature so using mean daily 

temperature with Equation 3.5 daily slope of the vapor pressure curve can be calculated (Allen et 

al.1998). 

𝛥 =
4098𝑒𝑠

(𝑇+237.3)2           Equation 3.5 

     

Where: 

Δ is the slope of the vapor pressure curve (kPa/oC) 

es is saturation vapor pressure (kPa) 
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T is mean daily temperature (°C) 

The psychrometric constant is a function of atmospheric pressure and the latent and specific heat 

capacities along with the ratio of molecular weight between water vapor and dry air.  This is expressed in 

equation 3.6 below assuming the latter is constant (Allen et al. 1998).  Atmospheric pressure is recorded 

at the three sites using installed barometric pressure loggers. 

𝛾 = 0.00665𝑃           Equation 3.6 

      

Where: 

P is the atmospheric pressure (kPa) 

γ is the psychrometric constant (kPa/ °C) 

The reference evapotranspiration output from Equation 1 is the ET rate per day of a well-watered blue 

grass crop.  In order to account for the variability of land cover and equally variable ET rates crop 

coefficients are implemented based on seasonal growth rates which are dependent on local precipitation 

frequency and intensity.  Crop coefficients are modelled for vegetables, winter grain, spring grain, 

forages, corn, specialty crops, fruits, soybeans, bare ground, wetlands, shrubs, mixed forests, deciduous 

forests, coniferous forests, and water.  Crop coefficients are divided by period in the growing season into 

initial, mid, and end, with each stage and crop corresponding to a base value determined by Allen et al. 

(1998) which is then adjusted for seasonal climatic conditions.  The initial crop coefficient is modeled by 

Equation 3.7 (Allen et al. 1998). 

𝐾𝑐 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =  𝐾𝑐1 + (
𝐼−𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛
) (𝐾𝑐2 − 𝐾𝑐1)       Equation 3.7 

    

Where: 

Kc initial is the initial crop coefficient 

Kc1 is an empirically fitted value acquired from Allen et al. (1998) based on the frequency of rainfall for 

small infiltration depths and reference evapotranspiration (Figure 3.1) 

Kc2 is an empirically fitted value acquired from Allen et al. (1998) based on the frequency of rainfall for 

large infiltration depths and reference evapotranspiration (Figure 3.1) 

I is the average infiltration depth during the initial growth stage (mm) 
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Imin and Imax are the minimum and maximum infiltration depths respectively during the initial growth 

stage (mm) 

 

Figure 3.1 - Initial crop coefficient values modeled by Allen et al (1998) for small infiltration depths (A) 

and large infiltration depths (B) (Allen et al. 1998). 

Figure 3.1 shows values for Kc initial depending on the infiltration depth and frequency of rainfall events 

over the course of any year’s initial growing period.  The range of these growing periods varies by crop 

and climate.  The values used in this study are representative of a temperate seasonal climate (Allen et al. 

1998).  Kc mid is more dependent on the wind and humidity conditions as the crop develops to a given 

height h.  Kc mid is approximated by Equation 3.8 (Allen et al. 1998). 

𝐾𝑐 𝑚𝑖𝑑 =  𝐾𝑐3 + (0.04(𝑢2 − 2) − 0.004(𝑅𝐻𝑚𝑖𝑛 − 45)) (
ℎ

3
)

0.3
          Equation 3.8 

   

Where: 

Kc mid is the crop coefficient for the middle period of the growing season 

Kc3 is the base Kc value given by Allen et al. (1998) 

u2 is the average daily wind speed at 2 meters above surface (m/s) 

RH min is the daily minimum value of relative humidity (%) 

h is the average plant height during the middle of the growing season from Allen et al. (1998) (m) 

The final crop coefficient value during the end of the growing season is approximated by Equation 8 as 

well with the only adjustment being the time period for the daily values to be taken from and the tabular 

value is the end K value not mid K (Allen et al. 1998). 

A B 
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Crop coefficients vary through the growing season in staged linear relationships which peak at the middle 

Kc value stage and end at the final growing season day Kc end value.  The linear relationships are 

approximated by Allen et al. (1998) in Figure 3.2.  Linearity is assumed for the Kc values and thus they 

are adjusted to match the relationships shown by Allen et al. (1998). 

 

 

Figure 3.2 - Ending period crop coefficient relative to middle crop coefficient from various common crop 

types (A). Seasonal trend of crop coefficients depicting the three stages split and linearly interpolated into 

four stages terminating at Kc end (B). The case of multiple harvests per season K values must be staged 

by number of harvests (C) (Allen et al. 1998). 

For each crop grown in the study areas the growth season is divided into 4 stages initial, developing, 

middle, and late season.  Daily Kc values are calculated using the methods described previously and 

A 

B C 
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plotted with time to check for validity with data from Allen et al. (1998).  An example of this is shown in 

Figure 3.3. 

 

Figure 3.3 - Crop coefficient values for winter wheat at the Guelph research site.  Note that the increase 

after harvest (around late October) is a result of bare soil which is subsequently frozen by frost shown as 

a drop to zero into the winter months. 

The final calculation for ET over a given land use during any day of the year is given by Equation 3.9 

(Allen et al. 1998). 

𝐸𝑇𝑐 = 𝐸𝑇𝑜𝐾𝑐          Equation 3.9 

     

Where: 

ETc is the evapotranspiration for a given land use per day (mm/day) 

ETo is the reference evapotranspiration (mm/day) 

Kc is the crop coefficient corresponding to the day of the year the ETo data is taken from 

Finally, to account for the areal land use composition of each site, proportional areas are calculated for the 

subwatershed the site is located in.  These proportional areas are multiplied by the Kc valuefor the 

corresponding land use, then the areal proportionally averaged Kc data are summed to determine a 

characteristic Kc for that sites land use.  The characteristic Kc is used in Equation 9 to obtain the corrected 

ET daily from 2013 to 2016.  These daily values are summed to be subtracted from precipitation to get 

recharge to the aquifer for any temporal resolution greater than one day. 

3.2.2 Geologic Cross-sections 
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To develop conceptual models of the subsurface geology for each research site, data were collected from 

two separate sources and combined to provide the most accurate depiction of the geologic layers of each 

study area possible.  Reports by the Ontario Geological Survey (OGS) were collected for each study area, 

then compared with data from the Ontario Water Well Records Database (OWWRD).  The latter data 

source is known to be of low accuracy (Marich 2014; Davies and Holysh 2007; Burt and Dodge 2016).  

However, the reports which quote the low accuracy of the OWWRD still suggest its use on the merit that 

it is a vast source of geologic data.  Therefore, the OWWRD is used in this study as a substitute where the 

much more accurate OGS reports are lacking in data, or to verify the OGS report data.  The OGS reports 

used in this study are listed in Table 3.4, while Table 3.5 contains additional reports conducted by various 

consulting firms and conservation authorities.  The OWWRD is split up into cross-sections using 

roadways as the baseline.  Water wells are typically drilled in Ontario for water supply or monitoring, 

conveniently proximal to a roadway for home or equipment access.  An example of the OWWRD 

coverage through these studies sites is illustrated in Figure 3.4.  Figure 3.5 shows an example of a 

roadway cross-section where well records within 100 meters of the roadway are used. 

Table 3.4 - Geologic reports used in this research along with the author, years published, and site 

location. 

Report Name 
Author 

Year 

Published 
Site Covered 

Three-Dimensional Modelling of Surficial Deposits in 

the Orangeville–Fergus Area of Southern Ontario 

 

A.K. Burt and 

J.E.P Dodge 
2016 Acton 

Groundwater Resources Study of the Credit River 

Watershed 

 

S. Davies and S. 

Holysh 
2007 Acton 

An Assessment of Subsurface Sediments in the 

Central Norfolk Sand Plain, Norfolk and Oxford 

Counties, Southern Ontario 

 

A.S. Marich 2014 Norfolk 

Quaternary Geology Brampton Area 

 
P.F Karrow 2005 Acton 

Quaternary Geology of the Simcoe Area Southern 

Ontario 

 

P.J Barnett 1978 Norfolk 
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The Subsurface Paleozoic Stratigraphy of Southern 

Ontario 
D.K Armstrong 

and T.R Carter 
2006 

Acton, 

Norfolk, 

Guelph 

 

Table 3.5 - Additional geologic reports used in this research 

Report Name Author Year 

Published 

Site 

Covered 

Long Point Region, Kettle Creek and Catfish Creek 

Integrated Water Budget Final Report 

AquaResource Inc. 2009 Norfolk 

Long Point Region Watershed Characterization 

Report 

Lake Erie Source 

Protection Region 

Technical Team 

2008 Norfolk 

Fourth Line Well Field 

Expansion, Acton, Municipal 

Class Environmental 

Assessment Study 

Stantec 2015 Acton 

Approved Updated Assessment Report: Credit 

Valley Source Protection Area Water Budget and 

Stress Assessment 

Credit Valley 

Conservation Authority 

2015 Acton 

Non-Point Source Pollution in Quaternary Glacial 

Deposits, Guelph, Ontario 

A. Best 2013 Guelph 

Morphology and GPR stratigraphy of a frontal part 

of an end moraine of the Laurentide Ice Sheet: Paris 

Moraine near Guelph, ON, Canada 

S. Sadura, I.P Martini, 

A.L Endres, K. Wolf 

2006 Guelph 

Grand River Watershed 

Characterization Report 

Lake Erie Source 

Protection Region 

Technical Team 

2008 Guelph 

Integrated Water Budget Report 

Grand River Watershed 

AquaResource Inc, 2009 Guelph 
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Figure 3.4 - Ontario Water Well Record Database coverage in comparison to the Ontario Road Network 

and the study sites (from north to south: Acton, Guelph, Norfolk) (A). AN example of a well record 

digitized (Ontario 2016) for use in cross-sections (B) (OWWRDB 2016). 

 

A 

B 
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Figure 3.5 - Road cross-section example at the Acton research site. 

Monitoring 
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Geologic data were gleaned from well records (example shown in Figure 3.4B) along with coordinates for 

each measurement.  The coordinates for these wells as well as the surface elevation corrected geologic 

observations were input into a spreadsheet to create charts for each road cross-section in the study area.  

Each wells data was then quality assured and controlled via methods noted by Burt and Dodge (2016).  

Each study area for the three sites is unique in its method of development.  The Norfolk study area 

(Figure 3.6) was delineated as the roadways which run through the spaces in between each monitoring 

well whilst making use of other high accuracy borehole logs to improve model certainty.  The Acton 

study area did not have high accuracy borehole logs available and thus the study area was determined by a 

previously calculated 25-year WHPA.  The roadways which framed and intersected this WHPA (Figure 

3.7) were selected for use as the guides for cross-sections using Ontario water well record database logs.  

The Guelph research site (Figure 3.8) does not intersect public roadways and therefore has no water well 

records available.  Instead the study area was selected based on the previously completed studies on the 

Arkell Research Station.  These are Best et al. (2015) and Sadura et al. (2006).  Best et al. (2015) 

completed cross-sections for this site so these are used as a base and subsequently built upon.  

 

Figure 3.6 - The Norfolk study site with sampling wells and the road based cross-sections 
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Figure 3.7 - Acton WHPA diagrams, Davidson well are the centre (Halton Region personal 

communications 2016) (left). Acton site cross-sections with Davidson 25-year WHPA overlain (right). 

 

Figure 3.8 - The Guelph research site with monitoring wells and linear cross-sections. 
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The monitoring wells in Norfolk were drilled in 2010 as part of the Tier 3 Water Budget Study being 

undertaken by AquaResource Inc (2009a).  The Ontario Geological Survey aided in the core logging 

effort for these wells and wrote a report detailing the logs and using them to characterize the overburden 

chronology and geology (Marich 2014).  Thus, selection of the roadways for use in the Norfolk cross-

sections (Figure 3.8) was made to take advantage of the detailed interpretations done by Marich (2014) 

and apply them to building the geologic conceptual diagram of the study site.  The cross-sections done by 

Marich (2014) and those adapted for this study can be found in Appendix A.  At the Acton research site a 

three-dimensional groundwater resources mapping study had been completed by Burt and Dodge (2016) 

which stretched form the Orangeville area to the north of Acton down to the tip of the Niagara 

Escarpment to the south of the Acton research site.  These three-dimensional layers were available in GIS 

format and coupled with the OWWRD road network already built around the Davidson WHPA to provide 

a complete picture of the geologic layers at the Acton study site.  Geological data were taken from 

reliable sources and coupled with QA/QC corrected OWWRD to build geologic conceptual models across 

14 different cross-sections for the three different research sites to aid the understanding of nitrate 

transport to each studied sampling well.  The cross-sectional OWWRD data, and the published report 

data, along with the completed geological conceptual models are available in Appendix A. 

 

3.2.3 Land Use Impact Calculations 

 

To take inventory of the surface sources of nitrate that could be contributing to contamination at any 

given well source zones must be calculated.  Using the novel methods developed by Harter et al. (2002) 

simple capture or source zones were calculated for each sampling location.  Equation 3.10 denotes how 

the size of any given wells’ source zone is determined (Harter et al. 2002). 

𝐿 = 𝑑
𝑞

𝑅
           Equation 3.10 

 

Where: 

L is the maximum length of the source zone (m) 

d is the length of the well screen which is submerged under the water table (m) 

q is the ambient groundwater flow denoted by hydraulic conductivity times the hydraulic gradient (m/s) 
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R is the recharge to the source zone acquired from tier 3 water budget studies done for the watersheds 

which each research site is in (the raw data can be found in Appendix B) (m/s) 

The source zone lengths calculated from Equation 10 when used by themselves can only be interpreted as 

circles of radius L that are independent of groundwater flow direction (Harter et al. 2002).   

Considering groundwater flow direction and the principle that groundwater flows down gradient along the 

water table surface, the source zone circles previously mentioned can be deformed to fit a shape which 

conforms to the water table surface.  Average water level across all sampling rounds in this study are 

input into an empirical Bayesian kriging (EBK) algorithm which predicts groundwater level between 

sampling wells using the assumption of spatial autocorrelation.  This indicates that the data at one 

location in time is related to the data nearest to it in space the most (Krivoruchko 2012).  This EBK 

modeled groundwater table is compared to a similar dataset available from the GRCA (Holysh et al. 

2000).  Both groundwater table surfaces are used to trace particle tracking lines emitting away from each 

sampling well in the direction which is most up gradient until the maximum source length (calculated 

from Equation 10) is reached.  This particle tracking line trace provides a depiction of where groundwater 

would likely be coming from to each well; however, source zones are two dimensional and to account for 

areal nitrate sourcing, two-dimensional shapes are required (Fetter 2001).  Particle lines are traced up 

gradient around 100-meter buffer zones which is in line with typical WHPA-A source zones mandated by 

the clean water act in Ontario (Safe Drinking Water Act 2002).  These particle lines are traced until they 

reach the most up gradient position available or the particle line reaches the length calculated via the 

Harter equation (Equation 10).  The initial position of all particles is connected and thus two-dimensional 

source zones are created for the Guelph, Norfolk and Acton (Figures 3.9, 3.10, and 3.11).   

Inventory of different possible surface sources is taken within each source zone for each well.  Sources of 

nitrate from surface activity are common and provided in many papers.  Di and Cameron (2002) is used 

here.  As all field sites in the present study are in a rural and agricultural setting.  Urban sources of nitrate 

are ruled out, while septic sources from rural homes and synthetic fertilizer/manure application are 

considered the primary sources, and natural degradation of organic material is considered secondary.  The 

Best Management Practices series developed by OFA, in partnership with OMAFRA and AAFC, 

provides outlines of nutrient requirements for each crop type grown in Ontario (OFA 2008).  This is 

adapted for nitrogen in Table 3.6.  The values from Table 3.6 are then joined to AAFC crop inventory 

GIS data which identifies which crops are grown on any given land surface in Canada.  An example of 

these data are displayed in Figure 3.12 (AAFC 2017).  To capture the effect of nitrogen loading over time 

AAFC crop inventory data were taken for each year between 2011 and 2016 and nitrogen loading from 

Table 3.6 was summed at each cell within the source zones for each well.  This nitrogen loading was then 
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divided by the area of each source zone to get an areal proportional nitrogen loading value.  This value 

was then normalized to be proportional to the maximum possible nitrogen loading value. 

 

Figure 3.9 - Source zones for Guelph monitoring wells calculated using methods from Harter et al. 

(2002) 
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Figure 3.10 - Source Zones for Norfolk sampling wells calculated using methods from Harter et al. 

(2002) 

  

Figure 3.11 - Source zones for Acton monitoring wells calculated using methods from Harter et al. (2002) 
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Table 3.6 - Nitrogen composition for different crops under average conditions in Ontario (OFA 2008). 

Crop Type Nitrogen Composition (kg/ha) 

Forages* 101 

Grains* 68 

Corn 252 

Soybeans 87 

Vegetables* 60 

Fruits* 33 

Specialty Crops* 80 

Note – A * denotes a crop type for which nitrogen values have been averaged out over the sub-types 

within each crop type. 

Calculating the nitrogen loading on any given area is akin to calculating nitrogen balances like Wick et al. 

(2012), who studied nitrate contamination in Austrian groundwater.  Use of this nitrogen loading value 

works under the simple assumption that if a crop is growing on a plot of land the greater that crops’ 

nitrogen requirements are, then the greater amounts of nitrogen would be required to be available to the 

plant (almost always) in the soil.  
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Figure 3.12 - AAFC satellite data for the Norfolk site 2016 growing season (AAFC 2017) 

 

Figure 3.13 - Source zone total and areal proportional crop nitrogen requirements from 2011 to 2016 
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Table 3.7 - Source zone crop nitrogen requirements under average conditions in Ontario (OFA 2008, 

AAFC 2017) 

Well ID Total N Required (2011-2016) in kg Total N Required (2011-2016) in kg/m2 

LP-MW-04 24441 0.036 

LP-MW-07 3250 0.048 

LP-MW-14 7123 0.033 

LP-MW-18 10737 0.053 

LP-MW-19 454 0.042 

P2 2547 0.016 

P3 4163 0.063 

P8 2487 0.061 

P9 4256 0.064 

P10 1995 0.058 

P13 1767 0.053 

P15 82 0.09 

CMT 16883 0.081 

Davidson Cluster 123042 0.034 

 

3.2.4 Travel Time Calculations 

 

Methods developed by Scanlon et al. (2002) are used to provide a simple, basic estimate of unsaturated 

zone travel times.  The purpose of this estimate is to be compared with the outputs from the CCF analyses 

(explained in section 3.3) which are unsaturated zone velocities.  Velocity in the unsaturated zone is 

related to recharge in the unsaturated zone and the ambient water content of the unsaturated zone in 

Equation 3.11 (Scanlon et al. 2002). 

𝑅 = 𝑣𝜃           Equation 3.11 

         

Where: 

R is the recharge in the unsaturated zone in m/s 

v is the unsaturated zone velocity in m/s 

θ is the ambient water content of the unsaturated zone 
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By using the unsaturated zone velocity from the CCF analyses (section 3.3) at each well the recharge rate 

can be estimated.  This recharge in the unsaturated zone is used in Equation 3.12 which is based on 

Darcy’s groundwater flow equation. 

𝐾 = −
𝑅

𝑖
          Equation 3.12 

 

Where: 

R is the recharge in the unsaturated zone in m/s 

K is the hydraulic conductivity in m/s 

i is the hydraulic gradient 

By calculating multiple hydraulic conductivity values based on differing levels of ambient water content, 

an upper and lower bound of hydraulic conductivity may be estimated (Sousa et al. 2013).  Values for 

ambient water content are varied between 1 (fully saturated) and the minimum mobile moisture content 

for the soil at each well are used (Sousa et al. 2013).  The hydraulic gradient needed for Equation 12 is 

assumed to be 1-unit gradient as outlined in Scanlon et al. (2002).  This is because matric pressure 

gradients are often negligible and so all transport is gravity driven (Scanlon et al. 2002). 

The above methods are also used to validate CCF analysis of water levels between two different depth 

intervals at a well location.  This is done by setting saturation to 1 by assuming the geologic material at 

the water table is fully saturated between the two sampling intervals and calculating Equation 3.11 and 

3.12. 

 

3.3 Statistical Methods 

 

3.3.1 Multiple Linear Regression Modelling 

 

This method is a statistical analysis like a simple linear regression which tests the relationship between a 

dependent variable to one independent variable; however, multiple linear regression analysis (MLRA) 

considers more than one independent variable to test against the dependent (Statistics Solutions 2013).  

The output of a MLRA is an equation which uses all the considered independent variables multiplied by 

constants summed together with a fitting constant to predict the dependent variable.  It takes the form of 

Equation 3.13. 



 

94 
 

𝑦 = 𝐵0 + 𝑥1𝐵1 + 𝑥2𝐵2 + ⋯ + 𝑥𝑛𝐵𝑛       Equation 3.13 

   

Where: 

y is the dependent variable 

n is the number of independent variable used in the regression 

𝐵0 is a dimensionless constant used to fit the data  

𝑥𝑛 are the values of each n independent variable 

𝐵𝑛 are the contents depicting relationships between the dependent and each n independent variable 

In this study, the dependent variable used is always nitrate concentration while the independent variables 

are formed to characterize the unique conditions between the three study sites, through time.  These are 

shown below in Table 3.8 along with the descriptions of how each parameter was developed. 

Table 3.8 - Parameters used in MLRA 

Parameter Description 

Constant Fitting parameter which denotes the y intercept of the linear model 

GW Temp Temperature recorded at each well during each sampling period in degrees Celsius 

Chloride Chloride concentration recorded at each well during each sampling period in mg/L 

DOC Dissolved organic carbon concentration recorded at specific wells at limited times in mg/L 

DO Dissolved oxygen measured as an index for each sampling period normalized to the 

highest DO value recorded during that sampling period and site 

EC Electrical conductivity measured as specific conductance at each monitoring well during 

each sampling period in mS/cm 

Sulphate Sulphate concentration recorded at each well during each sampling period in mg/L 

pH The pH recorded at each sampling well during each sampling period 

ORP Oxidation reduction potential recorded at each monitoring well for each sampling period 

in mV 

Vadose 

Zone 

The thickness of the unsaturated zone at each sampling well recorded via water level 

measurements taken during each sampling period, measured in meters 

Soil 

Chemistry 

An index of soil cation exchange capacity and organic content, measured as a proportion 

relative to the highest values recorded within each research site (CANSIS 2006) 
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Screened 

Material 

An index of the susceptibility of different geologic materials to leaching as denoted by the 

DRASTIC model (acquired from borehole logs) (Aller et al. 1987) 

Screen 

Depth 

The depth in meters below ground surface at which the screened interval is located for 

each monitoring well (acquired from borehole logs) in meters  

Drift 

Thickness 

Thickness of unconsolidated sediments overlying bedrock at each monitoring well 

(acquired from borehole logs and/or OGS geologic reports) 

Soil 

Drainage 

An index of soil drainage, measured as a proportion relative to the highest values recorded 

within each research site and matched to Double Ring Infiltrometer data collected at each 

site (acquired from GIS soil map and CANSIS soil surveys) 

Air Temp Air temperature acquired from nearby climate stations at each study site over the entire 

study period in degrees Celsius 

Recharge Precipitation data collected from nearby climate stations corrected for varying 

evapotranspiration values throughout the year taken for each study site over the entire 

study period in mm 

Land Use An index of crop nitrogen requirements taken as a proportion of the maximum possible 

nitrogen requirement, taken as a source zone proportional average at each well over the 

entire study period (AAFC 2017) 

Forest Area Proportion of forested area within each sites’ subwatershed, measured as a proportion of 

total area of each wells’ source zone (AAFC 2017) 

Urban Area Proportion of urban area within each wells’ capture zone, measured as a proportion of 

total area of each wells’ source zone (AAFC 2017) 

 

Temporally variable independent variables are averaged over the quarter (4-month period) which each 

sampling round for groundwater nitrate occurred in.  For example, the June 2015 sampling round would 

be assigned recharge, air temperature, and vadose zone thicknesses averaged over the months of April, 

May, and June.  This method of seasonal distribution of data is used by several studies including one 

study by Jyrkama and Sykes (2007) within the same watershed as the Guelph research site.  Spatially 

variable data like soil chemistry and drainage are averaged over each wells’ source zone (section 3.2.3).  

Several of the parameters noted in Table 3.8 are nominal by nature such as geology, and soil parameters, 

and thus, need to be converted into a scalar or ordinal form to be used for regression.   

Soil chemistry is a product of the cation exchange capacity and soil organic carbon.  These parameters 

both contribute to nitrate decay via colloidal uptake of ammonium and ammonia along with other bio-

degradational processes effecting nitrate concentrations (Myroid 2003).  Screened material is taken from 
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the type of geologic material found at the location of the screen when each monitoring well was drilled.  

This material is matched to an index called DRASTIC, named after the parameters which it considers 

(depth to aquifer, recharge, aquifer material, soil material, topography, impact of the vadose zone, 

conductivity hydraulically).  DRASTIC was developed by the US EPA for use in determining the 

susceptibility of a specific well, aquifer, or area to contamination from surface sources (Aller et al. 1987).  

Within the DRASTIC index aquifer material is transformed from a nominal word code (sand, gravel, clay, 

etc.), to ordinal bins based on empirical data collected, and a professional panel (Aller et al. 1987).  Soil 

drainage is taken from GIS data based on soil surveys completed in the study areas by CANSIS.  CANSIS 

divides soil drainage by nominal classes from very well drained to very poorly drained based on empirical 

data and experiments conducted in the literature.  Since between all three study sites the soil drainage 

only varies by 3 classes a scale of 1 to 3 was assigned assuming that soil drainage classes follow a linear 

pattern with each class increasing in water storage capacity by ~2.5 cm (CANSIS 2013). 

Since these processes may operate differently at different time steps and different sites, six different 

model scenarios are built.  The first (Model 1) is all the data together into a bulk model, Model 2 is data 

from the three research sites using only data recorded during the growing season (April to October), 

Model 3 is data from the three research sites using only data recorded during the non-growing season 

(November to March), Model 4 is data from the Norfolk site with data from both growing and non-

growing seasons, Model 5 is data from the Guelph site with data from both growing and non-growing 

seasons, and finally, Model 6 is data from the Acton site with data from both growing and non-growing 

seasons.  Site specific data could not be further divided into growing and non-growing seasons as these 

data sets are smaller than the required number of data points for MLRM.   

The data are stored in Excel spreadsheets and input into SPSS statistical analyses software, where the 

MLRA is run.  The backwards selection algorithm was selected to run multiple iterations of each model 

scenario to insure each parameter be analyzed regardless of modeled significance, whilst producing the 

ideal model with regards to statistical significance and R squared (Statistics Solutions© 2017). 

Several assumptions are required to be met for the MLRA results to be of the highest confidence and 

accuracy.  The dependent variable being tested must be an interval or ratio data type.  This means that the 

variable follows the real number line and/or has no true zero value (IBM 2016).  Nitrate-nitrogen 

concentration has a zero value since there can be no nitrate molecules present; however, it is relative to 

the real number line so the data are consistent with the required assumption of ratio data (i.e. 30 mg/L of 

nitrate is twice as much nitrate as 15 mg/L and 10 mg/L greater than 20 mg/L).  Two or more independent 

variables exist and they are all the interval/ratio data type, or all the ordinal and nominal data type, not a 

mixture (IBM 2016).  There are 19 independent variables, and all are interval/ratio data type either having 
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been that way natively or converted into this data type via methods mentioned previously.  The dependent 

variable must not be autocorrelated.  This means that the data must not correlate with itself at any varying 

time-lag.  Autocorrelation can be tested for using the Durbin-Watson statistic.  This tests the residuals of 

the dependent variable predictions and outputs a number which if greater than 2.5 or less than 1.5, 

indicates that there is some degree of autocorrelation, and no autocorrelation if the number falls between 

1.5 and 2.5 (Field 2009).  Durbin-Watson tests were completed on the six different modelled scenarios 

and the results are listed in Table 3.9.  The only model to fail the test is the Acton only nitrate data and 

this may be a result of lower amounts of data in this model.  The value (1.11) is not far off the suggested 

guide (1.5), and can still be used for interpretation with the autocorrelation kept in mind (Field 2009).   

Table 3.9 - Durban-Watson statistic calculated for each MLRA modelled scenario. 

Model Site Modeled Time Modelled Durbin-Watson Value 

1 All three All times 1.88 

2 All three Growing season 1.93 

3 All three Non-growing season 1.82 

4 Norfolk only All times 1.58 

5 Guelph only All times 2.08 

6 Acton only All times 1.11 

 

Linear relationships are required between the dependent variable and all the independent variables.  Also, 

a linear relationship must exist between the dependent variable and all the independent variables 

collectively.  Linearity of parameters is assumed based on scatterplots (Appendix C).  Data from the 

predictions must show homoscedasticity meaning that the variances of the predicted output must remain 

constant throughout the range of predicted values. This can be tested for by plotting studentized residuals 

of the predictions along with the predicted output (Figure 3.14) (IBM 2016).  Figure 3.14 shows 

clustering around 0 residual indicating good prediction accuracy of the model and verifying the constancy 

of variance along predicted values proving homoscedasticity (IBM 2016). 
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Figure 3.14 - Studentized residuals plotted with predicted nitrate concentrations for verification of 

homoscedasticity. 

 

Independent variables within the multiple regression must not be collinear.  If one or more independent 

variables correlate strongly within a model the variability in the dependent cannot be strongly associated 

to independent parameters equally.  SPSS outputs provide tolerance and VIF (variance inflation factor) 

which can be used to determine multicollinearity if values are less than or greater than a literature defined 

indicator of multicollinearity which is five.  Values greater than five likely indicate multicollinearity and 

vice versa for lower than five (IBM 2016).  Tolerance and VIF values for the models ran in this study are 

available in Appendix C.  By running backwards iterations on the models, multicollinearity is checked by 

SPSS which removes parameters not only by confidence and significance but also linearity (UNL n.d).  

Outliers or overly significant points should not be included in the regression analysis.  To find these 

points a parameter called the Cook’s Distance is implemented.  SPSS automatically runs Cook’s Distance 

if the option is selected, values of greater than 4/N are deemed outliers or overly significant points where 

N is the number of dependent data points used in the regression.  Cook’s distance parameters are included 

in Appendix C.  Those data points which exceeded the tolerable limit were deleted to account for outliers 

and over leveraged points.  Lastly, residuals of the predicted data must be normally distributed across the 

range of dependent data points.  This is tested through a normal distribution fit (Figure 3.15).  The plots 
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show how normal the residuals of the predictions are and how normal the dependent variable data are 

(IBM 2016). 

 

Figure 3.15 - Normal distribution fit for the regression standardized residuals for all models. 

 

The standardized residuals appear to show normality with a slight shift toward the positive direction and 

greater frequencies clustering around both negative and positives sides around zero than expected.  The 

normal Q-Q plot in Figure 3.16 shows that the nitrate data skew off a normal distribution about the point 

of 10 mg/L of nitrate, with greater numbers of points less than 10 mg/L than what a normal distribution 

would predict and a lower number of points greater than 10 mg/L.  Overall the tests of normality indicate 

that the residuals are likely normally distributed while the actual data are not fulfilling the requirements of 

the assumption of normality of the residuals for the MLRA.  An example of an output from a MLRA is 

displayed in Table 3.10.  MLRA outputs automatically summarize the bulk R squared value for each 

iteration of the model.  This indicates how well that iteration of the model predicts nitrate concentrations 

from the study using the optimal independent parameters along with an adjusted R squared for the 

standard error and the standard error itself.  Typically, R squared values greater than 0.75 are considered 

acceptable in groundwater studies (MacDonald 2015, Ozdemir A 2011, Sahoo and Jha 2013, Stigter et al. 

2008).  Table 3.11 is an ANOVA test showing how statistically significant the overall predictions of 
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nitrate concentrations are; the model uses these to optimize subsequent iterations of the model to produce 

the model whose predictions are most unlikely to be a result of random chance.  Typically, significances 

of 0.05 or lower are acceptable (MacDonald 2015, Ozdemir A 2011, Sahoo and Jha 2013, Stigter et al. 

2008).   

 

Figure 3.16 - Normal Q-Q plot of nitrate concentration data. 

 

Finally, the table of regression coefficients are in Table 3.12.  This shows how important each of the 

independent variables are in predicting the variance of nitrate concentrations between study sites and 

times and the relationship each independent variable has with the dependent assuming all things held 

constant and again with all parameters included but standardized for independent variable comparison.  

Like the ANOVA table significances of each independent parameter in the model are given and again 

typically values of 0.05 or lower are acceptable.  By including both standardized and unstandardized 

coefficients parameter relationships with nitrate concentration (the dependent) and independent 

parameters can be tested against expected values.  For example, oxidizing conditions would normally 

allow for nitrification resulting in greater nitrate concentrations.  This is illustrated in Figure 3.18 by an 

unstandardized coefficient of 0.045 indicating that there would be a 0.045 mg/L increase in nitrate 
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concentration if a 1 mV increase in ORP was observed. While the standardized coefficient shows that 

ORP is one of the top three independent parameters describing the variability observed in nitrate 

concentration in model iteration 1.  The full set of table outputs and statistical tests for each modelled 

scenario are available in Appendix C. 

Table 3.10 - MLRA backwards iteration example 

Iteration R Squared Adjusted R Squared Standard Error 

1 0.877 0.260 5.77 

2 0.877 0.408 5.16 

3 0.876 0.506 4.71 

4 0.876 0.574 4.38 

5 0.875 0.626 4.10 

6 0.867 0.644 4.00 

7 0.861 0.667 3.86 

8 0.856 0.687 3.75 

9 0.853 0.707 3.63 

10 0.845 0.715 3.58 

11 0.842 0.729 3.49 

12 0.826 0.722 3.53 

13 0.806 0.708 3.62 

 

Table 3.11 - MLRA ANOVA (analysis of variance) iteration example 

Iteration  Sum of Squares df Mean Square F Significance 

1 Regression 946.25 20 47.31 1.42 0.401 

Residual 133.13 4 33.28   

Total 1079.38 24    

13 Regression 869.49 8 108.69 8.285 <0.0005 

Residual 209.89 16 13.12   

Total 1079.38 24    

Note- iterations 2-12 are not presented for simplification 

Table 3.12 - MLRA iterative parametric results example 

Iteration Independent Unstandardized Standardized Significance 
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1 Constant -62.154 * 0.887 

Chloride -0.029 -0.268 0.722 

Conductivity 6.924 0.277 0.707 

DOC -1.785 -0.648 0.444 

DOI -4.99 -0.22 0.682 

Drift 0.145 0.383 0.913 

Land Use -9.010 -0.226 0.705 

Overburden -1.290 -0.139 0.896 

ORP 0.046 0.588 0.327 

pH 9.037 0.319 0.790 

Screen Depth -0.794 -0.928 0.564 

Screened Material 4.566 0.774 0.671 

Soil Chemistry 0.268 0.134 0.872 

Soil Drainage -3.535 -0.364 0.719 

Sulfate 0.197 0.410 0.480 

Temperature -0.777 -0.600 0.528 

Recharge -0.002 -0.023 0.967 

Vadose Zone 0.470 0.409 0.620 

Air Temperature 0.309 0.391 0.576 

Forest Area -1.001 -0.291 0.935 

Urban Area 0.237 0.369 0.954 

13 Constant -116.465 * 0.005 

Drift 0.318 0.839 0.022 

ORP 0.045 0.581 0.002 

pH 14.958 0.528 0.006 

Screen Depth -0.960 -1.122 0.001 

Soil Drainage -3.285 -0.338 0.063 

Sulfate 0.230 0.479 0.004 

Air Temperature 0.283 0.358 0.008 

Urban Area 0.817 1.271 0.003 

Note- iterations 2-12 are not presented for simplification, and * denotes missing data 

3.3.2 Cross-Correlation Functions 
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A regular linear correlation (Pearson) is where one variable is plotted against another variable to 

determine their correlation or ability to predict one another.  When data are measured as time series and 

correlated using the Pearson correlation the data are assumed to be affecting each other instantly.  

However, hydrogeologic data produce impacts at lagged response times typically relative to the amount 

of distance between measuring points and/or the speed at which groundwater is flowing.  Cross-

correlation functions (CCFs) measure the Pearson correlation multiple times with each new iteration 

moving one-time step forward consecutively for positively lagged data and one-time step backward 

consecutively for negatively lagged data.  A positive time lag is one where the causal variable is lagged 

from the dependent variable and a negative lag is where a dependent variable reacts in advance of the 

causal variable (Meko 2015).  CCFs in this study are run using SPSS which accounts for both positive 

and negative lag when computing a CCF for two sets of data (IBM 2016).   

Two different data types are analyzed using CCF in this study, the first being precipitation and 

groundwater elevation, the second being groundwater elevation measured between two sampling depths 

at the same well location (two different holes at the same spot).  The causal variable is always 

precipitation for the precipitation-groundwater level comparisons and the shallower depth interval is 

always the causal variable in the groundwater level comparisons since vertical hydraulic gradient 

calculations at all wells show downward groundwater movement.  For the precipitation and groundwater 

level the precipitation data is on the temporal resolution scale of days, while the groundwater level data 

are on the scale of 15 min.  Groundwater elevation was averaged so that it matched the daily time scale of 

precipitation.  The groundwater elevation comparison data are measured using pressure transducers of the 

same time interval so the data require no pre-processing before analysis. 

Several assumptions are required of the data before a confident interpretation of CCF results can be made.  

The processes which result in the two datasets must be independent of each other and themselves (i.e. not 

autocorrelated).  The datasets must also have a large sample size.  It is best if the data are normally 

distributed (variance of 1/N where N is the sample size), the mean is zero, and both data show a linear 

relationship (Meko 2015).  Autocorrelation is when a dataset correlates with itself at different time lags 

and can be removed through a process called differencing.  Differencing is when a dataset is subtracted 

from itself at the next time step shown by Equation 3.14. 

𝑥𝑖 = 𝑥𝑛 − 𝑥𝑛+1          Equation 3.14 

     

Where  

𝑥𝑖 is the new differenced data point 
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𝑥𝑛 is the data point at time step n 

𝑥𝑛+1 is the data point at time step n+1 

Equation 14 can be run only once on a dataset (1st differencing) or, if the data still show autocorrelation 

after the 1st differencing Equation 14 can be run again on the first differenced data to produce a second 

differenced dataset which should remove all autocorrelation (Yaffee and McGee 2000).  All data for CCF 

analysis in this study are 1st differenced while a few others required 2nd differencing to remove 

autocorrelation.  The sample sizes are all larger than 500 points which is 10 times greater than the 

minimum requirement of 50 stated by Yaffee and McGee (2000).  The data are not normally distributed 

(as demonstrated from P-P plots in found in Appendix B) but do show a linear relationship between each 

other on all CCF analysis cases (illustrates with bivariate regressions, Appendix B).  An example of an 

output for CCF analysis is in Table 3.13 and Figure 3.17 for the sampling well P8 at the Guelph site 

between precipitation daily and daily groundwater level.  Cross-correlation coefficients are interpreted the 

same way as a Pearson correlation in that positive coefficients indicate a positive relationship and 

negative coefficients indicate a negative relationship.  Negative time lags are computed by default in 

SPSS however, these can be ignored since considering the time scales this data typically operates in, it 

would be physically impossible to have an advanced reaction of the dependent from the causal variable.  

As shown in Table 3.13 the highest correlation coefficient is 0.177, the 1-day time lag.  Referencing this 

to Figure 3.17 this coefficient is above the upper confidence interval and thus can be concluded as  

Table 3.13 - Cross correlation coefficient example 

Time Lag (days) Cross-Correlation Coefficient 

0 -0.13 

1 0.177 

2 -0.038 

3 -0.054 

4 -0.015 

5 0.003 

6 -0.02 

7 -0.033 
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Figure 3.17 - CCF analysis between precipitation at the Guelph site taken from MOE database at the 

Guelph turf grass station and the groundwater level at the P8 sampling well on the Guelph site (Arkell 

Research Station) 
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4.0 Results and Discussion 
 

Several different groundwater quality parameters (Table 3.1) were collected at 25 different sampling 

locations distributed between three research sites (Norfolk: nine wells, Guelph: nine wells, Acton: seven 

wells).  These samples were collected every two months over a two-year period (June 2014 to July 2016) 

equating to 12 sampling rounds.  Data were also collected for the sites via GIS sources including: bedrock 

geology; soil type; and land use for six growing seasons before 2016 (2011, 2012, 2013, 2014, 2015, 

2016).  Isotopic tracer samples were collected twice to determine N15 and O18 in nitrate, and once for 

deuterium, tritium, and O18 in groundwater for a characteristic sample of each study site.  Climate data 

(snowfall, rainfall, snow accumulation, air temperature, and wind speed) were collected via weather 

stations within 10 km of the study sites for 2013 to 2016.  To determine the evapotranspiration, climate 

parameters were input into the FAO Penman-Monteith evapotranspiration model which outputted daily 

ET data for 2013 to July 2016.  Net precipitation (precipitation minus evapotranspiration) was correlated 

with level logger data collected at various monitoring wells across all three research sites at various time 

lags using cross-correlation functions.  Unconsolidated geology data at all three sites were compiled from 

interpretations completed by OGS groundwater studies, consulting reports, and Ontario water well 

records to build sub-surface 2-D models.  Analysis conducted with the data described above are as 

follows: multi-variate linear regression modeling between groundwater nitrate and various geochemical 

parameters; cross-correlation function analysis of groundwater level response to precipitation events; and 

isotopic profile plotting to determine sourcing of nitrate at the sites.  On top of the complex analyses, time 

series trends are also discussed to provide a baseline understanding which leads into the more complex 

analytic methods (like MVLRM, and CCF). 

 

4.1 Time Series Data 
 

The data described in this section coincide with the bi-monthly (once every two months) groundwater 

sampling which was conducted throughout June 2014 to June/July 2016.  The data displayed is from the 

Norfolk research site since this location had the most comprehensive dataset.  Data from the other two 

sites will be discussed herein and, can be viewed in Appendix C. 
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4.1.1 Dissolved Oxygen and Oxidation Redox Potential 

 

Both DO and ORP had bi-modal distributions, in the case of the Norfolk research site.  A distinction 

between DO and ORP values from deep and shallow wells is apparent (Figures 4.1 and 4.2: the darker 

and lighter grey zones on the figures, respectively).  Shallow wells (0 to 10 mBGS) being closer to 

surface would be in contact with more oxygenated water than deeper wells (>10 mBGS).  Dissolved 

oxygen is used by microbes to facilitate oxygenation reactions like nitrification and sulphur oxidation and 

respiration.  These processes use up the oxygen in the groundwater and create anoxic environments 

deeper into the water table (Gomez et al. 2002, Chen and Liu 2003, Aravena and Robertson 1998).  The 

oxidation reduction potential data for the Norfolk site (Figure 4.2) illustrates a similar bi-modal 

distribution to the dissolved oxygen data (Figure 4.1).  Oxidation reduction potential describes the redox 

state of the groundwater and can be used to determine whether water at that monitoring point has the 

potential to be nitrifying or denitrifying.  This is distinguished quantitatively in the literature as sites with 

ORP values between 10 and 350 mV as nitrifying, and 50 to -50 mV as denitrifying (YSI 2008, Erfurt 

2006).  The redoxcline is a well-known phenomenon in hydro geochemistry, and is used to distinguish 

zones of certain oxidation or reduction levels where different chemical reactions can happen.  These 

zones follow a sequential order (oxic-suboxic-anoxic) with increasing depth below surface (Erfurt 2006).  

Wells which exhibit oxidizing conditions will be either nitrifying, producing more nitrate, or maintaining 

the current level of contamination.  Whereas wells which are reducing are denitrifying current nitrate or 

have already lost nitrate by reduction if the sampling interval is far below the redoxcline (line at the depth 

of the tailing edge of the suboxic zone).  In this study, almost all shallow wells had oxidizing conditions 

and almost all deeper wells had reducing conditions with the exception of some of the Guelph research 

site wells.  Table 4.0 shows shallow and depth ranges for each research site.  These were determined 

using average depths for each site with wells being classified as shallow if their depth was more than 0.5 

standard deviations (STD) less than average and 0.5 more than average for a deep classification. 

Table 4.1 - Shallow and deep well classification depths used in this research (determined using average 

depths for each site) 

Site Shallow Depth Range mBGS Deep Depth Range mBGS 

Norfolk 10 to 0 42 to 14 

Guelph 10 to 0 23 to 12 

Acton 10 to 0 23 to 12 

 



 

108 
 

 

Figure 4.1 - Dissolved oxygen index at Norfolk monitoring wells (June 2014 to July 2016). The light gray 

shading indicates wells which have oxic conditions, anoxic conditions for the dark gray shading. 

 

Figure 4.2 - Oxidation reduction potential at Norfolk monitoring wells (June 2014 to July 2016). The 

light grey shading indicates well whose conditions are favourable for nitrification, and the dark grey 

shading indicates favourable conditions for denitrification based on the ORP value for each reaction 

(Erfurt 2006) 
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4.1.2 Electrical Conductivity, Chloride, and Sulphate 

 

Electrical conductivity measured as specific conductance or conductance at 25 degrees Celsius describes 

the concentrations of dissolved ionic species in the groundwater.  The specific conductance values for the 

majority of monitoring wells throughout the research sites during the study period remain around 0.7 

mS/cm except for a few outliers.  The outliers (Figure 4.3) have a seasonal pattern of increasing 

conductivity with recharge events in the spring and fall seasons.  The majority of the measured values of 

electrical conductivity in this study occur within the shaded area in Figure 4.3.  Wells that show 

seasonality are shallow and react strongly to recharge events which would increase conductivity.   

Three wells have constant conductivities which are above or below the average zone; MW-32/08 Deep; 

LP-MW-14-D; and LP-MW-18 Intermediate.  MW-32/08 Deep is the deepest wells studied at ~61 meters 

below ground and is drilled deep into the bedrock of the Acton site.  This bedrock is fractured, and may 

be cavernous in nature and thus experiences high groundwater flow rates.  High flow rates typically 

weather minerals trapped in the limestone/dolostone and show up as consistently high electrical 

conductivities (Davies and Holysh 2007).  LP-MW-18 Intermediate is situated just above a clay unit 

inserted into the vast sand overburden of the Norfolk site.  This clay below the fine to coarse sand acts as 

a flow barrier for percolating elements resulting in accumulations of dissolved species producing 

consistently high electrical conductivities (Marich 2014).  LP-MW-14 Deep has the thickest overburden 

above the screen with 42 meters of sand and gravel above (Marich 2014).  This monitoring well is the 

only one in the study areas with consistent electrical conductivities below the average zone likely 

explained by the thick overburden acting as a filter to dissolved species either transporting them away or 

diffusing them through vast volumes of water above the sampling interval.  Chloride and electrical 

conductivity are strongly correlated in the monitoring data which coincides with chloride contributing to 

the conductivity value as a charged ionic species itself.  Most temporal and depth trends observed in 

electrical conductivity occur also in chloride data (Figure 4.4).  Chloride shows up in the shallowest 

sampling wells in Guelph just after the spring melt of 2016, likely a result of nearby road salt leaching or 

manure application.      
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Figure 4.3 - Electrical conductivity measured as specific conductance throughout the study period. The 

grey shading indicates the zone where the majority of data from this study area lies 

 

Figure 4.4 - Chloride concentration at the Norfolk monitoring wells throughout the study period. 
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Sulphate has the opposite trend to electrical conductivity and chloride.  Since deeper wells tend to tap into 

a regional sulphurous aquifer located throughout southern Ontario, sulphate tends to increase with depth 

below surface (Marich 2014).  This trend is offset by sulphate leaching from surface as fertilizers or 

atmospheric deposition (Robertson et al. 1989).  Evidence of regional aquifer water is prevalent in MW-

32/08 deep, since the well is approximately 61 meters feet below ground and accesses deeper bedrock 

groundwater. The sulphate concentrations are almost an order of magnitude greater than any other 

sampled well; this is likely from weathering of minerals in the bedrock (Armstrong and Carter 2010).  

Both sulphate and chloride together contribute to the electrical conductivity value measured at a well 

since they are both charged species (Robertson et al. 1989).  All sites show a trend of increasing sulphate 

with depth, aligning with a sulphate source rising from lower aquifers possibly via dispersion or diffusion.  

Sulphate is produced in autotrophic dentification via the oxidation of sulfur compounds which reduce 

nitrate, this explains why nitrate may decline with depth and sulphate increases with depth (Aravena and 

Meyer 2009).   
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Figure 4.5 - Sulphate concentrations at the Norfolk research site throughout the study period. 

 

4.1.3 Groundwater Temperature 

 

Groundwater temperature remains constant spatially within each research site but varies between sites.  

Shown in Figure 4.6, Norfolk and Acton groundwater temperatures are plotted with average daily air 

temperature.  Both sites have a seasonal temperature trend consistent to air temperature but lagged 

slightly.  This indicates that most of the monitoring wells tested are recharged by surface water inputs like 

precipitation (or stream seepage), since a less connected aquifer would not likely respond as much, if at 

all, to surface temperatures.  
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Figure 4.6 - Mean groundwater temperature plotted with air temperature for the Acton and Norfolk sites 

 

4.1.4 Dissolved Organic Carbon 

 

Organic carbon is integral to all biotic chemical processes in soil water and groundwater.  Carbon to 

nitrogen ratio is an indicator of the rate and types of microbial facilitated reactions occurring in the 

subsurface.  Soil microbes operate on a critical threshold basis regarding C:N ratios.  Too much or too 

little nitrogen or carbon and immobilization of nitrogen becomes the dominant nitrogen cycling process.  

If the ratio is within the critical threshold (ratios narrower than 20) ammonification will take over as the 

dominating nitrogen reaction (Myroid 2003).  The measurement of DOC (Figure 4.7) is not a bulk 

measurement of all available carbon in the measured environment, and neither are the nitrate or nitrite 

nitrogen measurements also taken in this study a bulk measurement of total N.  If DOC is high this is a 

strong indicator of other available carbon sources (Myroid 2003).  Dissolved carbon is also important 

regarding nitrogen cycling as an electron acceptor from denitrification processes.  Wells with higher DOC 

values like P10, LP-MW-19-10, P13, and CMT-6 could experience denitrification, (if all of the other 

requirements for it to occur are met) since the carbon acts as an electron donor in groundwater and an 

oxygen consumer in the unsaturated zone above (Aravena and Mayer 2009).  Carbon is used in the 

process of heterotrophic denitrification, this reduces nitrate thus decreasing nitrate concentrations.  Ideal 

conditions for this reaction to progress are a source of carbon, and the absence of free oxygen (reducing 

conditions) (Aravena and Meyer 2009).  
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Figure 4.7 - Dissolved organic carbon measured at various sampling locations and times June 2014 and 

February 2016. 

 

4.1.5 Nitrate 

 

Figures 4.8, 4.9, and 4.10 illustrate nitrate data for the Norfolk, Acton, and Guelph sites respectively, 

from June 2014 through to July 2016.  Overall nitrate trends are discussed here.  Well-specific 

descriptions follow (Section 4.6).  All three sites show the bi-modal distribution depicted in the ORP and 

DO data (Figures 4.1 and 4.2).  Deeper wells sampled have little to no nitrate consistently (concentrations 

less than 0.5 mg/L), while shallower wells typically have some nitrate and some degree of seasonality of 

peaks in the fall and spring and troughs in winter and summer.  Recharge dilution and flushing is 
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suspected as the primary mechanism of trend determination at all sites while denitrification and 

nitrification amplify or dampen nitrate concentrations based on whether the groundwater chemistry 

conditions are oxidizing or reducing respectively.  Several other chemical and physical variables control 

the intensity and fluctuation of nitrate trends.  These are related and discussed in section 7.2 using a multi-

variate linear regression genetic algorithm.  Physical transport from surface sources is analyzed as 

hydraulic response timing from cross-correlation functions between level logger and precipitation data in 

the subsequent section 7.3, while isotopic tracing is discussed in section 7.4 to determine which wells 

coincide with which surface sources discussed in the land use section above.  Finally, the summary results 

section draws upon all conducted analyses to determine well specific insights for nitrate trends.       

 

Figure 4.8 - Nitrate-nitrogen concentrations at the Norfolk site throughout the study period. 
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Figure 4.9 - Nitrate-nitrogen concentrations at the Acton site throughout the study period. 

 

Figure 4.10 - Nitrate-nitrogen concentrations at the Guelph site throughout the study period (Gap in data 

during winter 2015 because of inability to sample) 
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4.2 Geochemical Analysis 
 

By comparing geochemical parameters, conclusions can be drawn on the nature of nitrate reactions at the 

time of sampling.    Chloride is often used as a conservative tracer for analysis of nitrification and/or 

denitrification.  Since the major source of chloride in the soil and subsequently groundwater is the same 

as nitrate (fertilizers), processes which consume or produce nitrate would change only the nitrate 

concentration and preserve the chloride levels (barring the use of road salts nearby which may skew 

results).  Thus, we can use the ratio of chloride to nitrate-N in conjunction with nitrate-N concentrations 

to plot a denitrification line (Figure 4.11) (Lowrance 1991, Groffman et al. 1992, Martin et al. 2004, 

Anornu et al. 2017).  Dissolved organic carbon (DOC) and sulfate can be indicators of denitrification 

(heterotrophic or autotrophic).  The concentrations of DOC and sulfate give some clue as to how long 

denitrification may be occurring at the monitoring interval (Anornu et al. 2017). 

Chloride and nitrate-N concentrations are plotted together (Figure 4.11) to show a denitrification trend.  

As nitrate-N concentrations decrease (a result of denitrification), chloride concentrations remain constant 

and thus the ratio between the two would decrease.  This is clearly shown in the data in Figure 4.11. 

 

Figure 4.11 - Nitrate-N concentrations vs. nitrate-N to chloride concentration ratio (Log-Log scale). 
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along with concentrations of DOC and nitrate-N, causal links between the two geochemical parameters 

can be estimated and it can verify that the literature supported hypothesis of DOC being used in 

denitrification remains true for monitoring wells in this study.  Values of nitrate-N which are highest are 

always in an oxic or sub-oxic state, while values around or below expected background concentrations are 

a mixture of all three redox states.  As shown in Figure 4.12, the hypothesis is verified, however, it is 

important to note the exceptions.  Some data which plot in an oxic state and low in DOC would be 

expected to have high nitrate-N concentrations (given surface sources remain similar at that location as to 

the rest of the study site) because of the absence of denitrification.  This is likely explained by a lack of a 

source of nitrate to the groundwater.  The data in Figure 4.12 could show dentification linked to ORP as 

most of the data in the sub-oxic state are low in nitrate-N independent of DOC concentrations.  

 

Figure 4.12 - Dissolved organic carbon concentrations vs. nitrate-N concentrations. 
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Autotrophic denitrification consumes nitrate and produces sulfate from sulfurous compounds (Aravena 

and Meyer 2009).  Figure 4.13 illustrates this at the left side of the plot where anoxic conditions cluster 

around low nitrate-N concentrations.  The causality of these parameters is difficult to determine because 

reducing conditions are required to produce more sulfate, and the reducing conditions can also be caused 

by an input of sulfate.  The data still show a clear trend towards a lower oxygen content coinciding with 

increased sulfate concentrations and less nitrate-N concentrations.  

 

Figure 4.13 - Sulphate concentrations vs. nitrate-N concentrations 

 

4.3 Multi-Variate Linear Regression Modelling 
 

Six different scenarios were modeled via a multi-variate linear regression method with the SPSS 

statistical software by IBM.  The scenarios are denoted by model number in Tables 7.2, 7.3, and 7.4.  

Model 1 considers all parameters measured at all study sites and all study periods, model 2 looks at all 

sites but only sampling periods which fall within the Southern Ontario growing season (April to October) 

and model 3 examines all sites during the non-growing season sampling periods.  Models 4, 5, and 6 are 

site specific for all sampling periods for Norfolk, Guelph, and Acton respectively.  Further, more detailed 

0.1

1

10

100

1000

0 5 10 15 20 25

S
u
lp

h
at

e 
C

o
n
ce

n
tr

at
io

n
 (

m
g
/L

)

Nitrate-N (mg/L)

Anoxic Sub-Oxic Oxic



 

120 
 

sub-division of datasets is not possible since SPSS requires a minimum number of data points (50) to 

conduct the analysis.  Table 4.2 presents the parameters used in the analysis and provides explanation of 

their significance to the study. 

Table 4.2 - MLRA independent variable descriptions 

Parameter Description 

Constant Fitting parameter which denotes the y intercept of the linear model 

GW Temp Groundwater temperature recorded in each well during each sampling period in degrees 

Celsius 

Chloride Chloride concentration recorded from each well during each sampling period in mg/L 

DOC Dissolved organic carbon concentration recorded from specific wells at limited times in 

mg/L 

DO Dissolved oxygen measured as an index for each sampling period normalized to the 

highest DO value recorded during that sampling period and site 

EC Electrical conductivity measured as specific conductance for each monitoring well during 

each sampling period in mS/cm 

Sulphate Sulphate concentration recorded for each well during each sampling period in mg/L 

pH The pH recorded at each sampling well during each sampling period 

ORP Oxidation reduction potential at each monitoring well for each sampling period (mV) 

Vadose Zone The thickness of the unsaturated zone at each monitoring well recorded via water level 

measurements taken during each sampling period, measured in meters 

Soil 

Chemistry 

An index of soil cation exchange capacity and organic content, measured as a proportion 

relative to the highest values recorded within each study site 

Screened 

Material 

An index of the susceptibility of different geologic materials to leaching as denoted by 

the DRASTIC model (Aller et al. 1987) increasing values indicated greater susceptibility 

(acquired from borehole logs) 

Screen Depth The depth in meters below ground surface at which the screened interval is located for 

each sampling well (acquired from borehole logs) in meters 

Drift 

Thickness 

Thickness of unconsolidated sediments overlying bedrock at each sampling well 

(acquired from borehole logs and/or OGS geologic reports) 

Soil Drainage An index of soil drainage, measured as a proportion relative to the highest values 

recorded within each study site and matched to double ring infiltrometer data collected at 

each site 
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Air Temp Air temperature acquired from nearby climate stations for each study site over the entire 

study period in degrees Celsius 

Recharge Precipitation data collected from nearby climate stations minus evapotranspiration values 

throughout the year taken for each study site over the entire study period in mm 

Land Use An index of crop nitrogen requirements taken as a proportion of the maximum possible 

nitrogen requirement, taken as a proportional average over each wells source zone over 

the entire study period. 

Forest Area Proportion of forested area within each sites’ subwatershed, measured as a proportion of 

total area of the subwatershed 

Urban Area Proportion of urban area within each wells capture zone 

 

Oxidation reduction potential in Table 4.3 has the most significant and consistent relationship with nitrate 

concentration across almost all models (models 1 to 4).  With a 1 mV increase in ORP, all other 

parameters kept the same, nitrate concentration will rise by 0.04 mg/L.  Higher positive ORP values 

indicate oxidizing and thus nitrifying conditions which would amplify nitrate concentrations given all 

other conditions are met for nitrification.  This relationship with ORP is consistent for all site unspecific 

models and the Norfolk site specific model (model 4), indicating that at the Guelph and Acton sites ORP 

is not as strong a predictor of nitrate presence.  This is likely explained by the lower variance of reduction 

states between Guelph and Acton when compared to the Norfolk site (explained in Figure 4.11).   

Drift thickness (Table 4.4) has a significant negative relationship across most models (models 2,3, and 5), 

ranging from about -0.7 to -4.  This agrees with literature assumptions in that thicker layers of 

unconsolidated sediments would act as barriers to filter out or retard contaminants.  The outlier in the drift 

thickness parameters is the Norfolk site specific model (model 4) which may be explained by the 

consistency of drift thickness across that research site and the highly variable nitrate concentrations across 

wells in the research site.  Drift thickness appears most significant and greatest in magnitude in the 

Guelph specific model (model 5).  This emulates the lower nitrate concentrations observed upland on the 

front slopes of the Paris moraine contrasted to the higher values encountered where glacial drift begins to 

thin in the flatter more agriculturally active portion of the site.   

Urban area (Table 4.5) has a consistently positive relationship with nitrate concentration with an 

approximate 1 mg/L increase per 1% increase in urban land cover.  Urban area in this research is defined 

as any roadway, building, or artificial structure, meaning that rural homes and farm structures are counted 

as urban area.  Wells which are nearby rural homes have the potential to be contaminated by septic 

sources and these show up in the isotopic tracer analysis in a subsequent section (7.5 Isotope Data).   
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Soil chemistry index (Table 4.4) is consistently positively related to nitrate at high levels of significance 

(models 2, 3, and 5).  This index is combined as organic carbon composition and cation exchange 

capacity (CEC).  Higher index values indicate greater organic carbon and cation uptake: calcium, 

magnesium, and iron are integral to enzymes which help cycle nitrogen (Myroid 2003).  An increased 

uptake of these ions (a result of higher Soil Chemistry Index values) would result in less cycling of nitrate 

and thus greater concentrations in monitoring wells with higher soil chemistry index values.   

Vadose zone thickness (Table 4.4) shows a significant negative correlation in the models in which it is a 

significant predictor (models 2 and 3).  A decrease in 1-meter thickness of the vadose zone indicates 

about a 0.5 mg/L decrease in nitrate concentration.  This agrees with the literature and expected 

relationships of increased recharge resulting in water table rise creating a thinner vadose zone.  Thus, the 

dilution of nitrate via recharge aligns with a diminishing vadose zone thickness.   

Screen depth (Table 4.4) has consistently negative relationships with nitrate concentrations for the site-

unspecific models (models 1,2, and 3) indicating that an increase in the depth of the screen of the 

sampling well of 1 meter would result in about 0.5 to 1 mg/L decrease in nitrate (models 1,2, and 3), this 

is consistent with expected results.  The Norfolk site is an outlier here and may be because of the 

constancy of screen depths at this site.  Norfolk has one large aquifer which is continuous across the study 

area.  Variations in nitrate caused by other parameters would skew the screen depth results.   

Dissolved oxygen (DO) (Table 4.3) is a strong positive predictor of nitrate with a range of 2 to 6 mg/L 

increase per 1 index point increase in dissolved oxygen (models 2 and 5).  DO is collinear to oxidation 

reduction potential (ORP) and so both parameters having strong physically consistent results is a good 

indicator of model validity.   

Air temperature and recharge (considering here “recharge” as the net precipitation which is precipitation 

minus evapotranspiration) are only significant in one model each separately (models 1 and 5).  Nitrate 

concentration decrease by 0.03 mg/L per 1 mm increase in recharge and increase by 0.32 mg/L per 1-

degree Celsius rise in temperature.  These two parameters produce the highest degree of seasonality in the 

study and because recharge matches up to literature values published by Wick et al. (2012) the seasonality 

of nitrate can be predicted.  Recharge increases at all sites during the spring and fall seasons, with dips 

during the summer when most of the precipitation is lost to ET, and in the winter when the soil is frozen 

and impermeable.  Relating this to nitrate data (Figures 4.8, 4.9, and 4.10), all peaks in nitrate 

concentrations occur either during spring or fall season sampling rounds.   
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Table 4.3 - MLRA hydrogeochemical independent variable results. 

Model Constant GW Temp Chloride DOC DO EC Sulphate pH ORP 

1 -123.63* -0.62 -0.03 -0.95* -5.35 8.25 0.23* 14.4* 0.04* 

2 52.87* 0.16 -0.01 n.d 2.5* -0.89 0 -1.66 0.03* 

3 42.63* -0.28* 0.02* n.d 0.01 -0.64 0 -0.46 0.04* 

4 -3.50* -0.12 0 n.d -1.03 10.4* 0.02 2.13 0.04* 

5 -39.19* 0.11* -0.06* n.d 6.11* -3.62* 0 -0.76 0 

6 22.04* 0.17 0.05* n.d -0.15 -3.20* 0 -2.60* 0 

Note * indicates a result which is within the 95% confidence interval 

Table 4.4 - MLRA physical independent variable results. 

Model Vadose 

Zone 

Soil 

Chemistry 

Screened 

Material 

Screen 

Depth 

Drift 

Thickness 

Soil 

Drainage 

1 0.49 0.1 2.26 -0.93* 0.25* -3.71 

2 -0.43* 0.59* 3.1* 0.09 -0.57* 4.46* 

3 -0.62* 0.53* 3.69* 0 -0.10* 0.47 

4 0.93 -0.23 n.d 0.07* 0.69* -5.79* 

5 0.5 14.98* -1.11 -0.56* -3.75* n.d 

6 -0.05 n.d n.d n.d n.d n.d 

Note * indicates a result which is within the 95% confidence interval 

Table 4.5 - MLRA physical and anthropological independent variable results 

Model Air Temp Recharge Land Use Forest Area Urban Area 

1 0.32* 0.02 -6.88 2.11 0.67* 

2 -0.10 0 -1.66 3.52 1.05* 

3 0.06 0 -4.04 4.24 1.46* 

4 0.06 0 -29.05* n.d n.d 

5 0.05 -0.03* -404.53* n.d n.d 

6 -0.025 0 -0.81 n.d n.d 

Note * indicates a result which is within the 95% confidence interval 

The parameters which agree the most with the literature, and the model’s outputs are: oxidation reduction 

potential, dissolved oxygen, screen depth, and drift thickness.  An example of a parameter not previously 

mentioned but still of some interest is land use index.  For this, a decrease in groundwater nitrate 

concentration results from an increase in crop nitrogen requirements.   
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This might be explained by not accounting for crops which may fixate nitrogen or possibly remove 

nitrogen from the soil altogether.  Modern farms often have nutrient management plans which can 

account for buildup of nutrients like nitrogen in the soil (OFA 2008).  Chloride concentration is also of 

interest but only correlates significantly in the correct direction in two models (models 3 and 6).  Chloride 

is present in fertilizers such as manure and is also a conservative tracer, like nitrate in the absence of 

processes such as denitrification, so the two should be positively correlated (Levison and Novakowski 

2009, OFA 2008).  However, it should be considered that another significant source of chloride in 

southern Ontario is road salt which may skew results (OFA 2008). 

 

4.4 Cross-Correlation Functions 
 

Hydraulic response is tested for each of the wells in which pressure transducers were installed over the 

study period.  Cross-correlation functions apply multiple regressions between two sets of data at many 

different time lags to determine the lag which results in the best fit (SPSS 2016).  Three wells at the 

Norfolk site and one each at the Acton and Guelph sites had pressure transducers installed between June 

2014 and June 2016 (LP-MW-19-10, LP-MW-14-10 Shallow, LP-MW-04-10 Shallow, P8, and MW-32).  

In Figure 4.14 the monitoring location P8 correlated with net precipitation within the growing season at a 

level of 0.25 R2 at the 1 day time lag.  This well is known to have a sandy diamcit layer above the 

screened sandy gravel unit.  This layer may be slowing vertical flow to a 1 day lag with surface 

precipitation input and groundwater level response.  When that time lag and the distance from surface to 

the water table are used to back calculate for hydraulic conductivity, the bounds of K values from the 

CCF match up to the literature bounds of K for a fine sand and gravel geologic layer.  The coverage of the 

geologic cross-sections devleoped for the research site are very poor surrounding P8 and so the validity of 

the compared values is limited.  MW-32 Deep (Figure 4.15A) has a strong positive correlation to 

precipitation at the 5 day time lag at about 0.4 R2.  When compared to back-of-the-envelope calculations 

described in the methods chapter (chapter 3.0) the saturated hydraulic conductivity aligns with literature 

values for a gravely silty sand till like that found at the MW-32 monitoring location.  Because LP-MW-07 

and LP-MW-14 correlated best with lag times of zero, no minimum bound can be assumed as 1 day is the 

temporal resolution of the available precipitation data.  Therefore a back of the envelop calculation is 

impossible without making a large assumption of a minimum pressure response time.  However, LP-MW-

19 (Figure 4.15B), has a positive significant correlation with a 1 day time lag. This produces a hydraulic 

conductivity which aligns with lower hydraulic conductivity bounds of a fine sand this is consistant to the 
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geologic interpretations of the Norfolk sand plain (Marich 2014).  Table 4.6 shows comparisons of 

hydraulic conductitivities calculated using CCF results with published values for each well. 

Table 4.6 - Calculated hydraulic conductivities at different monitoring wells studied using CCF results. 

Well ID Lower K 

Bound 

Upper K 

Bound 

Published K 

values 

Source 

MW-32 0.46 m/d 12 m/d 0.35 – 1.7 m/d Davies and Holysh (2007) 

P-8 0.13 m/d 3.5 m/d 0.17 – 2.6 m/d LPR SPA (2015), Davies and Holysh (2007) 

LP-MW-19 4.09 m/d 108 m/d 26 – 173 m/d LPR SPA (2015) 
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Figure 4.14 - Groundwater level with local precipitation CCF ((A) Guelph site P8, (B) Norfolk site LP-

MW-07). 

A 

B 



 

127 
 

 

Figure 4.15 - Groundwater level with local precipitation CCF ((A) Norfolk site LP-MW-19, (B) Acton site 

MW-32 Deep). 

B 

A 
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Figure 4.16 - Groundwater level with local precipitation CCF Norfolk site LP-MW-14-10 Shallow. 

Several wells in Norfolk had water level monitoring at multiple depth intervals.  Those wells with the 

highest temporal continuity and resolution of data are the Norfolk locations ranging from 15 to 30 min 

measurement intervals.  This allows for CCF analysis of groundwater levels between depth intervals and a 

continuous estimate of vertical hydraulic gradients.  All Norfolk wells monitored show the strongest 

correlation with a 0-time lag, indicating that hydraulic response between these depth intervals is faster 

than 30 minutes for the LP-MW-14 and 18 monitoring wells and 15 minutes for the extra wells monitored 

by a separate study (LP-MW-11 and 08) during the same time as the sampled wells from this study.  

Table 4.7 shows comparisons of hydraulic conductitivities calculated using CCF results with published 

values for each well. 

Table 4.7 - Calculated hydraulic conductivities between different intervals at several monitoring well 

studied using CCF results 

Well ID Saturated Vertical Hydraulic 

Conductivity 

LPR SPA (2015) Vertical 

Hydraulic Conductivity Range 

LP-MW-08 34.6 m/d 0.9 – 6.0 m/d 

LP-MW-11 17.28 m/d 2.6 – 17.0 m/d 

LP-MW-14 731.85 m/d 0.08 - 8.61 m/d 
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LP-MW-18 527 m/d 0.26 – 17.0 m/d 

 

The saturated and unsaturated vertical hydraulic conductivities presented in Tables 4.6 and 4.7 above 

align moderately well with values from previous studies in the Norfolk area and literature values 

published for the screened and overburden geologies of the sites (LPR SPA 2015 and Fetter 2001).  The 

higher values shown in Norfolk wells LP-MW-14, 18, and the upper bound of 19 could be explained by 

underestimates of the vertical hydraulic gradient.  Gradients for these wells were measured to be 

approximately 1 order of magnitude lower than normal for the site (typically 0.01).  From Marich (2014) 

and the geologic interpretations for the Norfolk site, the believed distribution of sediment particle size 

within the lake deposits of the Norfolk sand plain is a coarsening outward towards the Galt and Paris 

moraines to the east and west respectively.  This could explain why hydraulic conductivities are more 

than an order of magnitude higher for LP-MW-19, 18, and 14 since they are closer to the Paris moraine 

than LP-MW-11 and 08.    

 

Figure 4.17 - Groundwater level CCF between Norfolk site LP-MW-14-10 Shallow and Deep intervals. 
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Figure 4.18 - Groundwater level CCF of Norfolk site LP-MW-18-10 Shallow and Intermediate intervals. 

 

Figure 4.19 - Groundwater level CCF of Norfolk site LP-MW-11-10 Shallow and Deep intervals. 
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Figure 4.20 - Groundwater level CCF of Norfolk site LP-MW-11-10 Shallow and Deep intervals. 

Several limitations exist for this method of analysis and for the back-of-the-envelope calculations for 

hydraulic conductivity.  Correlation of any kind does not indicate that variables are causally linked.  It is 

important to consider the underlying physical principles occurring to explain a direct correlation into a 

causal link.  The lag times discussed above are likely indications of a pressure gradient pushing water 

from surface directly above the sampling intervals.  However, it is possible that a preferable (i.e faster) 

flow path may exist from a location up gradient of the well which is causing the change in water level.  

For the back-of-the-envelope calculations using methods developed by Scanlon et al. (2002), the lower 

unsaturated conductivity bound in Table 4.7 represents the lowest possible saturation (residual saturation) 

for the measured soil type at the monitoring sites, while the upper is a 100% saturated soil (Sousa et al. 

2013).  The true hydraulic conductivity would theoretically be somewhere between the two bounds as 

degrees of saturation can change greatly throughout rainfall events, runoff events, and seasons.  The 

hydraulic conductivities in Tables 7.5 and 7.6 are presented under the assumption that the overburden and 

screened materials are homogenous at all measured locations up to surface and while the geologic 

interpretations (section 2.1) indicate that this is true for the measured locations the geologic 

interpretations are subject to even more limitations than this analysis and so should be taken with some 

degree of uncertainty.  The data show that CCF lagged correlation matches well depth and expected site 
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characteristics.  The Acton site (MW-32) and Guelph site (P8) are slower to react to precipitation than the 

Norfolk site wells.  The Guelph site is faster to react to precipitation than the Acton site.  Between all 

three site comparisons the well depths are relatively constant barring at the Acton site, where MW-32 has 

a screen located approximately 65 meters below ground surface.  This is 20 meters deeper than any of the 

other wells analyzed.  There is a lack of data from wells at the Acton site around the Davidson cluster 

where bedrock is a meter or so below ground.  This area is expected to respond quickly to precipitation 

since the water level is at or just above bedrock at all wells in the Davidson cluster. 

 

4.5 Isotope Data 
 

Samples for nitrogen-15, oxygen-18, and sulfur-34 in nitrate and sulphate respectively were collected 

from select wells: twice for nitrate isotopes (July 2014 and December 2015) and once for sulphate 

isotopes (July 2014).  Additional data are also available for the Norfolk and Guelph sites from studies 

previously conducted by Best et al. (2015) (Guelph site) and Hollingham (2010) (Norfolk site).  The data 

from different sources are displayed as zones (Figure 4.21).  Most of the data from Norfolk and Guelph, 

and all the data from Acton lie within the soil organic N zone, with a few outliers from Guelph and 

Norfolk falling within the organic and synthetic fertilizer zones.  This can prove difficult to discern a 

individual source as these ‘isotopic source zones’ all intersect at the soil organic nitrogen zone (Figure 

4.21).  

The monitoring interval LP-MW-04 Shallow has an interesting trend between three available data points.  

In December of 2010, (measured by Hollingham (2010)) the source signature was that of organic 

fertilizers or septic waste, while in August 2015, the source signature is more towards soil organics.  The 

December 2015 result indicates an ammonium fertilizer source.  Having multiple sourcing and/or mixing 

of these sources is common in groundwater nitrate and was observed in similar studies, for example Iqbal 

(1997), and might be explained by differences in recharge during those sampling periods or changes in 

land use over the time the research was conducted.  Comparing total precipitation one month prior to 

isotopic sampling for all three points at LP-MW-04 Shallow, the sample from December 2015 

experiences the lowest precipitation by almost half of what the other two experience.  LP-MW-18 

Intermediate has a similar relationship with total precipitation as LP-MW-04 Shallow.  The source is 

clearly organic fertilizer or human waste and moves to soil organic sources with a decrease in recharge.  

The other Norfolk sampling points show some uncertainty between synthetic and organic sourcing with 

the clear majority being assimilated into soil organic nitrate which is corroborated by the results of 

Hollingham (2010).  Both the shallow and intermediate intervals at LP-MW-18 have consistent organic 
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fertilizer signatures throughout the year.  The Guelph monitoring wells tend towards the organic fertilizer 

side of the soil organic nitrogen sourcing zone with the maximum nitrogen-15 enrichment value for that 

site occurring in summer 2014. This indicates evidence of an organic fertilizer nitrate source.  This 

observation is further backed up by results from Opazo (2012) which measured nitrate isotopes at the 

Guelph site showing manure and organic fertilizers as the primary source signature at the Guelph site.  

Mixing of sources is common in groundwater nitrate which often makes distinguishing an individual 

source difficult unless data points skew extremely in one direction.  The observations made with these 

data are purely qualitative (Kendall and McDonnell 1998).  

The isotope of sulphur, sulfur-34 measured in sulphate along with O18 can reveal the source and 

processes which lead to the presence of sulphates in the aquifer (Aravena and Mayer 2009).  The sulphate 

isotope data remains constant at around the sulphate oxidation enrichment values except for MW-32 Deep 

at the Acton site.  This well has enrichments 6 to 7 times higher than the other wells which indicates 

mineral weathering as the source, further supporting observations that the higher sulphate source in MW-

32 Deep was of mineral nature (Mistry et al. 2015). 

Samples for stable isotopes in groundwater (deuterium, tritium, and oxygen-18) were collected at each 

site in July of 2014.  These data (Appendix C) show that samples collected during this study are likely to 

be indicative of groundwater in a cold climate region due to the position of the data relative to the global 

meteoric water line (Aravena and Mayer 2009).  Tritium data show that the Guelph and Norfolk research 

site groundwater typically shows a signature indicative of modern water which was recharged in the past 

5 to 10 years, while the Acton site shows a signature like that of water which contains some tritium of 

atomic bomb origin (Clark and Aravena 2005). 
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Figure 4.21 - N15 and O18 enrichment data taken from select sampling wells twice over the study period, 

data represented by triangles depict points of interest (Kendall and McDonnell 1998). 

 

4.6 Well Summaries 
 

The following section describes results for each well to provide conclusions which are well specific.  This 

also serves to integrate results from the many different factors investigated and types of analyses used to 

investigate them. 

4.6.1 LP-MW-04 Shallow and Deep 

The shallow interval at this location has consistently the highest nitrate-nitrogen concentrations at the 

Norfolk site (typically around 15 to 20 mg/L nitrate-N).  Nitrate concentrations in this interval peaked 

each October sampled and stayed high until April then dropped to the lowest concentrations every June.  

The deep interval has constantly low nitrate-N concentrations (~0.1 mg/L).  By comparing the IDF data 

from Figure 2.19, with the double ring infiltrometer data collected for this location (Figure 2.22), and the 

net precipitation data (Appendix B), it can be concluded that it is unlikely that runoff would be occurring 

at this site over the time periods sampled.  A rainfall intensity of 150 mm/hr would be needed which has 

LP-MW-4-10 Shallow Dec 15

LP-MW-18 I Intermediate Dec 15

LP-MW-18-10 Intermediate Jul 15

LP-MW-4-10 Shallow Jul 15

-10

-5

0

5

10

15

-10 -5 0 5 10 15

δ
1

8
O

 ‰
 

δ15N ‰ 

Norfolk Wells Norfolk Wells (Hollingham 2010)

Acton Wells Guelph Wells

Precipitation and Synthetic Fertilizers Soil Organic Nitrogen

Human and Animal Waste



 

135 
 

not occurred between 2014 and 2016 at this site.  Isotopic signatures collected in this study and by 

Hollingham (2010) describe a dual sourcing of nitrate with December 2010, and August 2014 indicating a 

human waste signature supported by artificial sweetener data (Hollingham 2010), while the December 

2015 data suggest a synthetic fertilizer source.  It is common to have nitrate from multiple sources reach 

the groundwater and both isotopic signatures can be explained by land use survey data.  Multiple homes 

are within 100 meters of the wells, as well as a few fields with relatively higher risk crop rotations 

(subsequent years of corn and tobacco or vegetable crops).  Differences in recharge between these 

sampling times may provide an explanation for the observed differences in isotopic signature.  Consistent 

nitrification conditions are prevalent in the shallow interval based on pH, temperature, and soil organic 

carbon data thus promoting nitrate concentrations in the shallow subsurface, while the deep interval 

shows consistent denitrifying conditions (anoxic redox state and higher than 2 mg/L DOC), thus reducing 

nitrate.  Nitrate concentrations are in phase with the Fall recharge which occurs consistently over the two 

years studied (Appendix B). 

4.6.2 LP-MW-07 Shallow and Deep 

This monitoring location has most of the geochemical conditions in common with the averages for the 

Norfolk site: an oxidizing shallow zone; reducing deep zone; decreasing chloride with depth; and 

increasing sulphate with depth, as well as a thick sandy layer which both intervals are screened into.  

Nitrate-nitrogen concentrations are negligible in the deep interval; however, the shallow interval had 

peaks as high as 6 mg/L nitrate-N, which is over half of the MCL, for the October 2014 sampling round 

and the April 2016 sampling round.  Between those two peaks there is a consistent and slow decline in 

nitrate concentration at a rate of 1 mg/L per year.  Isotopic tracing data backed with artificial sweetener 

data collected by Hollingham (2010) indicate soil organic nitrogen as the source and eliminates human 

waste as a possible source for the December 2010 sampling.  The July 2015 isotopic tracer data show a 

result consistent with Hollingham (2010).  Soil organic nitrogen can be converted into nitrate via 

mineralization into ammonium and subsequent oxidation into nitrate (Myroid 2003).  Possible sources 

within 200 meters of the well are, a few homes and farm fields up-gradient including a ginseng field.  

Cross-correlation between precipitation and groundwater level shows a reaction time of less than 1 day; 

this matches the infiltration capacities measured on site of around 150 mm/hr at saturation.  The timing of 

the nitrate-N peaks in the shallow interval match years which corn was grown the year before on two of 

the fields up gradient, and as the redoxcline is close to the shallow interval it is possible that cessation of 

nitrification or even the presence of denitrification during the period of nitrate decline would be the 

explanation for that decline in between peaks.  This is supported by results from the MVLR modelling 

(section 7.4) through strong matching of ORP and nitrate concentrations. 
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4.6.3 LP-MW-14 Shallow and Deep 

This monitoring location has most of the geochemical conditions in common with the averages for the 

Norfolk site: an oxidizing shallow zone; reducing deep zone; decreasing chloride with depth; and 

increasing sulphate with depth.  The shallow interval is screened into the upper sand unit (Whittlesey and 

Warren Lakes) while the deep interval here is the deepest sampled at the Norfolk site and penetrates 

through the fine sediment layer encountered at the deep LP-MW-07 interval at 42.5 mBGS.  Nitrate 

concentrations have a similar trend to the shallow interval at LP-MW-07: a peak of over 10 mg/L nitrate-

N is observed in the October 2014 sampling round which declined at a rate of about 1 mg/L per year up 

to, and including the final sampling round.  Isotopic tracer results at this location also align with LP-MW-

07 as soil nitrogen being responsible for the nitrate presence in the shallow interval.  Again, like LP-MW-

07 Shallow the peak in nitrate is coincident with the growing of corn in the year before sampling along 

with a drop in ORP up to and including the final sampling round in July 2016.  Since 14  and 7 shallow 

match so many governing parameters to nitrate concentration, and the nitrate concentrations themselves, a 

similar cause of fertilizers leaching into the subsurface years after corn planting, being nitrified into 

nitrate, or soil organic nitrogen assimilated, and then mineralized into ammonium for nitrification via 

oxidizing conditions is the likely cause of the peak along with the likely location of the redoxcline 

resulting in lowered nitrification causing the continual decline in nitrate concentrations (Erfurt 2006). 

4.6.4 LP-MW-18 Shallow and Intermediate 

This monitoring location is interesting because the intermediate sampling interval has the greatest 

concentrations of nitrate not the shallow like the other monitoring interval at the Norfolk research site.  

Oxidation reduction potential and dissolved oxygen do have the general site trend of shallow oxidizing 

and deep reducing conditions but the reducing conditions are weak (0 to -50 mV) and often the 

intermediate interval shifts up into the oxidizing zone.  Electrical conductivity is highest in the 

intermediate interval and consistently had the highest reading at the Norfolk site.  Both chloride and 

sulphate concentrations are also highest in the intermediate zone contributing to the higher than average 

EC readings.  The intermediate interval has a nitrate concentration peak (of ~5 mg/L nitrate-N) around 

June 2014 and drops consistently just like LP-MW-07 Shallow, and LP-MW-14 Shallow.  Isotopic 

signatures taken in July 2014 and December 2015 show organic fertilizer, and synthetic or organic 

fertilizers respectively.  Possible sources of nitrate include two farms within 200 meters up gradient of the 

well and three fields also within that proximity.  Two of the three fields had consecutive years of corn 

planting (2011 to 2014) aligning with the nitrate peak observed in June 2014.  Both monitoring intervals 

at this location are screened into the first sand layer (Whittlesey/Warren Coarse Phase).  The difference at 

this monitoring location from the others may be that the shallow interval has consistently higher dissolved 

organic carbon concentrations than the intermediate interval and than any other well at this site except for 
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LP-MW-19.  The presence of DOC in the shallow interval would be removing oxygen from the 

unsaturated zone and facilitating denitrification (under prevailing anoxic redox conditions) thus 

potentially reducing any nitrate arriving at the monitoring interval (Aravena and Mayer 2009).  While at 

the intermediate interval nitrification could be occurring as microsites of oxic conditions commonly occur 

in micro pores of soil and unconsolidated sediments (Myroid 2003). 

4.6.5 LP-MW-19 

Little to no nitrate concentrations are observed at this location (always <1 mg/L).  Even though this 

location is shallow (6 mBGS), strongly reducing conditions are prevalent through the entire study period.  

High sulphate concentrations, and the highest DOC concentrations throughout all study sites, along with 

weakly reducing ORP conditions, results in a strong denitrification potential.  The land surrounding the 

well is inundated in swampy shrubs and small trees which are often flooded, are likely the cause of the 

high dissolved organic carbon.  The vadose zone is at most 1 meter thick in the summer and is commonly 

saturated in the spring and fall. 

4.6.6 Davidson Cluster Bedrock Wells 

The two wells within the Davidson cluster which are screened into the underlying Amabel bedrock are the 

aptly named Davidson wells, 1 and 2.  Both are screened as open holes from about 3 to 14 mBGS deep.  

Nitrate is present at these wells constantly at concentrations ranging from 3 to 4 mg/L nitrate-N until 

spring of 2016 where concentrations increased to 6 mg/L and stabilized there for the final sample in June 

2016.  Isotopic tracing points to soil organic nitrogen as the source; however only one data point exists for 

each well and as was shown at the Norfolk site, mixing of sources is common.  Possible sources include 

two fields at 100 and 200 meters away (Appendix D) which were both cropped under a corn, soybeans, 

wheat rotation since 2011; two homes which are adjacent to the flow direction but within 100 meters of 

the wells; and a high-density cattle farming operation one kilometer up gradient.  WHPA’s delineated for 

the production wells (AquaResource Inc 2009) show a 2-year time to travel of approximately 2 km.  With 

the high-density livestock farm at 1.1 km from the Davidson wells an approximate time of 1.1 years is 

probable as a source.  Oxidizing conditions in the shallow bedrock and slow infiltration rates indicate the 

nitrate is likely from a plume or pool stored in the unsaturated zone which is consistently recharged by 

surface activity and entrained by percolating precipitation, which results in a slow moving consistent 

source of nitrate supplying the Davidson wells.  This constant source is then spiked when recharge 

periods occur specifically spring recharge. 

4.6.7 Davidson Cluster Unconsolidated Wells (TW-1/85, TW-2/85, MP-10, Stream) 

These monitoring wells show very similar trends to the Davidson wells indicating that the overburden is 

storing mass as mentioned above or it is recharged by the same source as the Davidson wells.  Isotopic 
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tracing has the same signature as Davidson wells.  Infiltration rates are lower than the Norfolk site maxing 

out at around 60 mm/hr after 5 minutes.  Vadose zone transport likely slows or stops during the non-

recharging seasons, nitrate would still perpetuate through these times since conditions are acceptable for 

nitrification.  Then every spring the snowmelt and rainfall would flush the unsaturated zone thus 

producing the spikes coincident with these wells and the Davidson production wells.  Higher than average 

DOC values at the MP-10 and stream monitoring sites might explain the 1 mg/L lower nitrate-N 

concentrations at these sampling locations when compared to the other Davidson cluster wells but 

evidence of denitrification here is inconclusive. 

4.6.8 MW-32 Shallow and Deep 

The deepest monitoring interval at 62 mBGS is the Deep interval at MW-32.  Moderately reducing 

conditions and high sulphate concentrations via mineral weathering result in ideal conditions for nitrate 

reduction (Aravena and Meyer 2009).  Concentrations of nitrate are consistently lower than 0.2 mg/L 

throughout the study, which may be a result of dilution within the groundwater or a lack of/different 

sourcing of nitrate at the Deep interval compared to the shallow one.  Installed in late 2015 the shallow 

interval has concentrations close to Davidson cluster ambient nitrate (~5 mg/L).  When the spring melt 

and rainfall increase recharge through the unsaturated zone concentrations in the shallow interval go up to 

around 7 or 8 mg/L.  The timing of the peaks in MW-32 Shallow align with those in the Davidson cluster 

wells.  CCF analysis done on the Deep interval show a 5-day lag between water level response to 

precipitation, the highest lag calculated in this research.  This lag is indicative of the geologic conditions 

at the well, thick overburden comprised of diamict (K~0.46 m/day) (Fetter 2001).  Isotopic tracing at this 

location are the same as the Davidson cluster wells.  The higher concentrations in the shallow interval and 

proximity to a high-density livestock operation indicate that this farm may be the source recharging the 

nitrate pool in the subsurface. 

4.6.9 P-2 and P-3 

The two shallowest monitoring wells at the Guelph site also show the highest nitrate concentrations for 

the Guelph site (10 to 20 mg/L nitrate-N).  These concentrations are relatively consistent through all the 

samples collected although only data for one year are available at these wells as compared to the two 

years available for the other wells.  Both wells are consistently oxidizing, and conditions are acceptable 

for nitrification to be occurring.  The only differences between P2 and P3 are that P3 has high EC and 

chloride while P2 has average values for both.  P3 is close to a roadway and likely receives road salt 

contamination.  P2 dries up regularly in the peak summer months (late June through July), and even when 

it has water there is typically never more than 10 to 20 cm from the bottom of the screen.  P3 is shallow 

but never dried up and typically has over 2 meters of water from the bottom of the screen.  Isotopic 

tracing points to a soil organic nitrogen source and fields surrounding these wells have had consecutive 
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years of corn grown (2013 to 2015) possibly contributing to the contamination with associated nutrient 

application.  Dry conditions can result in an increased potential for mineral weathering and movement of 

contaminants through the subsurface.  This could explain the high nitrate in P2, the chloride in P3, and to 

some degree the nitrate in P3 (Mosley et al. 2014).  

4.6.10 P-8 

Another well with oxidizing conditions at the Guelph site, P8 has consistent nitrate concentrations of 

approximately 4 mg/L all through the study period up until a spike occurred in April 2016 where 

concentrations increased to 10 mg/L.  Isotopic signatures point to a soil organic nitrogen source, and this 

peak is likely explained by the extremely dry conditions in 2015 which resulted in P2 drying out.  These 

conditions would have increased the leaching potential of the soil.  March of 2016 at the Guelph site saw 

higher than average snowmelt and rainfall amounts which may have flushed the dried-out soil and caused 

the higher than average nitrate concentrations.  The well is screened into a sandy gravel outwash and CCF 

analysis shows the strongest correlation at a 1-day time lag between water level and precipitation.  

Dissolved organic carbon is below average (along with weakly reducing redox conditions) so it is 

unlikely that this would be a denitrifying location.  What is most likely occurring is a similar process to 

the Acton site: nitrate is being mineralized in the soil and subsequently moved through into the 

groundwater when significant recharge to the aquifer is occurring.  Land uses nearby which may 

contribute as a source include a manure storage area and several pastures approximately 100 to 200 

meters up-gradient.     

4.6.11 P13 and P15 

These two locations are the furthest southeast at the research site and thus are situated on the front slopes 

of the Paris moraine resulting in thicker than normal overburden at these wells.  Nitrate concentrations are 

low here ranging from 0 to 2 mg/L at most.  Isotopically the wells are different: P15 has a clear organic 

fertilizer or human waste signature while P13 shows soil organic nitrogen as the source.  P15 experiences 

a spike in concentrations on the same sampling round as P13.  P13 shows a seasonal trend in 

concentrations which decrease every spring and increase through the summer only to decrease again in 

the coming fall.  Although the nitrate-N concentration fluctuations are low this pattern follows the 

observations from some of the wells at the other research sites which are believed to have constant 

sources of nitrate like LP-MW-04-Shallow.  Dissolved organic carbon is high (approximately 18 mg/L) in 

these intervals which means that denitrification is unlikely to be occurring throughout the study period at 

both wells.  The only differences in sourcing between these wells are the land uses up gradient to the 

wells: P13 has a small pasture but mostly forest where P15 has a small horse barn a few meters away also 

followed by forested areas.  This difference in land use supports the isotopic results. 
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4.6.12 P10 

Located just beside a bedrock multi-level monitoring point, P10 acts as a shallow overburden monitoring 

point at this sampling location.  Several ports in the multi-level system were sampled early in the study 

along with P10, however little to no nitrate concentrations are present (<0.5 mg/L) in any of the sampling 

intervals up until Spring of 2016.  The April 2016 sampling round saw a climax of nitrate concentrations 

up to 2.5 mg/L in phase with increases in concentration at other wells at the Guelph site (see P2 and P3, 

and P8).  Also in phase with the nitrate concentration increase was chloride concentrations, a decrease in 

dissolved organic carbon concentrations (which are typically high at this location), and a switch from 

reducing to weakly oxidizing conditions.  The combinational change of the previously mentioned 

parameters creates an ideal environment for nitrate to be transported and/or sustained from up gradient.  

This further is facilitated by dry conditions from 2015 yielding into a wetter than normal Spring 2016. 

4.6.13 P9 

The slowest recharging well throughout all three study sites, P9 shows similar trends in nitrate to a few of 

the wells in the Guelph study area.  Twin peaks in nitrate concentration are observed at this well, one in 

June 2014 at 7 mg/L; and the other in April 2016.  These peaks line up with a combination of wells (P10, 

P8, and P15).  The initial June 2014 peak is difficult to characterize because no previous sample data are 

available to compare conditions at the peak with those leading up to it.  However, the April 2016 peak can 

be explained by the dry conditions in 2015 being washed out by large rainfall and snowmelt in spring of 

2016 (the same conditions as P10, and P8).  Oxidizing conditions and low dissolved organic carbon 

produce ideal conditions for nitrification here.  Also, chloride concentrations fall in phase with the peaks 

in nitrate supporting the observation of recharge induced peaks in nitrate concentrations (Altman and 

Parizak 1995).  Isotopic tracing at this well leads to soil organic nitrogen as the likely source of the nitrate 

peak in Summer 2014.  The low recharge rate at this well may also explain why nitrate concentrations 

tend to stay above the average ambient level of 2 mg/L for Ontario (Goss and Goorahoo 1995).  Nitrate-N 

concentrations are held relatively constant just about Ontario ambient levels.  Possible sources of 

contamination nearby are several barns and a confined horse pasture, along with two fields within 100 

meters of the well which received consecutive years of corn (2013 to 2015) leading up to the peaks in 

nitrate concentrations. 

4.6.14 CMT Port 6 and Port 7 

The only bedrock monitoring points accessed in the Guelph study area are these wells, which experience 

consistent high concentrations of nitrate (15 mg/L) with one peak occurring in spring 2016 (at 25 mg/L) 

aligning with the timing of peaks for other wells from the Guelph study site.  Both ports 6 and 7 show 

similar results for parameters sampled, except for dissolved organic carbon which is higher in Port 6.  

These wells have oxidizing conditions as well as peaks in chloride and EC which are in phase with the 
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nitrate peak in spring 2016.  Isotopic tracing indicates manure or human waste as the source for nitrate 

contamination.  This is supported by previous research conducted on these wells by Best et al. (2015).  

Best et al. (2015) concludes that pooling of nitrate filled water is occurring in the shallow unsaturated 

subsurface resulting in the buildup of nitrate.  This pool is thought to be activated (like the theory at the 

Acton site) by recharge to produce the peak noticed in 2016 or it experiences continual fluxes on the order 

of months to years building up nitrate then washing it through via preferential flow.  E. coli results taken 

at the sampling intervals by Best et al. (2015) support the manure signature suggested by the isotopic 

signature data. 
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5.0 Conclusions 
 

It is evident that differences exist in nitrate contamination and transport between the three research sites 

(Norfolk, Guelph, and Acton).  This is believed to be linked to the variable environmental and 

anthropogenic conditions within and between the research sites.   

The Norfolk research site wells are screened into a sandy unconfined aquifer which is regionally 

continuous overlying a flow limiting, regionally discontinuous layer.  These layers are both 

glaciolacustrine in origin and provide a setting where nitrate can enter the aquifer and accumulate in 

shallow nitrification favourable zones, or be consumed at deeper intervals where denitrifying conditions 

prevail.  Isotope results indicate that most of the nitrate-nitrogen at the Norfolk site is coming from soil 

nitrogen sources.  Soil nitrogen is a product of nitrogen cycling and so it may be that the true source is 

agriculture or anthropogenic.  This aligns with some of the isotope results which point to organic nitrate 

sources at LP-MW-04-10 Shallow, synthetic sources at LP-MW-14-10 Shallow, and both organic and 

synthetic sources at LP-MW-18-10 Intermediate.  Analysis of land use at the Norfolk research site shows 

an area which is dominated by agriculture with synthetic and organic nitrate sources in use within the 

study area.  Climate conditions at the Norfolk research site just before the study period (2013) to the final 

sampling period of the study (July 2016) were varied.  Precipitation which was 50% lower than the 20-

year average in the area prevailed for much of the study period (June 2014 to July2016).  March of 2016 

experienced a significant increase in precipitation and temperature from previous years resulting in 

significant snowmelt and rainfall inputs.  Cross-correlation function results and time series plots of 

nitrate-nitrogen concentrations during this increased recharge period point to a spike in nitrate 

concentrations being a result of prevailing dry conditions increased the leaching potential of nitrate from 

the soil and overburden material at the Norfolk site.  Infiltration rates along with soil drainage are high (in 

comparison to other sites in this research) at the Norfolk site.  Drainage, along with other soil chemical 

properties do not vary much through the Norfolk site with the predominant soil material being sand with 

medium to high organic content and relatively low cation exchange capacity.  Geochemical analysis at the 

Norfolk site points to denitrification likely occurring in deep intervals so long as conditions are weakly 

oxidizing to strongly reducing, and an electron acceptor source (DOC or sulfate) exists.  Higher than 

average DOC concentrations at the LP-MW-19-10 and LP-MW-18-10 Shallow intervals on the west side 

of the study area (where soil organic carbon contents are higher) result in much lower nitrate 

concentrations than expected for such shallow intervals at the site (<6 mBGS), perhaps due to 

heterotrophic denitrification. 
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The Guelph research site is smaller than the Norfolk site with all monitoring wells being within the Arkell 

Research Station boundaries of approximately 228 ha.  The site has a sloping topography trending 

downwards towards the Northwesterly to Westerly directions.  The slopes and hummocky areas are 

composed of glacial outwash sediments (sands and gravels).  These sediments overly a fractured 

limestone/dolostone aquifer.  Overburden at this site is slightly thinner than Norfolk at approximately 10 

to 20 meters on average (compared to approximately 40 meters in Norfolk).  It is believed that this thin 

overburden and fractured bedrock aquifer, along with greater intensity nutrient applications result in 

higher nitrate nitrogen concentrations on average than the Norfolk site.  Because the site is contained by 

the area of a research farm nitrogen inputs are much more available.  Years when corn (the highest N 

requirement crop) is continuously grown increases in nitrate nitrogen concentrations are observed in 

overburden wells (P2, P8 and P3), but not fractured bedrock monitoring wells (CMT Port 6 and Port 7).  

The fractured bedrock wells (CMT Port 6 and Port 7) have nitrate-nitrogen concentration which are 

consistently high (approximately 15 mg/L on average).  This is explained by oxidizing conditions 

prevailing in both CMT intervals monitored.  Despite the high DOC concentrations (3-10 mg/L), 

denitrification appears to be limited, due to the redox state at these sampling intervals.  Soil chemical 

conditions at this site are homogenous and like the Norfolk site in the sandy gravel outwash lowland areas 

of the study site.  Towards the Paris moraine (southeast corner of the study site) soils have more clay and 

less organic matter used to assimilate/immobilize nitrogen.  The soil results align with greater 

concentrations at these soil and geologic conditions.  The shallow intervals closer to the western edge of 

the site (P9, P2, and P3) have higher nitrate concentrations.  Nitrate nitrogen concentrations follow a 

seasonal pattern in these wells like the Norfolk site. This is hypothesized to be controlled by dry climate 

conditions prevailing then being washed out by warm spring conditions in 2016. 

The Acton research site is smaller still than the Guelph research site at approximately 69 ha.  The site is 

also situated on the Paris moraine like the Guelph research site.  This results in thick till overburden 

thinning as the topography slopes downwards to the southeast.  Thin outwash sediments sometimes pinch 

out to reveal bedrock outcrops at the location of the Davidson monitoring well cluster at the southeast 

edge of the study site.  Nitrate nitrogen is consistent (4-7 mg/L) across almost all monitoring wells 

studied here, with low concentrations (approximately 0.1 mg/L) at the MW-32 deep interval.  Wells 

which do have nitrate experience little to no seasonal fluctuation despite similar climatic variability to the 

Norfolk and Guelph research sites.  However, unlike the other study sites all the wells at the Acton site 

remain under oxidizing conditions throughout the study period (June 2014 to July 2016).  This may 

explain the consistently high nitrate-nitrogen concentrations.  Soils in the thin outwash areas of the site 

are relatively high in organic content (approximately 2 to 20%) supporting the high DOC concentration 

measurements in monitoring wells within this area of approximately 5 mg/L on average.   
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Land use is dominated by naturalized areas at the Acton site with a few livestock operations scattered 

around the monitoring wells.  Isotopic results show soil nitrogen as the source of nitrate-nitrogen in all the 

Acton monitoring wells.  This might be explained by nitrogen cycling the organic manure sources 

produced by the livestock operations into soil nitrate sources (assimilation).  Geochemical plots illustrate 

that conditions within the Acton site are similar with space and time, unlike the Norfolk and Guelph 

results which show a greater amount of variance.   

Multiple linear regression analysis of site data provides a holistic viewpoint to analyzing environmental 

and anthropological impacts on nitrate transport and contamination.  Oxidation reduction potential has the 

most consistent and physically likely connection to nitrate concentrations in groundwater (being 

negatively linked by 0.4 mg/L decrease in nitrate-nitrogen with a 10 mV increase in ORP).  Dissolved 

organic carbon also has a significant and physically likely connection to nitrate concentrations in 

groundwater (being negatively linked by almost 1 mg/L decrease in nitrate-nitrogen with 1 mg/L increase 

in DOC). Drift thickness also has a consistent negative relationship with nitrate.  This makes sense 

because with greater thicknesses of geologic material the greater the depth of the monitoring well 

resulting in a greater likelihood to experience reducing conditions required for denitrification.  Land use 

appears to only be a significant factor to nitrate nitrogen concentrations in monitoring wells at the Guelph 

and Norfolk research sites possibly explained by the greater areal sizes of these sites covering 

proportionally more cropland than the Acton research site.  Variability between data collected during 

growing and non-growing seasons is primarily within the geochemical independent variables like chloride 

concentrations only being significant to nitrate-nitrogen concentrations during the non-growing periods, 

while vice versa for dissolved oxygen concentrations.  Recharge and air temperatures rarely show 

significant relationships in the MLRA.  This may be because other conditions are not met for nitrate 

contamination despite the conditions being favourable for transport. 

It is important to remember that using MLRA (or any other holistic approach) comes with decreases in 

prediction accuracy.  Holistic approaches compound error with each parameter tested and must be taken 

with a degree of uncertainty in making observations (especially when those observations do not make 

physical sense). 
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6.0 Recommendations 

Future work would be improved with finer temporal and spatial sampling resolution.  Collecting 

groundwater samples more frequently may lead to improved accuracy of source identification with 

correlation or peaks to timing of past nutrient management.  Improving the spatial resolution would help 

determine where the boundary between local and regional groundwater nitrate trends and patterns can be 

drawn.  For example, the Acton wells all behave in the same way with regards to nitrate nitrogen 

concentrations through time, therefore the boundary between local well trends and regional nitrate for the 

Acton site must be greater than the current spatial resolution of about 500 meters.  These boundaries are 

likely unique to each hydrogeologic setting and cannot be applied in a broad sense.   

Following climatically dry periods nitrate nitrogen concentrations increased at all three of the research 

sites.  By using numerical groundwater modeling it may be possible to project how more extreme weather 

in the future may impact nitrate concentrations.   

Creation of a nitrogen budget which is site or even well specific would determine how the sizes of 

nitrogen pools may dampen or enhance spikes in nitrate nitrogen concentrations in groundwater.  Soils 

which could potentially hold greater amounts of nitrogen for longer (through slower drainage) could 

theoretically handle greater amounts of land applied nutrients than a faster drained soil which could not 

hold as much nitrogen.  Correlation of these nitrogen budgets to past nutrient management can help 

determine which land uses would be best to employ at each well to keep nitrate nitrogen concentrations 

low or to even decrease them.    

 Future numerical modeling efforts could focus on fluctuating dry and wet periods for sensitive site 

locations along with various land use and hydrogeologic combinations shown through this field research 

to be vulnerable, such as sandy aquifers underlying continuous corn. 

A focus on land management is imperative.  Climate change is inevitable and thus the only action 

available to managers of these lands and the groundwater underlying them is mitigation of land use 

practices which threaten the water supplies.  This is not possible unless the impact of these practices is 

known for each site.  Change in agricultural production, just like climate change is inevitable in Ontario.  

Determining how these two important stressors interact regarding groundwater and nitrate contamination 

is critical. 
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Appendices 

Appendix A - Geology 
 

 

Figure 1A – Map of the geologic cross-section layout at the Norfolk research site 

 

Figure 2A – Legend key for Norfolk research site geologic cross-sections 

2 km 
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Figure 3A – Norfolk research site geologic cross-section A-A’ trending along Windham Road 13 west to 

east 

 

Figure 4A – Norfolk research site geologic cross-section B-B’ trending along Windham Road 14 west to 

east 

LP-MW-19-10 
LP-MW-18-10 

LP-MW-14-10 

LP-MW-07-10 



 

162 
 

 

Figure 5A – Norfolk research site geologic cross-section C-C’ trending along Highway 3 west to east 

 

Figure 6A – Norfolk research site geologic cross-section D-D’ trending along Windham West ¼ Line 

Road north to south 

LP-MW-04-10 
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Figure 7A – Norfolk research site geologic cross-section E-E’ trending along Nixon Road north to south 

 

Figure 8A – Norfolk research site geologic cross-section F-F’ trending along Windham East ¼ Line Road 

north to south 
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Figure 9A – Map of the geologic cross-section layout at the Acton research site 

 

Figure 10A – Legend key for Acton research site geologic cross-sections (Burt and Dodge 2015) 

2 km 
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Figure 11A – Acton research site geologic cross-section A-A’ expressed as meters above sea level 

vertically exaggerated by a factor of 10 against distance along Highway 25 

 

Figure 12A – Acton research site geologic cross-section B-B’ expressed as meters above sea level 

vertically exaggerated by a factor of 10 against distance along 3rd Line 

MW-32 

Davidson Cluster 
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Figure 13A – Acton research site geologic cross-section C-C’ expressed as meters above sea level 

vertically exaggerated by a factor of 10 against distance along 4th Line 

 

Figure 14A – Acton research site geologic cross-section D-D’ expressed as meters above sea level 

vertically exaggerated by a factor of 10 against distance along Wellington Road 50 
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Figure 15A – Acton research site geologic cross-section E-E’ expressed as meters above sea level 

vertically exaggerated by a factor of 10 against distance along Erin-Halton hills Townline Road 

 

Figure 16A – Acton research site geologic cross-section F-F’ expressed as meters above sea level 

vertically exaggerated by a factor of 10 against distance along a transect parallel to Wellington Road 50 

intersecting the Davidson productions wells 
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Figure 17A – Map of the geologic cross-section layout at the Guelph research site 

 

Figure 18A – Legend key for Acton research site geologic cross-sections (Best et al. 2015) 

1 km 
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Figure 19A – Guelph research site geologic cross-section (west to east) expressed as meters above sea 

level vertically exaggerated by a factor of 10 against distance along a transect which was originally 

developed by Best et al. (2015) 

 

Figure 20A – Guelph research site geologic cross-section (northwest to southeast) expressed as meters 

above sea level vertically exaggerated by a factor of 10 against distance along a transect which was 

originally developed by Best et al. (2015) 

 

P13 

CMT 

CMT 

P2 

P10 P9 



 

170 
 

Table 1A – Table 7 out of Davies and Holysh (2007) depicting commonly used hydraulic conductivity 

values for geologic units in the Acton and Guelph research site locations. 

Material WHI (2001) (m/s) Singer et al. 

(1994) (m/s) 

Gartner Lee Ltd 

(1998) (m/s) 

Freeze and Cherry 

(1979) (m/s) 

Glacial Outwash 0.0004  0.0002 0.0001 

Ice Contact 

Stratified Drift 

0.00005  0.0002  

Sandy Silt to Sand 

Till 

0.00000006   0.0000001 

Glaciolacustrine 

Deposits 

0.00000006    

Silt to Clayey Silt 

Till 

0.00000006   0.00000001 

Upper 3 to 5 m of 

Bedrock 

0.00008  0.001 0.000001 

Guelph/Amabel 

Dolostone 

0.000004 0.000009 0.00002 0.0000001 

 

Table 2A – Table 6-3 out of Long Point Region Source Water Protection Assessment (2015) depicting 

hydraulic conductivities for geologic layers in the Norfolk and Guelph study locations (LPR SPA 2015) 

Feature Kx (m/s) Ky (m/s) Geologic Layer 

Aquifer 0.0003 to 0.002 0.00003 to 0.0002 Sand and gravel 

Aquitard 0.000001 to 0.0001 0.0000001 to 0.00001 Port Stanley Till 

Aquifer 0.0001 to 0.0007 0.00001 to 0.00007 Fine to Very Fine Sand 

Aquitard 0.000002 to 0.00003 0.0000002 to 0.000003 Catfish Creek Till 

Aquifer 0.000006 0.0000006 Dundee Formation 
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Appendix B - Climate 
 

 

Figure 1B – Double ring infiltrometer data for top soil proximal to TW 1/85 Acton research site 
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Figure 2B – Double ring infiltrometer data for top soil proximal to LP-MW-19-10 Norfolk research site 

 

Figure 3B – Double ring infiltrometer data for top soil proximal to LP-MW-18-10 Norfolk research site 
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Figure 4B – Double ring infiltrometer data for top soil proximal to LP-MW-07-10 Norfolk research site 

 

Figure 5B – Double ring infiltrometer data for top soil proximal to LP-MW-04-10 Norfolk research site 

 

Figure 6B – Normal P-P plot for groundwater elevation recorded via pressure transducer at LP-MW-19-

10 in the Norfolk research site 
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Figure 7B – Groundwater elevation change over the 2016 growing season period (March 1 to December 

1) at LP-MW-19-10 monitoring well in the Norfolk research site 

 

Figure 8B – Groundwater elevation change over the 2015 growing season period (March 1 to December 

1) at LP-MW-19-10 monitoring well in the Norfolk research site 
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Figure 9B – Normal P-P plot for groundwater elevation recorded via pressure transducer at P8 in the 

Guelph research site 

 

Figure 10B – Groundwater elevation change over the 2016 growing season period (March 1 to August 1) 

at P8 monitoring well in the Guelph research site 
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Figure 11B – Groundwater elevation change over the 2015 growing season period (May 1 to December 1) 

at P8 monitoring well in the Guelph research site 

 
 

Figure 12B – Normal P-P plot for groundwater elevation recorded via pressure transducer at MW-32 in 

the Acton research site 
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Figure 13B – Groundwater elevation change over the 2016 growing season period (March 1 to August 1) 

at MW-32 monitoring well in the Acton research site 

 

Figure 14B – Groundwater elevation change over the 2016 growing season period (April 1 to November 

1) at LP-MW-18-10 Shallow monitoring well in the Norfolk research site 
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Figure 15B – Groundwater elevation change over the 2016 growing season period (April 1 to November 

1) at LP-MW-18-10 Intermediate monitoring well in the Norfolk research site 

 

Figure 16B – Groundwater elevation change over the 2015 growing season period (March 1 to December 

1) at LP-MW-14-10 Deep monitoring well in the Norfolk research site 
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Figure 16B – Groundwater elevation change over the 2015 growing season period (March 1 to December 

1) at LP-MW-14-10 Deep monitoring well in the Norfolk research site 

 

Figure 17B – Groundwater elevation change over the 2016 growing season period (March 1 to November 

1) at LP-MW-14-10 Shallow monitoring well in the Norfolk research site 

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0

10

20

30

40

50

60

C
h

an
ge

 in
 G

ro
u

n
d

w
at

er
 E

le
va

ti
o

n
 (

m
)

P
re

ci
p

it
at

io
n

 (
m

m
)

Precipitation GW_lvl

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0

10

20

30

40

50

60

C
h

an
ge

 in
 G

ro
u

n
d

w
at

er
 E

le
va

ti
o

n
 (

m
)

P
re

ci
p

it
at

io
n

 (
m

m
)

Precipitation GW_lvl



 

180 
 

 

Figure 18B – Groundwater elevation change over the 2015 growing season period (March 1 to December 

1) at LP-MW-14-10 Shallow monitoring well in the Norfolk research site 

 

Figure 19B – Groundwater elevation change over the 2016 growing season period (March 1 to November 

1) at LP-MW-07-10 Shallow monitoring well in the Norfolk research site 
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Figure 20B – Average daily rainfall and daily snowfall over 20 years at the Guelph research site (A), 

Norfolk research site (B), and the Acton research site (C) 
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Figure 21B – Average daily wind speed at the Norfolk site and Acton/Guelph sites (same station data) 
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Figure 22B – Daily reference evapotranspiration with total precipitation at the Guelph and Acton research 

sites (same station data) 

 

Figure 23B – Daily reference evapotranspiration with total precipitation at the Norfolk research site 
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Figure 24B – Daily crop coefficients for Corn (A), Soybeans (B), Winter Grain (C), and Spring Grain (D) 

at the Guelph and Acton research sites (same station data) 
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Figure 25B – Daily crop coefficients for Forages (A), Vegetables (B), Specialty Crops (C), and Fruits (D) 

at the Guelph and Acton research sites (same station data) 
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Figure 26B – Daily crop coefficients for Bare Ground, Wetlands, Short Vegetation, Coniferous Forest, 

Deciduous Forest, Mixed Forest, and Open Water for all three research sites (same station data) 

 

Figure 26B – Daily crop coefficients for Vegetables, and Fruit at the Norfolk research site 
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Figure 27B – Daily crop coefficients for Soybeans and Corn (A), Spring Grain and Winter Grain (B), and 

Specialty Crops and Forages (C), at the Norfolk research site 
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Figure 28B – Soil drainage at the Norfolk research site (CANSIS 2000) 

 

Figure 29B – Soil drainage at the Guelph research site (CANSIS 2000) 
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Figure 30B – Soil drainage at the Acton research site (CANSIS 2000)

 

Figure 31B –Mean air temperature data for each research sites’ respective temperature weather stations 

from January 2014 to July 2016 
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Figure 31B – Climate station map depicting weather stations used in this research 

 

Table 1B – Type of data collected from weather stations with the research sites where the data where used  

Station Data Research Site Applied  

Station A Tillsonburg Snowfall, rainfall Norfolk 

Station B Delhi Temperature, humidity, wind speed Norfolk 

Station C Guelph Turfgrass Institute Temperature, humidity, wind speed Guelph 

Station D Fergus Snowfall, rainfall Guelph and Acton 

Station E Georgetown Temperature, humidity, wind speed Acton 
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Table 2B – Water budget data from various source water protection tier 3 water budget studies conducted 

in the same areas as the Norfolk, Guelph, and Action research sites compared to values calculated in the 

present research 

Parameter Norfolk AquaResource 

Inc. (2009a) 

Guelph AquaResource 

Inc. (2009b) 

Acton CVCA 

(2015) 

Precipitation 

(mm/year) 

921 953  905 933 978 850 

Evapotranspiration 

(mm/year) 

546 555 652 491 616 580 
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Appendix C - Geochemistry 

 

Figure 1C– Chloride concentrations against nitrate-N concentrations 

 

Figure 2C – Electrical conductivity against nitrate-N concentrations 

 

Figure 3C – Dissolved organic carbon concentrations against nitrate-N concentrations 

 

0

5

10

15

20

25

0 50 100 150 200 250 300N
it

ra
te

-N
 C

o
n

ce
n

tr
at

io
n

 (
m

g/
L)

Chloride Concentration (mg/L)

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3N
it

ra
te

-N
 C

o
n

ce
n

tr
at

io
n

 (
m

g/
L)

Conductivity (mS/cm2)

0

2

4

6

8

10

12

14

16

18

20

0 2 4 6 8 10 12 14 16 18 20N
it

ra
te

-N
 C

o
n

ce
n

tr
at

io
n

s 
(m

g/
L)

Dissolved Organic Carbon Concentration (mg/L)



 

193 
 

Figure 4C – Dissolved oxygen index against nitrate-N concentrations

Figure 5C – Oxidation reduction potential against nitrate-N concentrations 

 

Figure 6C – pH against nitrate-N concentrations 
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Figure 7C – Sulphate concentration against nitrate-N concentrations 

 

Figure 8C – Groundwater temperature against nitrate-N concentrations (Note – data which are above what 

is expected for groundwater are due to heating of equipment during sampling) 
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Figure 9C – Semi-log scale groundwater chloride concentrations at the Norfolk research site 

 

Figure 10C – Semi-log scale groundwater chloride concentrations at the Acton research site

 

Figure 11C – Semi-log scale groundwater chloride concentrations at the Guelph research site 
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Figure 12C – Groundwater electrical conductivity at the Norfolk research site over the study period 

 

Figure 13C – Groundwater electrical conductivity at the Acton research site over the study period 

 

Figure 14C – Groundwater electrical conductivity at the Guelph research site over the study period 
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Figure 15C – Groundwater dissolved organic carbon concentrations at the Norfolk research site 

 

Figure 16C – Groundwater dissolved organic carbon concentrations at the Acton research site 

 

Figure 17C – Groundwater dissolved organic carbon concentrations at the Guelph research site 
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Figure 18C – Groundwater dissolved oxygen index at the Norfolk research site 

 

Figure 19C – Groundwater dissolved oxygen index at the Acton research site 

 

Figure 20C – Groundwater dissolved oxygen index at the Guelph research site 
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Figure 21C – Semi-log scale groundwater Nitrite-N concentrations at the Norfolk research site 

 

Figure 22C – Semi-log scale groundwater Nitrite-N concentrations at the Acton research site 

 

Figure 23C – Semi-log scale groundwater Nitrite-N concentrations at the Guelph research site 
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Figure 24C –Oxidation reduction potential at the Norfolk research site 

 

Figure 25C –Oxidation reduction potential at the Acton research site 

 

Figure 26C –Oxidation reduction potential at the Guelph research site 
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Figure 27C –Groundwater pH at the Norfolk research site 

 

Figure 28C –Groundwater pH at the Acton research site 

 

Figure 29C –Groundwater pH at the Guelph research site 
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Figure 30C – Semi-log scale groundwater sulfate concentration (mg/L) at the Norfolk research site 

 

Figure 31C – Semi-log scale groundwater sulfate concentration (mg/L) at the Acton research site 

 

Figure 32C – Semi-log scale groundwater sulfate concentration (mg/L) at the Guelph research site 
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Figure 33C – Groundwater temperature at the Norfolk research site 

 

Figure 34C – Groundwater temperature at the Acton research site 

 

Figure 35C – Groundwater temperature at the Guelph research site 
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Figure 36C – Groundwater elevation at the Norfolk research site 

 

Figure 35C – Groundwater elevation at the Acton research site 

 

Figure 38C – Groundwater elevation at the Guelph research site 
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Table 1C – Cook’s Distance for each MLRA model scenario 

Model Scenario Minimum Maximum Average 

1 (All research sites, over the entire study period) 0.000 0.502 0.089 

2 (All research sites, over the growing season) 0.000 0.113 0.010 

3 (All research sites, over the non-growing season) 0.000 15.590 0.262 

4 (Only Norfolk research site data, over the entire study period) 0.000 0.618 0.026 

5 (Only Guelph research site data, over the entire study period) 0.000 0.886 0.040 

6 (Only Acton research site data, over the entire study period) - - - 

 

Table 2C – Collinearity diagnostics for each independent of the final iteration of the backwards MLRA 

Model Scenario/final iteration number Independent Variable Tolerance VIF 

1/13 

 

 

 

 

DOC 0.668 1.497 

ORP 0.454 2.201 

Screen Depth 0.480 2.083 

Screened Material 0.456 2.195 

Sulfate 0.532 1.878 

Water Level 0.007 141.529 

Forest Area 0.006 165.621 

Urban Area 0.002 502.160 

2/11 

 

 

 

 

 

 

 

 

 

Water Level 0.048 21.016 

ORP 0.478 2.093 

Screened Material 0.116 8.591 

Drift Thickness 0.076 13.072 

DO 0.470 2.125 

Overburden Material 0.116 8.645 

Soil Chemistry Index 0.231 4.337 

Soil Drainage Index 0.338 2.957 

Vadose Zone Thickness 0.331 3.020 

Urban Area 0.169 5.922 

3/13 

 

 

 

 

 

 

 

Water Level 0.065 15.379 

ORP 0.731 1.369 

Screened Material 0.287 3.481 

Overburden Material 0.156 6.399 

Soil Chemistry Index 0.264 3.791 

Groundwater Temperature 0.743 1.346 

Vadose Thickness 0.268 3.738 

Urban Area 0.106 9.437 

4/10 

 

 

 

 

 

 

Conductivity 0.286 3.497 

Drift Thickness 0.028 35.513 

Land Use Index 0.337 2.968 

ORP 0.434 2.304 

Screen Depth 0.305 3.283 

Screened Material 0.471 2.121 

Soil Drainage Index 0.035 28.474 

5/7 

 

 

Chloride 0.434 2.307 

Conductivity 0.309 3.241 

DO 0.728 1.373 
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Drift Thickness 0.015 66.546 

Land Use Index 0.016 61.576 

Overburden Material 0.174 5.734 

Screen Depth 0.084 11.941 

Soil Chemistry Index 0.023 43.233 

Groundwater Temperature 0.769 1.300 

Recharge 0.887 1.128 

6/10 

 

 

Chloride 0.497 2.012 

Conductivity 0.478 2.091 

pH 0.947 1.056 

 

Table 3C – Model iterations for Model 6 (Acton site data only throughout the entire study period) 

Iteration Independents Entered Independents Removed Method of Removal 

1 Air Temperature, Vadose Thickness, 

Land Use Index, Recharge, 

Groundwater Temperature, Ph, DO, 

Chloride, Sulfate, ORP, Water Level, 

Conductivity 

  

2  Sulfate F test >= 0.1 

3  Water Level F test >= 0.1 

4  DO F test >= 0.1 

5  Vadose Thickness F test >= 0.1 

6  Recharge F test >= 0.1 

7  Land Use Index F test >= 0.1 

8  Air Temperature F test >= 0.1 

9  ORP F test >= 0.1 

10  Groundwater Temperature F test >= 0.1 

 

Table 4C - Model iterations for Model 5 (Guelph site data only throughout the entire study period) 

Iteration Independents Entered Independents Removed Method of Removal 

1 Air Temperature, DO, Soil 

Chemistry Index, Screened Material, 

pH, Sulfate, ORP, Chloride, 

Recharge, Water Level, Groundwater 

Temperature, Conductivity, Land 

Use Index, Overburden Material, 

Screen Depth, Drift Thickness 

  

2  Sulfate F test >= 0.1 

3  Screened Material F test >= 0.1 

4  Water Level F test >= 0.1 

5  pH F test >= 0.1 

6  ORP F test >= 0.1 

7  Air Temperature F test >= 0.1 

 

Table 5C - Model iterations for Model 4 (Norfolk site data only throughout the entire study period) 
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Iteration Independents Entered Independents Removed Method of Removal 

1 Air Temperature, DO, Soil 

Chemistry Index, Soil Drainage 

Index, Screened Material, pH, 

Sulfate, ORP, Chloride, Groundwater 

Temperature, Conductivity, Land 

Use Index, Overburden Material, 

Screen Depth, Drift Thickness, 

Vadose Zone Thickness 

  

2  Recharge F test >= 0.1 

3  Groundwater Temperature F test >= 0.1 

4  Soil Chemistry Index F test >= 0.1 

5  pH F test >= 0.1 

6  Chloride F test >= 0.1 

7  DO F test >= 0.1 

8  Sulfate F test >= 0.1 

9  Vadose Zone Thickness F test >= 0.1 

10  Air Temperature F test >= 0.1 

 

Table 6C - Model iterations for Model 3 (All site data during the non-growing season periods) 

Iteration Independents Entered Independents Removed Method of Removal 

1 Air Temperature, DO, Soil 

Chemistry Index, Soil Drainage 

Index, Screened Material, pH, 

Sulfate, ORP, Chloride, Groundwater 

Temperature, Conductivity, Land 

Use Index, Overburden Material, 

Screen Depth, Drift Thickness, 

Vadose Zone Thickness 

  

2  Conductivity F test >= 0.1 

3  Recharge F test >= 0.1 

4  Land Use Index F test >= 0.1 

5  Screen Depth F test >= 0.1 

6  Chloride F test >= 0.1 

7  Soil Drainage Index F test >= 0.1 

8  Vadose Zone Thickness F test >= 0.1 

9  pH F test >= 0.1 

10  Air Temperature F test >= 0.1 

11  DO F test >= 0.1 

 

Table 7C - Model iterations for Model 2 (All site data during the growing season periods) 

Iteration Independents Entered Independents Removed Method of Removal 

1 Air Temperature, DO, Soil 

Chemistry Index, Soil Drainage 

Index, Screened Material, pH, 

Sulfate, ORP, Chloride, Groundwater 

Temperature, Conductivity, Land 
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Use Index, Overburden Material, 

Screen Depth, Drift Thickness, 

Vadose Zone Thickness 

2  Land Use Index F test >= 0.1 

3  Chloride F test >= 0.1 

4  Groundwater Temperature F test >= 0.1 

5  Air Temperature F test >= 0.1 

6  pH F test >= 0.1 

7  Soil Drainage Index F test >= 0.1 

8  Recharge F test >= 0.1 

9  Conductivity F test >= 0.1 

10  Soil Chemistry Index F test >= 0.1 

 

Table 8C - Model iterations for Model 1 (All site data during the entire study period) 

Iteration Independents Entered Independents Removed Method of Removal 

1 Air Temperature, DO, Soil 

Chemistry Index, Soil Drainage 

Index, Screened Material, pH, 

Sulfate, ORP, Chloride, Groundwater 

Temperature, Conductivity, Land 

Use Index, Overburden Material, 

Screen Depth, Drift Thickness, 

Vadose Zone Thickness 

  

2  Urban Area F test >= 0.1 

3  Overburden Material F test >= 0.1 

4  Recharge F test >= 0.1 

5  Soil Chemistry Index F test >= 0.1 

6  Drift Thickness F test >= 0.1 

7  Chloride F test >= 0.1 

8  Conductivity F test >= 0.1 

9  pH F test >= 0.1 

10  DO F test >= 0.1 

11  Vadose Zone Thickness F test >= 0.1 

12  Groundwater Temperature F test >= 0.1 

13  Soil Drainage Index F test >= 0.1 

14  Screened Material F test >= 0.1 

15  Land Use Index F test >= 0.1 

16  DOC F test >= 0.1 

 

Table 9C – Model Summary for Model 6 (Acton site data only throughout the entire study period) 

Iteration R2 Standard Error 

1 0.918 0.726 

2 0.918 0.703 

3 0.918 0.682 

4 0.918 0.663 

5 0.918 0.647 
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6 0.917 0.633 

7 0.913 0.653 

8 0.903 0.652 

9 0.895 0.667 

10 0.885 0.679 

 

Table 10C – Model Summary for Model 5 (Guelph site data only throughout the entire study period) 

Iteration R2 Standard Error 

1 0.913 2.644 

2 0.913 2.603 

3 0.913 2.569 

4 0.912 2.537 

5 0.912 2.507 

6 0.911 2.479 

7 0.911 2.454 

 

Table 11C – Model Summary for Model 4 (Norfolk site data only throughout the entire study period) 

Iteration R2 Standard Error 

1 0.818 2.241 

2 0.818 2.222 

3 0.817 2.206 

4 0.817 2.190 

5 0.817 2.176 

6 0.816 2.162 

7 0.814 2.158 

8 0.810 2.164 

9 0.802 2.190 

10 0.797 2.202 

 

Table 12C – Model Summary for Model 3 (All site data during the non-growing season periods) 

Iteration R2 Standard Error 

1 0.678 3.620 

2 0.678 3.577 

3 0.678 3.539 

4 0.676 3.507 

5 0.675 3.474 

6 0.673 3.448 

7 0.671 3.419 

8 0.668 3.402 

9 0.663 3.391 

10 0.658 3.383 

11 0.652 3.375 

 

Table 13C – Model Summary for Model 2 (All site data during the growing season periods) 
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Iteration R2 Standard Error 

1 0.693 3.882 

2 0.693 3.856 

3 0.693 3.832 

4 0.691 3.817 

5 0.690 3.797 

6 0.689 3.781 

7 0.687 3.776 

8 0.683 3.765 

9 0.676 3.784 

10 0.667 3.812 

 

Table 14C – Model Summary for Model 1 (All site data during the entire study period) 

Iteration R2 Standard Error 

1 0.877 5.763 

2 0.877 5.156 

3 0.877 4.712 

4 0.876 4.378 

5 0.875 4.114 

6 0.874 3.893 

7 0.867 3.794 

8 0.863 3.662 

9 0.862 3.526 

10 0.856 3.458 

11 0.847 3.438 

12 0.841 3.381 

13 0.818 3.503 

14 0.786 3.688 

15 0.754 3.844 

16 0.719 3.993 

 

Table 15C – ANOVA output for Model 6 (Acton site data only throughout the entire study period) 

Iteration Parameter Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 

F Significance 

1 Regression 88.739 12 7.395 14.031 0.000 

Residual 7.906 15 0.527   

Total 96.644 27    

2 Regression 88.739 11 8.067 16.327 0.000 

Residual 7.906 16 0.494   

Total 96.644 27    

3 Regression 88.739 10 8.874 19.082 0.000 

Residual 7.906 17 0.465   

Total 96.644 27    

4 Regression 88.728 9 9.859 22.416 0.000 

Residual 7.916 18 0.440   

Total 96.644 27    
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5 Regression 88.689 8 11.086 26.478 0.000 

Residual 7.955 19 0.419   

Total 96.644 27    

6 Regression 88.616 7 12.659 31.537 0.000 

Residual 8.026 20 0.401   

Total 96.644 27    

7 Regression 88.222 6 14.704 36.661 0.000 

Residual 8.422 21 0.401   

Total 96.644 27    

8 Regression 87.272 5 17.454 40.972 0.000 

Residual 9.372 22 0.426   

Total 96.644 27    

9 Regression 86.465 4 21.616 48.841 0.000 

Residual 10.179 23 0.443   

Total 96.644 27    

10 Regression 85.550 3 28.517 61.688 0.000 

Residual 11.094 24 0.462   

Total 96.644 27    

 

Table 16C - ANOVA output for Model 5 (Guelph site data only throughout the entire study period) 

Iteration Parameter Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 

F Significance 

1 Regression 2342.072 16 146.38 20.94 0.000 

Residual 223.689 32 6.99   

Total 2565.761 48    

2 Regression 2342.071 15 156.138 23.034 0.000 

Residual 223.69 33 6.778   

Total 2565.761 48    

3 Regression 2341.29 14 167.235 25.331 0.000 

Residual 224.471 34 6.602   

Total 2565.761 48    

4 Regression 2340.517 13 180.04 27.976 0.000 

Residual 225.244 35 6.436   

Total 2565.761 48    

5 Regression 2339.495 12 194.958 31.019 0.000 

Residual 226.266 36 6.285   

Total 2565.761 48    

6 Regression 2338.277 11 212.571 34.574 0.000 

Residual 227.484 37 6.148   

Total 2565.761 48    

7 Regression 2336.836 10 233.684 38.79 0.000 

Residual 228.925 38 6.024   

Total 2565.761 48    

 

Table 17C – ANOVA output for Model 4 (Norfolk site data only throughout the entire study period) 

Iteration Parameter Sum of Degrees of Mean F Significance 
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Squares Freedom Square 

1 

 

Regression 1308.411 16 81.776 16.269 0.000 

Residual 291.529 58 5.026   

Total 1599.94 74    

2 

 

 

Regression 1308.39 15 87.226 17.652 0.000 

Residual 291.549 59 4.942   

Total 1599.94 74    

3 

 

 

Regression 1307.863 14 93.419 19.191 0.000 

Residual 292.077 60 4.868   

Total 1599.94 74    

4 

 

 

Regression 1307.305 13 100.562 20.962 0.000 

Residual 292.635 61 4.797   

Total 1599.94 74    

5 

 

 

Regression 1306.399 12 108.867 22.994 0.000 

Residual 293.54 62 4.735   

Total 1599.94 74    

6 

 

 

Regression 1305.484 11 118.68 25.392 0.000 

Residual 294.456 63 4.674   

Total 1599.94 74    

7 

 

 

Regression 1301.952 10 130.195 27.963 0.000 

Residual 297.987 64 4.656   

Total 1599.94 74    

8 

 

 

Regression 1295.649 9 143.961 30.752 0.000 

Residual 304.29 65 4.681   

Total 1599.94 74    

9 

 

 

Regression 1283.333 8 160.417 33.441 0.000 

Residual 316.607 66 4.797   

Total 1599.94 74    

10 

 

 

Regression 1274.854 7 182.122 37.535 0.000 

Residual 325.086 67 4.852   

Total 1599.94 74    

 

Table 18C – ANOVA output for Model 3 (All site data during the non-growing season periods) 

Iteration Parameter Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 

F Significance 

1 

 

Regression 1133.789 18 62.988 4.806 0.000 

Residual 537.382 41 13.107   

Total 1671.171 59    

2 

 

 

Regression 1133.756 17 66.692 5.212 0.000 

Residual 537.416 42 12.796   

Total 1671.171 59    
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3 

 

 

Regression 1132.496 16 70.781 5.65 0.000 

Residual 538.675 43 12.527   

Total 1671.171 59    

4 

 

 

Regression 1130.102 15 75.34 6.127 0.000 

Residual 541.069 44 12.297   

Total 1671.171 59    

5 

 

 

Regression 1128.013 14 80.572 6.675 0.000 

Residual 543.158 45 12.07   

Total 1671.171 59    

6 

 

 

Regression 1124.059 13 86.466 7.27 0.000 

Residual 547.112 46 11.894   

Total 1671.171 59    

7 

 

 

Regression 1121.823 12 93.485 7.998 0.000 

Residual 549.348 47 11.688   

Total 1671.171 59    

8 

 

 

Regression 1115.631 11 101.421 8.763 0.000 

Residual 555.54 48 11.574   

Total 1671.171 59    

9 

 

 

Regression 1107.475 10 110.747 9.627 0.000 

Residual 563.696 49 11.504   

Total 1671.171 59    

10 

 

 

Regression 1098.825 9 122.092 10.666 0.000 

Residual 572.347 50 11.447   

Total 1671.171 59    

11 

 

 

Regression 1090.344 8 136.293 11.967 0.000 

Residual 580.827 51 11.389   

Total 1671.171 59    

 

Table 19C – ANOVA output for Model 2 (All site data during the growing season periods) 

Iteration Parameter Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 

F Significance 

1 

 

Regression 2452.384 19 129.073 8.564 0.000 

Residual 1085.145 72 15.071   

Total 3537.53 91    

2 

 

 

Regression 2452.338 18 136.241 9.165 0.000 

Residual 1085.192 73 14.866   

Total 3537.53 91    

3 

 

 

Regression 2450.56 17 144.151 9.814 0.000 

Residual 1086.969 74 14.689   

Total 3537.53 91    

4 Regression 2444.427 16 152.777 10.482 0.000 
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Residual 1093.103 75 14.575   

Total 3537.53 91    

5 

 

 

Regression 2441.589 15 162.773 11.288 0.000 

Residual 1095.94 76 14.42   

Total 3537.53 91    

6 

 

 

Regression 2436.638 14 174.046 12.173 0.000 

Residual 1100.891 77 14.297   

Total 3537.53 91    

7 

 

 

Regression 2428.577 13 186.814 13.14 0.000 

Residual 1108.952 78 14.217   

Total 3537.53 91    

8 

 

 

Regression 2417.582 12 201.465 14.211 0.000 

Residual 1119.947 79 14.177   

Total 3537.53 91    

9 

 

 

Regression 2391.578 11 217.416 15.178 0.000 

Residual 1145.951 80 14.324   

Total 3537.53 91    

10 

 

 

Regression 2360.304 10 236.03 16.24 0.000 

Residual 1177.226 81 14.534   

Total 3537.53 91    

 

Table 20C – ANOVA output for Model 1 (All site data throughout the entire study period) 

Iteration Parameter Sum of 

Squares 

Degrees of 

Freedom 

Mean 

Square 

F Significance 

1 

 

Regression 946.512 20 47.326 1.425 0.400 

Residual 132.871 4 33.218   

Total 1079.383 24    

2 

 

 

Regression 946.441 19 49.813 1.873 0.252 

Residual 132.941 5 26.588   

Total 1079.383 24    

3 

 

 

Regression 946.148 18 52.564 2.367 0.146 

Residual 133.234 6 22.206   

Total 1079.383 24    

4 

 

 

Regression 945.227 17 55.602 2.901 0.078 

Residual 134.156 7 19.165   

Total 1079.383 24    

5 

 

 

Regression 943.948 16 58.997 3.485 0.039 

Residual 135.435 8 16.929   

Total 1079.383 24    

6 

 

Regression 942.991 15 62.866 4.148 0.018 

Residual 136.391 9 15.155   
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 Total 1079.383 24    

7 

 

 

Regression 935.435 14 66.817 4.642 0.010 

Residual 143.948 10 14.395   

Total 1079.383 24    

8 

 

 

Regression 931.834 13 71.68 5.344 0.004 

Residual 147.548 11 13.413   

Total 1079.383 24    

9 

 

 

Regression 930.18 12 77.515 6.234 0.002 

Residual 149.203 12 12.434   

Total 1079.383 24    

10 

 

 

Regression 923.895 11 83.99 7.022 0.001 

Residual 155.488 13 11.961   

Total 1079.383 24    

11 

 

 

Regression 913.862 10 91.386 7.73 0.000 

Residual 165.521 14 11.823   

Total 1079.383 24    

12 

 

 

Regression 907.926 9 100.881 8.826 0.000 

Residual 171.457 15 11.43   

Total 1079.383 24    

13 

 

 

Regression 883.089 8 110.386 8.998 0.000 

Residual 196.294 16 12.268   

Total 1079.383 24    

14 

 

 

Regression 848.188 7 121.17 8.91 0.000 

Residual 231.194 17 13.6   

Total 1079.383 24    

15 

 

 

Regression 813.338 6 135.556 9.171 0.000 

Residual 266.045 18 14.78   

Total 1079.383 24    

16 

 

 

Regression 776.369 5 155.274 9.736 0.000 

Residual 303.014 19 15.948   

Total 1079.383 24    

 

Table 21C – MLRA coefficient table for Model 6 (Acton site data only for the entire study period) 

Iteration Independent Coefficient T-Test Significance 

1 (Constant) 20.521 0.248 0.808 

Chloride 0.038 1.59 0.133 

Conductivity -2.172 -0.493 0.629 

DO -0.147 -0.133 0.896 

Land Use Index -0.682 -0.447 0.661 

ORP 0.006 1.262 0.226 

pH -2.383 -2.234 0.041 

Sulphate 3.36E-06 0.002 0.999 
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Groundwater Temperature 0.176 1.626 0.125 

Recharge -0.003 -0.418 0.682 

Water Level -0.002 -0.011 0.992 

Vadose Zone Thickness -0.05 -0.238 0.815 

Air Temperature -0.025 -1.071 0.301 

2 (Constant) 20.547 0.26 0.798 

Chloride 0.038 1.847 0.083 

Conductivity -2.167 -0.711 0.488 

DO -0.147 -0.148 0.884 

Land Use Index -0.682 -0.464 0.649 

ORP 0.006 1.312 0.208 

pH -2.383 -2.308 0.035 

Groundwater Temperature 0.176 1.697 0.109 

Recharge -0.003 -0.434 0.67 

Water Level -0.002 -0.012 0.991 

Vadose Zone Thickness -0.05 -0.253 0.803 

Air Temperature -0.025 -1.115 0.282 

3 (Constant) 19.643 2.325 0.033 

Chloride 0.038 1.94 0.069 

Conductivity -2.184 -0.845 0.41 

DO -0.146 -0.153 0.88 

Land Use Index -0.677 -0.494 0.627 

ORP 0.006 1.403 0.179 

pH -2.383 -2.379 0.029 

Groundwater Temperature 0.176 1.756 0.097 

Recharge -0.003 -0.448 0.66 

Vadose Zone Thickness -0.051 -0.308 0.762 

Air Temperature -0.025 -1.272 0.22 

4 (Constant) 19.242 2.465 0.024 

Chloride 0.038 2.021 0.058 

Conductivity -2.118 -0.855 0.404 

Land Use Index -0.7 -0.528 0.604 

ORP 0.006 1.442 0.167 

pH -2.356 -2.457 0.024 

Groundwater Temperature 0.178 1.848 0.081 

Recharge -0.003 -0.442 0.664 

Vadose Zone Thickness -0.047 -0.296 0.77 

Air Temperature -0.024 -1.301 0.21 

5 (Constant) 20.043 2.805 0.011 

Chloride 0.043 3.415 0.003 

Conductivity -2.794 -2.969 0.008 

Land Use Index -0.949 -0.951 0.354 

ORP 0.006 1.627 0.12 

pH -2.419 -2.651 0.016 

Groundwater Temperature 0.177 1.885 0.075 

Recharge -0.003 -0.419 0.68 

Air Temperature -0.026 -1.482 0.155 

6 (Constant) 19.715 2.835 0.01 

Chloride 0.043 3.519 0.002 
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Conductivity -2.686 -3.031 0.007 

Land Use Index -0.968 -0.991 0.334 

ORP 0.007 1.788 0.089 

pH -2.413 -2.702 0.014 

Groundwater Temperature 0.191 2.234 0.037 

Air Temperature -0.026 -1.504 0.148 

7 (Constant) 18.638 2.714 0.013 

Chloride 0.038 3.439 0.002 

Conductivity -3.289 -5.101 0 

ORP 0.004 1.622 0.12 

pH -2.213 -2.544 0.019 

Groundwater Temperature 0.191 2.229 0.037 

Air Temperature -0.026 -1.539 0.139 

8 (Constant) 15.368 2.284 0.032 

Chloride 0.043 4.055 0.001 

Conductivity -2.974 -4.719 0 

ORP 0.003 1.377 0.182 

pH -1.791 -2.106 0.047 

Groundwater Temperature 0.155 1.823 0.082 

9 (Constant) 18.025 2.743 0.012 

Chloride 0.05 5.271 0 

Conductivity -3.215 -5.211 0 

pH -2.092 -2.496 0.02 

Groundwater Temperature 0.118 1.438 0.164 

10 (Constant) 23.742 4.44 0 

Chloride 0.051 5.29 0 

Conductivity -3.199 -5.074 0 

pH -2.751 -3.835 0.001 

 

Table 22C – MLRA coefficient table for Model 5 (Guelph site data only for the entire study period) 

Iteration Independent Coefficient T-Test Significance 

1 (Constant) -32.985 -0.449 0.656 

Chloride -0.063 -2.457 0.02 

Conductivity -2.995 -0.668 0.509 

DO 5.889 3.211 0.003 

Drift Thickness -4.142 -2.329 0.026 

Land Use Index -427.551 -3.538 0.001 

Overburden Material -1.661 -0.676 0.504 

ORP 4.00E-03 0.421 0.677 

pH -0.854 -0.543 0.591 

Screen Depth -0.436 -0.868 0.392 

Screened Material -1.103 -0.329 0.745 

Soil Chemistry Index 16.17 2.776 0.009 

Sulphate 0.001 0.013 0.99 

Groundwater Temperature 0.11 1.071 0.292 
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Recharge -0.022 -1.578 0.124 

Water Level -0.054 -0.398 0.693 

Air Temperature 0.05 0.514 0.611 

2 (Constant) -32.941 -0.456 0.651 

Chloride -0.063 -2.693 0.011 

Conductivity -2.964 -0.796 0.432 

DO 5.891 3.275 0.002 

Drift Thickness -4.146 -2.401 0.022 

Land Use Index -427.984 -3.748 0.001 

Overburden Material -1.658 -0.688 0.496 

ORP 0.004 0.427 0.672 

pH -0.852 -0.552 0.585 

Screen Depth -0.435 -0.891 0.379 

Screened Material -1.109 -0.339 0.736 

Soil Chemistry Index 16.184 2.872 0.007 

Groundwater Temperature 0.11 1.088 0.285 

Recharge -0.022 -1.718 0.095 

Water Level -0.054 -0.409 0.685 

Air Temperature 0.051 0.545 0.589 

3 (Constant) -19.51 -0.327 0.746 

Chloride -0.057 -3.301 0.002 

Conductivity -3.906 -1.593 0.12 

DO 6.075 3.588 0.001 

Drift Thickness -3.576 -8.848 0 

Land Use Index -394.39 -7.018 0 

Overburden Material -2.459 -5.002 0 

ORP 0.004 0.457 0.651 

pH -0.729 -0.492 0.626 

Screen Depth -0.588 -3.239 0.003 

Soil Chemistry Index 14.385 7.623 0 

Groundwater Temperature 0.114 1.151 0.258 

Recharge -0.023 -1.877 0.069 

Water Level -0.043 -0.342 0.734 

Air Temperature 0.046 0.503 0.618 

4 (Constant) -39.112 -2.387 0.023 

Chloride -0.058 -3.347 0.002 

Conductivity -3.873 -1.601 0.118 

DO 6.09 3.645 0.001 

Drift Thickness -3.574 -8.957 0 

Land Use Index -388.609 -7.343 0 

Overburden Material -2.412 -5.172 0 
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ORP 0.004 0.469 0.642 

pH -0.541 -0.399 0.693 

Screen Depth -0.559 -3.522 0.001 

Soil Chemistry Index 14.35 7.713 0 

Groundwater Temperature 0.107 1.118 0.271 

Recharge -0.023 -1.87 0.07 

Air Temperature 0.05 0.562 0.578 

5 (Constant) -42.443 -3.047 0.004 

Chloride -0.058 -3.403 0.002 

Conductivity -3.572 -1.573 0.124 

DO 6.072 3.678 0.001 

Drift Thickness -3.595 -9.195 0 

Land Use Index -394.555 -7.863 0 

Overburden Material -2.449 -5.42 0 

ORP 0.004 0.44 0.662 

Screen Depth -0.589 -4.282 0 

Soil Chemistry Index 14.508 8.076 0 

Groundwater Temperature 0.102 1.089 0.283 

Recharge -0.024 -2.074 0.045 

Air Temperature 0.051 0.588 0.56 

6 (Constant) -43.168 -3.156 0.003 

Chloride -0.058 -3.428 0.002 

Conductivity -3.732 -1.683 0.101 

DO 6.326 4.137 0 

Drift Thickness -3.629 -9.583 0 

Land Use Index -397.422 -8.077 0 

Overburden Material -2.476 -5.591 0 

Screen Depth -0.592 -4.35 0 

Soil Chemistry Index 14.642 8.362 0 

Groundwater Temperature 0.107 1.168 0.25 

Recharge -0.026 -2.394 0.022 

Air Temperature 0.04 0.484 0.631 

7 (Constant) -41.39 -3.173 0.003 

Chloride -0.056 -3.431 0.001 

Conductivity -3.814 -1.743 0.089 

DO 6.398 4.246 0 

Drift Thickness -3.634 -9.695 0 

Land Use Index -401.288 -8.349 0 

Overburden Material -2.483 -5.669 0 

Screen Depth -0.611 -4.751 0 

Soil Chemistry Index 14.684 8.483 0 
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Groundwater Temperature 0.139 2.168 0.037 

Recharge -0.028 -2.914 0.006 

 

Table 23C – MLRA coefficient table for Model 4 (Norfolk site data only for the entire study period) 

Iteration Independent Coefficient T-Test Significance 

1 (Constant) -12.012 -0.402 0.689 

Chloride -0.009 -0.587 0.56 

Conductivity 11.89 2.357 0.022 

DO -0.821 -0.416 0.679 

Drift Thickness 0.836 1.002 0.321 

Land Use Index -3.34E+01 -1.886 0.064 

ORP 0.042 5.279 0 

pH 2.273 0.498 0.621 

Screen Depth 0.055 0.922 0.361 

Screened Material -1.943 -3.365 0.001 

Soil Chemistry Index -0.231 -0.338 0.736 

Soil Drainage Index -6.592 -1.217 0.229 

Sulphate 0.022 1.155 0.253 

Groundwater Temperature -0.125 -0.329 0.743 

Recharge 0.001 0.064 0.949 

Vadose Zone Thickness 0.782 0.798 0.428 

Air Temperature 0.073 1.496 0.14 

2 (Constant) -11.988 -0.405 0.687 

Chloride -0.009 -0.652 0.517 

Conductivity 12.027 2.651 0.01 

DO -0.765 -0.436 0.664 

Drift Thickness 0.825 1.016 0.314 

Land Use Index -33.457 -1.913 0.061 

ORP 0.041 6.351 0 

pH 2.277 0.503 0.617 

Screen Depth 0.055 0.927 0.358 

Screened Material -1.942 -3.393 0.001 

Soil Chemistry Index -0.225 -0.336 0.738 

Soil Drainage Index -6.523 -1.239 0.22 

Sulphate 0.021 1.239 0.22 

Groundwater Temperature -0.118 -0.327 0.745 

Vadose Zone Thickness 0.811 0.944 0.349 

Air Temperature 0.072 1.574 0.121 

3 (Constant) -10.712 -0.367 0.715 

Chloride -0.009 -0.634 0.528 
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Conductivity 11.782 2.653 0.01 

DO -0.763 -0.439 0.662 

Drift Thickness 0.82 1.017 0.313 

Land Use Index -33.105 -1.911 0.061 

ORP 0.042 6.499 0 

pH 2.015 0.456 0.65 

Screen Depth 0.057 0.976 0.333 

Screened Material -1.973 -3.519 0.001 

Soil Chemistry Index -0.226 -0.338 0.736 

Soil Drainage Index -6.51 -1.246 0.218 

Sulphate 0.022 1.342 0.185 

Vadose Zone Thickness 0.764 0.909 0.367 

Air Temperature 0.066 1.594 0.116 

4 (Constant) -9.718 -0.338 0.737 

Chloride -0.007 -0.544 0.588 

Conductivity 10.923 3.021 0.004 

DO -1.105 -0.785 0.435 

Drift Thickness 0.582 1.483 0.143 

Land Use Index -27.996 -3.317 0.002 

ORP 0.043 7.296 0 

pH 1.903 0.435 0.665 

Screen Depth 0.055 0.95 0.346 

Screened Material -1.977 -3.554 0.001 

Soil Drainage Index -4.882 -2.412 0.019 

Sulphate 0.02 1.312 0.195 

Vadose Zone Thickness 0.972 1.706 0.093 

Air Temperature 0.064 1.576 0.12 

5 (Constant) 1.964 0.192 0.848 

Chloride -0.005 -0.44 0.662 

Conductivity 10.097 3.303 0.002 

DO -1.198 -0.867 0.389 

Drift Thickness 0.687 2.244 0.028 

Land Use Index -30.156 -4.449 0 

ORP 0.043 7.965 0 

Screen Depth 0.069 1.498 0.139 

Screened Material -2.019 -3.71 0 

Soil Drainage Index -5.276 -2.935 0.005 

Sulphate 0.018 1.247 0.217 

Vadose Zone Thickness 1.034 1.886 0.064 

Air Temperature 0.051 1.885 0.064 

6 (Constant) 2.397 0.237 0.814 
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Conductivity 9.046 4.783 0 

DO -1.193 -0.869 0.388 

Drift Thickness 0.696 2.295 0.025 

Land Use Index -30.551 -4.577 0 

ORP 0.043 8.106 0 

Screen Depth 0.065 1.444 0.154 

Screened Material -1.998 -3.71 0 

Soil Drainage Index -5.485 -3.185 0.002 

Sulphate 0.018 1.204 0.233 

Vadose Zone Thickness 1.047 1.926 0.059 

Air Temperature 0.049 1.846 0.07 

7 (Constant) 2.681 0.265 0.792 

Conductivity 9.483 5.212 0 

Drift Thickness 0.66 2.2 0.031 

Land Use Index -30.433 -4.569 0 

ORP 0.041 8.896 0 

Screen Depth 0.074 1.7 0.094 

Screened Material -1.968 -3.669 0 

Soil Drainage Index -5.386 -3.14 0.003 

Sulphate 0.017 1.163 0.249 

Vadose Zone Thickness 1.034 1.906 0.061 

Air Temperature 0.05 1.886 0.064 

8 (Constant) 4.385 0.437 0.663 

Conductivity 10.067 5.741 0 

Drift Thickness 0.619 2.073 0.042 

Land Use Index -29.005 -4.418 0 

ORP 0.039 9.126 0 

Screen Depth 0.081 1.879 0.065 

Screened Material -1.939 -3.608 0.001 

Soil Drainage Index -5.527 -3.222 0.002 

Vadose Zone Thickness 0.839 1.622 0.11 

Air Temperature 0.044 1.688 0.096 

9 (Constant) 3.99 0.393 0.695 

Conductivity 9.335 5.442 0 

Drift Thickness 0.62 2.05 0.044 

Land Use Index -21.301 -4.644 0 

ORP 0.041 9.984 0 

Screen Depth 0.109 2.745 0.008 

Screened Material -1.971 -3.627 0.001 

Soil Drainage Index -5.995 -3.502 0.001 

Air Temperature 0.034 1.329 0.188 
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10 (Constant) 1.94 0.192 0.848 

Conductivity 8.806 5.248 0 

Drift Thickness 0.68 2.259 0.027 

Land Use Index -21.929 -4.779 0 

ORP 0.04 9.845 0 

Screen Depth 0.101 2.56 0.013 

Screened Material -1.881 -3.468 0.001 

Soil Drainage Index -6.266 -3.666 0 

 

Table 24C – MLRA coefficient table for Model 3 (All site data for the non-growing season periods) 

Iteration Independent Coefficient T-Test Significance 

1 (Constant) 6.15 0.162 0.872 

Chloride 0.012 0.525 0.603 

Conductivity 0.212 0.051 0.96 

DO -2.86E+00 -0.921 0.362 

Drift Thickness -0.151 -0.847 0.402 

Land Use Index -2.013 -0.438 0.664 

Overburden Material -2.05 -1.243 0.221 

ORP 0.04 4.188 0 

pH 1.684 0.437 0.664 

Screen Depth 0.041 0.439 0.663 

Screened Material 3.053 2.422 0.02 

Soil Chemistry Index 0.431 1.467 0.15 

Soil Drainage Index -0.908 -0.491 0.626 

Sulphate -0.012 -1.543 0.131 

Groundwater Temperature -0.447 -2.113 0.041 

Recharge 0.003 0.289 0.774 

Water Level -0.082 -1.712 0.094 

Vadose Zone Thickness -0.097 -0.435 0.666 

Air Temperature 0.078 0.953 0.346 

2 (Constant) 7.09 0.217 0.829 

Chloride 0.013 0.77 0.446 

DO -2.894 -0.967 0.339 

Drift Thickness -0.152 -0.862 0.394 

Land Use Index -2.007 -0.442 0.661 

Overburden Material -2.061 -1.276 0.209 

ORP 0.041 4.371 0 

pH 1.564 0.52 0.606 

Screen Depth 0.042 0.451 0.655 

Screened Material 3.069 2.548 0.015 



 

224 
 

Soil Chemistry Index 0.433 1.517 0.137 

Soil Drainage Index -0.902 -0.494 0.624 

Sulphate -0.012 -1.599 0.117 

Groundwater Temperature -0.447 -2.142 0.038 

Recharge 0.004 0.314 0.755 

Water Level -0.082 -1.736 0.09 

Vadose Zone Thickness -0.098 -0.446 0.658 

Air Temperature 0.079 0.971 0.337 

3 (Constant) 7.626 0.236 0.814 

Chloride 0.011 0.713 0.48 

DO -2.702 -0.932 0.357 

Drift Thickness -0.15 -0.86 0.395 

Land Use Index -1.963 -0.437 0.664 

Overburden Material -1.991 -1.258 0.215 

ORP 0.04 4.412 0 

pH 1.371 0.471 0.64 

Screen Depth 0.044 0.481 0.633 

Screened Material 3.076 2.582 0.013 

Soil Chemistry Index 0.436 1.543 0.13 

Soil Drainage Index -0.837 -0.467 0.643 

Sulphate -0.013 -1.711 0.094 

Groundwater Temperature -0.43 -2.159 0.036 

Water Level -0.082 -1.742 0.089 

Vadose Zone Thickness -0.11 -0.51 0.613 

Air Temperature 0.083 1.054 0.298 

4 (Constant) 1.661 0.057 0.955 

Chloride 0.009 0.63 0.532 

DO -2.493 -0.88 0.384 

Drift Thickness -0.136 -0.801 0.428 

Overburden Material -2.105 -1.361 0.18 

ORP 0.039 4.661 0 

pH 1.706 0.613 0.543 

Screen Depth 0.037 0.412 0.682 

Screened Material 3.225 2.85 0.007 

Soil Chemistry Index 0.486 1.896 0.065 

Soil Drainage Index -0.868 -0.488 0.628 

Sulphate -0.012 -1.683 0.099 

Groundwater Temperature -0.424 -2.156 0.037 

Water Level -0.08 -1.725 0.092 

Vadose Zone Thickness -0.152 -0.795 0.431 

Air Temperature 0.08 1.025 0.311 
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5 (Constant) -5.685 -0.251 0.803 

Chloride 0.008 0.572 0.57 

DO -2.899 -1.101 0.277 

Drift Thickness -0.094 -0.698 0.489 

Overburden Material -2.379 -1.72 0.092 

ORP 0.038 4.791 0 

pH 2.397 1.088 0.282 

Screened Material 3.411 3.319 0.002 

Soil Chemistry Index 0.481 1.896 0.064 

Soil Drainage Index -1.113 -0.671 0.506 

Sulphate -0.012 -1.651 0.106 

Groundwater Temperature -0.444 -2.34 0.024 

Water Level -0.069 -1.802 0.078 

Vadose Zone Thickness -0.139 -0.744 0.461 

Air Temperature 0.081 1.051 0.299 

6 (Constant) -5.198 -0.232 0.818 

DO -3.005 -1.153 0.255 

Drift Thickness -0.097 -0.728 0.47 

Overburden Material -2.153 -1.636 0.109 

ORP 0.039 5.191 0 

pH 2.108 0.99 0.327 

Screened Material 3.315 3.294 0.002 

Soil Chemistry Index 0.513 2.088 0.042 

Soil Drainage Index -0.601 -0.434 0.667 

Sulphate -0.012 -1.662 0.103 

Groundwater Temperature -0.442 -2.347 0.023 

Water Level -0.071 -1.853 0.07 

Vadose Zone Thickness -0.153 -0.833 0.409 

Air Temperature 0.073 0.967 0.339 

7 (Constant) -0.338 -0.018 0.986 

DO -2.948 -1.142 0.259 

Drift Thickness -0.142 -1.751 0.086 

Overburden Material -1.977 -1.593 0.118 

ORP 0.038 5.229 0 

pH 1.932 0.932 0.356 

Screened Material 3.129 3.468 0.001 

Soil Chemistry Index 0.526 2.177 0.035 

Sulphate -0.011 -1.619 0.112 

Groundwater Temperature -0.446 -2.397 0.021 

Water Level -0.083 -3.276 0.002 

Vadose Zone Thickness -0.102 -0.728 0.47 
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Air Temperature 0.072 0.972 0.336 

8 (Constant) 4.496 0.25 0.804 

DO -3.086 -1.205 0.234 

Drift Thickness -0.149 -1.853 0.07 

Overburden Material -1.904 -1.547 0.129 

ORP 0.038 5.253 0 

pH 1.712 0.839 0.405 

Screened Material 2.854 3.5 0.001 

Soil Chemistry Index 0.518 2.157 0.036 

Sulphate -0.011 -1.597 0.117 

Groundwater Temperature -0.463 -2.522 0.015 

Water Level -0.088 -3.66 0.001 

Air Temperature 0.073 0.99 0.327 

9 (Constant) 17.02 1.693 0.097 

DO -2.622 -1.052 0.298 

Drift Thickness -0.127 -1.674 0.1 

Overburden Material -2.24 -1.93 0.059 

ORP 0.038 5.216 0 

Screened Material 2.999 3.774 0 

Soil Chemistry Index 0.499 2.093 0.042 

Sulphate -0.013 -2.017 0.049 

Groundwater Temperature -0.441 -2.431 0.019 

Water Level -0.085 -3.577 0.001 

Air Temperature 0.063 0.867 0.39 

10 (Constant) 15.969 1.604 0.115 

DO -2.07 -0.861 0.393 

Drift Thickness -0.133 -1.765 0.084 

Overburden Material -2.205 -1.906 0.062 

ORP 0.036 5.258 0 

Screened Material 3.026 3.821 0 

Soil Chemistry Index 0.495 2.082 0.042 

Sulphate -0.013 -2.092 0.042 

Groundwater Temperature -0.415 -2.326 0.024 

Water Level -0.084 -3.56 0.001 

11 (Constant) 15.209 1.538 0.13 

Drift Thickness -0.14 -1.871 0.067 

Overburden Material -2.162 -1.876 0.066 

ORP 0.032 5.97 0 

Screened Material 3.043 3.853 0 

Soil Chemistry Index 0.489 2.063 0.044 

Sulphate -0.012 -1.95 0.057 
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Groundwater Temperature -0.366 -2.17 0.035 

Water Level -0.087 -3.754 0 

 

Table 25C – MLRA coefficient table for Model 2 (All site data for the growing season periods) 

Iteration Independent Coefficient T-Test Significance 

1 (Constant) -87.154 -1.249 0.216 

Chloride -0.007 -0.343 0.732 

Conductivity -3.604 -0.891 0.376 

DO 2.115 0.949 0.346 

Land Use Index -0.214 -0.056 0.956 

Overburden Material -4.856 -5.007 0 

ORP 0.022 2.359 0.021 

pH -1.561 -0.688 0.494 

Screen Depth -0.093 -1.657 0.102 

Screened Material 5.535 6.263 0 

Soil Chemistry Index 0.459 1.626 0.108 

Soil Drainage Index 1.874 0.957 0.342 

Sulphate -0.007 -0.837 0.405 

Groundwater Temperature 0.121 0.686 0.495 

Recharge 0.011 0.689 0.493 

Water Level -0.359 -1.953 0.055 

Vadose Zone Thickness -0.67 -3.331 0.001 

Air Temperature -0.071 -0.702 0.485 

Forest Area 8.319 1.474 0.145 

Urban Area 3.288 1.721 0.089 

2 (Constant) -86.56 -1.264 0.21 

Chloride -0.007 -0.346 0.73 

Conductivity -3.598 -0.896 0.373 

DO 2.139 0.987 0.327 

Overburden Material -4.863 -5.091 0 

ORP 0.022 2.508 0.014 

pH -1.522 -0.71 0.48 

Screen Depth -0.093 -1.687 0.096 

Screened Material 5.544 6.422 0 

Soil Chemistry Index 0.464 1.751 0.084 

Soil Drainage Index 1.854 0.97 0.335 

Sulphate -0.007 -0.844 0.401 

Groundwater Temperature 0.119 0.695 0.489 

Recharge 0.011 0.693 0.491 

Water Level -0.356 -2.02 0.047 
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Vadose Zone Thickness -0.671 -3.361 0.001 

Air Temperature -0.07 -0.705 0.483 

Forest Area 8.234 1.525 0.132 

Urban Area 3.259 1.784 0.079 

3 (Constant) -77.147 -1.235 0.221 

Conductivity -4.654 -1.796 0.077 

DO 2.185 1.016 0.313 

Overburden Material -4.939 -5.343 0 

ORP 0.021 2.503 0.015 

pH -1.671 -0.801 0.426 

Screen Depth -0.092 -1.677 0.098 

Screened Material 5.636 6.904 0 

Soil Chemistry Index 0.466 1.769 0.081 

Soil Drainage Index 1.48 0.945 0.348 

Sulphate -0.007 -0.802 0.425 

Groundwater Temperature 0.108 0.646 0.52 

Recharge 0.01 0.664 0.509 

Water Level -0.335 -2.037 0.045 

Vadose Zone Thickness -0.652 -3.415 0.001 

Air Temperature -0.067 -0.684 0.496 

Forest Area 7.613 1.504 0.137 

Urban Area 3.056 1.777 0.08 

4 (Constant) -76.065 -1.223 0.225 

Conductivity -4.449 -1.736 0.087 

DO 2.509 1.205 0.232 

Overburden Material -5.169 -6.084 0 

ORP 0.02 2.43 0.017 

pH -1.238 -0.629 0.531 

Screen Depth -0.099 -1.847 0.069 

Screened Material 5.825 7.673 0 

Soil Chemistry Index 0.474 1.81 0.074 

Soil Drainage Index 1.421 0.913 0.364 

Sulphate -0.007 -0.889 0.377 

Recharge 0.011 0.716 0.476 

Water Level -0.334 -2.041 0.045 

Vadose Zone Thickness -0.661 -3.487 0.001 

Air Temperature -0.039 -0.441 0.66 

Forest Area 7.422 1.474 0.145 

Urban Area 3.049 1.78 0.079 

5 (Constant) -79.618 -1.298 0.198 

Conductivity -4.439 -1.742 0.086 
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DO 2.467 1.192 0.237 

Overburden Material -5.134 -6.102 0 

ORP 0.02 2.404 0.019 

pH -1.14 -0.586 0.56 

Screen Depth -0.103 -1.96 0.054 

Screened Material 5.793 7.707 0 

Soil Chemistry Index 0.468 1.799 0.076 

Soil Drainage Index 1.445 0.934 0.353 

Sulphate -0.007 -0.831 0.409 

Recharge 0.014 1.01 0.316 

Water Level -0.338 -2.079 0.041 

Vadose Zone Thickness -0.666 -3.538 0.001 

Forest Area 7.587 1.519 0.133 

Urban Area 3.107 1.829 0.071 

6 (Constant) -76.681 -1.26 0.212 

Conductivity -3.688 -1.682 0.097 

DO 2.583 1.259 0.212 

Overburden Material -5.13 -6.124 0 

ORP 0.019 2.353 0.021 

Screen Depth -0.112 -2.233 0.028 

Screened Material 5.804 7.756 0 

Soil Chemistry Index 0.447 1.742 0.086 

Soil Drainage Index 1.026 0.751 0.455 

Sulphate -0.006 -0.82 0.415 

Recharge 0.012 0.907 0.367 

Water Level -0.307 -2.006 0.048 

Vadose Zone Thickness -0.67 -3.574 0.001 

Forest Area 6.704 1.414 0.161 

Urban Area 2.805 1.74 0.086 

7 (Constant) -40.289 -1.097 0.276 

Conductivity -2.889 -1.511 0.135 

DO 3.051 1.565 0.122 

Overburden Material -5.143 -6.157 0 

ORP 0.019 2.323 0.023 

Screen Depth -0.105 -2.145 0.035 

Screened Material 5.795 7.767 0 

Soil Chemistry Index 0.444 1.736 0.086 

Sulphate -0.009 -1.363 0.177 

Recharge 0.012 0.879 0.382 

Water Level -0.216 -2.309 0.024 

Vadose Zone Thickness -0.59 -3.843 0 
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Forest Area 3.913 1.334 0.186 

Urban Area 1.841 1.895 0.062 

8 (Constant) -43.124 -1.18 0.242 

Conductivity -2.525 -1.354 0.179 

DO 3.44 1.815 0.073 

Overburden Material -5.1 -6.126 0 

ORP 0.016 2.162 0.034 

Screen Depth -0.106 -2.158 0.034 

Screened Material 5.717 7.728 0 

Soil Chemistry Index 0.41 1.624 0.108 

Sulphate -0.01 -1.416 0.161 

Water Level -0.227 -2.449 0.017 

Vadose Zone Thickness -0.565 -3.75 0 

Forest Area 4.225 1.453 0.15 

Urban Area 1.953 2.031 0.046 

9 (Constant) -55.687 -1.567 0.121 

DO 3.946 2.113 0.038 

Overburden Material -5.174 -6.195 0 

ORP 0.015 1.942 0.056 

Screen Depth -0.083 -1.792 0.077 

Screened Material 5.698 7.663 0 

Soil Chemistry Index 0.373 1.478 0.143 

Sulphate -0.014 -2.314 0.023 

Water Level -0.256 -2.821 0.006 

Vadose Zone Thickness -0.563 -3.718 0 

Forest Area 5.157 1.816 0.073 

Urban Area 2.245 2.383 0.02 

10 (Constant) -68.001 -1.954 0.054 

DO 3.906 2.076 0.041 

Overburden Material -4.956 -5.985 0 

ORP 0.014 1.889 0.062 

Screen Depth -0.083 -1.776 0.079 

Screened Material 5.5 7.466 0 

Sulphate -0.013 -2.168 0.033 

Water Level -0.272 -2.997 0.004 

Vadose Zone Thickness -0.552 -3.623 0.001 

Forest Area 6.41 2.348 0.021 

Urban Area 2.605 2.841 0.006 

 

Table 26C – MLRA coefficient table for Model 1 (All site data throughout the study period) 
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Iteration Independent Coefficient T-Test Significance 

1 (Constant) -61.338 -0.181 0.865 

Chloride -0.029 -0.385 0.72 

Conductivity 7.104 0.414 0.7 

DOC -1.743 -0.846 0.445 

DO -5.269 -0.506 0.639 

Drift Thickness 0.12 0.106 0.921 

Land Use Index -8.476 -0.384 0.72 

Overburden Material -1.012 -0.105 0.922 

ORP 0.045 1.086 0.338 

pH 9.441 0.347 0.746 

Screen Depth -0.775 -0.753 0.494 

Screened Material 4.342 0.423 0.694 

Soil Chemistry Index 0.302 0.195 0.855 

Soil Drainage Index -3.523 -0.429 0.69 

Sulphate 0.184 0.687 0.53 

Temperature -0.774 -0.696 0.525 

Recharge -0.004 -0.099 0.926 

Vadose Zone Thickness 0.463 0.529 0.625 

Air Temperature 0.319 0.972 0.386 

Forest Area -1.197 -0.113 0.915 

Urban Area 0.161 0.046 0.965 

2 (Constant) -49.614 -0.249 0.813 

Chloride -0.029 -0.436 0.681 

Conductivity 7.283 0.487 0.647 

DOC -1.738 -0.944 0.388 

DO -5.144 -0.572 0.592 

Drift Thickness 0.069 0.274 0.795 

Land Use Index -8.389 -0.427 0.687 

Overburden Material -0.823 -0.105 0.92 

ORP 0.045 1.213 0.279 

pH 9.268 0.384 0.717 

Screen Depth -0.736 -1.419 0.215 

Screened Material 4.121 0.508 0.633 

Soil Chemistry Index 0.337 0.283 0.789 

Soil Drainage Index -3.247 -0.647 0.546 

Sulphate 0.178 0.856 0.431 

Temperature -0.764 -0.783 0.469 

Recharge -0.006 -0.163 0.877 

Vadose Zone Thickness 0.472 0.621 0.562 

Air Temperature 0.315 1.115 0.316 
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Forest Area -1.678 -0.996 0.365 

3 (Constant) -63.175 -0.456 0.665 

Chloride -0.033 -0.613 0.562 

Conductivity 8.108 0.697 0.512 

DOC -1.621 -1.213 0.271 

DO -5.156 -0.627 0.554 

Drift Thickness 0.048 0.347 0.741 

Land Use Index -7.722 -0.454 0.666 

ORP 0.045 1.324 0.234 

pH 10.908 0.65 0.54 

Screen Depth -0.757 -1.726 0.135 

Screened Material 3.383 0.912 0.397 

Soil Chemistry Index 0.291 0.287 0.784 

Soil Drainage Index -3.08 -0.708 0.505 

Sulphate 0.181 0.958 0.375 

Temperature -0.717 -0.903 0.401 

Recharge -0.006 -0.204 0.845 

Vadose Zone Thickness 0.497 0.753 0.48 

Air Temperature 0.329 1.45 0.197 

Forest Area -1.615 -1.121 0.305 

4 (Constant) -65.532 -0.51 0.625 

Chloride -0.034 -0.678 0.519 

Conductivity 8.545 0.805 0.447 

DOC -1.612 -1.299 0.235 

DO -4.715 -0.64 0.542 

Drift Thickness 0.043 0.337 0.746 

Land Use Index -8.018 -0.509 0.626 

ORP 0.046 1.484 0.181 

pH 11.697 0.771 0.466 

Screen Depth -0.796 -2.179 0.066 

Screened Material 3.137 0.963 0.368 

Soil Chemistry Index 0.233 0.258 0.804 

Soil Drainage Index -2.807 -0.731 0.489 

Sulphate 0.209 1.732 0.127 

Temperature -0.706 -0.959 0.37 

Vadose Zone Thickness 0.556 1.011 0.346 

Air Temperature 0.338 1.629 0.147 

Forest Area -1.708 -1.345 0.22 

5 (Constant) -43.189 -0.484 0.641 

Chloride -0.033 -0.701 0.503 

Conductivity 8.243 0.831 0.43 
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DOC -1.491 -1.381 0.205 

DO -3.73 -0.63 0.546 

Drift Thickness 0.022 0.238 0.818 

Land Use Index -10.495 -0.894 0.397 

ORP 0.051 2.137 0.065 

pH 9.917 0.78 0.458 

Screen Depth -0.758 -2.407 0.043 

Screened Material 2.685 1.04 0.329 

Soil Drainage Index -2.313 -0.739 0.481 

Sulphate 0.222 2.176 0.061 

Temperature -0.605 -1.03 0.333 

Vadose Zone Thickness 0.579 1.134 0.289 

Air Temperature 0.313 1.806 0.109 

Forest Area -1.741 -1.466 0.181 

6 (Constant) -38.031 -0.465 0.653 

Chloride -0.031 -0.706 0.498 

Conductivity 7.649 0.842 0.421 

DOC -1.575 -1.632 0.137 

DO -4.044 -0.74 0.478 

Land Use Index -10.999 -1.007 0.34 

ORP 0.051 2.299 0.047 

pH 8.806 0.787 0.451 

Screen Depth -0.727 -2.685 0.025 

Screened Material 2.974 1.379 0.201 

Soil Drainage Index -2.202 -0.752 0.472 

Sulphate 0.223 2.306 0.047 

Temperature -0.644 -1.207 0.258 

Vadose Zone Thickness 0.586 1.214 0.255 

Air Temperature 0.311 1.897 0.09 

Forest Area -1.608 -1.623 0.139 

7 (Constant) -12.827 -0.179 0.862 

Conductivity 3.165 0.5 0.628 

DOC -1.537 -1.636 0.133 

DO -4.018 -0.755 0.468 

Land Use Index -11.794 -1.114 0.291 

ORP 0.051 2.348 0.041 

pH 6.101 0.596 0.565 

Screen Depth -0.683 -2.66 0.024 

Screened Material 3.155 1.512 0.162 

Soil Drainage Index -3.428 -1.491 0.167 

Sulphate 0.197 2.261 0.047 
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Temperature -0.601 -1.163 0.272 

Vadose Zone Thickness 0.502 1.101 0.297 

Air Temperature 0.281 1.822 0.099 

Forest Area -1.763 -1.872 0.091 

8 (Constant) 14.373 0.318 0.757 

DOC -1.568 -1.732 0.111 

DO -3.538 -0.7 0.499 

Land Use Index -13.199 -1.339 0.208 

ORP 0.058 3.443 0.005 

pH 2.4 0.351 0.732 

Screen Depth -0.632 -2.774 0.018 

Screened Material 3.327 1.674 0.122 

Soil Drainage Index -2.653 -1.618 0.134 

Sulphate 0.218 2.977 0.013 

Temperature -0.552 -1.127 0.284 

Vadose Zone Thickness 0.429 1.029 0.325 

Air Temperature 0.244 1.868 0.089 

Forest Area -1.792 -1.975 0.074 

9 (Constant) 28.301 1.352 0.201 

DOC -1.715 -2.222 0.046 

DO -3.458 -0.711 0.491 

Land Use Index -15.142 -1.929 0.078 

ORP 0.06 4.172 0.001 

Screen Depth -0.587 -3.238 0.007 

Screened Material 3.695 2.274 0.042 

Soil Drainage Index -2.726 -1.74 0.107 

Sulphate 0.218 3.089 0.009 

Temperature -0.586 -1.268 0.229 

Vadose Zone Thickness 0.453 1.145 0.275 

Air Temperature 0.241 1.921 0.079 

Forest Area -1.674 -2.063 0.061 

10 (Constant) 23.333 1.206 0.249 

DOC -1.353 -2.379 0.033 

Land Use Index -11.882 -1.901 0.08 

ORP 0.056 4.408 0.001 

Screen Depth -0.525 -3.366 0.005 

Screened Material 3.184 2.227 0.044 

Soil Drainage Index -2.492 -1.659 0.121 

Sulphate 0.222 3.212 0.007 

Temperature -0.362 -1.092 0.295 

Vadose Zone Thickness 0.269 0.916 0.376 
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Air Temperature 0.204 1.823 0.091 

Forest Area -1.558 -1.999 0.067 

11 (Constant) 27.064 1.439 0.172 

DOC -1.071 -2.252 0.041 

Land Use Index -9.92 -1.699 0.111 

ORP 0.058 4.657 0 

Screen Depth -0.443 -3.487 0.004 

Screened Material 2.735 2.049 0.06 

Soil Drainage Index -2.404 -1.613 0.129 

Sulphate 0.21 3.113 0.008 

Temperature -0.195 -0.709 0.49 

Air Temperature 0.178 1.656 0.12 

Forest Area -1.736 -2.313 0.036 

12 (Constant) 28.354 1.54 0.144 

DOC -0.844 -2.444 0.027 

Land Use Index -9.306 -1.639 0.122 

ORP 0.058 4.827 0 

Screen Depth -0.446 -3.564 0.003 

Screened Material 2.057 2.249 0.04 

Soil Drainage Index -1.94 -1.474 0.161 

Sulphate 0.209 3.151 0.007 

Air Temperature 0.143 1.523 0.149 

Forest Area -1.708 -2.318 0.035 

13 (Constant) 38.464 2.173 0.045 

DOC -0.688 -2.021 0.06 

Land Use Index -10.488 -1.801 0.091 

ORP 0.063 5.286 0 

Screen Depth -0.458 -3.545 0.003 

Screened Material 1.388 1.687 0.111 

Sulphate 0.221 3.255 0.005 

Air Temperature 0.182 1.948 0.069 

Forest Area -2.131 -3.03 0.008 

14 (Constant) 56.918 3.886 0.001 

DOC -0.668 -1.864 0.08 

Land Use Index -9.787 -1.601 0.128 

ORP 0.067 5.394 0 

Screen Depth -0.478 -3.53 0.003 

Sulphate 0.241 3.42 0.003 

Air Temperature 0.216 2.253 0.038 

Forest Area -2.582 -3.771 0.002 

15 (Constant) 44.172 3.446 0.003 
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DOC -0.585 -1.582 0.131 

ORP 0.06 4.96 0 

Screen Depth -0.486 -3.446 0.003 

Sulphate 0.218 3.035 0.007 

Air Temperature 0.199 1.999 0.061 

Forest Area -2.148 -3.277 0.004 

16 (Constant) 33.845 2.954 0.008 

ORP 0.061 4.864 0 

Screen Depth -0.433 -3.043 0.007 

Sulphate 0.204 2.754 0.013 

Air Temperature 0.225 2.204 0.04 

Forest Area -1.681 -2.766 0.012 

 

Table 27C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Norfolk research site monitoring well LP-MW-19-10 

Well ID LP-MW-19-10 

Statistic Min Max Mean STD 

pH 6.99 7.23 7.08 0.09 

Redox Potential (mV) -144.50 -58.40 -99.14 20.91 

Dissolved Oxygen Index 0.32 19.58 4.68 4.82 

Conductivity (mS/cm2) 0.57 0.63 0.59 0.02 

Temperature (CO) 7.53 12.17 10.07 1.45 

Water Level (mASL) 233.31 235.94 233.99 0.72 

Nitrate (ug/L) 200 1000 500 300 

Nitrite (mg/L) 5.0E-04 8.6E-03 4.6E-03 3.0E-03 

Dissolved Organic Carbon (mg/L)  4.88 9.20 6.59 1.72 

Chloride (mg/L) 3.77 6.54 5.33 0.93 

Sulphate (mg/L) 25.00 110.00 77.56 31.55 

 

Table 28C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Norfolk research site monitoring wells LP-MW-18-10 Shallow, and LP-MW-18-10 intermediate 

Well ID LP-MW-18-10 Shallow LP-MW-18-10 Intermediate 

Statistic Min Max Mean STD Min Max Mean STD 

pH 7.37 7.72 7.52 0.11 6.93 7.69 7.38 0.17 

Redox Potential (mV) -103 96 45 49 -72 74 -23 42 

Dissolved Oxygen index 0.59 42.34 14.44 9.10 0.13 12.20 3.77 3.55 

Conductivity (mS/cm2) 0.49 1.38 0.81 0.23 0.61 1.49 1.21 0.20 

Temperature (CO) 9.54 14.05 11.55 1.39 10.81 13.90 11.74 0.82 

Water Level (mASL) 235.0 236.7 235.8 0.46 235.1 236.8 235.8 0.46 

Nitrate (mg/L) 0.52 1.97 1.11 0.43 1.21 5.45 2.93 1.41 
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Nitrite (ug/L) 0.5 110 3.5 3.3 260 3000 1200 880 

Dissolved Organic Carbon (mg/L)  0.24 3.64 2.04 1.71 1.27 2.10 1.73 0.42 

Chloride (mg/L) 66.4 195 128.63 58.5 119.0 265.0 219.33 56.43 

Sulphate (mg/L) 1.60 60.6 11.48 17.4 16.10 61.0 37.71 14 

 

Table 29C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Norfolk research site monitoring wells LP-MW-14-10 Shallow, and LP-MW-14-10 Deep 

Well ID LP-MW-14-10 Shallow LP-MW-14-10 Deep 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.90 7.67 7.46 0.19 6.72 7.98 7.76 0.31 

Redox Potential (mV) -30.40 140.1 29.46 45.00 -141.3 -80.30 -128.2 15.03 

Dissolved Oxygen Index 2.44 16.59 6.30 3.55 0.05 14.54 3.20 3.73 

Conductivity (mS/cm2) 0.47 0.77 0.60 0.08 0.28 0.33 0.30 0.01 

Temperature (CO) 9.91 12.36 10.91 0.90 10.05 15.82 11.20 1.41 

Water Level (mASL) 235.2 236.6 236.0 0.42 234.2 236.2 235.4 0.48 

Nitrate (mg/L) 1.01 10.80 3.76 3.16 0.00 3.55 0.48 1.04 

Nitrite (ug/L) 1.5 9.4 4.8 2.8 0.5 130 4.2 4.0 

Dissolved Organic Carbon (mg/L)  1.14 1.53 1.31 0.20 0.49 0.49 0.49  

Chloride (mg/L) 22.80 98.70 57.66 25.23 3.06 24.40 5.79 7.00 

Sulphate (mg/L) 0.62 14.00 8.08 4.02 9.41 35.00 27.54 8.44 

 

Table 30C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Norfolk research site monitoring wells LP-MW-07-10 Shallow, and LP-MW-07-10 Deep 

Well ID LP-MW-07-10 Shallow LP-MW-07-10 Deep 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.46 7.43 7.22 0.23 7.03 7.56 7.31 0.13 

Redox Potential (mV) 20 150 71 34 -107 100 -64 67 

Dissolved Oxygen Index 4.55 26.05 9.23 5.23 0.57 14.10 4.12 3.96 

Conductivity (mS/cm2) 0.56 0.73 0.65 0.06 0.49 0.82 0.57 0.08 

Temperature (CO) 9.64 12.82 10.86 0.83 9.33 15.62 10.83 1.56 

Water Level (mASL) 223 224.7 224.1 0.33 223.76 224.8 224.1 224 

Nitrate (mg/L) 1.29 5.71 2.77 1.50 0.01 0.58 0.09 0.16 

Nitrite (ug/L) 0.1 280 5.5 8.7 0.5 4.7 2.9 1.5 

Dissolved Organic Carbon (mg/L)  0.36 2.46 1.41 1.49 1.34 2.72 2.07 0.65 

Chloride (mg/L) 17.40 61.30 40.19 17.34 6.26 16.60 12.68 3.86 

Sulphate (mg/L) 4.74 38.00 23.70 12.48 14.00 58.00 40.80 17.96 

 

Table 31C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Norfolk research site monitoring wells LP-MW-04-10 Shallow, and LP-MW-04-10 Deep 

Well ID LP-MW-04-10 Shallow LP-MW-04-10 Deep 

Statistic Min Max Mean STD Min Max Mean STD 
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pH 6.85 7.56 7.34 0.18 6.98 7.65 7.43 0.15 

Redox Potential (mV) 41 204 113 48 -136 75 -99 52 

Dissolved Oxygen index 7.07 31.90 11.10 6.39 0.25 14.40 3.05 3.57 

Conductivity (mS/cm2) 0.78 1.24 0.96 0.13 0.47 0.87 0.61 0.10 

Temperature (CO) 8.74 12.87 11.16 1.35 9.89 14.49 10.94 1.10 

Water Level (mASL) 219.4 221 220.4 0.38 219.4 221 220.4 0.39 

Nitrate (mg/L) 5.37 16.30 12.32 3.72 0.06 0.40 0.18 0.10 

Nitrite (ug/L) 2.2 5.5 3.6 1.1 0.5 3.9 2.5 0.9 

Dissolved Organic Carbon (mg/L)  0.18 2.48 1.49 1.18     

Chloride (mg/L) 41.6 217.0 96.0 50.5 2.3 52.0 26.2 15.2 

Sulphate (mg/L) 8.20 40.00 27.79 11.70 5.30 77.00 52.13 26.73 

 

Table 32C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Acton research site monitoring wells Davidson 1, and Davidson 2 

Well ID Davidson 1 Davidson 2 

Statistic Min Max Mean STD Min Max Mean STD 

pH 7.11 7.42 7.24 0.08 7.08 7.46 7.26 0.11 

Redox Potential (mV) 80.6 195 150.16 33.59 85.6 200.9 150.35 32.68 

Dissolved Oxygen Index 9.31 30.13 13.92 6.27 9.3 30.2 13.66 6.37 

Conductivity (mS/cm2) 0.59 0.74 0.68 0.04 0.60 0.72 0.65 0.03 

Temperature (CO) 8.54 23.34 11.30 3.81 8.69 14.6 10.40 1.54 

Nitrate (mg/L) 0.04 5.59 3.24 1.45 0.87 5.64 3.31 1.21 

Nitrite (ug/L) 0.5 8.3 2.69 2.33 0.5 4 2.18 1.09 

Dissolved Organic Carbon (mg/L)  6.2 6.2 6.2  1.2 1.2 1.2  

Chloride (mg/L) 12.5 53 30.35 12.69 11.8 35.2 25.75 8.93 

Sulphate (mg/L) 5.2 27 16.78 8.42 4.1 22 14.03 6.88 

 

Table 33C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Acton research site monitoring wells TW 1/85, and TW 2/85 

Well ID TW 1/85 TW 2/85 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.62 7.70 7.14 0.26 6.97 7.43 7.13 0.13 

Redox Potential (mV) 85.50 248.00 137.39 47.32 45.10 162.40 123.62 38.86 

Dissolved Oxygen Index 0.82 38.65 12.76 9.08 7.13 30.20 13.70 6.53 

Conductivity (mS/cm2) 0.62 0.77 0.70 0.05 0.68 0.83 0.75 0.04 

Temperature (CO) 6.53 12.01 8.99 1.33 3.72 14.38 10.09 3.82 

Water Level (mASL) 366.43 367.62 366.91 0.37 366.50 370.14 367.61 0.88 

Nitrate (mg/L) 2.67 5.66 3.89 0.89 1.70 5.58 3.61 0.96 

Nitrite (ug/L) 0.50 3.40 2.03 0.97 0.80 3.50 2.39 0.77 

Dissolved Organic Carbon 

(mg/L)  

2.06 2.06 2.06  2.06 2.06 2.06  

Chloride (mg/L) 4.28 56.60 35.45 15.79 36.30 71.30 45.04 11.47 

Sulphate (mg/L) 1.50 29.00 19.17 9.20 6.52 38.00 21.20 9.59 

 



 

239 
 

Table 34C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Acton research site monitoring well MW-32 

Well ID MW-32 

Statistic Min Max Mean STD 

pH 7.00 7.24 7.12 0.07 

Redox Potential (mV) -48.70 -5.50 -33.88 15.13 

Dissolved Oxygen Index 0.72 18.01 6.06 6.10 

Conductivity (mS/cm2) 1.17 1.48 1.34 0.10 

Temperature (CO) 8.40 10.35 9.22 0.55 

Water Level (mASL) 378.24 389.79 379.84 3.05 

Nitrate (mg/L) 0.01 0.17 0.07 0.05 

Nitrite (ug/L) 0.50 8.00 2.80 2.21 

Chloride (mg/L) 1.90 5.29 4.42 1.05 

Sulphate (mg/L) 150.00 870.00 517.50 233.18 

 

Table 35C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Acton research site monitoring wells MP-10, and Stream 

Well ID MP-10-03D Stream 

Statistic Min Max Mean STD Min Max Mean STD 

pH 7.01 7.53 7.28 0.17 7.25 7.77 7.53 0.23 

Redox Potential (mV) -51.80 210.10 34.90 71.57 34.40 141.70 74.94 40.61 

Dissolved Oxygen Index 8.67 40.20 16.56 10.00 10.31 30.10 18.84 7.16 

Conductivity (mS/cm2) 0.62 0.72 0.65 0.03 0.61 0.70 0.67 0.03 

Temperature (CO) 5.07 11.13 8.49 2.08 7.05 13.21 9.34 2.54 

Water Level (mASL) 367.76 368.08 367.85 0.10     

Nitrate (mg/L) 1.12 3.98 3.06 0.77 1.16 3.99 2.87 0.95 

Nitrite (ug/L) 0.50 3.30 1.91 1.04 0.60 2.40 1.83 0.85 

Dissolved Organic Carbon 

(mg/L)  

2.12 5.00 3.76 1.48 0.88 2.64 1.76 1.24 

Chloride (mg/L) 15.70 33.00 26.61 6.07 12.60 41.90 27.65 12.71 

Sulphate (mg/L) 5.15 22.00 14.36 6.32 3.70 22.00 12.80 9.05 

Table 36C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Guelph research site monitoring wells P2, and P3 

Well ID P2 P3 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.99 7.23 7.08 0.09 7.37 7.72 7.52 0.11 

Redox Potential (mV) -

144.50 

-58.40 -99.14 20.9

1 

-

103.40 

96.20 45.95 49.6

1 

Dissolved Oxygen Index 0.32 19.58 4.68 4.82 0.59 42.34 14.44 9.10 

Conductivity (mS/cm2) 0.57 0.63 0.59 0.02 0.49 1.38 0.81 0.23 

Temperature (CO) 7.53 12.17 10.07 1.45 9.54 14.05 11.55 1.39 

Water Level (mASL) 233.31 235.9

4 

233.9

9 

0.72 235.08 236.7

9 

235.8

0 

0.46 

Nitrate (mg/L) 0.02 0.10 0.05 0.03 0.52 1.97 1.11 0.43 

Nitrite (ug/L) 0.50 8.60 4.57 2.99 0.50 11.10 3.53 3.29 

Dissolved Organic Carbon 4.88 9.20 6.59 1.72 0.24 3.64 2.04 1.71 
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(mg/L)  

Chloride (mg/L) 3.77 6.54 5.33 0.93 66.40 195.0

0 

128.6

3 

58.5

6 

Sulphate (mg/L) 25.00 110.0

0 

77.56 31.5

5 

1.60 60.60 11.48 17.4

5 

 

Table 37C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Guelph research site monitoring wells P8, and P9 

Well ID P8 P9 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.93 7.69 7.38 0.17 6.90 7.67 7.46 0.19 

Redox Potential (mV) -72.50 74.40 -23.54 42.5

3 

-30.40 140.1

0 

29.46 45.0

0 

Dissolved Oxygen Index 0.13 12.20 3.77 3.55 2.44 16.59 6.30 3.55 

Conductivity (mS/cm2) 0.61 1.49 1.21 0.20 0.47 0.77 0.60 0.08 

Temperature (CO) 10.81 13.90 11.74 0.82 9.91 12.36 10.91 0.90 

Water Level (mASL) 235.1

2 

236.8

4 

235.8

4 

0.46 235.2

9 

236.6

8 

236.0

3 

0.42 

Nitrate (mg/L) 1.21 5.45 2.93 1.41 1.01 10.80 3.76 3.16 

Nitrite (ug/L) 25.70 301.0

0 

120.1

8 

88.0

8 

1.50 9.40 4.84 2.77 

Dissolved Organic Carbon 

(mg/L)  

1.27 2.10 1.73 0.42 1.14 1.53 1.31 0.20 

Chloride (mg/L) 119.0

0 

265.0

0 

219.3

3 

56.4

3 

22.80 98.70 57.66 25.2

3 

Sulphate (mg/L) 16.10 61.00 37.71 14.0

7 

0.62 14.00 8.08 4.02 

 

Table 38C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Guelph research site monitoring wells P10, and P13 

Well ID P10 P13 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.72 7.98 7.76 0.31 6.46 7.43 7.22 0.23 

Redox Potential (mV) -

141.30 

-80.30 -

128.26 

15.0

3 

20.50 150.5

0 

71.49 34.7

0 

Dissolved Oxygen Index 0.05 14.54 3.20 3.73 4.55 26.05 9.23 5.23 

Conductivity (mS/cm2) 0.28 0.33 0.30 0.01 0.56 0.73 0.65 0.06 

Temperature (CO) 10.05 15.82 11.20 1.41 9.64 12.82 10.86 0.83 

Water Level (mASL) 234.27 236.2

7 

235.40 0.48 223.6

8 

224.7

9 

224.1

7 

0.33 

Nitrate (mg/L) 0.00 3.55 0.48 1.04 1.29 5.71 2.77 1.50 

Nitrite (ug/L) 0.50 13.20 4.18 4.04 0.50 28.00 5.49 8.67 

Dissolved Organic Carbon 

(mg/L)  

0.49 0.49 0.49  0.36 2.46 1.41 1.49 

Chloride (mg/L) 3.06 24.40 5.79 7.00 17.40 61.30 40.19 17.3

4 
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Sulphate (mg/L) 9.41 35.00 27.54 8.44 4.74 38.00 23.70 12.4

8 

Table 39C – Min, max, mean, and standard deviation statistics for parameters at Guelph site well P15  

Well ID P15 

Statistic Min Max Mean STD 

pH 7.03 7.56 7.31 0.13 

Redox Potential (mV) -107.00 100.20 -64.18 67.49 

Dissolved Oxygen Index 0.57 14.10 4.12 3.96 

Conductivity (mS/cm) 0.49 0.82 0.57 0.08 

Temperature (C) 9.33 15.62 10.83 1.56 

Water Level (mASL) 223.76 224.87 224.15 0.34 

Nitrate (mg/L) 0.01 0.58 0.09 0.16 

Nitrite (ug/L) 0.50 4.70 2.90 1.46 

Dissolved Organic Carbon (mg/L)  1.34 2.72 2.07 0.65 

Chloride (mg/L) 6.26 16.60 12.68 3.86 

Sulphate (mg/L) 14.00 58.00 40.80 17.96 

 

Table 40C – Min, max, mean, and standard deviation summary statistics for parameters measured at 

Guelph research site CMT Port 6, and CMT Port 7 

Well ID CMT Port 6 CMT Port 7 

Statistic Min Max Mean STD Min Max Mean STD 

pH 6.85 7.56 7.34 0.18 6.98 7.65 7.43 0.15 

Redox Potential (mV) 41.80 204.8

0 

113.2

0 

48.1

5 

-

136.70 

75.80 -99.02 52.0

5 

Dissolved Oxygen Index 7.07 31.90 11.10 6.39 0.25 14.40 3.05 3.57 

Conductivity (mS/cm) 0.78 1.24 0.96 0.13 0.47 0.87 0.61 0.10 

Temperature (C) 8.74 12.87 11.16 1.35 9.89 14.49 10.94 1.10 

Water Level (mASL) 219.4

0 

221.0

1 

220.4

5 

0.38 219.42 221.0

2 

220.4

0 

0.39 

Nitrate (mg/L) 5.37 16.30 12.32 3.72 0.06 0.40 0.18 0.10 

Nitrite (ug/L) 2.20 5.50 3.56 1.11 0.50 3.90 2.46 0.94 

Dissolved Organic Carbon 

(mg/L)  

0.18 2.48 1.49 1.18     

Chloride (mg/L) 41.60 217.0

0 

96.06 50.5

8 

2.37 52.00 26.24 15.2

7 

Sulphate (mg/L) 8.20 40.00 27.79 11.7

0 

5.30 77.00 52.13 26.7

3 

 

Table 41C – Major ion concentration raw data (all values in mg/L) 

 Davidson 1 Davidson 2 MW 32/08 

Date June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

Boron 0.016 0.017 0.006 0.002 0.014 0.006 0.034 0.039 0.006 

Calciu

m 

120 90 91 90 89 91 230 180 230 
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Copper 0.002 0.003 0.003 0.002 0.003 0.003 0.002 0.003 0.003 

Iron 0.12 0.041 0.022 0.036 0.037 0.021 0.19 0.082 0.067 

Potassi

um 

0.77 1.7 1.6 1.4 1.5 1.4 1.9 1.7 1.9 

Magne

sium 

12 25 27 26 25 27 54 44 52 

Manga

nese 

0.31 0.0006 0.0006 0.0004 0.0006 0.0006 0.015 0.011 0.013 

Molyb

denum 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sodium 2.6 12 15 9 11 14 11 9.4 10 

Phosph

orus 

0.05 0.07 0.07 0.05 0.07 0.07 0.05 0.07 0.07 

Zinc 0.0067 0.021 0.022 0.019 0.014 0.014 0.013 0.006 0.006 

 TW 1/85 TW 2/85 MP 10/03 Deep 

Date June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

Boron 0.014 0.012 0.006 0.0033 0.013 0.006 0.002 0.011 0.006 

Calciu

m 

89 79 93 92 82 230 87 80 91 

Copper 0.002 0.003 0.003 0.0024 0.003 0.003 0.002 0.003 0.003 

Iron 0.034 0.032 0.021 0.033 0.033 0.06 0.041 0.03 0.021 

Potassi

um 

1.7 1.6 1.8 2.3 2 1.8 1.3 1.5 1.4 

Magne

sium 

25 22 27 26 22 52 25 23 27 

Manga

nese 

0.0004 0.0006 0.00066 0.0004 0.00067 0.013 0.0095 0.0016 0.003 

Molyb

denum 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sodium 14 12 16 22 17 10 9.9 11 14 

Phosph

orus 

0.05 0.07 0.07 0.05 0.07 0.07 0.05 0.07 0.07 

Zinc 0.032 0.022 0.026 0.031 0.013 0.006 1.3 0.055 0.098 

 Acton 

Stream 

CMT Port 6 CMT Port 7   

 October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

  

Boron 0.006 0.016 0.011 0.006 0.014 0.012 0.006   

Calciu

m 

91 120 75 93 92 84 75   

Copper 0.003 0.002 0.004 0.0039 0.018 0.005 0.021   

Iron 0.023 0.12 0 0.02 0.052 0.14 0.025   

Potassi

um 

1.7 0.77 2.1 2.6 2 2.2 3.6   

Magne

sium 

26 12 24 28 31 27 22   

Manga

nese 

0.00069 0.31 0.004 0.0031 0.0084 0.006 0.022   
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Molyb

denum 

0.01 0.01 0 0.01 0.0019 0 0.01   

Sodium 15 2.6 4.1 4.7 9.3 6.2 6.4   

Phosph

orus 

0.07 0.05 0 0.07 0.05 0 0.07   

Zinc 0.017 0.0067 0.086 0.057 0.14 0.15 0.035   

 P10 Piezometer P9D Piezometer P13 Piezometer P15 

 June-

14-15 

August-

14-15 

October

-15-15 

August-

14-15 

October

-15-15 

August-

14-15 

October

-15-15 

August-

14-15 

October

-15-15 

Boron 0.002 0.011 0.006 0.006 0.006 0.014 0.006 0.089 0.023 

Calciu

m 

69 63 190 110 90 88 88 65 70 

Copper 0.002 0 0.003 0.003 0.003 0.004 0.0033 0.003 0.003 

Iron 0.073 0 0.064 0.049 0.029 0.14 0.029 0.053 0.081 

Potassi

um 

1 0.87 1.9 1.2 4.2 3.7 2.5 2.1 2.1 

Magne

sium 

31 28 76 30 21 33 31 28 30 

Manga

nese 

0.0089 0.0087 0.61 0.0027 0.026 0.052 0.0071 0.0075 0.031 

Molyb

denum 

0.01 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sodium 5.1 4.9 20 28 25 8.3 8.7 14 20 

Phosph

orus 

0.05 0 0.07 0.07 0.07 0.07 0.07 0.33 0.07 

Zinc 0.004 0.006 0.037 0.0064 0.014 0.029 0.0092 0.006 0.006 

 Piezometer P8 Piezom

eter P2 

LP-MW-19-10 LP-MW-18-10 

(Shallow) 

LP-MW-18-10 

(Intermediate) 

 August-

14-15 

October

-15-15 

October

-15-15 

June-

14-15 

August-

14-15 

June-

14-15 

August-

14-15 

June-

14-15 

August-

14-15 

Boron 0.021 0.006 0.006 0.016 0.014 0.0069 0.006 0.012 0.0072 

Calciu

m 

75 93 92 120 120 61 68 100 100 

Copper 0.003 0.003 0.003 0.002 0.003 0.002 0.003 0.002 0.003 

Iron 0.032 0.019 0.026 0.12 0.56 0.0065 0.0079 0.083 0.033 

Potassi

um 

1.3 1.6 4.3 0.77 1 0.78 0.94 2.4 2.5 

Magne

sium 

20 22 32 12 13 5.4 5.9 21 20 

Manga

nese 

0.002 0.0006 0.0006 0.31 0.32 0.0028 0.0006 0.12 0.13 

Molyb

denum 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sodium 2.4 4 5 2.6 2.9 53 68 120 130 

Phosph

orus 

0.07 0.07 0.07 0.05 0.07 0.05 0.07 0.05 0.07 

Zinc 0.006 0.006 0.083 0.0067 0.015 0.0042 0.006 0.0064 0.006 

 LP-MW-14-10 (Shallow) LP-MW-14-10 (Deep) LP-MW-07-10 (Shallow) 

 June- August- October June- August- October June- August- October
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14-15 14-15 -15-15 14-15 14-15 -15-15 14-15 14-15 -15-15 

Boron 0.016 0.0094 0.006 0.0072 0.006 0.006 0.016 0.012 0.006 

Calciu

m 

49 60 68 42 45 47 84 82 100 

Copper 0.002 0.003 0.003 0.002 0.003 0.003 0.0023 0.003 0.003 

Iron 0.0086 0.013 0.0087 0.085 0.039 0.43 0.2 0.021 0.0076 

Potassi

um 

0.73 0.63 1 0.54 0.61 0.53 0.5 1.4 1.5 

Magne

sium 

8.6 11 13 9.6 9.7 10 13 11 14 

Manga

nese 

0.087 0.096 0.0006 0.023 0.03 0.03 0.29 0.0006

7 

0.006 

Molyb

denum 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sodium 71 23 51 3.4 3.5 4 3.6 35 34 

Phosph

orus 

0.05 0.07 0.07 0.05 0.07 0.07 0.05 0.07 0.07 

Zinc 0.0011 0.006 0.006 0.001 0.006 0.006 0.0029 0.006 0.006 

 LP-MW-07-10 (Deep) LP-MW-04-10 (Shallow) LP-MW-04-10 (Deep) 

 June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

June-

14-15 

August-

14-15 

October

-15-15 

Boron 0.016 0.0079 0.006 0.026 0.015 0.006 0.0098 0.006 0.006 

Calciu

m 

84 85 99 71 58 100 75 73 110 

Copper 0.0023 0.003 0.003 0.002 0.003 0.003 0.002 0.003 0.003 

Iron 0.2 0.044 0.015 0.013 0.01 0.01 0.24 0.023 0.024 

Potassi

um 

0.5 0.61 0.59 5.3 4.6 4.7 0.9 0.88 1 

Magne

sium 

13 12 14 9.6 7.4 14 16 15 21 

Manga

nese 

0.29 0.33 0.4 0.0017 0.0017 0.0006 0.051 0.057 0.079 

Molyb

denum 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sodium 3.6 4 4.8 76 96 130 5.1 5.5 6.3 

Phosph

orus 

0.05 0.07 0.07 0.05 0.07 0.07 0.05 0.07 0.07 

Zinc 0.0029 0.006 0.006 0.001 0.0061 0.006 0.0034 0.006 0.006 
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Table 42C –pH raw data for the Norfolk Research Site 

pH 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

June-

14-14 7.21 7.65 7.53 7.52 7.98 7.43 7.56 7.56 7.65 

August-

14-14 6.99 7.42 7.32 7.43 7.72 7.16 7.24 7.48 7.46 

October

-14-14 7.11 7.42 7.69 7.54 7.87 7.27 7.37 7.39 7.51 

Decemb

er-14-

14 7.01 7.67 7.4 7.52 7.88 7.28 7.36 7.47 7.49 

Februar

y-15-15 7.23 7.72 7.5 7.67 7.91 7.4 7.49 7.45 7.54 

April-

15-15 7.14 7.52 7.44 7.62 7.86 7.33 7.39 7.35 7.5 

June-

15-15 7 7.48 7.33 7.58 7.76 7.32 7.33 7.3 7.46 

August-

15-15 7.01 7.57 7.39 7.54 7.78 7.21 7.21 7.34 7.43 

October

-15-15   7.49 7.34 7.45 7.84 7.22 7.26 7.34 7.43 

Decemb

er-15-

15 7.14 7.6 7.45 7.55 7.93 7.26 7.26 7.47 7.42 

Februar

y-15-16 7.2 7.54 7.4 7.5 7.89 7.35 7.39 7.35 7.46 

April-

16-16 7.01 7.37 7.29 7.32 7.79 7.16 7.2 7.24 7.35 

June-

17-16 7.02 7.44 7.3 7.34 7.75 7.25 7.21 7.16 7.38 

July-17-

16 7.03 7.45 6.93 6.9 6.72 6.46 7.03 6.85 6.98 

 

Table 43C –pH raw data for the Acton Research Site 

pH Davidson 1 Davidson 2 MW 32/08 TW 1/85 TW 2/85 MP 10/03 D Stream 

June-14-14 7.21 7.46 7.22 7.33 7.28 7.53   

August-14-14 7.3 7.32 7.09 7.08 7.1 7.2   

October-14-14 7.21 7.2 7.18 7.18 7.21 7.24   

December-14-14 7.2 7.35 7.12 7.7 7.06 7.16   

February-15-15 7.33 7.33 7.2 7.33 7.14     

April-15-15 7.42 7.41 7.12 7.35 7.2 7.49   

June-15-15 7.33 7.17 7.08 7.09 7.05 7.1   

August-15-15 7.25 7.24 7.15 7.02 6.97 7.25 7.51 

October-15-15 7.14 7.13 7.09 7.05 6.97 7.01 7.25 
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December-15-15 7.33 7.31 7.24 7.22 7.43 7.36 7.75 

February-15-16 7.11 7.08 7.06 6.62 7.18 7.47 7.77 

April-16-16 7.22 7.2 7.05 6.89 7.11 7.22 7.36 

June-17-16 7.19 7.16 7 7.01 6.98     

 

Table 44C –pH raw data for the Guelph Research Site 

pH CMT Port 6 CMT Port 7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 7.21 7.92 7.41             

August-14-14 7.47 7.41 6.9 7.11 7.35 7.82 7.76     

October-14-14 7.46 7.36 7.6             

December-14-14 7.53 7.33 7.38   7.36 7.85 7.76     

February-15-15                   

April-15-15 7.69 7.68   7.16   7.84 7.83     

June-15-15 7.71 7.68 6.81   8.17 8.05 7.79 7.1 7.17 

August-15-15 7.68 7.6 7.74 7.33 7.69 7.74 7.74 7 7.02 

October-15-15 7.94 8.31 6.52 7.33 7.89 7.84 7.67   6.96 

December-15-15 8 7.49 6.7     7.73 7.93   7.28 

February-15-16 7.68 7.6 6.68 7.74 7.15 7.89 7.47 7.24 7.16 

April-16-16 7.29 7.58 6.4 7.13 7.4 7.35 7.45 7.05 6.88 

June-17-16 6.26 7.49 6.46 7.83 7.59 7.63 7.47 6.93 6.93 

July-17-16 7.56 7.54         7.61 7.97 7.47 

 

Table 45C –ORP raw data for the Norfolk Research Site 

ORP 

(mV) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

June-

14-14 -144.5 -103.4 -72.5 14.3 -137.4 82.6 87.9 87.9 -103.4 

August-

14-14 -91 78.5 -27.2 40.4 -126.5 150.5 -81.6 129.5 -108.6 

October

-14-14 -80.5 16 74.4 58.7 -119 92.7 -88.1 87 -118.3 

Decemb

er-14-

14 -88.6 49.5 -11.3 23.9 -128.4 72.1 -91.6 61.4 -119.6 

Februar

y-15-15 -81.3 85.1 -7.8 140.1 -137.2 98.8 -83.1 164.5 -78.3 

April-

15-15 -110.2 42.7 -7.8 -5.6 -128.6 43.4 -102.9 145.1 -136.7 

June-

15-15 -58.4 75.2 49.2 87.9 -80.3 99.4 -107 107.1 -110.5 

August-

15-15 -106.8 72.6 -28.5 55.3 -138.5 65.6 -82.1 80.7 -100.3 
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October

-15-15 -125 21.5 -48.3 9.1 -131.9 20.5 -93.9 106.5 -124 

Decemb

er-15-

15 -113.8 37.3 -54.5 -9.2 -133.9 55.9 -90.8 168.9 -119.6 

Februar

y-15-16 -92.5 66.4 -64.2 10 -141.3 27.9 -91.2 204.8 -117.5 

April-

16-16 -95.7 31.7 -65.8 -11.3 -134.4 34.3 -92.2 54.4 -113.7 

June-

17-16 -100.8 96.2 -46.4 29.3 -125.5 90 -82.1 145.2 -111.6 

July-18-

16 -98.8 74 -18.9 -30.4 -132.7 67.1 100.2 41.8 75.8 

 

Table 46C –ORP raw data for the Acton Research Site 

ORP (mV) Davidson 1 Davidson 2 MW 32/08 TW 1/85 TW 2/85 MP 10/03 D Stream 

June-14-14 144.5 100.5 -5.5 248 113 210.1   

August-14-14 160.4 161.9 -15.9 128.7 151.6 29.6   

October-14-14 195 200.9 -41 176.7 150.3 58.9   

December-14-14 191.3 180.5 -16.5 96.8 102.7 40.4   

February-15-15 159.4 157.9 -18.8 142.2 146.8     

April-15-15 103.2 141.8 -42.3 123.6 124.8 64.2   

June-15-15 141.1 147.5 -48.1 148.1 140.9 62   

August-15-15 161.3 162.4 -44.8 119.6 112.8 43.5 67.9 

October-15-15 127.3 129.2 -48.7 103.5 45.1 -23.5 141.7 

December-15-15 166.4 160.1 -43.3 85.5 151.3 -34.2 34.4 

February-15-16         156.6 -51.8 53.9 

April-16-16 80.6 85.6 -43.2 89.8 48.8 -15.3 76.8 

June-17-16 171.4 175.9 -38.5 186.2 162.4     

July-18-16               

 

Table 47C –ORP raw data for the Guelph Research Site 

ORP (mV) CMT Port 6 CMT Port 7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 144.5 121 -226.3             

August-14-14 102.5 23.5 80.4 59.2 4.5 187.2 236.1     

October-14-14 173.2 165.2 -185             

December-14-14 165.7 186.6 -173.4   3.8 190.2 232.1     

February-15-15                   

April-15-15 47.1 65.3   89.6 6.1 17.2 26.5     

June-15-15 -54.4 -46.4 -243.1   45.3 107 118.2 98.6 103.7 

August-15-15 124 124.3 -7.9 80.4 32.5 -7.9 94.4 74.4 87.5 

October-15-15 97.1 78.3 -15.1 -37.9 4 84.3 65.2   54.1 
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December-15-15 42.1 37.5 -11.1     -24.3 19.8   62.3 

February-15-16 124 124.3 17.1 360 63.5 62.5 107.4 109.2 102.2 

April-16-16 42 70.7 3.3 136.6 146 -26.5 47.8 69.6 117.5 

June-17-16 97 86.2 -19.3 87.3 115.1 74.2 106.6 98.9 137 

 

Table 48C –DO raw data for the Norfolk Research Site 

Dissolved 

Oxygen 

(mg/L) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 

D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 

D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 

D 

June-14-14 1.2 11.18 0.13 4.89 0.05 5.92 10.81 10.81 0.25 

August-14-

14 0.32 10.42 0.51 4.38 0.6 6.77 0.57 7.35 0.51 

October-14-

14 1.66 0.59 10.36 5.13 0.54 8.82 0.7 7.07 0.74 

December-

14-14 1.22 9.68 0.86 2.72 0.79 7.22 1.04 7.4 0.78 

February-

15-15 2.8 11.28 1.91 2.44 1.5 7.99 1.93 8.9 1.61 

April-15-15 2.9 16.87 1.88 4.06 1.41 6.97 1.59 11.13 1.7 

June-15-15 8.13 17.53 2.58 5.59 1.1 4.55 1.51 8.46 2.05 

August-15-

15 2.83 10.4 1.9 6.15 2.83 6.28 2.9 8.07 2.11 

October-15-

15 6.26 17.3 5.59 8.8 5.9 11.3 5.98 14.5 5.5 

December-

15-15 4.92 14.91 4.19 9.02 4.71 10.72 4.63 12.43 3.47 

February-

15-16 5.96 13.34 4.19 7.6 4.47 9.71 5.01 7.43 3.32 

April-16-16 19.58 42.34 12.2 16.59 14.54 26.05 14.1 31.9 14.4 

June-17-16 3.52 12.11 2.7 4.7 2.66 6.68 2.77 8.74 2.62 

July-18-16 4.28 14.16 3.71 6.13 3.73 10.3 4.16 11.2 3.6 

 

Table 49C –DO raw data for the Acton Research Site 

Dissolved Oxygen 

(mg/L) Davidson 1 Davidson 2 

MW 

32/08 

TW 

1/85 

TW 

2/85 

MP 10/03 

D Stream 

June-14-14       0.817       

August-14-14     0.72 10.44       

October-14-14 9.92 9.3 0.97 9.02 8.1 8.99   

December-14-14 10.1 9.7 1.75 8 9.06 8.67   

February-15-15 10.45 10 4.1 10.03 10.7     

April-15-15 10.91 10.2 2 10.82 13.5 9.67   

June-15-15 9.31 11.3 10.47 10.21 11.21 21.89   
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August-15-15 11.77 10.82 1.74 9.79 7.13 10.77 10.31 

October-15-15 16.4 17.36 15.4 17.36 14.5 15.4 19.3 

December-15-15 16.7 15.4 8 14.73 20.12 19.08 17 

February-15-16         13.71 14.4 17.5 

April-16-16 30.13 30.2 18.01 38.65 30.2 40.2 30.1 

June-17-16 13.54 12.36 3.5 13.28 12.51     

 

Table 50C –DO raw data for the Guelph Research Site 

Dissolved Oxygen 

(mg/L) 

CMT Port 

6 

CMT Port 

7 P10 P9 P13 P15 P8 P3 P2 

June-14-14                   

August-14-14 6.07 5.65 

3.01

9 5.8 6.12 6.41 7.8     

October-14-14 7.82 5.71 6.77             

December-14-14 10.65 9.8 1.83   6.84 6.37 8.4     

February-15-15                   

April-15-15 9.31 9.43   8.64 47.1 

10.4

8 

10.1

2     

June-15-15 7.79 8.56 1.85   6.5 8.52 8.5 6.87 8.03 

August-15-15 7.71 7.62 3.7 3.66 5.9 3.7   4.9 9.45 

October-15-15 14.6 5.3 3.01 5.4 

14.2

9 

15.0

9 15.6   

13.3

1 

December-15-15 22.01 14.5 3.81     

16.7

9 

22.2

9   

14.2

5 

February-15-16 7.71 7.62 7.21   

12.5

1 

11.2

5 16.5 

12.0

4 

12.7

7 

April-16-16 15.68 16.65 12.9 

21.3

2 14.6 

40.4

3 30.4 

28.7

5 

34.0

3 

June-17-16 6.26 5.15 3.17 7.3 7.64 9 11.3 10.5 10.5 

July-18-16 6.94 6.27         8.13 7.49 9.19 

 

Table 51C –EC raw data for the Norfolk Research Site 

Electrical 

Conductivity 

(mS/cm) 

LP-

MW-

19-10 

LP-

MW-

18-10 

S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 

S 

LP-

MW-

14-10 

D 

LP-

MW-

07-10 

S 

LP-

MW-

07-10 

D 

LP-

MW-

04-10 

S 

LP-

MW-

04-10 

D 

June-14-14 0.591 0.488 1.256 0.61 0.294 0.588 0.818 0.818 0.488 

August-14-14 0.625 0.66 1.311 0.466 0.289 0.61 0.49 0.783 0.469 

October-14-14 0.599 1.38 0.605 0.477 0.29 0.718 0.495 1.162 0.531 

December-14-

14 0.63 0.694 1.436 0.561 0.31 0.722 0.537 1.007 0.57 

February-15-

15 0.601 0.959 1.485 0.647 0.326 0.69 0.577 0.892 0.632 
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April-15-15 0.578 0.936 1.342 0.549 0.303 0.618 0.559 0.938 0.601 

June-15-15 0.574 0.892 1.27 0.579 0.317 0.564 0.585 1.016 0.611 

August-15-15 0.569 0.701 1.21 0.554 0.296 0.664 0.546 0.933 0.669 

October-15-15 0.602 0.641 1.202 0.652 0.3 0.726 0.564 1.243 0.693 

December-15-

15 0.585 0.719 1.201 0.644 0.299 0.698 0.572 0.864 0.865 

February-15-

16 0.573 0.981 1.148 0.653 0.292 0.607 0.535 1.057 0.664 

April-16-16 0.616 0.991 1.178 0.768 0.293 0.711 0.527 0.861 0.616 

June-17-16 0.59 0.677 1.181 0.672 0.291 0.557 0.557 0.913 0.588 

July-18-16 0.591 0.602 1.131 0.576 0.28 0.586 0.548 0.961 0.56 

 

Table 52C –EC raw data for the Acton Research Site 

Electrical Conductivity 

(mS/cm) 

Davidson 

1 

Davidson 

2 

MW 

32/08 

TW 

1/85 

TW 

2/85 

MP 10/03 

D 

Strea

m 

June-14-14 0.591 0.606 1.331 0.617 0.71 0.621   

August-14-14 0.621 0.613 1.166 0.62 0.679 0.615   

October-14-14 0.664 0.641 1.313 0.697 0.765 0.631   

December-14-14 0.724 0.701 1.418 0.721 0.831 0.695   

February-15-15 0.747 0.728 1.427 0.767 0.715     

April-15-15 0.743 0.684 1.457 0.772 0.731 0.72   

June-15-15 0.721 0.68 1.475 0.724 0.759 0.674   

August-15-15 0.677 0.649 1.296 0.693 0.75 0.637 0.673 

October-15-15 0.676 0.66 1.317 0.682 0.734 0.654 0.657 

December-15-15 0.695 0.672 1.294 0.713 0.756 0.66 0.692 

February-15-16 0.678 0.644 1.181 0.693 0.747 0.64 0.612 

April-16-16 0.708 0.666 1.331 0.742 0.82 0.643 0.7 

June-17-16 0.648 0.633 1.396 0.654 0.708     

July-18-16               

 

Table 53C –EC raw data for the Guelph Research Site 

Electrical Conductivity 

(mS/cm) 

CMT Port 

6 

CMT Port 

7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 0.591 0.657 

0.54

4             

August-14-14 0.631 0.664 0.45 

0.85

1 

0.72

3 

0.54

8 

0.52

3     

October-14-14 0.654 0.613 

0.54

7             

December-14-14 0.721 0.698 

0.57

8   

0.71

5 

0.57

9 

0.50

1     

February-15-15                   
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April-15-15 0.563 0.635   

0.38

5 

0.67

7 

0.56

9 

0.49

5     

June-15-15 0.663 0.661 

0.96

4   

0.67

8 

0.59

5 

0.53

4 

1.56

3 

0.63

2 

August-15-15 0.64 0.643 

0.57

7 

0.78

6 

0.68

7 

0.57

7 

0.50

5 

1.28

5 

0.64

9 

October-15-15 0.657 0.526 

1.47

2 

0.70

3 

0.66

2 

0.58

2 

0.59

6   

0.68

2 

December-15-15 1.193 0.668 

1.47

6     

0.01

7 

0.51

9   0.7 

February-15-16 0.64 0.643 

1.46

3 

0.82

6 

0.66

7 

0.55

2 

0.50

5 

1.43

4 

0.73

1 

April-16-16 0.654 0.965 

1.47

2 

0.81

3 

0.68

6 

0.58

7 

0.66

5 

0.68

3 

0.73

1 

June-17-16 0.664 0.662 

1.42

6 

0.85

2 

0.70

3 

0.56

6 

0.61

1 1.15 

0.71

5 

July-18-16 1.33 1.2         1.07 2.47 1.16 

 

Table 54C –Groundwater Temperature raw data for the Norfolk Research Site 

Temperat

ure (deg 

C) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

June-14-

14 10.7 12.25 12.05 9.91 11.27 10.62 10.68 10.68 11.18 

August-

14-14 11.54 12.09 11.6 10.92 10.87 11.07 10.8 11.66 11.14 

October-

14-14 12.17 11.58 13.9 12.36 11.01 11.08 10.38 12.87 10.95 

Decembe

r-14-14 10.06 12.63 10.96 11.54 10.43 10.33 9.78 11.5 10.29 

February-

15-15 7.53 9.71 10.81 10.22 10.141 9.78 9.33 8.92 9.89 

April-15-

15 8.53 9.54 11.96 9.93 11.18 9.64 9.82 8.74 10.11 

June-15-

15 11.04 12.09 12.83 10.63 15.82 12.82 15.62 12.15 14.49 

August-

15-15 11.04 12.3 11.68 11.37 11.36 10.83 11.57 11.77 11.19 

October-

15-15 11.68 14.05 11.34 12.24 10.96 10.91 10.27 12.52 10.7 

Decembe

r-15-15 10.45 13.11 11.17 12.21 10.59 11.57 10.6 12.35 10.7 

February-

15-16 8.56 10.51 11.04 10.66 10.05 10.55 9.68 10.44 10.27 

April-16-

16 8.02 9.62 11.41 9.92 10.71 10.55 10.47 9.67 10.85 

June-17-

16 9.32 10.36 11.64 10.05 10.67 10.43 10.53 10.63 10.51 
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July-18-

16 10.28 11.81 12.01 10.8 11.68 11.9 12.12 12.4 10.83 

 

Table 55C –Groundwater Temperature raw data for the Acton Research Site 

Temperature (deg 

C) 

Davidson 

1 

Davidson 

2 

MW 

32/08 

TW 

1/85 

TW 

2/85 

MP 10/03 

D 

Strea

m 

June-14-14 10.7 9 10.35 8.96 14.35 6.92   

August-14-14 9.32 9.09 9.33 9.7 14.33 10.142   

October-14-14 9.67 9.66 9.02 9.67 10.54 9.57   

December-14-14 9.17 10.15 8.87 6.53 6.38 5.07   

February-15-15 9.7 10.18 8.97 7.78 3.72     

April-15-15 8.54 8.69 8.44 7.92 6.76 8.48   

June-15-15   10.1 9.66 12.01 11.65 8.11   

August-15-15 9.22 9.38 9.96 9.96 14.38 11.13 13.21 

October-15-15 11.05 11.35 9.25 9.71 11.87 9.91 10.12 

December-15-15 10.5 10.44 8.87 8.69 6 5.79 7.11 

February-15-16 12.7 14.6 8.4 8.1 5.81 7.16 7.05 

April-16-16 12.16 11.28 9.38 8.75 13.18 11.13 9.21 

June-17-16 10.9 11.33 9.3 9.08 12.18     

 

Table 56C –Groundwater Temperature raw data for the Guelph Research Site 

Temperature (deg 

C) 

CMT Port 

6 

CMT Port 

7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 10.7   14             

August-14-14     

14.9

2   13.7 14.2       

October-14-14   15.9 9.24             

December-14-14 2.75 1.61     12.9 

12.9

9 

12.5

4     

February-15-15                   

April-15-15   15.05   9.77   8.44       

June-15-15                   

August-15-15                 15.1 

October-15-15 14.46   

12.2

5           

14.0

6 

December-15-15 6.55 7.33 8.74     7.41 3.67   4.89 

February-15-16     7.25 8.52 8.5 8.74 5.83 6.95 6.29 

April-16-16 15.3   9.72 

13.3

6 

14.6

3 

12.4

6     

12.2

2 

June-17-16     

14.6

6     

15.9

1   

14.7

2 

15.6

2 

July-18-16                   
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Table 57C –Groundwater Elevation raw data for the Norfolk Research Site 

Water 

Table 

(mASL) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

June-14-

14 234.37 235.08 235.12 235.56 235.12 223.82 223.89 219.4 219.42 

August-

14-14 234.12 236.79 236.84 235.84 235.43 224.76 224.82 220.96 220.98 

October-

14-14 234.78 236.26 236.29 236.68 236.27 224.79 224.87 221.01 221.02 

December

-14-14 235.94 235.93 235.97 236.32 235.82 223.68 223.76 220.65 220.68 

February-

15-15 234.57 235.68 235.72 235.94 235.5 224.21 224.15 220.39 220.37 

April-15-

15 233.77 236.06 236.23 236.45 235.64 224.39 224.37 220.56 220.53 

June-15-

15 233.67 235.8 235.98 236.18 235.33 224.25 224.18 220.44 220.385 

August-

15-15 233.46 235.46 235.64 235.91 235.09 224.18 224.16 220.41 220.37 

October-

15-15 233.31 235.21 235.37 235.29 234.27 223.99 223.95 220.27 220.25 

December

-15-15 233.42 235.4 235.27 235.63 235.08 223.83 223.79 220.34 220.14 

February-

15-16 

233.64

07 

235.697

2 

235.65

86 

235.662

9 

235.339

5 

223.896

9 

223.825

9 

220.258

5 220.167 

April-16-

16 233.83 236.29 236.25 236.64 236.02 224.32 224.23 220.64 220.54 

June-17-

16 233.53 235.87 235.83 236.29 235.59 224.16 224.12 220.56 220.43 

July-11-

16 233.43 235.61 235.58 236.02 235.17 224.05 224 220.41 220.3 

 

Table 58C –Groundwater Elevation raw data for the Acton Research Site 

Water Table (mASL) MW 32/08 TW 1/85 TW 2/85 MP 10/03 D 

June-14-14 379.46 367.62 367.58 

 August-14-14 378.76 367.21 367.36 

 October-14-14 378.56 366.43 366.5 

 December-14-14 378.63 366.74 366.79 

 February-15-15 378.52 366.59 370.14 367.8542 

April-15-15 378.78 366.89 368 367.8542 

June-15-15 380.16 367.197 367.54 367.8542 

August-15-15 378.59 366.8188 367.91 367.7832 

October-15-15 378.24 366.5588 367.83 367.7832 

December-15-15 379.085 366.4988 367.1438 367.7632 
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February-15-16 389.7936 366.7688 366.973 367.8394 

April-16-16 379.895 367.4388 367.7538 368.0832 

June-17-16 379.385 367.0988 367.3638 

  

Table 59C –Groundwater Elevation raw data for the Guelph Research Site 

Water Table 

(mASL) 

CMT 

Port 6 

CMT 

Port 7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 329.18 329.2 

       

August-14-14 329.023 329.03 

 

331.5

38 327.8 333.67 325.6 

  October-14-14 329.03 329.07 

   

333.26 

   December-14-

14 328.98 329.2 

  

327.3 333.69 325.49 

  February-15-15 328.98 328.84 

       

April-15-15 329.07 328.99 

 

332.3

4 327.01 333.02 325.15 

  

June-15-15 310.9 329.1 

337.42

8 

 

326.6 333.79 

324.54

3 334.6 336.51 

August-15-15 310.88 328.78 

332.06

8 

331.4

8 326.87 333.82 325.02 334.96 336.69 

October-15-15 310.84 328.83 

336.65

8 

331.2

3 326.53 333.5 324.47 

 

336.34 

December-15-

15 

328.563

5 

328.473

5 

336.77

12 

335.0

4 

 

333.35

87 330.08 

 

336.06 

February-15-16 

328.842

7 

328.690

3 

337.14

69 

336.3

28 

323.89

72 

333.77

37 

330.08

42 

334.65

64 

336.53

57 

April-16-16 

329.213

5 

329.213

5 

337.85

12 

337.8

7 325.47 

335.03

87 332.36 335.5 337.92 

June-17-16 

336.247

7 

334.022

1 

336.74

12 

336.8

3 325.4 

334.22

87 

331.94

1 334.98 337.38 

July-11-16 

329.163

5 

328.963

5 

339.74

12 336.2 325.1 

333.97

87 331.68 334.2 336.57 

 

Table 60C –Nitrate raw data for the Norfolk Research Site 

Nitrate 

N 

(mg/L) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

June-

14-14 0.0458 1.82 5.45 1.38 0.0258 1.29 0.0106 5.37 0.0669 

August-

14-14 0.0168 0.944 5.09 9.3 0.16 1.36 0.0357 10.8 0.175 

October

-14-14 0.016 1.11 4.32 10.8 0.176 5.02 0.091 10.2 0.167 

Decemb

er-14-

14 0.0903 0.929 4.03 7.08 0.147 2.27 0.576 15.6 0.0643 
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Februar

y-15-15 0.052 0.81 3.51 4.7 0.141 3.15 0.095 16.3 0.317 

April-

15-15 0.0526 0.569 2.56 2.78 0.0006 2.8 0.122 15.6 0.305 

June-

15-15 0.0987 1.18 3.05 2.73 0.0668 2.56 0.029 5.68 0.139 

August-

15-15 0.0634 0.9865 2.92 3.295 1.8084 2.44 0.0182 8.64 0.1435 

October

-15-15 0.0281 0.793 2.79 3.86 3.55 2.32 0.0074 11.6 0.148 

Decemb

er-15-

15 0.0453 0.521 1.21 1.01 0.0411 1.35 0.0378 15.2 0.127 

Februar

y-15-16 0.0361 1.0405 1.255 1.02 0.0356 1.555 0.0397 15.3 0.168 

April-

16-16 0.0269 1.56 1.3 1.03 0.0301 1.76 0.0416 15.4 0.209 

June-

17-16 0.0273 1.27 2.13 2.01 0.095 5.71   13.8 0.104 

July-18-

16 0.06 1.97 1.45 1.69 0 5.24 0 12.96 0.4 

 

Table 61C –Nitrate raw data for the Acton Research Site 

Nitrate N (mg/L) Davidson 1 Davidson 2 MW 32/08 TW 1/85 TW 2/85 MP 10/03 D Stream 

June-14-14 0.0458 4.01 0.172 4.8 3.95 3.75   

August-14-14 3.46 3.16 0.0979 3.49 3.83 3.08   

October-14-14 2.66 2.35 0.036 2.98 2.5 3.59   

December-14-14 3.06 2.65 0.0735 3.34 4.23 2.75   

February-15-15 3.39 3.11 0.16 3.6 2.68     

April-15-15 3.7 3.12 0.0632 3.5 3.37 3.03   

June-15-15 3.37 3.13 0.03 3.56 3.31 3.17 3.17 

August-15-15 3.495 3.17 0.018 3.65 3.695 3.26 3.165 

October-15-15 3.62 3.21 0.006 3.74 4.08 3.35 3.16 

December-15-15 1.13 0.877 0.0428 2.67 1.7 1.12 1.16 

February-15-16 3.36 3.2585 0.0571 4.165 3.64 2.55 2.575 

April-16-16 5.59 5.64 0.0714 5.66 5.58 3.98 3.99 

June-17-16 5.31 5.34 0.085 5.36 4.37 2.78 2.78 

July-18-16               

 

Table 62C –Nitrate raw data for the Guelph Research Site 

Nitrate N 

(mg/L) 

CMT Port 

6 

CMT Port 

7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 0.0458 12.5 0.065             

August-14-14 18.6 18 0 7.83 2.03 1.47 4.19     
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October-14-14 15.9 18.1 0.054             

December-14-

14 15.2 19.2 0.0604   1.5 0.916 3.91     

February-15-15                   

April-15-15 11.9 15.5   

0.48

1 0.726 0.166 4.1     

June-15-15 18.4 15.8 0.0407 2.68 1.43 0.248 4.09 

4.4

5 15.5 

August-15-15 18.65 14.5 

0.5753

5 2.58 1.575 0.2885 

4.01

5   17.8 

October-15-15 18.9 13.2 1.11 2.48 1.72 0.329 3.94   20.1 

December-15-

15 9.81 9.81 0.69 2.27 0.341 0.165 4.04   11.2 

February-15-16 14.055 11.255 1.74 2.87 

0.995

5 

0.1261

5 6.94   

17.0

5 

April-16-16 18.3 12.7 2.79 3.47 1.65 0.0873 9.84 

10.

7 22.9 

June-17-16 18.2 16.2 2.48 5.32 1.89 0.113 8.53 

6.7

4 22.9 

July-18-16 25.34 2.36         7.52 

6.5

7 13 

 

Table 63C –Nitrite raw data for the Norfolk Research Site 

Nitrite 

N 

(mg/L) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

August-

14-14 0.0082 0.0039 0.0964 0.0068 0.0032 0.028 0.0026 0.0031 0.0027 

Februar

y-15-15 0.0035 0.0035 0.111 0.0083 0.0043 0.0032 0.0047 0.0031 0.0039 

April-

15-15 0.0005 0.0005 0.0918 0.0024 0.0005 0.0005 0.0005 0.005 0.0005 

June-

15-15 0.0033 0.0018 0.221 0.0028 0.0079 0.0074 0.0022 0.0034 0.0024 

October

-15-15 0.0068 0.0059 0.0789 0.0094 0.0132 0.0018 0.0022 0.0024 0.0023 

Decemb

er-15-

15 0.0015 0.0008 0.0358 0.0015 0.0006 0.0009 0.0046 0.0055 0.002 

Februar

y-15-16 0.0023 0.0021 0.0257 0.0031 0.0022 0.0022 0.0022 0.0022 0.0022 

April-

16-16 0.0086 0.0022 0.12 0.0043 0.0024 0.0025 0.0024 0.0032 0.0028 

June-

17-16 0.0064 0.0111 0.301 0.005 0.0033 0.0029 0.0047 0.0041 0.0033 
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Table 64C –Nitrite raw data for the Acton Research Site 

Nitrite N (mg/L) Davidson 1 Davidson 2 MW 32/08 TW 1/85 TW 2/85 MP 10/03 D Stream 

August-14-14 0.0083 0.004 0.0029 0.0026 0.0029 0.0028   

February-15-15 0.0025 0.0025 0.003 0.0029 0.002     

April-15-15 0.0005 0.0005 0.0005 0.0005 0.0031 0.0005   

June-15-15 0.0032 0.0023 0.008 0.0022 0.0022 0.002   

October-15-15 0.0015 0.002 0.0017 0.0017 0.0025 0.0017 0.0019 

December-15-15 0.0005 0.0006 0.0006 0.0006 0.0008 0.0007 0.0006 

February-15-16 0.0025 0.0024 0.0027 0.0022 0.0023 0.0024 0.0024 

April-16-16 0.0021 0.0023 0.0024 0.0022 0.0022 0.0033 0.0024 

June-17-16 0.0031 0.003 0.0034 0.0034 0.0035     

 

Table 65C –Nitrite raw data for the Guelph Research Site 

Nitrite N 

(mg/L) 

CMT Port 

6 

CMT Port 

7 P10 P9 P13 P15 P8 P3 P2 

August-14-14 0 0 0.012 0.004 0.099 0.006 0.008     

February-15-15                 

0.007

6 

April-15-15 0.0005 0.0005   

0.000

5 0.391 

0.000

2 

0.000

8   0.003 

June-15-15 0.0136 0.0099 

0.009

7 

0.018

5 

0.036

7 

0.006

6 0.004 

0.004

5 

0.001

7 

October-15-15 0.0061 0.0155 0.012 

0.011

4 

0.008

9 

0.004

2 0.002   

0.002

5 

December-15-

15   0.0013 0.005 

0.001

3 0.01 0.002 

0.000

8   

0.001

4 

February-15-16 0.0025 0.0037 

0.003

5 

0.007

3 

0.004

1 

0.002

7 

0.002

4 

0.002

5 

0.005

3 

April-16-16 0.0056 0.0114 

0.019

9 

0.006

4 

0.023

5 

0.004

6 

0.003

4 

0.002

6 

 

June-17-16 0.0107 0.0085 0.014 

0.063

7 

0.018

9 

0.010

1 

0.005

5 

0.004

8 

  

Table 66C –DOC raw data for the Norfolk Research Site 

DOC 

(mg/L) 

LP-

MW-

19-10 

LP-MW-

18-10 S 

LP-MW-

18-10 I 

LP-MW-

14-10 S 

LP-MW-

14-10 D 

LP-MW-

07-10 S 

LP-MW-

07-10 D 

LP-MW-

04-10 S 

June-14-

14 6.2           2.7   

August-

14-14 7.3           2.1   

October-

14-14             1.5   

Decembe 9.2 3.64 2.1 1.25     1.34 1.8 
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r-14-14 

August-

14-15 5.391 0.2421 1.2679 1.1446 0.49273 0.3565 2.722 0.18446 

February

-14-16 4.8783 2.24 1.8134 1.5324   2.4604   2.4798 

 

Table 67C –DOC raw data for the Acton Research Site 

DOC (mg/L) Davidson 1 Davidson 2 TW 1/85 TW 2/85 MP 10/03 D Stream 

June-14-14 6.2           

August-14-14         5   

October-14-14             

December-14-14   1.2         

August-14-15         4.1471 0.881 

February-14-16     2.0586 2.0644 2.1218 2.6394 

 

Table 68C –DOC raw data for the Guelph Research Site 

DOC (mg/L) CMT Port 6 CMT Port 7 P10 P9 P13 P15 P8 P3 P2 

June-14-14 6.2 2.8 6             

August-14-14 1.7 1.5 8.9   18.4 1.1       

October-14-14                   

December-14-14 10.7   20.1   4         

August-14-15 3.39 2.13 9.86 1.12 11.48 1.560 1.03     

February-14-16 3.26 5.69 5.86   7.33 1.946 3.29 4.53 3.3 

 

Table 69C –Chloride raw data for the Norfolk Research Site 

Chlorid

e 

(mg/L) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

August-

14-14 5.37 77 246 22.8 3.13 42.8 11 101 17.8 

Decemb

er-14-

14 6.54   265 43.3 3.06 47 12.4 113 17.5 

Februar

y-15-15 5.48 195 259 58.8 3.06 57.3 14.5 86.8 30.9 

April-

15-15 6.04 170 263 55.2 3.89 33.7 16.4 88.5 30.9 

October

-15-15 5.92   220 78.9 3.55 61.3 16.6 217 52 

Decemb

er-15-

15 3.87 66.4 128 39.8 4.5 21.5 7.05 41.6 44.7 
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Februar

y-15-16 3.77   119 36.3 24.4 17.4 6.26 53 2.37 

April-

16-16 5.5 179 228 98.7 3.11 59.1 14.4 72.8 23.3 

June-

17-16 5.47 84.4 246 85.1 3.39 21.6 15.5 90.8 16.7 

 

Table 70C –Chloride raw data for the Acton Research Site 

Chloride (mg/L) Davidson 1 Davidson 2 MW 32/08 TW 1/85 TW 2/85 MP 10/03 D Stream 

August-14-14 26.2 26.6 5.28 27.6 36.3 26.7   

December-14-14 37.8 34.1 4.97 42.2 54.7 33   

February-15-15 35.2 33.1 4.7 40.2 37.9     

April-15-15 53 35.2 4.93 56.6 46.2 32.8   

October-15-15 31.3 29.2 5.29 33.4 41.3 28.7 33.3 

December-15-15 15.7 12.7 3.88 36.1 43.2 15.7 12.6 

February-15-16 12.5 11.8 1.9 4.28 36.4 22.3 22.8 

April-16-16 39.3 29.3 4.54 53.7 71.3 27.1 41.9 

June-17-16 22.2 19.8 4.26 25 38.1     

 

Table 71C –Chloride raw data for the Guelph Research Site 

Chloride (mg/L) CMT Port 6 CMT Port 7 P10 P9 P13 P15 P8 P3 P2 

August-14-14 7 7 12 81.7 20.7 12.5 13.7     

December-14-14 5.89 6.82 10.1   21.5 11.3 11.8     

February-15-15                   

April-15-15 9.54 6.36   20.9 20.4 12.9 9.76     

October-15-15 6.19 8.37 88.1 66.3 18.8 11.6 67.8   7.15 

December-15-15   4.27 60.2 86.4 6.6 5.13 19.5   5.06 

February-15-16 17 10.4 43.4 93.8 18.1 7.11 8.57 110 5.86 

April-16-16 6.2 24.9 69.3 86 22 11.6 13.9 30.3 9.58 

June-17-16 7.07 6.49 62.8 79.8 21.6 10.4 15.3 181 6.93 

 

Table 72C –Sulfate raw data for the Norfolk Research Site 

Sulphat

e 

(mg/L) 

LP-

MW-

19-10 

LP-

MW-

18-10 S 

LP-

MW-

18-10 I 

LP-

MW-

14-10 S 

LP-

MW-

14-10 D 

LP-

MW-

07-10 S 

LP-

MW-

07-10 D 

LP-

MW-

04-10 S 

LP-

MW-

04-10 D 

August-

14-14 37.6 2.57 16.1 7.01 9.41 4.74 14 8.65 13 

Decemb

er-14-

14 100 6.1 44 13 31 26 54 35 67 

Februar

y-15-15 90 8.5 51 14 33 29 55 40 68 
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April-

15-15 92 8.3 36 8.6 31 37 50 31 65 

June-

15-15 91 7.8 36 10 27 38 52 27 61 

October

-15-15 94 60.6 46 10 30 27 58 34 77 

Decemb

er-15-

15 36 3.6 22 3.7 15 9.7 17 20 26 

Februar

y-15-16 25 1.6 23 0.62 35 6.6 15 8.2 5.3 

April-

16-16 110 8.3 61 6.9 32 35 45 38 76 

June-

17-16 100 7.4 42 7 32 24 48 36 63 

 

Table 73C –Sulfate raw data for the Acton Research Site 

Sulphate (mg/L) Davidson 1 Davidson 2 MW 32/08 TW 1/85 TW 2/85 MP 10/03 D Stream 

August-14-14 5.87 5.71 155 5.2 6.52 5.15   

December-14-14 24 21 870 29 38 22   

February-15-15 27 22 590 25 20     

April-15-15 18 18 520 21 19 18   

June-15-15 24 14 550 23 19 16   

October-15-15 24 20 660 29 31 21 22 

December-15-15 5.8 4.5 350 20 29 7.5 3.7 

February-15-16 5.2 4.1 150 1.5 8.5 9.2 6.5 

April-16-16 18 16 650 21 21 16 19 

June-17-16 16 15 680 17 20     

 

Table 74C –Sulfate raw data for the Guelph Research Site 

Sulphate (mg/L) CMT Port 6 CMT Port 7 P10 P9 P13 P15 P8 P3 P2 

August-14-14 14 27 3             

December-14-14 15 26 6.7   26   4.3     

February-15-15                   

April-15-15 6.7 14   3 18 71 3.6     

June-15-15 12   18 8.3 25 69 3.9 11 12 

October-15-15 14 15 31 9.6 22 77 4.4   14 

December-15-15   5 9.7 6.8 5.1 21 2.7   4.1 

February-15-16 6 4.3 6.7 8.5 11 23 0.74 2.9 5.7 

April-16-16 6.7 27 32 5.3 26 78 13 6.1 12 

June-17-16 12 20 33 14 29 76 11 9.4 13 
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Figure 39C – Stable isotope plot for all three sites along with the global meteoric water line 

Table 75C – Tritium units as measured at each research site (samples which start with N are from 

Norfolk, G are from Guelph, and H are from Acton) 

Sample  E3H ± 1σ 

N-01-S-IA 9.6 0.8 

N-02-S-IA 11.5 1 

N-03-IA 9.4 0.8 

N-04-S-IA 9.7 0.8 

N-05-D-IA 2.4 0.4 

N-06-S-IA 9 0.8 

N-07-D-IA 6.7 0.7 

N-08-S-IA 11.7 1 

N-09-D-IA 5.2 0.6 

H-01-D-IA 17.4 1.3 

H-02-D-IA 16.9 1.3 

H-03-D-IA 0.8 0.3 

H-04-D-IA 18.6 1.4 

H-05-D-IA 14.8 1.2 

-94

-89

-84

-79

-74

-69

-64

-59

-54

-13 -12 -11 -10 -9 -8

δ
2
H

δ18O

Global Meteoric Line Norfolk Halton Guelph
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H-06-D-IA 15.8 1.2 

G-02-25-IA 7 0.7 

G-02-17-IA 0.8 0.3 

G-04-PZ-IA 14.3 1.1 

G-03-PZ-IA 13 1.1 

G-06-PZ-IA 9.8 0.9 

G-05-PZ-IA 13.6 1.1 

 

Table 76C – Field blank data for hydrochemical analyses 

Field Blank (mg/L) Norfolk Guelph Acton 

Chloride 2.07 1.38 1.99 

Nitrate 0.03 0.03 0.15 

Nitrite 0.002 0.002 0.003 

Sulfate 1.7 1.5 2.0 

 

Table 77C - Lab duplicate data for hydrochemical analyses 

Parameter Concentration Difference between samples (mg/L) 

Chloride 0.26 

Nitrate 0.02 

Nitrite 0.003 

Sulfate 6 

 

Table 78C – Well construction table 

Well ID 

Casing 

Length 

(m) 

Screen 

Length 

(m) 

Stick Up 

(m) Screen Type Average Water Depth (mBGS) 

LP-MW-19-10 1.5 4.3 0.7 well screen 0.8 

LP-MW-18-10 S 2.4 4.3 1.0 well screen 2.2 

LP-MW-18-10 I 10.0 2.8 0.9 well screen 2.2 

LP-MW-14-10 S 2.4 3.7 0.8 well screen 2.4 

LP-MW-14-10 D 40.2 2.5 0.8 well screen 3.0 

LP-MW-07-10 S 4.9 4.2 1.0 well screen 4.6 

LP-MW-07-10 D 11.0 4.2 1.3 well screen 4.4 

LP-MW-04-10 S 2.4 4.3 1.0 well screen 3.4 

LP-MW-04-10 D 18.0 4.9 1.0 well screen 3.4 

Davidson 1 3.4 10.6 0.4 open borehole 2.4 

Davidson 2 3.2 10.8 0.3 open borehole 2.4 

MW 32/08 21.0 48.2 0.0 open borehole 14.2 

TW 1/85 0.5 1.7 0.0 well screen 3.1 

TW 2/85 0.5 1.0 0.0 well screen 2.4 

MP 10/03 D 0.1 0.4 0.0 well screen 2.1 

CMT Port 6 13.0 1.0 0.0 well screen 14.4 

CMT Port 7 14.9 0.4 0.0 well screen 10.7 

P10 11.8 1.0 0.0 well screen 2.2 
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P9 7.8 1.0 0.0 well screen 0.7 

P13 22.8 1.0 1.0 well screen 18.8 

P15 16.8 1.0 0.9 well screen 7.2 

P8 11.5 1.0 0.4 well screen 8.1 

P3 5.7 1.0 0.0 well screen 1.2 

P2 7.1 1.0 0.0 well screen 0.2 
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Appendix D - Land Use 
 

 
Figure D1 – Land use at the Norfolk research site in 2011 

 

Figure D2 – Land use at the Norfolk research site in 2012 



 

265 
 

 

Figure D3 – Land use at the Norfolk research site in 2013 

 

Figure D4 – Land use at the Norfolk research site in 2014 

 



 

266 
 

 

Figure D5 – Land use at the Norfolk research site in 2015 

 

Figure D6 – Land use at the Norfolk research site in 2016 



 

267 
 

 

Figure D7 – Land use at the Guelph research site in 2011 

 

Figure D8 – Land use at the Guelph research site in 2012 
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Figure D9 – Land use at the Guelph research site in 2013 

 

Figure D10 – Land use at the Guelph research site in 2014 
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Figure D11 – Land use at the Guelph research site in 2015 

 

Figure D12 - Land use at the Guelph research site in 2016 
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Figure D13 - Land use at the Acton research site in 2011 
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Figure D14 - Land use at the Acton research site in 2012 
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Figure D15 - Land use at the Acton research site in 2013 
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Figure D16 - Land use at the Acton research site in 2014 
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Figure D17 - Land use at the Acton research site in 2015 
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Figure D18 - Land use at the Acton research site in 2016 
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Figure D19 - Land use as a percentage of total source zone area at the Norfolk research site through 2011 

to 2016 (6 years) 

 

Figure D20 - Land use as a percentage of total source zone area at the Guelph research site through 2011 

to 2016 (6 years) 
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Figure D21 - Land use as a percentage of total source zone area at the Acton research site through 2011 to 

2016 (6 years) 

Table D1 – Harter source zone calculation table (AquaResource Inc. 2009a, AquaResource Inc. 2009b, 

CVCA 2015) 

Well Location Gradient K (m/s) q (m/s) Recharge 

(m/s) 

Length of 

Screen (m) 

Harter 

Length (m) 

LP-MW-4-10 8.9E-03 5.0E-04 4.5E-06 7.9E-09 3.0E+00 1.7E+03 

LP-MW-7-10 1.5E-03 5.0E-04 7.5E-07 7.9E-09 3.0E+00 2.8E+02 

LP-MW-14-10 2.7E-03 8.5E-04 2.3E-06 7.9E-09 3.0E+00 8.7E+02 

LP-MW-18-10 3.0E-03 6.1E-04 1.8E-06 7.9E-09 3.0E+00 6.9E+02 

LP-MW-19-10 3.7E-03 6.5E-05 2.4E-07 7.9E-09 3.0E+00 9.1E+01 

P2 1.9E-02 4.1E-05 7.6E-07 3.6E-09 3.0E+00 6.4E+02 

P3 9.6E-03 4.1E-05 3.9E-07 3.6E-09 3.0E+00 3.2E+02 

P8 4.9E-03 4.1E-05 2.0E-07 3.6E-09 3.0E+00 1.6E+02 

P9 7.3E-03 4.1E-05 3.0E-07 3.6E-09 3.0E+00 2.5E+02 

P10 3.5E-03 4.1E-05 1.4E-07 3.6E-09 3.0E+00 1.2E+02 

P13 2.5E-03 4.1E-05 1.0E-07 3.6E-09 3.0E+00 8.5E+01 

P15 5.6E-04 4.1E-05 2.3E-08 3.6E-09 3.0E+00 1.9E+01 

CMT-6 1.2E-03 1.0E-03 1.2E-06 3.6E-09 1.6E+00 5.4E+02 

CMT-7 1.2E-03 1.0E-03 1.2E-06 3.6E-09 1.6E+00 5.4E+02 

MW-32 5.3E-03 7.2E-05 3.8E-07 2.6E-09 4.8E+01 7.0E+03 

Davidson Cluster 2.1E-02 7.2E-05 1.5E-06 2.6E-09 1.1E+01 6.3E+03 
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Figure D22 – Farmer survey questions example 
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Appendix E - Soil 
 

 

Figure 1E – Top soil organic carbon content as percent mass at the Norfolk research site (CANSIS 2013) 
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Figure 2E – Top soil pH (measured in calcium carbonate solution) at the Norfolk research site (CANSIS 

2013) 

 

Figure 3E – Top soil base saturation (measured as percent colloid saturation in potassium, magnesium, 

and calcium ions) at the Norfolk research site (CANSIS 2013) 
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Figure 4E – Top soil cation exchange capacity (CEC) measured as milliequivalents per 100 grams at the 

Norfolk research site (CANSIS 2013) 

 

Figure 5E – Top soil saturated hydraulic conductivity in cm/hr at the Norfolk research site (CANSIS 

2013) 
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Figure 6E – Top soil calcium carbonate equivalence measured as mg/L at the Norfolk research site 

(CANSIS 2013) 

 

Figure 7E – Top soil fraction of very fine sand measured as percent of total mass at the Norfolk research 

site (CANSIS 2013) 
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Figure 8E – Top soil fraction of clay measured as percent of total mass at the Norfolk research site 

(CANSIS 2013) 

 

Figure 9E – Top soil fraction of silt measured as percent of total mass at the Norfolk research site 

(CANSIS 2013) 
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Figure 10E – Top soil fraction of fine to coarse sand measured as percent of total mass at the Norfolk 

research site (CANSIS 2013) 

 

 

Figure 11E – Top soil organic carbon content as percent mass at the Guelph research site (CANSIS 2013) 

 

Figure 12E – Top soil pH (measured in calcium carbonate solution) at the Guelph research site (CANSIS 

2013) 
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Figure 13E – Top soil cation exchange capacity (CEC) measured as milliequivalents per 100 grams at the 

Norfolk research site (CANSIS 2013) 

 

Figure 14E – Top soil saturated hydraulic conductivity in cm/hr at the Guelph research site (CANSIS 

2013) 
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Figure 15E – Top soil calcium carbonate equivalence measured as mg/L at the Guelph research site 

(CANSIS 2013) 

 

Figure 16E – Top soil fraction of very fine sand measured as percent of total mass at the Guelph research 

site (CANSIS 2013) 
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Figure 17E – Top soil fraction of clay measured as percent of total mass at the Guelph research site 

(CANSIS 2013) 

 

Figure 18E – Top soil fraction of silt measured as percent of total mass at the Guelph research site 

(CANSIS 2013) 
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Figure 19E – Top soil fraction of fine to coarse sand measured as percent of total mass at the Guelph 

research site (CANSIS 2013) 
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Figure 20E – Top soil organic carbon content as percent mass at the Acton research site (CANSIS 2013) 
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Figure 21E – Top soil pH (measured in calcium carbonate solution) at the Acton research site (CANSIS 

2013) 



 

299 
 

 

Figure 22E – Top soil cation exchange capacity (CEC) measured as milliequivalents per 100 grams at the 

Acton research site (CANSIS 2013) 
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Figure 23E – Top soil saturated hydraulic conductivity in cm/hr at the Acton research site (CANSIS 

2013) 
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Figure 24E – Top soil calcium carbonate equivalence measured as mg/L at the Acton research site 

(CANSIS 2013) 
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Figure 25E – Top soil fraction of very fine sand measured as percent of total mass at the Acton research 

site (CANSIS 2013) 
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Figure 26E – Top soil fraction of clay measured as percent of total mass at the Acton research site 

(CANSIS 2013) 
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Figure 27E – Top soil fraction of silt measured as percent of total mass at the Acton research site 

(CANSIS 2013) 
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Figure 28E – Top soil fraction of fine to coarse sand measured as percent of total mass at the Acton 

research site (CANSIS 2013) 

 

 


