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ABSTRACT 
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Dr. Jana Levison 

Dr. Andrew Binns 

Nutrient imbalance in groundwater and surface water can have severe implications on 

human and aquatic life, including contamination of drinking water sources and the 

degradation of ecosystems.  A field-based watershed-scale study was completed to 

investigate nutrient dynamics and hydrologic processes in an agriculturally-dominant clay 

plain system within the Great Lakes Basin.  Spatial and temporal variations of nitrogen 

and phosphorus were examined by sampling groundwater and surface water over one 

year (May 2017 to May 2018) for nutrients including nitrate, soluble reactive phosphorus, 

total dissolved phosphorus and total reactive phosphorus.  Nitrate transport to surface 

water was intensified with an increase in precipitation events in spring and early winter 

and phosphorus transport to surface water was increased during freeze-thaw cycles in 

the winter.  The results are pertinent to the improvement of current nutrient and water 

management policies in clay plain systems where nutrient imbalances in surface water 

are a concern. 
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1 Introduction  

1.1 Background 

The Great Lakes Basin (GLB) is an intricate system consisting of diverse water resources 

important for the sustainability of human life.  One quarter of the population in Canada 

lives within the GLB and therefore it is essential to maintain and protect these resources 

(Government of Canada and the United States Environmental Protection Agency 1995).  

Poor water quality can be harmful to the environment, the economy and human health. 

Anthropogenic activities within the basin such as deforestation, urbanization and 

agriculture have altered natural water cycles resulting in an imbalance of nutrients in the 

groundwater and surface water, especially within the last decade (Government of Canada 

and the United States Environmental Protection Agency 1995; Chik 2017).  Nutrient 

imbalance in water, specifically elevated nitrate and phosphorus concentrations, can have 

severe implications on drinking water sources and aquatic ecosystems.  Groundwater is 

the main source of drinking water for many Canadians within the GLB, especially in rural 

areas (National Research Council of the United States and the Royal Society of Canada 

2013).  Ingesting water with nitrate levels exceeding 10mg/L can have severe impacts on 

human health (Townsend et al. 2003; Johnson et al. 2010).  Diseases that have been 

linked to water contaminated with nitrate include, methemoglobinemia, nervous system 

birth defects, non-Hodgins’s lymphoma and stomach cancers (Townsend et al. 2003; 

Widdison and Burt 2008). Furthermore, excess concentrations of nitrate and phosphorus 

in surface water can have undesirable effects on tourism and fisheries as well as degrade 

the health of aquatic ecosystems due to the growth of harmful algal blooms (King et al. 

2015; Robinson 2015).   

The Great Lakes Water Quality Agreement was developed in 1978 by the two countries 

bordering the lakes, Canada and the United States of America, to collectively “restore, 

protect and enhance” the water quality of the Great Lakes (National Research Council of 

the United States and the Royal Society of Canada 2013; Chik 2017).  According to the 

updated 2012 Agreement, “the Waters of the Great Lakes should be free from nutrients 
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that directly or indirectly enter the water as a result of human activity” (National Research 

Council of the United States and the Royal Society of Canada 2013).  The most recent 

State of the Great Lakes Technical Report (Environment and Climate Change Canada 

and the U.S. Environmental Protection Agency 2017) states that the overall nutrient 

management in the basin is “fair” and it is predicted to “remain unchanging or potentially 

begin to deteriorate” (Environment and Climate Change Canada and the U.S. 

Environmental Protection Agency 2017). Despite previous efforts to manage nutrient 

application and transport, there is still an imbalance within the Great Lakes system (Chik 

2017).  The GLB is considered a closed system with minimal outflows, therefore any 

contaminant inputs into the system can be retained for long periods of time in features 

such as streambed or terrestrial sediment, groundwater and surface water (Government 

of Canada and the United States Environmental Protection Agency 1995; Sharpley et al. 

2013).  These “nutrient legacies” are complex, since the amount of nutrients stored and 

the timing of nutrient release is hard to predict (Jarvie et al. 2013; Chik 2017).  

Understanding nutrient legacies in addition to other diffuse nutrient sources 

(predominantly agriculture) is critical for the development of resilient nutrient management 

policies to balance crop growth for food supply, while protecting the quality of surface 

water.  

The effects of anthropogenic activities on water quality is strongly influenced by 

environmental factors including geology (and the associated influence on soil type and 

surface topography) and climate conditions (such as precipitation and temperature).  The 

GLB is in a temperate climate region, where fluctuations in climate are common and 

continuing to increase in intensity.  Specifically, there have been substantial changes in 

climate in Ontario, with an overall warming of 1.4°C in Southern Ontario since 1970, an 

increase in more extreme rainfall events, more precipitation as rain in the winter months 

and drier summer conditions (Ontario Ministry of Nautral Resources 2017) .  This will have 

an effect on the quality and quantity of water resources in the GLB if local hydro-climatic 

conditions are neglected in the evolution of nutrient management strategies (Mehdi et al. 

2015; Chik 2017).  
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With a continual increase in intense climatic events and magnitude of fluctuations, nutrient 

transport into surface water bodies may be exacerbated through natural and artificial 

hydrologic processes (Chik 2017).   Overland flow, streamflow and subsurface pathways, 

including groundwater flow and tile drainage systems are nutrient transport pathways that 

can be affected by climate change.  Tile drains create subsurface preferential pathways 

for rapid transportation of soluble forms of nitrogen and phosphorus to adjacent 

watercourses from agricultural fields (Chik 2017).  The mobilization of nutrient legacies 

found in subsurface and streambed sediment can also increase with more intense 

fluctuations in weather (Sharpley et al. 2013; Chik 2017).  Additionally, the interaction 

between surface and groundwater is an important process, yet often neglected, when 

understanding the overall water balance of a system and assessing water quality 

(Grannemann and Stempvoort 2015; Robinson 2015).  It has been estimated that 5-25% 

of the total water inflow to the Great Lakes is due to indirect discharge of groundwater to 

the lakes and associated tributaries (Robinson 2015).  This illustrates the importance of 

assessing both groundwater and surface water quality while understanding natural and 

artificial water processes under a changing climate.  

Hydrologic processes, water quality variations and local hydro-climate conditions are 

complex in agriculturally-dominant areas.  The understanding of nutrient transport in 

these conditions is important for the efficacy of nutrient management strategies within the 

GLB.  Thus, this research aims to improve the understanding of nutrient transport and 

groundwater-surface water processes through integrated monitoring of temporal and 

spatial groundwater and surface water quality and climate conditions in an agricultural 

setting within the GLB.  

1.2 Objectives and Approach  

According to the 2017 State of the Great Lakes Technical Report (Environment and 

Climate Change Canada and the U.S. Environmental Protection Agency 2017), there 

remains a need for enhanced understanding of nutrient application and transport within 

the basin to further improve the quality of both groundwater and surface water. There are 
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many subsystems within the GLB that behave differently based on subsurface geology, 

surface water features, and land use that affect water resources.  This research is a field-

based study of an agriculturally-dominant clay plain system within the Lake Huron Basin, 

specifically the Upper Parkhill watershed in southern Ontario.  The research area is 

considered an intensive agricultural area in a climate sensitive region, thus an appropriate 

location to complete the research objectives (Government of Canada and the United 

States Environmental Protection Agency 1995; MacRitchie 2011). The research focuses 

on nitrate and phosphorus transport through groundwater and surface water pathways, 

complementing a water budget study on groundwater-surface water interactions and 

climate change in the same area that is being conducted in collaboration with the Ontario 

Ministry of the Environment, Conservation and Parks (MOECP), formally Ministry of the 

Environment and Climate Change (MOECC).   

An Integrated Water and Climate Monitoring Station (PCICS) exists at the main research 

site, developed by the MOECP, in partnership with the Ausable Bayfield Conservation 

Authority (ABCA).  The instrumentation at the site was installed in 2012 and features 

advanced climate, soil and water quality monitoring instruments and two groundwater 

monitoring wells. Further details of this research site and the Upper Parkhill Watershed 

are provided in Section 3.3.2.  

Discrete and continuous groundwater and surface water samples were collected to 

understand spatial and temporal variations of nutrients nitrate and phosphorus (total 

reactive P, soluble reactive P and total dissolved P) in addition to field parameters such 

as specific conductivity, pH, temperature, dissolved oxygen (DO) and oxidation-reduction 

potential (ORP).  Discrete samples were collected monthly for one year (from May 2017 

to May 2018) in three surface water locations along the main watercourse of the 

watershed, Parkhill Creek, and two groundwater monitoring wells at PCICS.  Continuous 

measurements of groundwater and surface water nitrate concentrations and field 

parameters were collected by deploying a Submersible Ultraviolet Nitrate Analyzer 

(SUNATM) and an YSI EXOTM sonde in a monitoring well and in the main surface water 

channel.  Natural groundwater 222-radon was collected monthly in surface water to 
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determine possible locations of groundwater discharge that may be contributing to water 

quality variances. Two watershed-scale sampling surveys were conducted at 22 surface 

water locations (artificial and natural channels) in September 2017 and May 2018 to 

assess spatial and temporal variability of nitrate and field parameters.  In September 

2017, samples for 222-radon were discretely collected at the 22 locations and 

continuously collected for approximately 3 km along Parkhill Creek at the main research 

site to assess groundwater-surface water interactions. Data from the Parkhill Creek 

monitoring station was used to correlate climate data with surface water and groundwater 

quality fluctuations.  Historical climate and water quality data were used to illustrate 

temporal trends for understanding current processes and predicting future vulnerabilities. 

Geospatial information including crop type, subsurface artificial drainage, soil type, and 

topography were used to understand nutrient sources, storage, attenuation and transport 

pathways to complement water quality and climate analysis.  A land owner survey was 

conducted in winter 2018 to document site specific fertilization and land management 

practices. 

This research aims to improve the understanding of climate and land use effects on 

spatial and temporal variations of nitrogen and phosphorus in a climate sensitive, 

agricultural setting though field-based data collection and the development of a site 

conceptual model.  The following research questions (Q) were addressed: 

Q1) Is there a relationship between seasonal climate fluctuations and nutrient 

concentrations in surface water and groundwater in this clay system? 

Q2) What are the dominant hydrologic flow paths (natural and artificial) of nutrients from 

agricultural land to Parkhill Creek? 

Q3) Is there spatial variability of nitrogen and phosphorus in the Upper Parkhill 

Watershed? 
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The results of this study will be pertinent to the improvement of current nutrient and water 

management policies in clay plain systems where nutrient imbalances in surface water 

resulting in eutrophication are a concern.  The methods used in this study are transferable 

to other systems for the understanding of climate and land use impacts on nutrient 

dynamics.  

1.3 Thesis Outline  

This thesis follows a manuscript format.  Chapter 2 is a literature review focusing on the 

effects of climate conditions and land use on nitrate and phosphorus transport in clay 

systems.  Historical and current water quality conditions of the Great Lakes and current 

management strategies are also evaluated in Chapter 2.  Chapter 3 is a stand-alone 

manuscript that presents the results of the field-based study and focuses on 

meteorological effects on spatial and temporal variations of nitrate and phosphorus.  

Chapter 3 is intended for a journal submission.  The final chapter (Chapter 4) provides 

conclusions based on results obtained during this study and recommendations for future 

work in this area.  
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2 Review of Literature  

It is well understood that nutrient imbalances in groundwater and surface water can be 

linked to agricultural practices, particularly fertilizer application and management 

(Government of Canada and the United States Environmental Protection Agency 1995; 

Levison and Novakowski 2009; Robinson 2015; Chik 2017).  Aside from agriculture, there 

are many other anthropogenic sources of nutrients to water resources from urban and 

rural settings (Robinson 2015; Chik 2017).  These include but are not limited to, septic 

systems, lawn maintenance, industrial processes, greenhouse operations, deforestation, 

energy production and leaky sewers in urbanized areas (Widdison and Burt 2008; 

Robinson 2015; Chik 2017).  Despite numerous sources, agriculture is considered the 

predominant non-point source pollution in many watersheds, including the watershed in 

this study (Kerr et al. 2016; Chik 2017).  Thus, this review of literature will focus on the 

fate and transport of agriculturally-derived nutrients, specifically nitrogen and phosphorus, 

through various water pathways in agricultural settings. The effects of natural hydrologic 

and climate processes on nutrient cycling and transport will also be discussed.  

2.1 Agricultural Nutrients  

Nitrogen and phosphorus are essential nutrients to sustain a growing population and 

support the economy within the Great Lakes Basin (Mcisaac 2003; Ontario Ministry of 

Agriculture Food and Rural Affairs 2006; Chik 2017).  These nutrients are applied as 

fertilizer to assist with crop growth since natural concentrations of these nutrients in the 

soil are limited due to plant and soil microbial intake and loss through leaching and runoff 

(Mcisaac 2003).  The quantity and application technique of fertilizer depends on site-

specific factors such as crop type and rotation, soil fertility, land management practices 

and yield goals (Ontario Ministry of Agriculture Food and Rural Affairs 2006).  The amount 

and timing of fertilizer application is important for understanding dynamic nutrient 

transport processes in the area.  Inadequate nutrient management can lead to low crop 

yields and nutrient loss through transport to surface and groundwater.  In a recent study 

conducted in the Gully Creek Watershed, within the jurisdiction of the Ausable Bayfield 
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Conservation Authority, Leslie et al. (2017) found that most farmers complied with 

provincial nutrient management recommendations; however, when fertilizer was used in 

excess, phosphorus was used in surplus more often than nitrogen and total nutrient 

applications were greater for wheat compared to corn crops.   

Corn and wheat require significant quantities of nitrogen for optimal yields, while 

soybeans do not typically require nitrogen fertilizer for growth (Ministry of Agriculture Food 

and Rural Affairs 2017).  Corn, wheat and soybeans all require phosphorus (potash) 

(Ministry of Agriculture Food and Rural Affairs 2017).  The quantity, fertilizer type and 

application method depend on soil test results and vary between crop type and season 

(Ontario Ministry of Agriculture Food and Rural Affairs 2006).  Fertilizer is typically applied 

in early May with some fertilizer, such as anhydrous ammonia, applied late spring/early 

summer (Ministry of Agriculture Food and Rural Affairs 2017).  Typical fertilizer application 

methods include, broadcast, banding, side-dressing or a combination of these methods 

(Ontario Ministry of Agriculture Food and Rural Affairs 2006).  Broadcast is commonly 

used since it is a quick and inexpensive application method (Ontario Ministry of 

Agriculture Food and Rural Affairs 2006).  For this method, the fertilizer is spread evenly 

over the soil surface and then incorporated into the soil, with a risk of interfering with plant 

uptake of nutrients, especially phosphorus (Ontario Ministry of Agriculture Food and Rural 

Affairs 2006; King et al. 2015; Ministry of Agriculture Food and Rural Affairs 2017).  

Banding is when fertilizer is applied in “bands” beside and below the seed or with the 

seed for wheat (Ontario Ministry of Agriculture Food and Rural Affairs 2006).  There is an 

increased risk of fertilizer burn with this method, however can minimize phosphorus loss 

(Ontario Ministry of Agriculture Food and Rural Affairs 2006; Reid et al. 2012).  Side 

dressing is typically used to apply nitrogen between rows of crops that are growing, thus 

minimizes the risk of nitrogen loss since it is applied when plants are likely to uptake the 

nutrients (Ontario Ministry of Agriculture Food and Rural Affairs 2006).    
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2.1.1 The terrestrial nitrogen cycle  

Nitrogen (N) is found naturally in the environment in surface water and groundwater 

(Pacheco et al. 2001).  It can be mobile in three directions; upward through crop intake 

and gaseous loss, downward as leaching to subsurface pathways and lateral through 

subsurface water flux (Widdison and Burt 2008).  The terrestrial nitrogen cycle is 

governed by several processes including mineralization/immobilization, nitrification, 

denitrification and leaching, as shown in Figure 2-1 (Mcisaac 2003; Widdison and Burt 

2008).  The most important forms of nitrogen for plant growth are ammonia (NH3), 

ammonium (NH4), nitrite (NO2
-) and nitrate (NO3

-) (Widdison and Burt 2008).   Ammonium 

is released through mineralization, which is the decomposition of organic compounds in 

the soil or through biological fixation of nitrogen gas.  Nitrate is produced through 

nitrification, where ammonium is transformed to nitrite (NO2
-) and subsequently nitrate 

(NO3
-) through microbial activity. Microbial activity in soil, governing the release of nitrate, 

is dependent on soil temperature and water content (Lamb et al. 2014). Nitrate can then 

be taken up by crop (assimilation), which is the main goal of nutrient management in 

agricultural settings.  This process is dependent on many factors including temperature, 

soil moisture and soil compaction.   
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Figure 2-1: The terrestrial nitrogen cycle (adapted from Ontario Ministry of Agriculture, Food and 
Rural Affairs 2006). 

Nitrate does not easily adsorb to sediment and is therefore highly mobile in water, which 

makes it susceptible to leaching losses through groundwater flux, surface runoff or 

through subsurface preferential pathways (Mueller et al. 1995; Pacheco et al. 2001; Pärn 

et al. 2012; Robinson 2015; Chik 2017).  Immobilization is the reverse of mineralization, 

where nitrate concentrations are temporarily reduced in soil as microbial activity compete 

with crops for nitrate intake.  This is impermanent since nitrate is released back to the soil 

through mineralization and nitrification when the microorganisms decay.  In soils that 

favor evaporation with high pH, nitrogen may be lost when ammonium is volatilized into 

ammonia gas (Johnson et al. 2005).     
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Nitrate that is not taken up by plants or lost through leaching and immobilization can be 

converted to nitrogen gas through the denitrification processes and lost to the 

atmosphere.   Denitrification occurs when bacteria in the soil use nitrate for metabolic 

processes when oxygen is depleted (Hiscock et al. 1991; Johnson et al. 2005; Lamb et 

al. 2014). The denitrification process is controlled by local biogeochemical conditions that 

vary spatially and temporally such as temperature, pH and soil type and soil conductivity 

(Rivett et al. 2008).  The presence of anaerobic conditions, an electron donor to reduce 

nitrate and denitrifying bacteria are required for the processes to commence (Hiscock et 

al. 1991; Rivett et al. 2008).  Denitrifying bacteria are readily found in the environment, 

therefore the limiting factors to denitrification are the presence of an electron donor and 

anaerobic conditions.  Preferred electron donors include organic carbon for heterotrophic 

denitrification (most common) and reduced iron and reduced Sulphur for autotrophic 

denitrification.  The amount and bioavailability of dissolved organic carbon (as opposed 

to organic carbon from geologic materials) is often critically related to the rate of 

denitrification in the subsurface (Rivett et al. 2008).  Based on field studies, the 

reasonable ideal anaerobic condition is when the dissolved oxygen level is less than 1-2 

mg/L (Rivett et al. 2008).     

2.1.2 Nitrogen cycling in surface water 

Nitrogen (N) concentrations are typically much greater than phosphorus  (P) in surface 

water (16:1 N:P,) making nitrogen unlikely to be the limiting factor in eutrophication 

processes (Heathwaite 1993). Forms of aquatic nitrogen include inorganic dissolved N 

(ammonium (NH4
+), nitrite (NO2

-) and nitrate (NO3
-)), dissolved organic N and particulate 

N which is typically organic N.  The processes in the aquatic nitrogen cycle are similar to 

the terrestrial cycle, which include fixation, nitrification, denitrification, mineralization and 

assimilation (Figure 2-2). 
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Figure 2-2: Aquatic nitrogen cycle (adapted from Heathwaite 1993). 

Nitrifying bacteria can be dependent on pH and temperature, with an optimal pH of 8.4-

8.6 and temperatures above 15°C (Heathwaite 1993).  Rates of nitrification are high 

during the summer due to increased water temperature (Miller et al. 2016).  Nitrate from 

nitrification in surface water settings is typically minimal compared to nitrate from external 

loading, however shouldn’t be ignored since in summer months at maximum 

temperatures, loading from the catchment is often minimal and algal utilization of nitrogen 

is at a maximum (Heathwaite 1993; Miller et al. 2016).  Denitrification and fixation are 

dominant at the sediment-water interface since streambed sediment is generally anoxic 

(Heathwaite 1993; Gu et al. 2008).  A significant difference between aquatic and terrestrial 

nitrogen cycles is the bioavailability between the two systems, such that the biomass of 

aquatic systems is typically one-thirtieth of terrestrial systems, affecting process such as 

denitrification (Heathwaite 1993). Sunlight is also an important factor to consider in 

aquatic nitrogen cycles since nitrite-oxidizing species are more sensitive to light that 
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ammonium-oxidizing species, which may result in diurnal nitrate fluctuations (Heathwaite 

1993).   

2.1.3 Terrestrial phosphorus cycle  

The phosphorus cycle in agroecosystems is complex yet integral to a sustainable balance 

between agriculture land use and protection of the environment (Pierzynski et al. 2005).   

Inorganic and organic, soluble and insoluble phosphorus are found in soil, however the 

soluble inorganic pool is of primary focus since plants use inorganic phosphorus in soil 

solution for growth (Mcdowell et al. 2001; Pierzynski et al. 2005).   The availability of 

phosphorus in the soil solution is governed by biotic and abiotic processes including 

“sorption-desorption, precipitation-dissolution, mineralization-immobilization and 

oxidation-reduction” (Figure 2-3) (Pierzynski et al. 2005).   Inorganic phosphorus typically 

originates in soil pore water from the weathering of phosphate minerals, most commonly 

apatite (Pierzynski et al. 2005; Holman et al. 2008).  P minerals typically have low 

solubility and therefore the amount of P in the soil pore water is very low (Mcdowell et al. 

2001).  Factors that affect the minerals’ solubility include, pH, soil moisture content and 

the concentration of iron, calcium, magnesium and aluminum (Mcdowell et al. 2001). 

From the soil solution, P can readily sorb to aluminum and iron oxides, clay minerals and 

calcium carbonate (Domagalski and Johnson 2011), since P is highly reactive (Pagliari et 

al. 2017).  Adsorption can progress into precipitation of secondary P minerals, where 

calcium, aluminum and iron are the common cations involved in these reactions 

(Pierzynski et al. 2005).  Precipitation from soil solution to secondary P minerals can also 

occur, typically when P rich fertilizer is applied and there are excessive P concentrations 

in soil solution (Mcdowell et al. 2001; Pierzynski et al. 2005).   P can then become 

available in the soil solution again through desorption from sediments such as clay, and 

the dissolution of secondary P minerals (Pierzynski et al. 2005).    
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Figure 2-3: The terrestrial phosphorus cycle (adapted from Pierzynski et al. 2005). 

Phosphorus can be lost in the terrestrial cycle via: leaching into the subsurface, through 

preferential flow pathways such as through tile drains to surface water; and mobility 

through sediment transport (Pierzynski et al. 2005; Pagliari et al. 2017).  Similar to the 

nitrogen cycle, phosphorus can also be temporarily lost to organic matter through 

immobilization and can return in plant available form in the soil solution through 

mineralization. Phosphate compounds that are very insoluble (non-labile P) and organic 

matter that is resistant to mineralization act as a sink and can store phosphate for many 

years before it can be available for plant uptake (Pierzynski et al. 2005).  This type of 

phosphorus is typically referred to as “legacy phosphorus”.  Soils with high levels of 

aluminum, calcium and iron (such as the glacial till in Southwester Ontario) are more 

susceptible to phosphorus retention through precipitation processes and therefore P 

losses through infiltration to aquifers can be minor (Reid et al. 2012).  There are no 

gaseous losses in the phosphorus cycle.   
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2.1.4 Phosphorus cycles in surface water 

Phosphorus concentrations and forms in natural waters are influenced by 

physicochemical and biological conditions and the majority of phosphorous loading on 

water bodies typically occurs during short, intense events during autumn and winter 

(Worsfold et al. 2005).  Phosphorus loading in surface water can either be from internal 

phosphorus cycling or external loading from point and non-point source pollution (Figure 

2-4).  Aquatic P processes are similar to soil P cycles.  Sorption-desorption with 

streambed sediments, precipitation-dissolution in aerobic conditions, and immobilization- 

mineralization processes occur in the aquatic P cycle.  Sediment and soluble P equilibria 

processes are dominant the sediment-water interface and are regulated by redox 

conditions governed by oxygen supply, mineral solubility and sorptive mechanisms, 

metabolic activity and turbulence (Canadian Council of Ministers of the Environment 

2004).  Streambed sediments can act as a phosphorus sink, and the release of this 

phosphorus from sediment is an important yet difficult to quantify internal P source.  
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Figure 2-4: In-stream phosphorus cycling, highlighting that phosphorus can be internally sourced 
to surface water (adapted from Orihel et al. 2017). 

2.1.5 Phosphorus classifications 

Phosphorus speciation is complex, yet important to understand and distinguish since 

environmental consequences can vary between different phosphorus forms (Worsfold et 

al. 2005).  Sampling protocol (location and frequency) and sample storage (preservation 

and bottles) may affect phosphorus speciation (Worsfold et al. 2005).  Figure 2-5 

illustrates the vast aquatic phosphorus fractions, associated with filtrate and particulate 

matter of the sample.  Total reactive phosphorus (TRP, orthophosphate) typically 

represents inorganic forms, thus important for plant growth and subsequently aquatic 

health (Mcdowell et al. 2001).  Soluble reactive phosphorus (SRP), also referred to as 

(“molybdate phosphorus”, dissolved reactive phosphorus (DRP) and filterable reactive 
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phosphorus), is filtered reactive phosphorus.  It is recommended that a filter of ≤0.45 µm 

is used to ensure particle matter is properly separated and should be conducted 

immediately after the sample is taken (Mcdowell et al. 2001; Worsfold et al. 2005).   In 

regards to aquatic health, SRP can immediately be taken up by plants and algae, however 

TRP may also be significant since SRP can eventually leach off of the particulate matter 

(Worsfold et al. 2005).  Total dissolved phosphorus includes SRP, soluble organic 

phosphorus and potentially colloidal phosphorus depending on filtration (Robards et al. 

1994; Mcdowell et al. 2001). 

 

Figure 2-5: Aquatic phosphorus fractions (adapted from Worsfold et al. 2005) with a particular 
focus on SRP, TRP and TDP. 

 

2.1.6 Environment and human health concerns of nitrogen and phosphorus in 
groundwater and surface water  

Phosphorus and nitrogen can be transported from land to surface water bodies through 

overland or subsurface flow, which is intensified with fluctuations in climate.  Excess 

nutrients in groundwater and surface water can have severe implications on human 
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health, ecological health and the economy.  The Ontario Drinking Water Quality Standard 

for nitrate is 10 mg NO3
--N/L and the Canadian Guideline for the Protection of Aquatic life 

is 2.95 mg NO3
--N/L (Canadian Council of Ministers of the Environment 2012; Health 

Canada 2017).  There are no guidelines for phosphorus in drinking water according to the 

Canadian Guidelines for the Protection of Aquatic Life (Canadian Council of Ministers of 

the Environment 2004); however, phosphorus plays a role in freshwater eutrophication 

(excessive nutrient concentrations resulting in algae growth)  (Mcdowell et al. 2001).  

Phosphorus is typically the limiting nutrient for aquatic plant growth (importantly algae), 

while elevated levels of nitrate concentrations (typically greater than 4 mg NO3
--N/L) have 

been associated with aquatic plant growth (Canadian Council of Ministers of the 

Environment 2004).   According to the Canadian Water Guidelines for the Protection of 

Aquatic Life, the total phosphorus trigger range for eutrophic conditions is 35-100 µg/L.  

In eutrophic conditions, excessive algal growth can occur.  As algae decays, it depletes 

oxygen levels in the water which can be detrimental to aquatic ecosystems and human 

health.  

The groundwater quality is generally good in the GLB; however, groundwater can be a 

significant source of nutrients to surface water bodies (Robinson 2015; Schilling et al. 

2018).  Subsurface artificial preferential flow pathways (tile drain systems) and overland 

flow can also act as efficient subsurface nutrient transport pathway, especially during 

intense weather events.  

2.2 Nutrient Transport to Receiving Surface Water Bodies from 
Agriculture Sources  

The majority of surface water nutrient loadings is due to nutrient transport from non-point 

source pollution from adjacent agriculture land use (Schilling et al. 2017) .  The rate and 

quantity of nutrients that travel to receiving surface water bodies in agriculturally dominant 

areas can be dependent on a plethora of soil, land management and climate conditions.  

Due to a vast diversity of crop type and management strategies that can vary temporally, 

agricultural watersheds cannot be considered in steady state, thus water balance and 
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nutrient transport processes are complex (Capel et al. 2008). Additionally, the 

implementation of irrigation and drainage systems can affect the interactions and 

boundary conditions of natural shallow groundwater and surface water systems (Capel et 

al. 2008; Domagalski et al. 2008).  

Nutrient transport pathways include overland flow, subsurface flow and artificial drainage 

systems.  The dominant transport pathway can vary spatially and temporally depending 

on subsurface characteristics, land use and meteorological conditions.  There can also 

be a vast difference in travel time between pathways, overland and subsurface drainage 

flow can travel at speeds almost a decade faster than groundwater flux (Schilling et al. 

2018).  In addition to travel time, nutrients can also be stored in sediment (legacy 

nutrients) within terrestrial and aquatic systems, which can also affect travel and release 

times of nutrients from application to surface waters.   It is important to note that sediment 

bound phosphorus and nitrate (legacy phosphorus and nitrogen) can be a significant 

contributor to surface water contamination, especially during episodic events (Schilling et 

al. 2017); however, this review of literature will focus on soluble nutrient transport (soluble 

reactive phosphorus and nitrate) with a particular focus in areas with low permeable soils 

and temperate climate. 

2.2.1 Transport of nitrate from agricultural land to surface water  

As previously discussed, nitrate is a soluble form of nitrogen that does not easily adsorb 

to sediment and can therefore be readily transported to surface water bodies through 

various water pathways including groundwater flux, overland flow and subsurface artificial 

drainage  (Pärn et al. 2012; Robinson 2015).  The resulting transport pathway is 

dependent on many factors including soil characteristics, precipitation, plant uptake, 

fertilizer application, land management and groundwater-surface water interactions 

(Domagalski et al. 2008; Pärn et al. 2012).   

Surface runoff and artificial drainage typically dominate nitrate loadings to surface water 

from agricultural land compared to groundwater flux and seepage due to natural nitrate 

attenuation through denitrification processes in the soil, especially in the Great Lakes 
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region due to anoxic conditions (Rivett et al. 2008; Robinson 2015).  It has been found 

that poorly drained soils and land with high slopes are more likely to cause surface runoff 

of nitrogen to receiving water bodes (Pärn et al. 2012).   Precipitation and melt events 

can also influence overland flow in a more intense and flashy manner, causing direct 

discharge of nitrate to adjacent streams (Domagalski et al. 2008).  Areas of groundwater 

discharge may also be more prone to runoff with high nitrate loads compared to 

groundwater recharge areas (Pärn et al. 2012).  In a review of nutrient transport in 

agriculturally dominant sub-catchments under temperate climate conditions, Pärn et al. 

(2012), reported that the median surface runoff from intensive agriculture as 1.5-12 kg-N 

ha-1yr -1. In a comparative study of five agricultural watersheds across the United States 

of America (USA), Domagalski et al. (2008) determined that nutrient loading to surface 

water was dominated by overland flow.  In one watershed containing an impermeable 

layer in the shallow subsurface,  overland flow caused an increase in stream discharge 

that resulted in an increase in concentrations of nitrate (Capel et al. 2008; Domagalski et 

al. 2008).  Specifically, 75% of the cumulative nitrate load over two years was reported at 

stream discharges larger than baseflow of 2 m3/s as a result of overland flow contributions 

(Domagalski et al. 2008).  Although this study found that there was a significant link 

between increased overland flow and nitrate loadings, there were also some instances 

that nitrate transport through base-flow was a significant portion of annual nitrate loads 

(Domagalski et al. 2008).    

Despite natural attenuation processes, many studies have reported significant 

contributions of nitrate to surface water through groundwater seepage (Domagalski et al. 

2008; Rivett et al. 2008; Ranalli and Macalady 2010; Pärn et al. 2012; Robinson 2015).   

In some instances, regardless of favorable conditions for denitrification (low dissolved 

oxygen, high iron and manganese concentrations), the flow of groundwater may surpass 

biogeochemical reaction rates resulting in significant nutrient rich groundwater discharge 

(Domagalski et al. 2008).  Groundwater discharge is an important aspect to nutrient 

balance, especially in the Great Lakes Basin, as Kornelsen and Coulibaly (2014) 

suggests that groundwater seepage into tributaries may be 5-25% of total water inflow to 
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the Great Lakes.  To illustrate nitrate transport through groundwater seepage, Janke et 

al. (2014) found that 31-68% of total nitrogen loads occurred during baseflow 

contributions during the warm season in a study of six watersheds. Similarly, in the 

aforementioned study on five watersheds across the USA, Domagalski et al. (2008) found 

that groundwater can be a contributor of nitrate to streams in agricultural watersheds with 

one case in particular where 70% of the nitrate load occurred at flows below 1 m3/s over 

two years.  In this case, the groundwater in the area was reported as an average of 10.3 

mg/L nitrate-N and the redox conditions were found to be generally oxic, meaning 

denitrification was minimal (Domagalski et al. 2008).  The groundwater was not directly 

discharged into the stream due to a thick layer of low hydraulic conductivity sediment in 

the streambed, the groundwater seeped into the adjacent floodplains and then flowed 

overland to the stream (Capel et al. 2008).   

The riparian zone is a common groundwater discharge area that can significantly affect 

stream water quality through the storage and release of nutrients. The riparian zone 

activity depends on nitrogen loadings, soil characteristics and area of vegetation while 

mainly acting as a nitrate buffer through denitrification processes, plant uptake and 

immobilization from microorganisms (Pärn et al. 2012; Robinson 2015).  Pärn et al. (2012) 

reports that riparian wetland buffers that are below intensive agricultural areas can 

receive loads of 10-270 kg N ha-1yr-1 while losing 1-20 kg N ha-1yr-1 but can lose 

significantly more if the area becomes saturated.  Saturation can occur during major melt 

and/or precipitation events that cause an excess of water on the surface as well as an 

increase in water table level and an increase in streamflow (Ranalli and Macalady 2010).  

The rise in the water table can mobilize nitrate that is stored in the shallow subsurface, 

resulting in a large “flush” of nitrate into adjacent surface waters (Ranalli and Macalady 

2010; Miller et al. 2016).  Despite infrequent flushing events, there is overwhelming 

evidence of the importance of the riparian zone for the protection of surface water quality 

from groundwater seepage and overland flow.  In a study of 20 watershed riparian zones 

in Ontario, Hill (1996) reported that 14 of the watersheds had 90% nitrate removal rate, 

while all 20 watersheds exhibited above a 65% removal rate due to active riparian zone 
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denitrification processes.  The addition of artificial drainage systems allows potentially 

contaminated water to by-pass the natural buffer zones for direct nutrient discharge into 

surface water.  Tile drainage system effects on surface water quality will be discussed in 

Section 2.2.3.  

2.2.2 Transport of phosphorus from agricultural land to surface water  

Typically, SRP transport through groundwater flux is considered insignificant since 

phosphate is highly reactive and readily adsorbs to mineral surfaces or forms stable 

minerals through precipitation,  especially in soils with high levels of calcium, iron and 

aluminum such as the glacial soils in the Canadian GLB (Domagalski and Johnson 2011; 

Pärn et al. 2012; Reid et al. 2012; Robinson 2015).   This considered, there are favorable 

geochemical conditions in which orthophosphate can be more readily transported through 

groundwater flux as a source to surface water bodies (Domagalski and Johnson 2011; 

Schilling et al. 2018).  Anoxic conditions, high pH, high microbial mass and low iron oxide 

content are ideal conditions for orthophosphate transport through groundwater (Carlyle 

and Hill 2001; Domagalski and Johnson 2011; Robinson 2015).  Schilling et al. (2018), 

found that lower and wetter landscapes, such as floodplains, have significantly greater 

SRP loading and concentrations of SRP compared to upland regions.  In these areas 

dominated by denitrification, such as riparian and floodplain zones where nitrate 

attenuation is effective, phosphorus attenuation through adsorption, precipitation and 

uptake processes may only be temporary (Carlyle and Hill 2001; Robinson 2015).  The 

redox conditions and soil saturation in riparian and hyporheic zones may increase the 

release of SRP from sediment, thus potentially increasing baseflow loadings (internal 

loading) of SRP to surface watercourses (Carlyle and Hill 2001; Pärn et al. 2012; Orihel 

et al. 2017).  

Continuous baseflow sources of SRP, may have more effect on overall ecological health 

compared to event driven fluxes (Stamm et al. 2014).  Although more dissolved 

phosphorus may be released during episodic storm events, the short term intensity of 

high precipitation and flows can remove algal quantity and reduce the uptake the nutrient 
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influx (Stamm et al. 2014).  Therefore, continuous baseflow contributions of SRP can be 

more important for overall tributary health, especially in spring and summer during greater 

eutrophication risk due to increased temperatures and decreased flow (Stamm et al. 

2014).  It is important to note groundwater seepage and tile drainage can contribute to 

baseflows, where artificial drainage can be more dominant in intensive agricultural areas 

with impervious soils (Schilling et al. 2017).  In a 75-m section of a stream reach in Central 

Ontario, Fitzgerald et al. (2015) found that up to 50% of total SRP loadings could be from 

groundwater discharge, showing that the average SRP flux from groundwater to the 

streambed in the study reach was 75 mg/m2day-1 with higher fluxes of 200             

mg/m2day-1 along the streambanks.  However, in an agricultural watershed, Jarvie et al. 

(2008), determined less phosphorus transport with an average phosphorus flux of 0.03-

0.84 mg/m2 day-1 to the streambed (Jarvie et al. 2008).  In two agricultural watersheds 

from the study on five watersheds by Domagalski et al. (2008), it was found that 20% of 

SRP loadings over two years was during baseflow conditions, while majority of SRP 

loadings occurred at higher flows.    

Agricultural practices can significantly affect transport of soluble phosphorus.  High 

mobility of SRP can also occur when sediments have become saturated with phosphorus, 

typically due to prolonged inputs of soluble P fertilizer (Pierzynski et al. 2005; King et al. 

2015; Robinson 2015).  In a study of manure application to no-till soils, Klienman et al. 

(2009) concluded that SRP concentrations in a perennial spring increased 3-28 times 

compared to background levels following application of phosphorus rich manure.  No-till 

soils are also more susceptible to soluble phosphorus transport through leaching to 

aquifers since leaching is more likely in cracks and macropores in the soil.  Contrariwise, 

tillage practices such as strip tillage, that disturb soil macropores or cracks may impede 

orthophosphate leaching through soils to aquifers (Kleinman et al. 2009; King et al. 2015).  

Schilling et al. (2017) suggests that row crop land use may result in greater dissolved 

phosphorus transport to streams through baseflow or tile drainage.  Higher soluble 

phosphorus to total phosphorus ratios were reported in areas with greater row crop land 

(corn and soybean) in a comparison of twelve river sites in Iowa (Schilling et al. 2017).  
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Best management practices (BMP’s) that are typically implemented in row crop areas 

may also increase soluble to total phosphorus transport ratios since BMPs such as strip 

tillage and terraces typically promote infiltration (Schilling et al. 2017). This is relevant 

since row crops (soybeans, corn and winter wheat) are the largest field crop areas in 

Ontario, accounting for 59.8% and 49.5% of national corn and soybean cropland 

respectively (Statistics Canada 2017).   

2.2.3 Transport of nitrogen and phosphorus through artificial drainage from 
agricultural land to surface water  

Artificial drainage systems create preferential flow pathways for rapid nutrient transport 

to surface water bodies, by-passing natural purification processes in soil and wetland 

areas (Whiteley 1979; Dinnes et al. 2002; Domagalski et al. 2008; King et al. 2015; 

Robinson 2015). This can result in the deterioration of surface water quality in aquatic 

ecosystems while disrupting natural hydrologic processes (Whiteley 1979; Dinnes et al. 

2002; Domagalski et al. 2008; King et al. 2015; Robinson 2015).  Shallow subsurface flow 

may be altered due to implementation of extensive artificial drainage systems such as 

lowering underlying water tables (Capel et al. 2008; Domagalski and Johnson 2011).  This 

can be beneficial for rural communities where groundwater is used for human 

consumption, due to a reduction of nutrient loads to aquifers through groundwater 

seepage (Domagalski and Johnson 2011).   

Phosphorus and nitrogen are transported into tile drains from agricultural land through 

macropores including cracks/fissures that are typically found in fine-textured clayey soils 

and biopores that form as a result of biological activity such as root channels or earthworm 

burrows (Reid et al. 2012; King et al. 2015). Nutrient transport into tile drains is dependent 

on many factors including soil characteristics, climate variability, fertilizer application, land 

management and drainage system design (King et al. 2015). Nutrient concentrations are 

typically low in drains during baseflow but can significantly increase during storm and melt 

events and following fertilizer applications (Ulén and Mattsson 2003; Macrae et al. 2007).  

Macrae et al. (2007) found that both SRP and TP in tile drainage was higher and had the 

strongest temporal variability (ranging from <10 ug/L to 8275 ug/L of total phosphorus, 
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including all forms of phosphorus) where cattle manure was applied compared to fields 

that receive inorganic fertilizer, illustrating the impact of land use on phosphorus 

concentrations in drains. Likewise, in a clay system in Sweden, Ulén and Mattsson (2003) 

reported peaks of nitrate (up to 25 mg/L-N) concentrations in the drainage water following 

fertilization.  Moreover, the effects of drainage design on water quality was presented by 

King et al. (2015), where phosphorus concentrations were found to be higher in shallow 

drains compared to deeper drains, while deeper drains may have greater overall P 

loading to surface water.  Climate effects on tile drain concentrations will be discussed in 

Section 2.3.  

Tile drainage can be a dominant contributor of soluble forms of N and P to stream water, 

which are the forms of nutrients that can be more harmful to overall ecosystem health 

(Macrae et al. 2007; King et al. 2015; Williams et al. 2015; Chik 2017). Domagalski et al. 

(2008) found that in a tile drained study area in Indiana, 90% of nutrient loadings to 

surface water was from drainage compared to overland flow. In a study in the Strawberry 

Creek Watershed, within the Grand River Watershed, it was found that 42% of basin 

annual discharge originated from tile drainage (Macrae et al. 2007).   In another study, it 

was found that tile drainage comprised 47% of stream flow at the watershed outlet 

(Williams et al. 2015). High outflows from tile drain outlets can also increase suspended 

solids  in surface water from streambank erosion, affecting water quality (Whiteley 1979).  

Schilling et al. (2017) found SRP contributions from cropland to streams were greater in 

watersheds with widespread tile drainage compared to total phosphorus loadings.  

Additionally, in a study of phosphorus loadings on 12 streams in Iowa, Schilling et al. 

(2017) found that the SRP/TP ratios were greater than 60% at the two tile-drained sites 

with concentrations of SRP at all the sites ranging from 0.04 to 0.21 mg/L, illustrating 

soluble forms of phosphorus may be more mobile compared to particulate transport in 

areas of widespread tile drains. Williams et al. (2015) reported comparable results for 

nitrate and dissolved phosphorus at two tile drainage outlets from cropland primarily corn-

soybean rotation. Nitrate-N concentrations ranged from 0.1 to 60.2 mg/L, averaging 10 

mg/L and 16.9 mg/L at each outlet and dissolved phosphorus concentrations from 0.01 



 

 

26 

 

to 1.28 mg/L were observed (Williams et al. 2015).  The concentrations of nutrients found 

in this study were above drinking water and aquatic health standards for nitrate 

concentrations in Canada, and within eutrophic trigger ranges (Canadian Council of 

Ministers of the Environment 2004).   

2.3 Climate Change Effects on Nutrient Transport  

The rate and amount of nutrient transport through overland and subsurface flow can be 

significantly dependent on climate conditions (Mcisaac 2003).  Precipitation during wet 

months and winter thaw events are extremely important for soluble nitrate and 

phosphorus transport from farmland to receiving surface water bodies, especially in 

temperate climate areas such as southern Ontario (Martin et al. 2004; Macrae et al. 2007; 

Williams et al. 2015; Schilling et al. 2017).   This “classic cycle” of temporal nutrient 

fluctuations can be dependent soil type, fertilizer application, land management, crop type 

and hydrologic processes affected by climate changes including fluctuations of the 

groundwater table, streamflow and overland flow (Martin et al. 2004; Macrae et al. 2007).  

Recurrent freezing and thaw cycles during the winter and cracking due to desiccation in 

extreme dry environments, climate conditions which are common in temperate climate 

zones, can also intensify preferential flow paths in the topsoil creating flow to groundwater 

and artificial drainage, especially in clay soils (Djodjic et al. 1999; Macrae et al. 2007; 

King et al. 2015).   

These nutrient fluctuations associated with various climate scenarios have been observed 

in numerous studies conducted in temperate climate zones with low permeable soils. 

Macrae et al. (2007) reported SRP to be the greatest in tile drain outlets during winter 

thaw events and intense storm events in a southern Ontario watershed dominated by tile 

drainage.  In the winter melt of February 2000, 1450 µg/L of soluble phosphorus was 

measured downstream of a tile outlet, compared to 120 µg/L upstream of the outlet 

(Macrae et al. 2007).  Likewise, Williams et al. (2015) found that mean nitrate and 

phosphorus concentrations were greater in winter and spring compared to summer and 

fall at tile drainage outlets to surface water.  Spring and winter nitrate and soluble 
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phosphorus mean concentrations were 14.7 mg/L and 0.13 mg/L respectively, compared 

to 8.1 mg/L and 0.08 mg/L of nitrate and soluble phosphorus in summer and fall months 

(Williams et al. 2015).  Martin et al. (2004) observed in one watershed, dominated by high 

streamflow in winter and low flows in summer, higher groundwater elevations and 

subsurface nitrate concentrations corresponding to higher stream nitrate concentrations 

compared with lower nitrate concentrations found in both groundwater and surface water 

in the summer months.  From this, Martin et al. (2004) illustrated that temporal variations 

(due to climate conditions) of groundwater flow paths and groundwater-surface water 

interactions can affect nutrient concentrations in adjacent stream water.  Furthermore, 

Schilling et al. (2017) reported greater SRP/TP ratios in January to March and October to 

December with much smaller ratios in late spring and summer months.  For example, in 

one of twelve river sites, Schilling et al. (2017) reported a 60% SRP/TP ratio in January 

and December, while it was approximately 20% in July and August, illustrating the 

importance of climate with soluble phosphorus transport. Precipitation or melt events 

following application of manure or fertilizer (typically in late spring and summer months) 

can significantly increase the likelihood of phosphorus and nitrogen transport; however, 

as reported in the aforementioned studies, nutrient loss can also be significant in winter 

months in absence of application due to legacy nutrients in the soils and minimal plant 

life to uptake the mobilized nutrients (Ulén 1995; Macrae et al. 2007; Chik 2017).   

It is useful to understand current climatic effects on nutrient transport to ensure 

progressive nutrient management in future climate scenarios.  Nutrient concentrations 

are typically reported with climate data; however, there are few studies on nutrient 

transport processes with future climate related changes in hydrologic processes such as 

evapotranspiration and groundwater-surface water interactions (Magnuson et al. 1997; 

Verma et al. 2015; Paradis et al. 2016).   Southern Ontario has experienced significant 

climate changes since 1970 including an overall warming of 1.4⁰C and more winter 

precipitation as rainfall.  An increase in drastic climate shifts are expected by 2050 

including a warming of 4-4.5 ⁰C with more frequent and extreme events such as heavy 

rains, wind and ice storms and a 10% overall increase of precipitation (Paradis et al. 2016; 
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Ontario Ministry of Nautral Resources 2017).  According to a report by the Canadian 

Council of Ministers of the Environment (Canadian Council of Ministers of the 

Environment 2011), precipitation frequency and intensity is expected in future climate 

conditions along with an increase in frequency of freeze- thaw events in the winter due to 

earlier spring freshets.  As previously discussed, soluble nutrient transport is typically 

dominant with precipitation in wet months and freeze-thaw cycles in winter months.  Thus, 

with these climate predictions, nutrient transport to groundwater and surface water may 

be exacerbated in the future, especially during months where water yield is high and plant 

uptake is minimal (Mcisaac 2003).  Changes in precipitation, runoff and soil moisture may 

also affect redox potentials and wetland coverage, further disturbing nitrate and 

phosphorus cycling and transport (Magnuson et al. 1997).    

 In a study conducted in Prince Edward Island about climate change effects on nitrate 

concentrations in groundwater, Paradis et al. (2016) found that nitrate concentrations 

could increase 25% to 32% in groundwater aquifers for the year 2050 for various climate 

scenarios.  This significant increase in nitrate was found to be a result of climate change 

effects on the hydrologic cycle and changes in agricultural practices that were a result of 

adaptations to new climates (Paradis et al. 2016).  Changes to the water cycle as a result 

of climate change, such as groundwater recharge, would only account for 0-6% of this 

nitrate increase, while 14-21% would be due to agricultural changes such as fertilization 

and crop yield (Paradis et al. 2016).   Furthermore, Verma et al. (2015) used Soil and 

Water Assessment Tool (SWAT) (Texas Water Resources Institute 2008) to illustrate 

climate change impacts on hydrologic processes, sediment loading and nutrient exports 

in watershed within the Lake Erie Basin using the averages of three Global Climate 

Models for mid and late century forecasts.  In this study it was found that for mid-century 

years (2045-2055) total phosphorus could increase by 63% in November, December and 

April and nitrate to increase 39% in April at the watershed outlet compared to baseline 

years (1998-2005) (Verma et al. 2015).  This could be attributed to the significant increase 

in winter flows, increasing nutrient loss from agricultural land during the non- growing 

season (Verma et al. 2015).  The model exhibited a 4.3⁰C increase in annual temperature, 
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5.6% increase in precipitation and 9.7% increase in annual flow with higher flows in winter 

and spring months and lower flows with less precipitation in summer months during late 

century (2089-2099) simulations (Verma et al. 2015).  The results presented in this study 

illustrate the urgency of developing adaptable management strategies to mitigate impacts 

of climate change on nutrient transport for the protection of groundwater and surface 

water quality. 

2.4 Quantifying Groundwater Seepage into Surface Water 

The importance of groundwater-surface water dynamics on nutrient transport and cycling 

has been illustrated in previous sections.  Nutrient transport through subsurface and 

surface water relationships are vastly temporally and spatially variable, governed by 

fluctuating nutrient inputs and complex biogeochemical processes (Robinson 2015).  

Often, nutrient flux from groundwater to surface water are dominated by localized zones 

(“hot spots”) or short periods of time (“hot moments”) of high groundwater-surface water 

interactions (Robinson 2015).  This variability makes it difficult to capture these locations 

or moments; however, there are commonly studied techniques of quantifying these 

interactions.  Baseflow can be estimated using hydrograph separation techniques, but 

this is limited to stream reaches that are gauged and unregulated (Gleeson et al. 2009).  

Some techniques that are used for more refined groundwater discharge estimations, 

especially in low-flow conditions in gauged and ungauged conditions include: thermal 

imaging, streambed temperature mapping, stable isotope tracing, radon gas and specific 

conductance measurements (Conant 2003; Gleeson et al. 2009).  This review will focus 

on the use of natural tracers, radon gas and specific conductance, as indicators of 

groundwater discharge as a source of nutrients into surface water.   

Radon (222Rn), is a radioactive gas naturally produced from the decay of uranium and 

radium found in aquifer materials (Gleeson et al. 2009; Knee and Jordan 2013).  It is 

typically found in higher concentrations in groundwater compared to surface water since 

it has a short half-life of 3.8 days and it can be lost through air-water exchange in surface 

water bodies (Gleeson et al. 2009; Knee and Jordan 2013).  Furthermore, groundwater 
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typically has greater total dissolved solids resulting in larger electrical conductivities 

compared with surface water conductivities (Harvey et al. 1997). Thus, anomalous values 

of elevated radon or specific conductivity in surface water could be indicative of recent 

groundwater discharge (Harvey et al. 1997; Gleeson et al. 2009).   

Gleeson et al. (2009) used radon and thermal tracers to delineate groundwater discharge 

in surface waters features (lake, wetland, river and creek) of the Tay River Watershed in 

eastern Ontario.  In this study, most of the surface water features had undetectable radon 

values except the creeks, where the upper quartile was reported as 0.05 Bq/L (Gleeson 

et al. 2009).   The creek with the most radon activity had reported radon values of 0.444 

± 0.022 Bq/L while, groundwater radon values were found to be 9.8 to 112.1 Bq/L 

(Gleeson et al. 2009).  This creek also showed the largest specific conductance anomaly 

in the study area, confirming the radon findings and thus indicating localized groundwater 

discharge (Gleeson et al. 2009).  Despite minimal groundwater discharge in the 

watershed due to the low permeability of the aquifer, Gleeson et al. (2009) successfully 

demonstrated the use of natural tracers to evaluate groundwater discharge.  Moreover, 

Knee and Jordan (2013) used radon as a groundwater tracer to isolate areas of high 

groundwater discharge as a source of nitrate in the Choptank River, a tributary to 

Chesapeake Bay in the Mid-Atlantic region of the United States. In three of five sub-areas 

along the main channel and tributaries, nitrate concentrations in surface water were 

correlated with radon values, demonstrating groundwater as a source of nitrate (Knee 

and Jordan 2013).  Higher radon and nitrate activity was reported in the tributaries 

compared with the main channel.  Specifically, in one area that illustrated positive 

correlation between nitrate and radon, surface water radon values were reported as an 

average of 0.68 Bq/L with an average nitrate concentration of 4.3 mg/L in one location, 

while in another location of this area the radon activity was much lower, with an average 

of 0.27 Bq/L and an average nitrate concentration of 0.4 Bq/L (Knee and Jordan 2013).  

Average groundwater radon and nitrate values were 6.9 Bq/L and 17.3 mg NO3
--N/L, 

respectively, in this area.  Furthermore, in the Hamilton Harbor in southern Ontario, 

Harvey et al. (1997) identified areas of potential groundwater discharge into the harbor 
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waters by towing a probe behind a boat along bottom sediment to identify shallow 

sediment electrical conductivity.  Conductivity anomalies were reported along a shoreline 

of the harbor of 870 µS, 740 µS and 450 µS compared to background levels of 

approximately 200 µS, thus potential zones of groundwater discharge (Harvey et al. 

1997).  It was also reported that differences in conductivity corresponded to different 

sediments types along the floor of the harbor.  Coarser sediment lead to a nosier and less 

conductive signal, while offshore muds revealed larger and smoother signals (Lee et al. 

2006).   

2.5 Literature Review Summary  

 Nitrogen (nitrate) is highly mobile in water, while phosphorus (SRP, TDP and TRP) 

is highly reactive, thus easily adsorbs to particulates and is not very mobile in water  

 Environmental limits for nitrate are 10 mg NO3
--N/L in groundwater for human 

consumption and 2.95 mg NO3
--N/L in surface water for aquatic life (Canadian 

Council of Ministers of the Environment 2012) 

 The eutrophic trigger range in surface water is 35-100 µg/L of total phosphorus 

(Canadian Council of Ministers of the Environment 2004) 

 Overland flow dominates phosphorus transport to surface water and tile drainage 

is a rapid transport pathway for nitrate that bypasses natural attenuation processes 

and groundwater can be a source of nutrients to surface water in some 

environments (anoxic conditions, high pH, high microbial mass and low iron oxide 

content) 

 Nitrate is dominantly mobilized by precipitation and melt events and phosphorus is 

dominantly mobilized during freeze-thaw cycles (snow melt events) 

 The frequency and severity of precipitation and melt events are predicted to 

increase in future climate scenarios, potentially exacerbating nutrient transport to 

surface water and groundwater 

 Radon can be used to identify groundwater discharge into surface water, which 

can be a potential pathway for nutrient transport  
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3 Agricultural nutrient transport through various water 
pathways in a Great Lakes clay plain system  

3.1 Abstract 

It is widely understood that excess nutrients in runoff and infiltration from agricultural land 

can lead to a nutrient imbalance in groundwater and surface water sources. A field-based 

study at a research site in southwestern Ontario, Canada was completed to investigate 

nutrient dynamics and hydrologic processes occurring in an agriculturally-dominant clay 

plain system within the Great Lakes Basin (GLB). This research examines spatial and 

temporal variations of nitrogen and phosphorus by identifying major transport pathways 

and climate-related impacts on the rate and quantity of nutrient movement from 

agricultural land to surface water.  The research was conducted in the Upper Parkhill 

watershed within the jurisdiction of the Ausable Bayfield Conservation Authority. 

Continuous and discrete surface water and groundwater samples were collected over one 

year (May 2017 to May 2018) for nutrient concentrations including nitrate, soluble reactive 

phosphorus, total dissolved phosphorus and total reactive phosphorus.  Field parameters 

including temperature, pH, dissolved oxygen, electrical conductivity and oxidation-

reduction potential were measured in addition to a natural groundwater tracer, 222-radon.  

Nitrate-N concentrations in the groundwater ranged from non-detectable to 1.5 mg/L and 

0.1 to 26.4 mg/L in the surface water.  Concentrations of total reactive phosphorus ranged 

from non-detectable to 0.07 mg/L in the groundwater and non-detectable to 0.38 mg/L in 

the surface water.  Nitrate and phosphorus concentrations exceeded guidelines for 

human and aquatic health on numerous occasions during the study period. Nitrate 

transport to surface water was amplified with an increase in precipitation events in spring 

and early winter and phosphorus transport to surface water was increased during freeze-

thaw cycles in the winter.  The results are pertinent to the improvement of current nutrient 

and water management policies in clay plain systems where nutrient imbalances in 

surface water resulting in eutrophication are a concern.  
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3.2 Introduction  

Nitrogen and phosphorus are essential macronutrients for sustaining agricultural 

production to support a growing population and economy within the GLB (Mcisaac 2003; 

Ontario Ministry of Agriculture Food and Rural Affairs 2006; Chik 2017; Ministry of 

Agriculture Food and Rural Affairs 2017).  These nutrients are applied as fertilizer to assist 

with crop growth, often in excess, since natural concentrations of these nutrients in the 

soil are limited due to plant and soil microbial intake and significant loss through leaching 

and runoff (Mcdowell et al. 2001; Mcisaac 2003; Leslie et al. 2017; Parsons et al. 2017).  

It is widely understood that excess nutrients, specifically in the forms of nitrate and soluble 

reactive phosphorus, in leachate and surface runoff from agricultural land, can have 

severe consequences on receiving surface water and groundwater features including 

contamination of drinking water sources and the degradation of aquatic ecosystems 

(Pierzynski et al. 2005; Johnson et al. 2010; Chik 2017).   

Eutrophication in surface water in the GLB is a critical concern.  Since the 1970s, the 

Great Lakes have experienced recurrences of increased nutrient loading to the surface 

water causing more frequent and widespread algal blooms, affecting human health, the 

environment and the economy (Mcdowell et al. 2001; Mcisaac 2003; Johnson et al. 2010; 

Kerr et al. 2016).  While point sources of nutrients to surface water have been mitigated 

(e.g. limiting phosphorus in laundry detergents), diffuse (non-point) sources of nitrogen 

and phosphorus, such as agriculture, are still not well understood (King et al. 2015; 

Robinson 2015; Chik 2017). Current nutrient management practices have either not 

achieved the intended environmental improvement or have proven to be only temporary 

(Robinson 2015; Chik 2017).  Continual studies of nutrients in water bodies in the GLB 

are necessary to highlight discrepancies that are contributing to unsuccessful nutrient 

management strategies such as the release of “legacy nutrients” and exacerbated 

nutrient transport in a changing climate (Magnuson et al. 1997; Pärn et al. 2012; Jarvie 

et al. 2013; Chik 2017; Orihel et al. 2017).  Nutrient transport and cycling theories are 

frequently studied worldwide; however, there is a lack of comprehensive field studies 

(including both groundwater and surface water) illustrating nitrogen and phosphorus 
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processes under changing climate conditions, especially in agriculturally intensive clay 

plain systems (Pärn et al. 2012; King et al. 2015; Robinson 2015; Schilling et al. 2018).   

Elevated concentrations of nitrate (NO3
-) greater than 10 mg/L in groundwater can be 

harmful for human consumption, and concentrations above 2.95 mg/L in surface water 

are considered detrimental to aquatic life (Mcisaac 2003; Townsend et al. 2003; Johnson 

et al. 2010; Canadian Council of Ministers of the Environment 2012). In addition to 

anthropogenic-derived nitrate inputs, nitrate can be naturally internally loaded (nitrification 

or fixation) and attenuated (denitrification or immobilization) through terrestrial and 

aquatic nitrogen cycles (Heathwaite 1993; Rivett et al. 2008).  However, internal loading 

of nitrate is often negligible compared to anthropogenic sources that cause groundwater 

and surface water nitrate concentrations to reach harmful levels for human consumption 

and aquatic life (Heathwaite 1993).  Nitrate is soluble in water and it does not easily 

adsorb to sediment; thus it is highly susceptible to losses (when in excess) through 

groundwater flux, surface runoff or through subsurface preferential pathways, potentially 

contaminating receiving groundwater or surface waters (Mueller et al. 1995; Pacheco et 

al. 2001; Domagalski et al. 2008; Pärn et al. 2012; Chik 2017).  In locations with soils 

having low permeability and extensive tile drainage, surface runoff and artificial drainage 

typically dominate nitrate loadings to surface water from agricultural land, where 

groundwater flux to surface water and aquifers are minimal due to natural nitrate 

attenuation (denitrification) in the soil  (Ulén and Mattsson 2003; Capel et al. 2008; 

Domagalski et al. 2008; Pärn et al. 2012; King et al. 2015).  This can be prevalent in the 

GLB due to anoxic conditions (Rivett et al. 2008; Robinson 2015).   

The trigger ranges for eutrophic and hyper-eutrophic (high nutrient concentrations 

resulting in algal growth) are 0.035-0.1 mg/L and >0.1 mg/L, respectively, of total 

phosphorus (TP), indicated by the Canadian Water Quality Guidelines for the Protection 

of Aquatic Life (Canadian Council of Ministers of the Environment 2004).  Based on this, 

the Ontario Ministry of Environment, Conservation and Parks (MOECP) has established 

an objective of <0.03 mg/L of TP in surface water (Ontario Ministry of the Environment 

and Energy 1994; Canadian Council of Ministers of the Environment 2004).  Dissolved 
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Reactive Phosphorus (DRP), a portion of TP, is immediately available for plant uptake.  

The term “algal-available phosphorus”, also referred to as total reactive phosphorus 

(TRP), includes DRP and a portion of particulate inorganic phosphorus that is not 

immediately available for plant uptake but can be a long-term source of DRP (Mcdowell 

et al. 2001).  Like nitrate, DRP can be internally loaded and retained in surface water and 

groundwater through physiochemical processes such as adsorption-desorption, 

precipitation-dissolution and immobilization-mineralization (Mcdowell et al. 2001; 

Pierzynski et al. 2005; Orihel et al. 2017; Parsons et al. 2017).  Internal SRP loading in 

surface water may be significant; however, it is difficult to quantify the timing and 

quantities of “legacy phosphorus” that are released from particulate matter (Jarvie et al. 

2013; Sharpley et al. 2013; Orihel et al. 2017; Parsons et al. 2017). Overland flow typically 

dominates transport of anthropogenic-derived external inputs of phosphorus (dissolved 

and particulate) to groundwater and surface water; however, significant transport of DRP 

and TP through tile drains have been reported (Gentry et al. 2007; Macrae et al. 2007; 

Domagalski et al. 2008; Van Esbroeck et al. 2016).  In areas with no irrigation, low 

permeability soils and extensive tile drains, there is typically minimal transport of soluble 

phosphorus to groundwater since phosphorus is highly reactive and any excess soluble 

phosphorus following fertilization will tend to sorb to sediment (Sims et al. 1998; Mcdowell 

et al. 2001; Pierzynski et al. 2005; Domagalski and Johnson 2011).  

The rate and quantity of phosphorus and nitrogen transport through various pathways is 

often controlled by climate conditions.  Precipitation during wet months and winter freeze-

thaw cycles are important conditions for soluble nitrate and phosphorus transport from 

farmland to receiving surface water and groundwater bodies, especially in temperate 

climate areas (Martin et al. 2004; Bechmann et al. 2005; Macrae et al. 2007; Williams et 

al. 2015; Schilling et al. 2017).   Southern Ontario has already experienced significant 

changes in climate since 1970 including an overall average warming of 1.4⁰C and 

increased winter precipitation as rainfall (Ontario Ministry of Nautral Resources 2017). 

Increased effects of climate change are expected by 2050 including a warming of 4-4.5⁰C 

with more frequent and extreme events including a 10% overall increase of precipitation 
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(Paradis et al. 2016; Ontario Ministry of Nautral Resources 2017).  According to Canadian 

Council of Ministers of the Environment (2011), precipitation frequency and intensity are 

expected to increase in future climate conditions along with an increase in the frequency 

of freeze-thaw events in the winter due to earlier spring freshets.  With these climate 

change forecasts, nutrient transport to groundwater and surface water may be 

exacerbated in the future, especially during months when water yield is high and plant 

uptake is minimal (Mcisaac 2003).  Thus, it is important to understand climate effects on 

dynamic nutrient processes to develop resilient nutrient management strategies for the 

future.  

The Upper Parkhill watershed is an agriculturally intensive, climate sensitive area within 

the Lake Huron basin, where the main watercourse is an eventual tributary to Lake Huron 

(Government of Canada and the United States Environmental Protection Agency 1995; 

MacRitchie 2011). In the Parkhill Creek, nitrate concentrations have continually increased 

since 1970, regularly exceeding the environmental protection limit of 2.95 mg NO3
--N/L, 

and total phosphorus concentrations have slightly declined or remained constant with 

concentrations that continue to be above the objective of 0.3 mg/L (Ausable Bayfield 

Conservation Authority 2007; Steele and Veliz 2007; Ausable Bayfield Conservation 

Authority 2018).  Groundwater quality is considered good within the watershed with 

negligible nitrogen or phosphorus detected since the recording of water quality at a well 

located in the watershed began in 2003 with the Provincial Groundwater Monitoring 

Network (PGMN) (Steele and Veliz 2007).   

This research aims to provide insight on the elevated nutrient concentrations in Parkhill 

Creek. A field-based watershed-scale study of nutrient dynamics and hydrologic 

processes is used to investigate spatial and temporal variations of nitrogen and 

phosphorus in a clay plain system in the GLB over one hydrologic year. Major transport 

pathways and climate impacts on the rate and quantity of nutrient movement from 

agricultural land to Parkhill Creek are examined.  Data is featured from an Integrated 

Climate and Water Quality Monitoring Station developed by the MOECP.  A conceptual 

model illustrating nutrient transport dynamics in this setting is developed.  This 
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methodology can be applied in other jurisdictions with clay plain, groundwater-surface 

water interacting systems. Results from this research are pertinent to policy and decision 

makers and land owners to improve the resilience of current nutrient management 

strategies for successful nutrient reduction in surface water and groundwater within the 

GLB.  

3.3 Site Description  

The Parkhill Creek watershed is located in southwestern Ontario within the jurisdiction of 

the Ausable Bayfield Conservation Authority (Figure 3-1-A), draining an area of 146 km2.  

Parkhill Creek (also referred to as Mud Creek Drain) is the main surface water feature in 

the watershed, depicted in Figure 3-1-B.   Parkhill Creek discharges into a large reservoir 

controlled by a dam at the outlet of the watershed where the outlet waterway becomes a 

tributary to Lake Huron.    

3.3.1 Geology  

The surficial geology dominantly consists of St. Joseph Till (clayey silt to silty clay) with 

glaciolacustrine beach deposits (sand and gravel), belonging to Lake Warren with minor 

glaciofluvial deposits (sand, minor gravel) from the Port Bruce Stadial of the Late 

Wisconsinan glaciation (Cooper and Clue 1974; Barnett et al. 1991).  The underlying 

bedrock in this area is from the Dundee Formation and consists of limestone, dolostone 

and shale with an average thickness of 35-45 m (Cooper and Clue 1974).  The study area 

is in a bedrock valley with overburden thicknesses ranging from approximately 40 to 65 m 

and surface elevations ranging from 250 to 170 meters above sea level (masl) (Cooper 

and Clue 1974).   

Soils within the area are mainly Huron, Perth and Brookston series consisting of silty loam 

and clay loam that are considered good for agriculture use (Dillon Consulting Limited 

2004; Canadian Soil Information Service 2000).  The distribution of soils is depicted in 

Figure 3-2-A. The area is prone to local flooding due to the low permeable soils that affect 

water drainage. In addition to the natural tributaries of Parkhill Creek, there are 
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widespread subsurface and surface artificial drainage features in the area to protect the 

agricultural fields from flooding, especially in the northern extents of the watershed where 

there is minimal natural vegetation.  Specifically, 71.3% of the total watershed area is tile 

drained according to the latest tile drainage data from the Ontario Ministry of Agriculture, 

Food and Rural Affairs (2015). The large reservoir at the watershed outlet also manages 

flooding of downstream agricultural areas and controls riverbank erosion.   

Tile drained areas and surficial and subsurface constructed drains used for draining 

agricultural land are illustrated in Figure 3-2-B. The constructed drain data shown in 

Figure 3-2-B have been modified from the original data source through query definition 

and visual inspection in ArcGIS to illustrate constructed surface and subsurface drains in 

comparison to natural watercourse.  However, it should be noted that much of the natural 

watercourse has also been modified to improve drainage from adjacent agricultural land.  
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Figure 3-1: A) A map showing the extents of Parkhill Creek and the Ausable Bayfield Conservation Authority area in Southern Ontario 
in relation to North America and the location of the main research site, the Parkhill Creek Integrated Climate Station (PCICS) B) The 
extents of the Upper Parkhill Watershed and proximity to Lake Huron with the main watercourse, highlighting the dominant surface 
water channel, Parkhill Creek (Mud Creek Drain), with monthly (labelled MCAR, McG and PCICS) and bi-annual surface water 
sampling locations highlighted.  C) Street view of PCICS, illustrating the deep and shallow groundwater monitoring wells.  D) Aerial 
view of PCICS with locations of surface water and groundwater sampling locations denoted. Maps were created using ArcMap 10.3.1, 

using a base map from ESRI (2018). 
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3.3.2 Parkhill Creek Integrated Climate Station  

The main research site is located at an Integrated Water and Climate Monitoring station, 

developed by MOECP and conservation authority partners for long term continuous 

monitoring of water and climate data (Figure 3-1-C).  This station was established to 

assess impacts of climate change on a climate sensitive area and will be referred to as 

PCICS hereafter (MacRitchie 2011).  The location of this station was chosen based on a 

climate sensitivity assessment of all watersheds in Ontario that considered factors 

including water use, low water level, baseflow index, surface water quality and shallow 

well vulnerability (MacRitchie 2011). Twenty-eight instruments were added to an existing 

Water Survey of Canada stream flow station in 2012 to measure surface water, climate, 

soil and groundwater conditions (Spencer 2014). The instruments are programmed to 

Figure 3-2: A) Soil distribution in the Upper Parkhill Watershed with special attention to the 
main soil types, Brookston, Huron and Perth (Canadian Soil Information Service  (2018)) (B) 
Tile drained areas, constructed drains and natural watercourse in the watershed (Ontario 

Ministry of Agriculture, Food and Rural Affairs 2015). 
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continuously collect data year-round at various intra-daily intervals, except the surface 

water quality instruments that are taken out of Parkhill Creek for the winter.  The data 

collected at the site is transmitted through the Geostationary Operation Environmental 

Satellite (GOES) and can be accessed through the WISKI Web Pro database from the 

Ministry of Natural Resources and Forestry (MNRF) Surface Water Monitoring Center.  

For this study, data of interest from the PCICS includes precipitation, air temperature, 

streamflow, stream water level, snow accumulation, surface water quality (electrical 

conductivity and turbidity), soil temperature, soil moisture and groundwater elevations.  

Instrument specifications can be found in the Appendix A-5.  

3.3.3 Subsurface characterization  

There are two groundwater monitoring wells at PCICS that have total depths of 6.7 m 

(shallow well) and 15.85 m (deep well).  The shallow well and deep wells are screened 

from 2.15 m to 6.7 m and 14.3 m to 15.85 m, respectively.  Each well is constructed with 

4-inch diameter #10 PVC screens with the remaining length comprised of 4-inch PCV 

casing and 6-inch steel casing from a depth of 0.75 m to approximately 1 m above ground 

surface (Huron Geosciences 2011).  Stratigraphy at both wells consists mainly of light 

brown and grey silty clay, resulting in poor groundwater recovery times, with 

approximately 1 m of fine gravel fill from the surface.  The wells are backfilled with 

extensive sand packs around the screens to improve permeability for water quality 

sampling. Detailed cross-sections are illustrated in Appendix A-1.  

To determine approximate ages of the groundwater in the shallow and deep wells, 

diffusion samplers and groundwater samples were sent to the University of Ottawa for 

tritiogenic-helium-3 analysis (using Helix SFT Noble Gad Mass Spectrometer). Passive 

diffusion samplers (provided by the University of Ottawa) were placed in the shallow and 

deep well following a complete purge and retrieved approximately one week later with 

groundwater samples taken at this time.  Based on tritiogenic-helium-3 analysis in June 

2017, the shallow well and deep well water ages were calculated to be, 2.09±0.17 and 

4.18±0.29 years old, respectively.  This test was repeated in January 2018 and June 2018 
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and both of the repeated analyses yielded insufficient helium-3 ingrowth to perform a 

precise dating calculation.  However, repeatable values of tritium alone indicate modern 

groundwater. Young groundwater may be associated with unstable environmental 

conditions, such as variable recharge rates, which could explain the inability to obtain 

repeatable helium-3 ingrowth results (E. Persaud, personal communication, June 2018). 

Given that older groundwater is more commonly observed in low permeability till at 

greater depth, it is also possible that the ages obtained are artificially young due to 

insufficient sealing of the well casings and leakage of surficial waters down-hole.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

Slug tests were performed on both wells at PCICS to determine the hydraulic conductivity 

of the subsurface material in the vicinity of the site.  Three slug tests were performed at 

each well.  A known volume of water was added to the well and the response was 

recorded and analyzed using AquiferTest from Waterloo Hydrogeologic (Waterloo 

Hydrogeologic 2016).  The response was overdamped (no oscillation before reaching a 

steady state) and the wells do not fully penetrate the aquifer, thus the Hvorslev Slug-Test 

Method (Hvorslev 1951) was used in AquiferTest to calculate approximate hydraulic 

conductivities using the auto-fit function and manual fit (Table 3-1).   

Table 3-1: Hydraulic conductivities for the shallow and deep well at PCICS based on slug test 
analysis using AquiferTest (Hvorslev 1951). 

Well Average hydraulic 

conductivity based on Auto-

Fit in AquiferTest (m/s) 

Average hydraulic conductivity 

based on manual fit to early well 

response in AquiferTest (m/s) 

Shallow well 1.18E-7 1.11E-7 

Deep Well 5.29E-8 7.38E-8 

Approximate source areas (where groundwater originates from recharge) of the two 

groundwater monitoring wells were calculated using Eq.1 (Harter et al. 2002), where L 

[m] is the up-gradient linear extent of the well source area that originated from recharge.   

The linear extent is based on net recharge in the area (R [m/s]), groundwater discharge 

rate (q [m/s]) and the length of the screened interval of the well below the water table (d 

[m]). 
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                                                           𝐿 =
𝑑𝑞

𝑅
                                                                   (1) 

It is assumed that “recharge is uniform, the groundwater flux is unidirectional and constant 

over time”; thus, there is uncertainty in all parameters due to spatial and temporal 

variability of hydrologic and geologic conditions (Harter et al. 2002). Regional 

groundwater flow rates for the shallow and deep wells were calculated based on the 

hydraulic gradient from a monitoring well that is up-gradient of PCICS and the 

approximate hydraulic conductivities of the subsurface material based on slug testing 

results (Table 3-1). A recharge rate of 203.2 mm/year was chosen based on a study 

conducted by the United States Geological Survey (USGS) that illustrated recharge rate 

distribution within the GLB (Neff et al. 2006). The small source areas originating from 

recharge support the tritiogenic-helium-3 groundwater dating results suggesting that the 

groundwater is modern (Table 3-2). Full calculations can be found in Appendix A-3. Using 

maximum conductivities (1.28e-7 m/s and and 7.80e-8 m/s) minimum recharge rates in 

southern Ontario (101.6mm/y), the maximum source areas for the shallow and deep wells 

were 282 m and 470 m.  These maximum sources areas extend to agricultural fields 

where fertilizer may be applied; however, majority of the maximum source area is 

conservation land.  

Table 3-2: Calculated sources areas of the monitoring wells at PCICS originating from recharge 
based on a method from Harter et al. 2002. 

Well 
Source area of wells originating 

from recharge (m) 

Shallow well 1.17 

Deep Well 2.23 

3.3.4 Land Use 

The watershed is considered an agriculturally intensive area, where 83% of the land is 

agriculture, with 2% urban development (Government of Canada and the United States 

Environmental Protection Agency 1995; Ausable Bayfield Conservation Authority 2018).   

The major crop types in the area are corn, soybean and winter wheat, whereby 

approximately 92% of the agricultural area is in a corn-soybean-wheat rotation 
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(Agriculture and Agri-Food Canada 2018). Crop rotations from 2014-2017 are illustrate in 

Appendix A-2. Irrigation is not common in the watershed (Anonymous land owner, 

personal communication, March 2018). Cover crops such as grasses and legumes 

(nitrogen producing and scavenging) are commonly planted in the area for enhanced soil 

health (Anonymous Land Owner, Personal Communication, March 2018).  Figure 3-3 

illustrates the 2017 land use in the area. It is evident based on the land use distribution 

(Figure 3-3) that there is minimal natural vegetation in the northern part of the watershed, 

resulting in sparse riparian areas surrounding surface water features, which are important 

for the protection of surface water quality and healthy ecosystems.  

 

Figure 3-3: Land use distribution in the Upper Parkhill Watershed in 2017.  The dominant crop 
types, wheat, corn and soybean are represented each by a distinct colour, brown, dark green and 
yellow, respectively. Natural vegetation is grouped together and portrayed by the light green 
areas, urban and open land area are shown as grey, water features are shown as blue and other 
crop types are represented as pink (Agriculture and Agri-Food Canada 2018). 



 

 

45 

 

A general summary of common fertilizer materials and application methods used in this 

study area, including typical planting and harvesting times, are summarized in Table 3-3, 

based on local land owner surveys and recommendations from the Agronomy Guide for 

Field Crops from OMAFRA (Ministry of Agriculture Food and Rural Affairs 2017). In winter 

2018, a land owner survey was conducted to better understand local fertilization and land 

management practices. Crop type in the area is known (Agriculture and Agri-Food 

Canada 2018), yet the specific fertilizer types, application methods and land management 

practices are not publicly available.  An example of specific land owner methods of 

fertilizer application is outlined in the last two columns of Table 3-3.  Due to minimal 

participation in the survey, fertilization and land management techniques are still widely 

unknown in the area.  In general, corn and wheat require significant quantities of nitrogen 

for optimal yields, while soybeans do not typically require nitrogen fertilizer for growth 

(Ministry of Agriculture Food and Rural Affairs 2017).  Corn, wheat and soybeans all 

require phosphorus and potassium (potash) (Ministry of Agriculture Food and Rural 

Affairs 2017).  The quantity, fertilizer type and application method depend on soil test 

results and vary between crop type and season.  Based on this information, the “growing 

season” will be defined as May to October hereinafter. 

Fertilization techniques can affect nutrient transport in a multitude of ways including 

prolonged inputs of soluble fertilizer that result in soil saturation, manure application to 

no-till soils and the use of inorganic versus organic fertilizer (Ulén 1995; Macrae et al. 

2007; Williams et al. 2015).  Application of fertilizer followed by precipitation events 

increases the likelihood of agricultural nutrient transport from land to water, especially in 

soluble form that is most detrimental to the environment and human health.  Thus, it is 

important to recognize the nutrient origin in addition to transport pathway to understand 

the complexities of nutrient transport in agriculturally-dominant areas to create nutrient 

management strategies. 

 

 



 

 

46 

 

Table 3-3: A summary of typical planting and harvesting periods for corn, soybean and wheat 
(Ontario Ministry of Agriculture and Rural Affairs 2006; Annonymous land owner, personal 
communication 2018). 

   An example case of fertilization 

practices in the area 

Crop Type 
Typical Planting 

Period 

Typical 

Harvesting Period 

Typical 

Fertilizer Type 

Typical 

Fertilizer 

Application 

Methods 

Corn Spring (early May) Fall (October-

November) 

Blend of red 

potash, urea, 

slow release N 

and MAP 

 

Applied in 

spring with 

planting 

Anhydrous 

ammonia 

Applied late-

spring/early-

summer 

 

Soybean Spring (mid-May) Fall (late 

September – early 

October) 

 

Blend of red 

potash, urea and 

MAP 

Applied in 

spring with 

planting 

Winter Wheat Fall (mid-

September to mid- 

October) 

Summer (mid-

July) 

Manure or urea 

depending on 

spring 

conditions and 

potash 

Applied in fall 

before and 

with planting 

3.4 Methodology  

3.4.1 Discrete sampling 

3.4.1.1 Surface Water Sampling  

Three surface water locations along Parkhill Creek were sampled at the end of each 

month for water quality analysis.  Surface water sampling locations can be seen in Figure 

3-1-A and in Figure 3-3 in reference to the 2017 land use distribution.  As illustrated in 

Figure 3-3, the surface water sampling locations represent variable riparian zones along 

Parkhill Creek, such that PCICS is mostly surrounded by conservation area comprising 

of dense natural vegetation. McG (approximately 5 km upstream from PCICS) has some 

surrounding natural vegetation with closer adjacent agricultural land compared to PCICS 
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and MCAR (approximately 12 km upstream from PCICS) is dominantly surrounded by 

agricultural fields with very little natural riparian area along the water.  In-situ field 

parameters and water samples were collected from the center of the stream when 

possible. Samples were collected at the streambank during high flow events and when 

the stream was frozen.   Field parameters documented at each site included water 

temperature, specific electrical conductivity, DO, pH and ORP and were measured using 

a handheld YSI 556 or EXO1 multi-probe system.  Water samples were collected for 

analyses of: dissolved elements including TDP, TRP, DRP and ion chromatography 

analysis for nitrate, phosphate, chloride and sulphate.  A summary of sampling protocol 

and analysis methods for these parameters can be found in Table 3-4.  Phosphorus 

samples (TDP, TRP and DRP) were sent to the Agriculture and Food Laboratory at the 

University of Guelph, Ontario for analysis.  Duplicate samples were analyzed in May 2018 

and were below the detection limits in all cases. In addition to water quality analysis, 

samples for 222-radon were collected as natural groundwater tracers.  Radon (222Rn) is 

a radioactive gas that is naturally produced from the decay of uranium and radium found 

in aquifer materials (Gleeson et al. 2009; Knee and Jordan 2013).  It is typically found in 

higher concentrations in groundwater compared to surface water, thus anomalous 

concentrations of 222-radon found in surface water can be indicative of groundwater 

seepage (Gleeson et al. 2009; Knee and Jordan 2013).  Radon was collected into a PETG 

plastic bottle with no head space and stored at room temperature until analyzed at the 

University of Quebec (Université du Québec à Montréal) within seven days of sample 

collection by liquid scintillation counting (detection limit of 0.05 Bq/L).   
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Table 3-4: Analysis methods for discrete surface water samples (American Public Health Association et al. 1999a; American Public 
Health Association et al. 1999b). 

 

Parameter 
 

Collection Procedure Analysis Comments 

Total dissolved 
phosphorus 
(TDP) 

Collected into a clean 500 
mL HDPE plastic bottle with 
a screw-cap, leaving minimal 
head space, and stored at 
approximately 4⁰C in the 
dark until it was transported 
to the lab 
 

Analysis completed at the Agriculture and Food Laboratory at the 
University of Guelph, Ontario. Samples are filtered through a 0.45 
µm pore diameter membrane filter and acidified to a pH of 2 with 
concentrated nitric acid.  The acidified filtrate is analysed by 
inductively coupled plasma atomic emission spectroscopy (ICP-
OES). Analysis follows the Standard Methods for the Examination 
of Water and Wastewater 21st Edition, 3030-B and 3120-B 

There is a detection limit of 0.07 
mg/L of dissolved phosphorus. 
Dissolved elements including 
boron, calcium, copper, iron, 
potassium, magnesium, 
molybdenum, sodium, zinc and 
sulfur were measured. 

 
Total reactive 
phosphorus 
(TRP) 

 
Collected into a clean 500 
mL HDPE plastic bottle with 
a screw-cap, leaving minimal 
head space, and stored at 

approximately 4⁰C in the 
dark until it was transported 
to the lab 

 
Analysis completed at the Agriculture and Food Laboratory at the 
University of Guelph, Ontario.  Samples are not filtered, 
hydrolyzed or digested.  The ascorbic acid reduction method is 
used to determine reactive phosphorus.  Ammonium molybdate 
and potassium antimonyl tartrate react with orthophosphates in an 
acidic environment to form phosphomolybdic acid that is reduced 
to colour reagent molybdenum blue by ascorbic acid. Analysis 
follows the Standard Methods for the Examination of Water and 
Wastewater 21st Edition, 4500-P E: Ascorbic Acid Method 

 
There is a detection limit of 0.05 
mg/L of reactive phosphorus. 

 
Dissolved 
reactive 
phosphorus 
(DRP) 

 
Sample is filtered in the field 
using a 0.45µm filter into a 
60mL plastic bottle, leaving 
minimal head space and 

stored at approximately 4⁰C 
in the dark until it was 
transported to the lab 

 
Analysis completed at the Agriculture and Food Laboratory at the 
University of Guelph, Ontario. Filtrate is analyzed using same 
procedure as TRP. 

 
There is a detection limit of 0.05 
mg/L of reactive phosphorus. 

 
Major ions: 
orthophosphate, 
nitrate, chloride 
and sulphate  

 
Collected into a 60mL plastic 

bottle and stored at 4⁰C in 
the dark until analysis  

 
Analysis completed at the University of Guelph using Dionex ICS 
2000 ion chromatography system. Separation of the anions was 
achieved using an IonPac AS18-RFIC (4x250 mm) column and an 
IonPac AG18-RFIC (4x50 mm) guard column. The columns were 
heated at 30 °C with 30 mM KOH eluent at 1 mL/min.   

 
Analysis precision was <1 RSD 
% for duplicated samples. 
There is an approximate 
<0.5mg/L minimum detection 
limit on all anions  
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3.4.1.2 Groundwater sampling  

Static water level measurements were taken prior to sampling. The shallow and deep 

wells at PCICS were pumped using either a Grundfos submersible pump (Grundfos Redi-

Flo2) or a Waterra inertial pump with a standard flow D-25 foot valve.  Groundwater was 

pumped into a bucket, acting as a flow through cell, until specific electrical conductivity 

and DO were stable.  This method of sampling was verified to have no effect on water 

quality by collecting samples and analyzing the differences in chloride, nitrate and 

sulphate between samples taken after parameter stability and full purge. Field parameters 

(specific electrical conductivity, DO, pH, temperature and ORP) were measured and 

recorded using a handheld YSI 556 or EXO1 multi-probe system and from the bucket of 

water. Samples were collected directly from pump outflow for the same parameters as 

surface water, outlined in Table 3-4, in addition to 222-radon and stable isotopes.  

3.4.2 Continuous sampling  

At two surface water sites, MCAR and McG, and the two groundwater wells at PCICS, 

specific electrical conductivity, temperature and water levels were continuously measured 

every 15 minutes using a VanEssen four electrode CTD-Diver.  These drivers were 

calibrated bi-monthly in the field.   

In the stream and in the shallow groundwater well at PCICS, continuous monitoring 

stations were setup to power and log data every 15 minutes from a Satlantic SUNA V2 

and an YSI EXO water quality sonde (MacDonald et al. 2017).  The station setup and 

water quality sensors can be seen in Figure 3-4.  The location of the instream water quality 

monitoring sensors (SUNA and EXO) are denoted in Figure 3-1-D.  The instream sensors 

were fastened inside a perforated PVC pipe attached to a cinder block and placed on the 

streambed in the approximate center of the creek directly behind the research station 

(Figure 3-4-D). The SUNA is an optical sensor that measures in-situ nitrate 

concentrations through ultraviolet spectrophotometry with a detection limit of 0.004 mg 

NO3
--N/L in freshwater (Figure 3-4-B) (Sea Bird Scientific 2017).  Due to turbid stream 

waters, the optical window on the SUNA is highly susceptible to bio-fouling, affecting the 
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sensors ability to measure absorbance, especially during high flow events (Sea Bird 

Scientific 2017).  The reported drift of the SUNA is 0.004 mg NO3
--N/L per hour of lamp 

time (Sea Bird Scientific 2017).  Due to minimal drift, the SUNA was calibrated prior to 

deployments and not calibrated in the field.  To calibrate the SUNA, the optical area is 

thoroughly cleaned, and the reference spectrum is updated using a measurement with 

deionized water. Although calibration was infrequent, the optical window was cleaned 

monthly using deionized water or isopropyl alcohol and a lint free cloth. A SUNA was 

deployed in the stream from July 2017 to November 2017 and redeployed in May 2018 

since the water temperature range for operation is 0-35°C (Sea Bird Scientific 2017).  

Another SUNA was deployed in the shallow well from January 2018- February 2018 when 

the well water was at sufficient height to submerge the SUNA optical window.  

The EXO1 and EXO2 are multi-parameter sondes equipped with a pressure transducer 

and optional wiper that were deployed with a SUNA in the stream and shallow well at 

PCICS (Figure 3-4-C).  A summary of the sensor accuracies can be found in Table 3-5.  

The EXO1 was deployed in the shallow well July 2017 and has not been removed.  The 

EXO2 was deployed in the stream from July 2017-November 2017 and redeployed in 

May 2018.  The sensors outlined in Table 3-5 were calibrated bi-monthly.   

Table 3-5: Summary of EXO specifications (YSI Incorporated 2012). 

Parameter Sensor Type Accuracy 

Temperature (°C) Thermistor ± 0.01 °C 

pH Glass combination 

electrode 

± 0.1 

Specific Conductivity (µS/cm) Nickel electrodes ± 0.001 µS/cm 

Dissolved Oxygen (mg/L) Optical, luminesce lifetime ± 0.1 mg/L 

Turbidity (FNU) Optical, 90° scatter ± 0.3 FNU 
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3.5 Parkhill Creek Integrated Climate Station Data 

3.5.1 Precipitation and temperature  

Air temperature and precipitation is measured at PCICS at 15-minute intervals. Mean 

annual precipitation from 2012 to 2017 is 898 mm and the total precipitation for the 

detailed study period of May 2017 to May 2018 is 885.5 mm.   Average daily maximum 

temperature during the study period was 13.5 °C with an average daily minimum 

temperature of 2.4°C (Figure 3-5).  Daily snow accumulation on the ground was acquired 

Figure 3-4: A) Tripod set up of one continuous monitoring station at PCICS.  A solar panel 
charges a battery to power the water quality sensors and a Sutron XLite 9210B data logger to 
record data every 15 minutes.  B) A SUNA equipped with stainless steel cable to be deployed in 
the well.  The cable is necessary for well deployment since the SUNA is not developed for well 
installation and has a significant weigh of 4.8 kg. C) EXO1 for well deployment D) Enclosure for 

protection of the sensors in the stream. 

A B C 

D 
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from the Strathroy Climate Station approximately 20 km away from PCICS (Environment 

and Climate Change Canada 2018).  This climate station is not located within the Parkhill 

Creek Watershed; however, the snow data can be interpreted as a general indication of 

snow dynamics in the area. Snow was intermittingly on the ground from early November 

2017 to early April 2018 with a maximum snow depth of 50 cm that occurred on January 

8 2018 (Figure 3-5). The spring of 2018 exhibited much drier conditions (low precipitation 

and streamflow) compared to the spring of 2017, illustrating vast annual climate variability 

in this area (Figure 3-5 and Figure 3-7).   

 

Figure 3-5: Total daily precipitation (mm), total daily snow accumulation (cm) and average daily 
temperature for the study period of May 1, 2017 to May 31, 2018 (Ontario Ministry of Natural 
Resources and Forestry 2018; Environment and Climate Change Canada 2018). 
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3.5.2 Soil 

Seasonal freeze-thaw cycles (FTC’s) of soil affect hydrogeological processes by 

increasing runoff and soil erosion, intensifying nutrient transport (especially in soluble 

form) from agricultural land to surface water during snowmelt and precipitation events 

(Hayhoe et al. 1992; Bechmann et al. 2005; Cober et al. 2018).  FTC are typically 

tabulated using soil temperature, though air temperature can also be used. Air 

temperature can be indicative of shallow ground and crop frosts and thaws that can 

release dissolved forms of nutrients including phosphorus and nitrogen (Hayhoe et al. 

1992; Bechmann et al. 2005; Cober et al. 2018).    

Soil temperature, moisture and electrical conductivity are measured every hour at PCICS 

at depths of 5 cm, 10 cm and 20 cm (Spencer 2014; Ontario Ministry of Natural Resources 

and Forestry 2018). From soil temperature data at a depth of 5 cm, one shallow soil FTC 

was counted each time the soil temperature changed from frozen to thawed, where a soil 

temperature greater than 0°C was considered thawed and less than 0°C was considered 

frozen based on daily average soil temperatures (Hayhoe et al. 1992).  Previously, FTC 

counts have been 1, 8 and 4 from November to April in 2014-2015, 2015-2016 and 2016-

2017, respectively.  The soil did not freeze from November to April 2017-2018 at PCICS 

and thus no freeze-thaw cycles occurred in the soil greater than a depth of 10 cm during 

this study period (Figure 3-6).  Diurnal soil FTC’s were not tabulated.  Using daily average 

air temperature (Figure 3-6) FTC were tabulated when the temperature changed from 

frozen to thawed, where a temperature greater than 0°C was considered thawed and less 

than 0°C was considered frozen. There were 17 FTC from November 2017 to April 2018 

using air temperature (Figure 3-6). 
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Figure 3-6: Daily average soil temperature from November 2014 to April 2018, with a vertical line 

illustrating the freeze-thaw threshold at 0°C (Ontario Ministry of Natural Resources and Forestry 

2018). 

3.5.3 Surface water 

Streamflow is measured in Parkhill Creek at PCICS every 15 minutes (Ontario Ministry of 

Natural Resources and Forestry 2018).  Streamflow in Parkhill Creek is dominated by 

precipitation and snow melt events in the winter and early spring with negligible influence 

from irrigation of agricultural land.  Flow ceases in some reaches during the dry months 

of July, August and September (Figure 3-7).  

Baseflow was calculated using a web-based hydrograph separation tool, SepHydro 

(developed in collaboration by the Canadian Rivers Institute, University of New 

Brunswick, Agriculture and Agri-Food Canada and Environment and Climate Change 

Canada), with daily average stream flows from PCICS (Ontario Ministry of Natural 

Resources and Forestry 2018; Canadian Rivers Institute 2018). The Eckhardt method 

was used with a maximum baseflow index (BFI) of 0.3 and a groundwater recession 

constant α of 0.93, suitable values for a perennial stream with a low permeable aquifer 

(Eckhardt 2005).  The average baseflow during the study period was 0.5 m3/s with an 
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average daily streamflow of 2.18 m3/s.  Baseflow varied throughout the study period, with 

maximum values of 4.08 m3/s during high flow events in the winter and completely 

ceasing during August and September 2017 (Figure 3-7).  

On January 12, 2018 and January 23, 2018 streamflow was 52.4 m3/s and 50.97 m3/s, 

respectively, which are the greatest stream flows in recorded history at this location, 

following 42.2 m3/s on February 12, 2009 (Figure 3-7) (Ontario Ministry of Natural 

Resources and Forestry 2018).  These streamflow events correspond to melt events 

occurring mid-January (Figure 3-5). The differences in climate between May 2017 and 

May 2018 are also apparent (Figure 3-7), where higher precipitation in 2017 resulted in 

higher streamflow compared to quasi-stagnant flow in May 2018 with few precipitation 

events.   

Artificial subsurface drainage may contribute significantly to streamflow; however, the 

exact influence of tile drainage on streamflow in Parkhill Creek is unknown since no 

measurements of tile flow in the area were collected and no historical tile flow data is 

available.  In southern Ontario, substantial tile flow generally occurs between November 

and May (Macrae et al. 2007). Water can enter the tiles through infiltration year-round 

(via macropores including cracks/fissures that are typically found in fine-textured clayey 

soils during dry conditions and biopores that form as a result of biological activity such as 

root channels or earthworm burrows), however flow through the tiles to surface water 

typically only occurs during melt and precipitation events (Macrae et al. 2007; Reid et al. 

2012; Williams et al. 2015). Thus, it can be assumed that tile flow is a major contributor 

to Parkhill Creek streamflow during high flow events while tile flow contribution to summer 

baseflow is negligible (Macrae et al. 2007).  A SWAT model was developed for this area 

to delineate tile flow; however, is not used in this study.  Further details on the SWAT 

model can be found in Appendix A-4.  
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Figure 3-7: Streamflow and Eckhardt baseflow with daily average surface water and air temperate. 
Vertical lines outline May 15-31, 2017 and 2018 for comparison of climate and flow conditions 
between years (Ontario Ministry of Natural Resources and Forestry 2018). 

3.5.4 Groundwater 

Groundwater elevation measurements are recorded every 15 minutes at PCICS for the 

deep and shallow wells.  CTD-Diver’s in the wells record centimeters of water column that 

is compensated using barometric data (pressure), also recorded every 15 minutes at 

PCICS, and then corrected using the elevations of the diver placement in the well to units 

in masl. Groundwater elevations fluctuate throughout the year (Figure 3-8) with higher 

levels in the winter and spring and lower levels in the summer and fall,, which are typical 

intra-annual dynamics (Martin et al. 2004; Schilling et al. 2018) 

For example, the groundwater elevation reached a maximum in January at 199.84 masl 

with a summer minimum of 198.01 masl. Due to monthly sampling, natural water levels 

were significantly affected throughout the study period (Figure 3-8), such that the shallow 

well water level remained nearly dry for many weeks during early August 2017 to the 
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beginning of November 2017.  Both the groundwater and surface water levels exhibited 

similar responses to seasonal climate changes indicating a possible connection between 

the groundwater and surface water at PCICS (Figure 3-8).     

 

Figure 3-8: Daily average groundwater elevations in shallow and deep wells and surface water 
levels at PCICS (Ontario Ministry of Natural Resources and Forestry 2018). 

 

3.6    Results and Discussion  

3.6.1 Water quality  

A summary of nutrients sampled from May 2017 to May 2018 at three surface water 

locations along Parkhill Creek and two groundwater wells at PCICS including nitrate, 

TRP, TDP and DRP can be found in Table 3-6.  Sources of uncertainty in the water quality 

results are discussed in Appendix E-1. TRP is found through an acid digest (American 

Public Health Association et al. 1999a), thus some reactive phosphorus can be leached 

out from particulate matter, which explains that in most instances TRP is higher than TDP 
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concentrations.  The exact amount of reactive phosphorus that is leached through the 

acid digest is unknown since particulate P was not analyzed.  TDP was filtered and 

includes all forms of dissolved phosphorus including organic and inorganic speciation.   

DRP was filtered in the field and underwent the same analysis as TRP, thus represents 

the dissolved forms of inorganic reactive phosphorus and is typically found in the smallest 

concentrations compared to the other forms.  It should be noted that samples were filtered 

through at 0.45µm filter and the values reported are defined as dissolved but can still be 

associated with fine colloidal material less than 0.45µm (Mcdowell et al. 2001).   

In most studies, total phosphorus (TP) is analyzed, which includes all organic and 

inorganic soluble and insoluble forms.  However, reporting diverse species of phosphorus 

may be more beneficial than reporting TP when discussing phosphorous implications on 

the environment and transport dynamics with climate conditions (Mcdowell et al. 2001; 

Pierzynski et al. 2005; Worsfold et al. 2005; Parsons et al. 2017; Schilling et al. 2017).  

Specifically, DRP has been directly linked to an increase in eutrophication as it can be 

immediately taken up by plants (Smith and Schindler 2009; Parsons et al. 2017), whereas 

TRP includes particulate reactive phosphorus that can subsequently release DRP, also 

influencing algal growth (Jarvie et al. 2013; Sharpley et al. 2013; Orihel et al. 2017).  

Schilling et al. (2017), found that greater DRP/TP ratios (greater DRP increases the risk 

of eutrophication) were present in surface water in tile drained areas and areas with 

intensive row crops, illustrating the importance of understanding phosphorus form in 

relation to transport pathway and land use. 

Additional dissolved elements from discrete sampling in surface water and groundwater, 

including boron, calcium, copper, iron, potassium, magnesium, molybdenum, sodium, 

zinc and IC ion results (sulphate, chloride, and nitrate) can be found in the Appendix B-3.  

Field parameters including dissolved oxygen, temperature, electrical conductivity, pH, 

and oxidation-reduction potentials at each location for all sampling dates can be found in 

Appendix B-1.  



 

 

59 

 

3.6.2 Surface water quality 

3.6.2.1 Nitrate  

For all discrete sampling dates and surface water locations, the median of nitrate was 5.6 

mg NO3
--N/L, ranging from 0.06 to 19.23 mg NO3

--N/L (Table 3-6 and Figure 3-9).  These 

nitrate concentrations are similar to reported values in other streams within the area.  In 

a study of 15 agricultural streams in southern Ontario over the period 2004-2009, the 

Little Ausable River and Silver Creek (both within the jurisdiction of the Ausable Bayfield 

Conservation Authority) were sampled for nitrate with a median of 6 mg NO3
--N/L at both 

locations (Ontario Ministry of the Environment 2012).  In a report summarizing water 

quality in the Bayfield Maitland Valley Planning Region (BMVPR) from Provincial Water 

Quality Monitoring Network (PWQMN) stations and the Ausable Bayfield Conservation 

Authority Enhanced Water Quality Monitoring program, a median of 6.07 mg NO3
--N/L 

was reported in the Parkhill Creek from 2003 to 2005, exceeding the Canadian Guideline 

for the Protection of Aquatic Life (CGPAL) for long term exposure of 2.95 mg NO3-N/L 

50% of the time (Steele and Veliz 2007; Canadian Council of Ministers of the Environment 

2012).  For the present study, nitrate concentrations regularly exceed the CGPAL, with 

all three locations exceeding the guideline on seven of 13 sampling dates.  

From May 2017 to May 2018, nitrate concentrations exhibited intra-annual variations with 

peaks in the late spring of 2017 and early winter 2018.  This is considered a “classic cycle” 

for annual nitrate variations in an agricultural stream with greater nitrate concentrations 

in wet periods and smaller concentrations during dry periods (Martin et al. 2004; Miller et 

al. 2016).  Nitrate is highly mobile in water; thus, it is expected that precipitation and 

snowmelt events may increase nitrate loadings to surface water (Domagalski et al. 2008; 

Pärn et al. 2012; Ontario Ministry of the Environment 2012; Miller et al. 2016). Figure 3-9 

highlights that nitrate concentrations generally increase with an increase in the previous 

month’s total monthly precipitation with the relationship illustrated in Figure 3-10.   
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Table 3-6: Summary of nutrient concentrations for monthly sampling at each surface water and groundwater location. All units in mg/L.  
Phosphorus sampling began in July 2017 and samples were not collected for SRP until January 2018.  TRP in January is unavailable due 
to equipment error.   

 

 

NO₃⁻-N TRP TDP SRP NO₃⁻-N TRP TDP SRP NO₃⁻-N TRP TDP SRP NO₃⁻-N TRP TDP SRP NO₃⁻-N TRP TDP SRP

June 1, 2017 9.83 - - - 11.33 - - - 9.00 - - - 0.28 - - - <0.05 - - -

June 27, 2017 19.23 - - - 16.23 - - - 13.77 - - - 0.26 - - - <0.05 - - -

July 27, 2017 6.50 <0.05 <0.07 - 6.91 0.07 <0.07 - 2.15 0.06 <0.07 - 0.25 <0.05 <0.07 - <0.05 <0.05 <0.07 -

August 30, 2017 0.20 <0.05 <0.07 - 0.15 <0.05 <0.07 - 0.28 0.09 0.08 - 0.33 <0.05 <0.07 - 0.06 <0.05 <0.07 -

September 20, 2017 0.07 <0.05 <0.07 - 2.02 <0.05 <0.07 - 0.10 0.10 <0.07 - 0.29 <0.05 <0.07 - 0.16 0.07 <0.07 -

October 30, 2017 0.35 <0.05 <0.07 - 7.97 <0.05 <0.07 - 3.80 <0.05 <0.07 - 1.54 <0.05 <0.07 - 0.07 <0.05 <0.07 -

November 27, 2017 12.87 <0.05 <0.07 - 13.48 <0.05 <0.07 - 15.46 <0.05 <0.07 - 0.49 <0.05 <0.07 - <0.05 <0.05 <0.07 -

December 19, 2017 6.65 <0.05 <0.07 - 14.02 0.14 0.13 - 13.48 0.09 <0.07 - 0.49 <0.05 <0.07 - <0.05 <0.05 <0.07 -

January 23, 2018 3.62 - 0.20 0.17 4.76 0.38 0.31 0.29 2.76 0.12 0.15 0.16 0.29 <0.05 <0.07 <0.05 <0.05 <0.05 <0.07 <0.05

February 26, 2018 4.97 0.09 0.09 0.07 6.22 0.09 <0.07 0.08 6.55 0.05 <0.07 <0.05 0.13 <0.05 <0.07 <0.05 <0.05 <0.05 <0.07 <0.05

March 26, 2018 5.39 <0.05 <0.07 <0.05 6.65 <0.05 <0.07 <0.05 5.60 <0.05 <0.07 <0.05 0.14 <0.05 <0.07 <0.05 <0.05 <0.05 <0.07 <0.05

April 30, 2018 4.09 <0.05 <0.07 <0.05 5.69 <0.05 <0.07 <0.05 5.14 <0.05 <0.07 <0.05 0.16 <0.05 <0.07 <0.05 <0.05 <0.05 <0.07 <0.05

May 30, 2018 0.09 <0.05 <0.07 <0.05 0.11 <0.05 <0.07 <0.05 1.03 0.05 <0.07 <0.05 1.23 <0.05 <0.07 <0.05 0.62 <0.05 <0.07 <0.05

PCICS McG MCAR Shallow Well Deep Well
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Figure 3-9: Monthly nitrate concentrations at the three surface water locations along Parkhill 
Creek with total monthly precipitation (Ontario Ministry of Natural Resources and Forestry 2018). 

 

Figure 3-10: Moderate relationship between nitrate concentrations, averaged between three 
surface water locations for each sampling date, and total precipitation of the previous month in 
millimeters (Ontario Ministry of Natural Resources and Forestry 2018). 



 

 

62 

 

This relationship (Figure 3-10) is not true for May 2018, where the average nitrate 

concentration was 0.41 mg NO3
--N/L with total April precipitation of 107.4 mm (Figure 

3-9).  However, considerable precipitation fell in early April (with some snowfall) followed 

by a dry May (Figure 3-5). Thus, sampling at the end of May after a prolonged dry period 

may explain the minimal nitrate concentrations in surface water. This may also explain 

the vast difference in nitrate concentrations between May of 2017 and 2018 since April 

and May 2017 had much greater precipitation compared to 2018 (Figure 3-5). Generally, 

sampling once per month is not indicative of monthly temporal variations and therefore 

may not be appropriate for defining a relationship between monthly climate and monthly 

surface water quality.   

Continuous water quality measurements in Parkhill Creek at PCICS were taken from July 

2017 to November 2017 and May 2018 onward, with nitrate data intermittently available 

from July 11-23, 2017, October 5 to November 11, 2017, and May 2018 onward.  All 

continuous surface water quality data can be found in Appendix B-5. This high frequency 

data, collected every 15 minutes, captured a relationship between precipitation and nitrate 

concentrations in some instances (Figure 3-11).  Nitrate concentrations were less than 5 

mg/L at the end of the summer when there were few precipitation events, until October 

when nitrate concentrations began to increase with an increase in precipitation, (Figure 

3-11).  Specifically, a significant rainfall event on October 31, 2017, with approximately 

20 mm of rainfall and an increase in temperature, may have resulted in an increase of 

nitrate by 11 mg NO3
--N/L from November 2 to November 4, 2017.  On the day of the 

main precipitation event (October 31, 2017) an increase of nitrate occurred followed by a 

prolonged increase of nitrate in the following three days.  This could suggest rapid 

transport of nitrate from adjacent overland flow during the precipitation event and lagged 

nitrate loading from sources such as surface or subsurface drains in the following days 

(Robinson 1990).  Streamflow response occurred on November 4 (Figure 3-7) with the 

maximum nitrate concentrations for this precipitation event, further indicating a delayed 

flow response from overland or tile flow resulted in substantial nitrate transport to surface 

water.  Groundwater elevations at PCICS were also increased during this event (Figure 
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3-8).  This rise in the water table adjacent to the stream (riparian area at PCICS) may 

have also contributed to the increase in nitrate flux to surface water during this event since 

any nitrate stored in the shallow subsurface could have been “flushed” into the water 

(Ranalli and Macalady 2010; Martin et al. 2004).  

 

Figure 3-11: Continuous hourly data from Parkhill Creek at PCICS including nitrate, dissolved 
oxygen and water temperature with total daily precipitation from October 10, 2017 to November 9, 
2017. 

Discharge from tile systems as a source of nitrate should be considered in months of 

increased precipitation and streamflow since tile discharge, especially in southern Ontario 

where irrigation is not common, is intermittently active in spring and winter precipitation 

events (Macrae et al. 2007).  Although the exact contribution of tile flow on streamflow is 

not known for the current research site, it can be assumed that significant tile flow is 

occurring during precipitation events, as previously discussed in Section 3.5.3.  Since 

there were minimal concentrations of nitrate measured during baseflow conditions, tile 

drain discharge during high flow events could be a significant transport pathway to surface 
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water in this setting.  In May 2018, during an isolated sampling event, a sample from a 

running tile drain was taken that yielded a nitrate concentration of 4.5 mg NO3
--N/L.  

Additional samples were collected 50 m and 2200 m downstream (natural channel) where 

nitrate concentrations were found to be approximately 4.0 mg NO3
--N/L and                         

3.1 mg NO3
--N/L, respectively.  Although this was an isolated sampling event, the similar 

nitrate concentration found in the tile compared to stream water indicates that tile flow 

could be a significant pathway of nitrate to Parkhill Creek.   

The nitrate results (Table 3-6) exhibit spatial differences along Parkhill Creek between 

the three surface water sampling locations.  The median values of nitrate are 6.1, 7.3 and 

5.7 mg NO3
--N/L at MCAR, McG and PCICS, respectively.  Between MCAR and McG 

there is a 30% increase of nitrate and a 25% decrease of nitrate from McG to PCICS.  

Between McG and PCICS, instream denitrification process may outweigh additional 

external nutrient sources to the stream.  In July 2017, instream diel (24 hr) cycling of 

nitrate, dissolved oxygen and temperature were observed from high frequency sampling 

(Figure 3-12). A diurnal decrease of nitrate along with a decrease of dissolved oxygen 

suggests the presence of instream denitrification (Harrison et al. 2005; Rosamond et al. 

2011; Burns et al. 2016).  The diel cycles of nitrate and dissolved oxygen are the greatest 

in the summer, typically July, and may be caused by changes in temperature or sunlight 

(Heathwaite 1993; Rosamond et al. 2011; Burns et al. 2016).  Diurnal fluctuations of 

nitrate are important for understanding overall aquatic health, in addition to developing 

appropriate sampling protocols for capturing instream seasonal quality variations.  
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Figure 3-12: Diel cycling of nitrate, dissolved oxygen and water temperature from July 15, 2017 to 
July 22, 2017, illustrated by continuous hourly data in Parkhill Creek at PCICS. 

In September 2017 and May 2018, 22 surface water locations (including the monthly 

sampling locations) were sampled for nitrate and general field parameters including 

electrical conductivity, dissolved oxygen, temperature, pH and ORP (Figure 3-13).  The 

field parameters measured at each location are outline in Appendix D-3.  Nitrate 

concentrations at each location for each sampling date can be seen in Figure 3-14.  

Surface water sampling locations included natural watercourse sites and artificial surface 

drains (Figure 3-13).  The September sampling occurred during baseflow with conditions 

favourable for denitrification (high water temperature, low dissolved oxygen in water and 

shallow water levels with minimal flow). The May sampling occurred during a wet season 

with favourable nutrient transport conditions (early spring fertilization, increased 

precipitation, increased streamflow) (Heathwaite 1993; Martin et al. 2004; Rivett et al. 

2008; Ministry of Agriculture Food and Rural Affairs 2017). Concentrations of nitrate were 

higher in May compared to September, aligning with the “classic cycle” of nitrate 

concentrations in stream water, except at locations E, McG and P (Martin et al. 2004).  At 

locations E, McG and P in September, groundwater or internal nitrogen cycling may have 



 

 

66 

 

been transport pathways (sources) of nitrate in the absence of precipitation and 

streamflow (Domagalski and Johnson 2011; Janke et al. 2014).   In May, the nitrate 

concentrations were generally higher in the northern extents of the watershed where 

constructed drains are dominant, highlighting the importance of natural buffer zones (Hill 

1996; Pärn et al. 2012).  Spatial and temporal crop type variability may also contribute to 

nitrate concentration variances between September 2017 and May 2018 and between 

the 22 locations. Significant fertilizer applied early May coupled with an increase in 

precipitation contributes to the likelihood of excess nutrient transport from agricultural land 

to surface water. However, fertilizer is typically not applied in early fall, further indicating 

groundwater flux or internal nitrogen cycling as sources of nitrate during baseflow 

conditions (Ontario Ministry of Agriculture Food and Rural Affairs 2006).  The higher 

concentrations of nitrate in September at locations E, McG and P did not exceed the 

Canadian Guideline for the Protection of Aquatic life for long term exposure of 2.95 mg 

NO3-N/L and could be considered background levels for nitrate in surface water (not 

anthropogenic-derived) (Canadian Council of Ministers of the Environment 2012). 
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Figure 3-13: Nitrate survey locations along Parkhill Creek and tributaries, including differentiation 
between surface artificially constructed drains and natural watercourse. 

 

Figure 3-14: Nitrate concentrations at 22 locations within the Parkhill Creek watershed in 
September 2017 (blue) and May 2018 (yellow). 
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3.6.2.2 Phosphorus  

On five of 13 sampling dates, TRP at MCAR exceeded the Provincial Water Quality 

Objective (PWQO) for total phosphorus (TP) of 0.03 mg/L and on four of 13 sampling 

dates TRP at McG exceeded the PWQO (Ontario Ministry of the Environment and Energy 

1994).  The surface water location at PCICS exceeded the PWQO on two sampling dates.  

It should be noted that TRP only accounts for the inorganic reactive forms of phosphorus, 

a fraction of the total phosphorus load, and the detection limit for the TRP analysis was 

above the PWQO at 0.05 mg/L.  The water quality study in BMVPR, reports a median of 

0.082 mg/L of TP in Parkhill Creek from 2003-2005, that exceed the PWQO and is similar 

to the median of 0.085 mg/L of TRP found in this study. There are no studies in the area 

that report TRP or TDP; however, the Provincial (Stream) Water Quality Monitoring 

Network (PWQMN) reports soluble reactive phosphorus (SRP) with a maximum value of 

0.0933 mg/L in 2016 from nine sampling dates from a location approximately 1 km 

downstream of the reservoir at the outlet of Upper Parkhill Watershed (Government of 

Ontario 2018c). This maximum is smaller than the TRP reported in this study; however, 

SRP is filtered, whereas TRP is not filtered and thus is expected to be slightly higher than 

SRP.  From January to May 2018, SRP was collected at the three sampling locations with 

a maximum of 0.293 mg/L, which is higher than the PWQMN location in 2016.  Detailed 

historical water quality from this location can be found in Appendix D-1.  

MCAR had the most consistent TRP concentrations over the detection limit while McG 

had the greatest overall TRP in the winter (Figure 3-15).  Although the most TRP was 

transported to surface water in the winter, high TRP concentrations especially in soluble 

form, are more detrimental to the aquatic ecosystems during summer when the conditions 

are favorable to eutrophication (Mcdowell et al. 2001; Canadian Council of Ministers of 

the Environment 2004; Stamm et al. 2014).   Phosphorus loading to surface water may 

not be immediately detrimental to the environment in the winter; however, it can be stored 

within the streambank and streambed material and subsequently released in warmer and 

shallower water causing eutrophic and hypereutrophic conditions (internal loading from 

“legacy phosphorus”), even in the absence of other external sources (Mcdowell et al. 
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2001; Canadian Council of Ministers of the Environment 2004; Jarvie et al. 2013; Orihel 

et al. 2017). Elevated levels of TRP in July, August and September may indicate that 

internal phosphorus loading to Parkhill Creek could be a notable phosphorus source 

during baseflow conditions (Figure 3-15).  

A substantial increase in TRP occurred in January 2018 during a melt event (Figure 3-15).  

This was the most significant melt event of the year due during a freeze thaw cycle of -

7.7°C to 8.1°C and back to -10.9°C (daily average temperatures) within four days 

producing the highest streamflow in recorded history (Ontario Ministry of Natural 

Resources and Forestry 2018) (Figure 3-5 and Figure 3-7).  Based on Figure 3-15, 

phosphorus transport to surface water was more responsive to melt events, causing high 

streamflow, and less responsive to precipitation events (Figure 3-5).  Since phosphorus 

is highly reactive, it can readily adsorb to mineral surfaces or forms stable minerals 

through precipitation, unlike nitrate. Thus, phosphorus (especially soluble forms) is more 

likely to be transported during erosive events (Domagalski and Johnson 2011; Reid et al. 

2012).  Tile drains can be active during such events; however, as previously mentioned, 

the exact influence of tile flow on surface water contamination is unclear.  In the isolated 

sampling event from a flowing tile drain in May 2018, the DRP concentration was found 

to be 0.067 mg/L, suggesting that there is soluble phosphorus transport through the tiles.  

At surface water locations approximately 50 m and 2200 m downstream of the tile outlet, 

the DRP concentrations were found to be <0.05 mg/L, alluding that further transport of 

phosphorus downstream is being controlled through instream phosphorus cycling 

processes such as sorption, precipitation and immobilization (Mcdowell et al. 2001; 

Domagalski and Johnson 2011; Pagliari et al. 2017).  Although phosphorus transport to 

surface water through tile drainage may be significant, it is understood that the majority 

of phosphorus loading to surface water occurs as overland flow especially during the 

winter and spring through freezing and thawing cycles, which is evident in the results 

(Figure 3-15 and Table 3-6) (Mcdowell et al. 2001; Macrae et al. 2007; Domagalski et al. 

2008).    
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Samples during the winter were collected near the streambank due to inaccessibility, 

which may have resulted in biased phosphorus peaks since the streambank sediment 

can readily leach phosphorus, especially soluble forms from aggravation of the soil during 

sampling (Fitzgerald et al. 2015).  Monthly discrete sampling may be useful for capturing 

seasonal trends of nutrients. However, event-based sampling may be more appropriate 

for representing nutrient transport during events of large nutrient export, such as 

significant precipitation and melt events, since there can be vast nutrient variation during 

such occurrences.  

 

Figure 3-15: Monthly total reactive phosphorus (TRP) at the three surface water locations in Parkhill 
Creek plotted with daily average streamflow at PCICS (Ontario Ministry of Natural Resources and 
Forestry 2018).  Note that there is not a measurement for TRP at PCICS available on January 23. 
Zero values for TRP indicate a value below the detection limit of 0.05 mg/L. 

3.6.3 Groundwater quality  

For all sampling dates, there were no significant nutrient concentrations found in the 

shallow and deep groundwater wells at PCICS (Table 3-6). Nitrate concentrations in the 

shallow well can be considered “background” levels of nitrate as the concentrations did 

not exceed 1.6 mg NO3
--N/L (United States Geological Survey 2014).  Nitrate 
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concentrations in the deep well were lower than the shallow well, with most 

concentrations below the detection limit of 0.05 mg NO3
--N/L of nitrate.  On one occasion, 

September 20, 2017, there was 0.07 mg/L of TRP measured in the deep well.  TDP was 

not present in the groundwater, thus it can be assumed that the TRP was dominantly 

particulate reactive phosphorus.  This is important to note because in certain conditions 

(anoxic with low pH) DRP can be released from particulate matter and become mobile in 

the groundwater, potentially contaminating surface water through groundwater seepage 

(Domagalski et al. 2008; Robinson 2015; Schilling et al. 2018). However, groundwater 

quality in the GLB is generally good, especially in low permeable soils with widespread 

tile drainage (Steele and Veliz 2007; Domagalski and Johnson 2011; Robinson 2015).  

The shallow well had higher chloride concentrations compared to the deep well, until 

February 2018 (Figure 3-16).  A maximum chloride concentration in the shallow well 

occurred during the January 2018 flood event, with a value of 80 mg/L, which also resulted 

in an increase in the deep well chloride from 26.7 mg/L to 49.4 mg/L.  From February to 

May 2018 the wells had similarly high chloride concentrations with the increase in 

groundwater level, suggesting influence from anthropogenic activities such as road salt 

applications, coherent with the tritium sampling results suggesting the groundwater is 

modern (Section 3.3.3 Subsurface characterization). Sulphate concentrations were 

consistently higher in the shallow well compared to the deep well, expect in February 

2018 (Figure 3-16).  When oxidation-reduction potential measurements were taken (refer 

to Appendix B-1 for field parameters) the deep well was typically in the sulphate reducing 

range of -50 to -250 mV, while the shallow well ORP values were higher, suggesting 

conditions favorable for denitrification (-50 to +50 mV) or nitrification conditions in some 

instances (+100 to +350 mV) (Gerardi 2008).  In nitrification conditions, the shallow well 

nitrate concentrations remained below 1.6 mg NO3
--N/L indicating that anthropogenic 

activities, such as agricultural sources, may not influence groundwater nutrient 

concentrations at this site.  A Provincial Groundwater Monitoring Network (PGMN) 

groundwater well that is approximately 2 km down-gradient from PCICS with a depth of 

11.3 m (similar to the deep well at 15.2 m), has similar reported values of low sulphate 
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with an average of 13.3 mg/L from 2003-2015 and low nitrate concentrations of <1 mg 

NO3
--N/L (Government of Ontario 2018a).  More detailed historical groundwater quality at 

this well can be found in Appendix D-2. 

Concentrations of chloride [250 mg/L], sulphate [250 mg/L] and nitrate [10 mg/L], did not 

exceed the drinking water standards in Canada, indicated in the square brackets (Health 

Canada 2017).  The source areas calculated for these wells (Table 3-2) did not extend to 

agricultural fields where fertilizer may be applied.  Thus, it is expected that there will be 

minimal anthropogenic influence on nutrient concentrations in the groundwater, however 

the wells are in close proximity to a road where road salt is applied, corresponding to the 

increase in chloride concentrations in the winter (Figure 3-16).   

Continuous measurements of DO, EC, pH and temperature in the shallow well can be 

seen in Figure 3-17.  From July 2017 to May 2018, EC and temperature are inversely 

related to the groundwater level with little fluctuation in pH.  DO fluctuates throughout the 

year, approaching 8 mg/L in early spring and mid- winter, generally decreasing with water 

level.  The largest changes in parameters occurred after the first snowmelt and flood 

event on January 13, 2018, where a sudden increase in water level resulted in decreased 

EC, DO and temperature.   

 

Figure 3-16: Monthly chloride and sulphate concentrations in the shallow and deep groundwater 
wells at PCICS. 
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Figure 3-17: Daily average temperature, dissolved oxygen, pH, electrical conductivity and water 
level for the shallow well at PCICS. 

3.6.4 Groundwater as a source of nutrients to Parkhill Creek 

Event driven phosphorus loadings to surface water seemed to be the dominant 

phosphorus transport pathway in this study. However, the algal growth in early May 2018 

and late summer in 2017 during dry and warm climate and low flows suggests that there 

may be smaller nutrient delivery from continuous sources such as groundwater seepage, 

point sources or the internal release of legacy phosphorous is streambed sediment 

through biogeochemical cycling. These possible continuous sources of nutrients to 

surface water may be more important for ecological health compared to event-driven 

nutrient loading (Stamm et al. 2014).   
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Results from the nitrate concentrations in September suggest that groundwater might be 

a source of nitrate to surface water; however, there is not a strong correlation between 

222-radon (used as a groundwater tracer) and nitrate at the 22 survey locations (Figure 

3-18) or monthly radon and nitrate concentrations (Figure 3-19).  Furthermore, there are 

minimal nutrient concentrations found in the groundwater at PCICS (Table 3-6), thus 

groundwater as a source of nutrients to Parkhill Creek is minimal compared to overland 

flow and tile discharge.  Monthly 222-radon values at each sampling location can be found 

in Appendix D-1.  Further detail on the 22-location discrete 222-radon survey and 

continuous 222-radon sampling can be found in Appendix D-2.  

 

Figure 3-18: Radon and nitrate concentrations at 22 survey locations along Parkhill Creek. 

 

Figure 3-19: Monthly radon in relation to monthly nitrate concentrations. 
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3.6.5 Conceptual model  

A conceptual model was developed to illustrate and summarize nutrient dynamics in the 

study area (Figure 3-20).  The surficial extents of the model include all three discrete 

surface water sampling locations along a natural meandering reach of Parkhill Creek.  

Natural vegetation increases towards PCICS, with negligible riparian area near MCAR.  

The majority of the surrounding agriculture area is row crops in a soybean-wheat-corn 

rotation with extensive tile drainage.  A feedlot operation is located upstream of McG, 

between MCAR and McG.  Nutrient flow paths: overland flow, tile drainage and surface 

leaching, are scaled based on the influence of each pathway on surface water quality 

established using water quality results obtained in this study.  Surface water location 

names (MCAR, McG and PCICS) are scaled based on median nitrate and phosphorus 

concentrations, where McG has the highest median of nitrate and total reactive 

phosphorus concentrations (Figure 3-21).  Water quality at McG may be influenced by 

the feedlot operation since manure can be a substantial source of phosphorus, nitrogen 

and chloride to surface water and groundwater (Dinnes et al. 2002; Levison and 

Novakowski 2009; Pärn et al. 2012; Jarvie et al. 2013).  Subsurface characterization to a 

depth of 16 m is illustrated using borehole logs (Government of Ontario 2018a).  The 

surficial geology is dominantly brown and grey silty clay with some sand and blue clay 

deposits in the extents of this diagram.  
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Figure 3-20: A conceptual representation of nutrient dynamics in the Parkhill Creek watershed.  The model extends to the three discrete 
surface water sampling locations including 16 meters of subsurface characterization from seven borehole logs.  Transport pathways are 
scaled to visually represent dominant paths with overland flow being the most dominant.  Surface water location names are scaled to 
visually represent median nitrate and phosphorus concentrations from May 2017 to May 2018 where McG had the largest median TRP and 

nitrate concentrations. 
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Figure 3-21: Boxplot representation of TRP, sulphate, chloride and nitrate (all in units of mg/L) for 
each discrete surface water sampling location (PCICS, McG and MCAR) along Parkhill Creek. The 
median (center line), first quartile (bottom of box) and third quartile (top of box) are plotted with 
maximum and minimum values.  Outliers are represented by the points (in the sulphate diagram), 
which are three times below the value the first quartile and three times above the value of the third 
quartile.  

3.7 Conclusions and Recommendations 

Methods used in the study proved useful for understanding nutrient dynamics in this clay 

plain, agriculturally-dominant system. Spatial and temporal variations of nitrogen and 

phosphorus were highlighted through the identification of major transport pathways and 

the assessment of climate-related impacts on the rate and quantity of nutrient movement 

from agricultural land to surface water.   

Based on discrete surface water sampling of phosphorus and nitrate, nutrient transport 

dynamics varied temporally with seasonal changes in the study area, aligning with other 
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prevalent research. For example,  phosphorus is more likely to be leached during freeze-

thaw cycles compared to nitrate, with overland flow dominating phosphorus transport to 

surface water, whereas nitrate is more easily transported through subsurface preferential 

pathways during precipitation events (Mcdowell et al. 2001; Domagalski et al. 2008; Pärn 

et al. 2012; Cober et al. 2018).  Freeze-thaw cycling and precipitation events are expected 

to become more frequent and intense with climate change (Canadian Council of Ministers 

of the Environment 2011).  Thus, the understanding of these climate influences on 

nutrient transport to surface water bodies is relevant for developing resilient nutrient and 

water management policies.   

Nitrate concentrations were found to correlate to the previous months’ total precipitation 

within this study period with an R2 value of 0.68. There was a substantial decrease in May 

2018 nitrate concentrations compared to May 2017.  This decrease corresponded to drier 

conditions (low precipitation, minimal streamflow and increase temperatures) in May 

2018.   Moreover, at 19 of 22 surface water locations along Parkhill Creek and tributaries, 

nitrate concentrations were greater in May 2018 compared with September 2017, 

illustrating that nitrate in surface water can be influenced by fertilization in early May.   

Minimal concentrations of nitrate and phosphorus were found in the groundwater.  

Nutrient transport to surface water was dominated by overland and tile drain flow. 

Therefore, there was minimal nutrient transport through groundwater flux.  The wells used 

for water quality sampling in this study were in low permeability soils, resulting in small 

source areas and thus potentially poor candidates for sampling and assessing 

anthropogenic (agriculture) influence on groundwater quality. 

Nutrient concentrations varied spatially in Parkhill Creek suggesting the presence of 

instream nutrient processes and the impacts of various land uses on different reaches of 

Parkhill Creek.  Phosphorus and nitrogen concentrations increased from MCAR to McG 

and decreased from McG to PCICS. Increased nitrate and chloride in the surface water 

at McG may be a result of manure due to the feedlot upstream.  Instream denitrification 

was present, illustrated through diurnal cycles of nitrogen and dissolved oxygen in July.  



 

 

79 

 

The decrease in phosphorus from McG to PCICS and from the tile outlet to adjacent 

stream water suggests that phosphorus is being internally stored, resulting in the 

subsequent release of “legacy phosphorus” in soluble form.  In the absence external 

sources, there was widespread eutrophication of Parkhill Creek and tributaries in late 

August 2017 and late May 2018.  This suggests the presence of internal phosphorus 

loading.  Moreover, May 2018 experienced warmer temperatures and less precipitation 

compared to May 2017. There were no algae present in May 2017, illustrating the 

importance of climate conditions on the consequences of nutrient transport.   

Phosphorus and nitrogen concentrations in the surface water regularly exceeded 

environmental guidelines during this study period suggesting that further investigation is 

needed for the continual improvement of nutrient and land management policies.  Event-

based sampling would increase the understanding of climatic impacts on nutrient 

transport.  Tile drainage contribution to Parkhill Creek streamflow should be addressed 

for further assessment of nutrient transport pathways, especially soluble forms of 

phosphorus.  Land owner surveys should be continued for fertilization methods and land 

management practices to further understand nutrient sources for a comprehensive 

understanding of nutrient transport in this area. It is anticipated that the methodology 

developed in this study, with some enhancements, can be utilized in additional clay plain 

systems within the GLB where water quality issues, such as eutrophication, is a concern.  
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4 Conclusions  

4.1 Summary of Results  

The following conclusions can be made based on the results of this study: 

Q1) Is there a relationship between seasonal climate fluctuations and nutrient 

concentrations in surface water and groundwater in this clay system? 

Nitrate and phosphorus concentrations in the surface water exhibited seasonal variation. 

Nitrate concentrations increased in surface water during precipitation events, particularly 

in early spring and early winter. Phosphorus concentrations substantially increased in 

surface water during a large snowmelt event in the winter.  Precipitation and freeze-thaw 

cycles are expected to increase in frequency and severity in future climate scenarios. 

Therefore, the nutrient transport and climate relationships established through this study 

may be useful for developing adaptive management strategies for future climate 

scenarios.  

Q2) What are the dominant hydrologic flow paths (natural and artificial) of nutrients from 

agricultural land to Parkhill Creek? 

In this clay plain system, overland flow and tile drainage dominated nutrient transport from 

agricultural land to surface water.  Nutrient concentrations in the groundwater were 

considered background levels with minimal influence from anthropogenic activities.  

There was no correlation between nitrate and radon concentrations (spatially and 

temporally); thus, groundwater was not found to be a significant source of nutrients to 

surface water in the Upper Parkhill watershed in this study.  Subsequent studies in the 

area should focus should be on managing nutrient loss through subsurface pathways (tile 

drainage) and overland flow while recognizing climate impacts on the preferential 

pathways for both nitrate and phosphorus.  

 

 



 

 

81 

 

Q3) Is there spatial variability of nitrogen and phosphorus in the Upper Parkhill 

Watershed? 

The results of two surveys for nitrate concentrations conducted at 22 surface water 

locations in September 2017 and May 2018 indicate spatial variability within the 

watershed. In May 2018 (following spring fertilization), nitrate concentrations were higher 

in the northern extends of the watershed where agricultural land and artificial surface 

drainage is dominant.  Concentrations of nitrate decreased in natural channels 

surrounded by conservation area, indicating that there is anthropogenic (agricultural) 

influence on nitrate concentrations in Parkhill Creek. From monthly sampling of MCAR, 

McG and PCICS locations, respectively, nitrate median concentrations increased 30% 

from MCAR to McG and decreased 25% from McG to PCICS.  There is intensive 

agricultural activity (including a feedlot operation) between MCAR and McG, suggesting 

significant anthropogenic influence on water quality in this reach of Parkhill Creek. 

Instream denitrification process may outweigh additional external nutrient sources to the 

stream between McG to PCICS, where the creek is surrounded by increased natural 

vegetation.   

The continual development and improvement of resilient nutrient management strategies 

is integral for the sustainability of water quality in the GLB. Nutrient dynamics of nitrogen 

and phosphorus through groundwater and surface water pathways were conceptualized 

in this GLB clay plain system.  The results indicate vast spatial and temporal variations of 

nutrients in the surface water, with strong evidence of climate influence on the rate and 

quantity of nutrient transport.  It is anticipated that the comprehensive methods developed 

in this study, with some enhancement, can be utilized in additional GLB clay systems to 

develop nutrient and land management strategies that yield sustainable environmental 

improvement within the GLB.  

4.2 Study Limitations and Recommendations  

Nutrient transport through groundwater and surface water pathways in an agriculturally-

dominant area is complex, yet important to understand for the protection of water quality 
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in the GLB. Hydrologic, climatic and geochemical processes must be assessed to gain 

comprehensive understanding of nutrient dynamics in a system. A preliminary 

conceptualization of nutrient dynamics (nitrogen and phosphorus) in the Upper Parkhill 

watershed was developed for one year (May 2017- May 2018).  Results of this study 

highlight dominant nutrient transport pathways to surface water from agricultural land and 

illustrate important relationships between climate conditions and quantity of nutrient 

transport; however, there are few shortcomings to the methodology of this study.   

Particulate and total phosphorus should be analyzed in addition to soluble and total 

reactive forms of phosphorus when sampling in groundwater and surface water.  Soluble 

phosphorus is immediately available for plant uptake; however, as discussed in preceding 

sections (particularly section 3.6.2.2), the subsequent release of DRP from particulate 

matter (“legacy phosphorus”) can also be a significant source of phosphorus to surface 

water that may contribute to eutrophication (Orihel et al. 2017).  Concentrations of TRP 

(including particulate and soluble inorganic phosphorus) were regularly reported at 

environmentally detrimental concentrations in Parkhill Creek.  This is useful for 

understanding overall nutrient transport and the conditions of surface water quality; but, 

the differentiation of particulate versus soluble reactive phosphorus would be valuable to 

highlight instream loading of phosphorus.   

Tile drainage was found to be a source of DRP and nitrate in this study; however, the total 

contribution of tile flow to streamflow in Parkhill Creek is unknown.  Further delineation of 

tile drainage flow should be conducted for an improved understanding of hydrologic 

processes and nutrient transport pathways. The timing of flow (i.e. determine if tile flow is 

only active during precipitation and melt events or if tile flow contributes to streamflow 

year-round) and nutrient concentrations in the tiles should be investigated.  Almost all of 

agricultural land is tile drained in the watershed; thus, spatial variability of tile drain 

impacts on surface water should be assessed. A SWAT model was developed for the 

purpose of delineating tile flow dynamics in the watershed (Appendix A-4).  The use of 

the model was outside the scope of the project; however, this model could be used for 
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further understanding of hydrologic processes and nutrient transport (Texas Water 

Resources Institute 2008).  

The sources of nutrients are important for the complete understanding of nutrient 

dynamics in a system.  Although crop type distribution is available for the area from 

Agriculture and Agri-Food Canada, fertilizer methods are not publicly available. Further 

land owner surveys should be conducted within the watershed to determine the type of 

fertilizer used, timing of application and methods used for application.  Land owner survey 

participation was minimal in this study; thus, more focus should be given to increasing 

participation such as revising incentives and strategies used to engage land owners.  

Nutrient concentrations in the groundwater at PCICS were found to be at background 

level concentrations. Based on the small sources areas calculated for the monitoring wells 

and the modern age of the water, these wells may not be suitable for water quality 

assessment in the watershed; however, a PGMN well within the watershed has similarly 

low nutrient concentrations.  For further verification that the groundwater quality is good 

and nutrient transport through groundwater flux is minimal in the Upper Parkhill 

watershed, additional monitoring wells, at varying depths and spatial locations within the 

watershed, should be sampled.  If possible, additional wells should be installed in close 

proximity to agricultural land and surface water features to assess possible anthropogenic 

influence on groundwater quality and groundwater-surface water interactions.  

Intermittent continuous nitrate concentrations were collected in the summer and fall of 

2017 and early spring of 2018.  Substantial diel variations of nitrate concentrations (in 

addition to temperature and DO variability) were observed in July 2017, suggesting the 

presence of instream nutrient cycling.  Continuous monitoring should continue for further 

examination of diurnal water quality variation and high-resolution investigation of climatic 

impacts on nutrient variation. Continuous monitoring of phosphorus concentrations 

(particularly during precipitation and melt events) may also be useful for highlighting 

internal loading dynamics and climatic influence on transport to surface water.  
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Appendix A- Site Characterization  

A-1 Geological Cross Sections  

There are five main hydro-stratigraphic units outlined in Figures, 2,4 and 5.  Aquitard AT1 

is dominantly surficial till, specifically St. Joseph’s Till, miscellaneous tills from the Port 

Bruce Stadial and lacustrine deposits (Cooper and Clue 1974).  The intermediate aquifer, 

AQInt, is classified by sand and gravel deposits associated with Lake Arkona. Sand and 

gravel deposits below AQInt was classified as basal aquifer, AQ2 and basal tills, 

dominated by Catfish Creek Till overlying the bedrock is represented at aquitard, AT2.  

The final layer illustrated in the cross sections is bedrock. There is a surficial aquifer 

categorized by sand from a shoreline deposit near the outlet of the watershed that is not 

represented in the cross sections (E. Persaud, personal communication July 2018). 

 

Figure A-1.1: Cross Section Locations in Upper Parkhill watershed (E. Persaud, personal 

communication July 2018). 
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Figure A-1.2: Cross Section A-A' and geological characterization legend (E. Persaud, personal communication July 2018). 
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Figure A-1.3: Cross Section B-B’ (E. Persaud, personal communication July 2018). 

 

Figure A-1.4: Cross Section B-B’ (E. Persaud, personal communication July 2018). 
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A-2 Land Use 

Table A-2.1: Distribution of Land Use in 2017, where columns highlighted in yellow are considered 

agricultural land (Agriculture and Agri-Food Canada 2018) 

Land Use/Crop Type Area (Ha) %Total Area 

Soybeans 7128.96 34.735 

Corn 4933.05 24.036 

Winter Wheat 3581.76 17.452 

Mixed wood 1645.95 8.02 

Pasture and Forages 1239.75 6.041 

Urban and Developed 674.79 3.288 

Broadleaf 612.48 2.984 

Coniferous 506.43 2.468 

Water 51.99 0.253 

Wetland 48.27 0.235 

Other Vegetables 40.35 0.197 

Exposed Land and Barren 32.22 0.157 

Oats 16.08 0.078 

Beans 10.53 0.051 

Orchards 1.2 0.006 

Shrubland 0.15 0.001 
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Table A-2.2: Distribution of Land Use in 2017, where columns highlighted in yellow are considered 

agricultural land (Agriculture and Agri-Food Canada 2018) 

Land Use/Crop Type Area (Ha) % Total Area 

Soybeans 7128.96 34.613 

Corn 4933.05 23.951 

Winter Wheat 3581.76 17.391 

Mixed wood 1645.95 7.992 

Pasture and Forages 1239.75 6.019 

Urban and Developed 674.79 3.276 

Broadleaf 612.48 2.974 

Coniferous 506.43 2.459 

Water 51.99 0.252 

Wetland 48.27 0.234 

Other Vegetables 40.35 0.196 

Spring Wheat 37.17 0.18 

Exposed Land and 
Barren 

32.22 0.156 

Grassland 17.16 0.083 

Oats 16.08 0.078 

Beans 10.53 0.051 

Peas 6 0.029 

Barley 4.89 0.024 

Other Crops 3.03 0.015 

Tobacco 2.19 0.011 

Potatoes 1.47 0.007 

Orchards 1.2 0.006 

Greenhouses 0.18 0.001 

Shrubland 0.15 0.001 
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Figure A-2.1: Crop rotation from 2014 to 2017 within the Upper Parkhill watershed with majority of 

fields in a variation of a corn-soybean-wheat rotation.  Based on the rotation data, some farmland 

that is adjacent to Parkhill Creek has become wetland and is highlighted in dark pink (Agriculure 

and Agri-Food Canada 2018) 

Legend
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A-3 Groundwater Characterization  

This is supplemental material to the source area calculations outlined in the section Site 

Description-Subsurface Characterization (Section 3.3.3).  Approximate source areas of 

the Shallow and Deep wells at PCICS were calculated using the equation below (Harter 

et al. 2002), where L [m] is the up-gradient linear extent of the well source area that 

originated from recharge (Figure A-2.2).   The linear extent is based on net recharge in 

the area (R [m/s]), groundwater discharge rate (q [m/s]) and the length of the screened 

interval of the well below the water table (d [m]) (Table A-2.3). 

𝐿 =
𝑑𝑞

𝑅
 

 

Figure A-2.2: Up-gradient well in relation to PCICS that was chosen to calculate regional 

groundwater flow 
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Table A-2.3: Values for source area calculation 

 

 

A-4 SWAT Model Development  

A SWAT model (Texas Water Resources Institute 2008) was developed to simulate 

hydrologic processes, specifically tile drainage flow in the watershed. To delineate 

hydrologic response units (HRU), soil type, land use and slopes are used as inputs.  Soil 

and land slope classifications can be seen in Figure A-4.1 Land use data was used from 

Agriculture and Agri-Food Canada (2018) and soil data was obtained from Canadian Soil 

Information Service (2018) (Daggupati et al. 2018) (Table A-4.1).  Some of the soil types 

in the area classified by CanSIS are not in the SWAT Soil database for Canadian Soils, 

thus similar soil types based on clay and sand composition were chosen (Table A-4.1).   

 

 

Parameter Value

Up-gradient well static water level (masl) 2.25E+02

Distance to up-gradient well (m) 1.70E+03

Shallow Well

Static water level (masl) 2.01E+02

Hydraulic Gradient 1.44E-02

Hydraulic Conductivity (m/s) 1.11E-07

q-Regional Groundwater Flow (m/s) 1.60E-09

R-Recharge (m/s) 6.43E-09

d-Length of Screened Interval (m) 4.70E+00

L-Linear Extent of source Area (m) 1.17E+00

Deep Well

Static water level (masl) 2.00E+02

Hydraulic Gradient 1.51E-02

Hydraulic Conductivity (m/s) 7.37E-08

q- Regional Groundwater Flow (m/s) 1.12E-09

R-Recharge (m/s) 6.43E-09

d-Length of Screened Interval (m) 1.29E+01

L-Linear Extent of source Area (m) 2.23E+00
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Figure A-4.1: SWAT soil distribution and land slope classification (Canadian Soil Information 

Service 2000) 
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Table A-4.1: Soil classifications used for delineation of SWAT HRUs 

 

The outlet of the simulated watershed was moved further upstream to the Water Survey 

Canada streamflow gauge station. This was done to avoid complications associated with 

simulating the reservoir. Simulated monthly flows were calibrated to the measured flows 

at this modified location.  The watershed was delineated into 25 sub-basins and 2815 

HRUs.  Calibration results based on streamflow are illustrated in Figure A-4.2 with 

calibration parameters outlined in Table A-4.2.  The primary goal of a SWAT model 

development was to delineate tile flow contribution to Parkhill Creek.  Ultimately, the 

model was outside the scope of this study, thus was not used for analysis; however, a 

model, such as this, could be useful for further understanding tile flow in the watershed 

and could also be used to illustrate nutrient transport (Texas Water Resources Institute 

2008; Daggupati et al. 2018). 

Actual Soil Actual Soil Name SWAT Soil SWAT Soil Name

ONBKNA BROOKSTON ONBKNA BROOKSTON

ONBOOA BOOKTON ONBOOA BOOKTON

ONBRRA BERRIEN ONBRRA BERRIEN

ONBUFA BURFORD ONBUFA BURFORD

ONCAD CALEDON ONHRWA HARROW

OFAN FANSHAWE ONDUFA DUMFRIES

ONGNYB GRANBY ONSCLA SCARP

ONHUOA HURON ONHUOA HURON

ONPTHA PERTH ONPTHA PERTH

ONTVKA TAVISTOCK ONTVKA TAVISTOCK

ONWATA WATTFORD ONWATA WATTFORD

ONZAL BOTTOM LAND ONPFDA PLAINFIELD

ONZER ERODED ONWAMA WALSINGHAM

ONZMK MARSH ONZMAA MUCK
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Figure A-4.2: SWAT calibration based on streamflow at the Water Survey Canada location in 

Parkhill Creek at PCICS 

 

 

Table A-4.2: SWAT calibration parameters 

 

 

 

 

 

 

 

Measured Simulated Measured Simulated R² PBIAS (%) NSE

1.417 1.452 1.607 1.331 0.120 -4.141 0.982

Average Standard Deviation Statistics
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A-5 Parkhill Creek Integrated Water and Climate Monitoring Station                                               

Data from PCICS is available on the WISKI (Water Information System Kisters Inc.) Web 

Pro database provided by the Ministry of Natural Resources and Forestry. Table 6 lists 

the sensors used in this study. Table A-6 lists the sensors used in this study. 

Table A-5.1: Sensors at PCICS used for data analysis in this study 

 

Parameter Sensor 

Temperature THS-3 FTS Temperature and Humidity 

Sensor 

Pressure RM Young 61320V Barometric Pressure 

Sensor 

Precipitation  OTT Pluvio² Precipitation Sensor 

 TB3 Tipping Bucket Precipitation Gauge  

Soil temperature  Stevens Hydra Probe Soil Sensor  
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Appendix B- Supplemental Sampling Data  

B-1 Field Parameters  

Table B-1.1: Electrical conductivity, temperature, DO, pH and ORP taken monthly at each surface water and groundwater sampling 

location  

Electrical Conductivity (µS/cm) 

Date 6/1 6/27 7/27 8/30 9/20 10/30 11/27 12/19 1/23 2/26 3/26 4/30 5/30 

Deep Well 0.762 0.76 0.6758 0.7281 0.719 0.678 0.664 0.794 0.9894 0.907 0.904 0.894 0.875 

Shallow Well 0.77 0.823 0.8408 0.9445 1.001 1.035 1.053 0.979 0.9894 0.825 0.786 0.751 0.775 

PCICS 0.602 0.721 0.627 0.5118 0.487 0.611 0.704 0.683 0.3207 0.466 0.598 0.574 0.617 

MCG 0.615 0.704 0.6515 0.6098 0.6024 0.745 0.74 0.595 0.3298 0.463 0.607 0.593 0.58 

MCAR 0.613 0.693 0.7245 0.5418 0.5595 0.682 0.732 0.485 0.3369 0.461 0.594 0.584 0.603 

    

 

 

          

Temperature (°C) 

Date 6/1 6/27 7/27 8/30 9/20 10/30 11/27 12/19 1/23 2/26 3/26 4/30 5/30 

Deep Well N/A 11.94 12.685 11.054 13.59 9.8 10.55 10.84 5.61 8.5 9.16 11.07 12.25 

Shallow Well 12.91 12.9 17.536 13.896 14.48 12.02 11.89 11.36 7.09 9.48 9.46 10.52 14.76 

PCICS 18.98 16.93 22.137 20.613 18.13 7.65 3.88 -0.01 0.1 3.14 2.24 7.23 22.09 

MCG 18.13 16.95 21.102 18.929 18.19 7.74 4.31 0 0.05 2.54 1.99 6.91 21.7 

MCAR 18.17 17.11 19.954 16.67 17.416 7.92 4.53 0.33 0.09 2 1.96 7.14 21.39 
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Dissolved Oxygen (mg/L) 

Date 6/1 6/27 7/27 8/30 9/20 10/30 11/27 12/19 1/23 2/26 3/26 4/30 5/30 

Deep Well N/A 10.4 1.56 0.18 2.41 0.43 0.08 0.69 5.57 1.02 0.33 0.34 0.5 

Shallow Well N/A 23.31 4.76 2.64 5.96 4.11 3.03 4.75 3.78 1.66 2.88 1.83 1.79 

PCICS 29.13 21.25 9.03 7.62 5.82 10.97 13.75 15.14 13.53 13.52 15.24 15 6.81 

MCG 35.7 17.95 6.78 6.61 7.29 10.12 13.58 14.2 13.33 13.16 14.77 14.2 4.94 

MCAR 31.22 17.88 2.58 2.59 2.32 8.5 11.41 10.55 13.19 11.66 14.62 14.97 6.14 

              

pH 

Date 6/1 6/27 7/27 8/30 9/20 10/30 11/27 12/19 1/23 2/26 3/26 4/30 5/30 

Deep Well 6.99 6.94 7.02 7.13 7.4 7.5 7.47 7.3 7.24 7.23 7.28 7.24 7.25 

Shallow Well 7.07 7.1 6.94 6.76 6.99 7.07 7.1 7.15 7.11 6.99 7.1 7.3 6.99 

PCICS 8.29 8.18 7.99 8.02 8.04 8.28 8.3 8.16 7.76 8.01 8.41 8.25 8.11 

MCG 8.22 8.11 7.96 7.92 8 8.17 8.21 7.86 7.69 7.82 8.24 8.21 8.14 

MCAR 8.03 7.59 7.53 7.46 7.5 7.76 7.58 7.47 7.51 7.43 7.96 7.92 7.74 

              

Oxidation Reduction Potential (mV) 

Date 6/1 6/27 7/27 8/30 9/20 10/30 11/27 12/19 1/23 2/26 3/26 4/30 5/30 

Deep Well N/A N/A N/A N/A N/A N/A -158.7 -101.1 -77.8 -80.9 -90.6 -45.4 -80 

Shallow Well N/A N/A N/A N/A N/A N/A 57.6 197.9 171.4 180.6 234.8 246.2 125.6 

PCICS N/A N/A N/A N/A N/A N/A 245.2 225.7 172.4 188.9 213.7 157.9 100.8 

MCG N/A N/A N/A N/A N/A N/A 222.7 206.7 198.2 186.5 196.8 148 62.1 

MCAR N/A N/A N/A N/A N/A N/A 143.7 125.8 178.3 129 130 149.2 84.1 
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B-2 Phosphorus in Streambed Sediment  

Streambank samples were collected (approximately 500g) and analyzed for plant 

available phosphorus from July 2017 to October 2017 (Table B-2.1) and for soil fertility 

(phosphorus, magnesium, potassium, sodium, calcium, manganese, zinc, copper, iron 

and pH) in July 2017 (Table B-2.2) at the Agriculture and Food Laboratory (AFL), 

University of Guelph. 

Table B-2.1: Plant available phosphorus from July 2017 to October 2017, collected from recently 

wet streambank in close proximity to surface water sampling locations 

 

Table B-2.2: Complete soil fertility in July 2017, collected from recently wet streambank in close 

proximities to surface water sampling locations, all units in mg/L 

 

B-3 Dissolved Elements  

In discrete monthly surface water and groundwater samples, dissolved elements 

including boron, calcium, copper, iron, potassium, magnesium, manganese, 

molybdenum, sodium, phosphorus, zinc and sulphur were analyzed at AFL (Table B-3.1).   

 

 

 

Location 7/27/17 8/30/17 9/20/17 10/30/17

PCICS 15 21.91 6.48 14.2

McG 18 14.2 2.55 9.61

MCAR 35 3.97 38 4.95

Plant Available Phosphorus (mg/L soil dry)

Location Magnesium Potassium Sodium Calcium Manganese Zinc Copper Iron pH

PCICS 180 49 15 3500 17 0.67 1.4 63 7.8

McG 140 33 150 3500 22 0.57 1.6 82 7.8

MCAR 160 90 950 4200 12 3.1 2.4 160 7.7
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Table B-3.1: Dissolved elements in groundwater (GW) and surface water (SW) from July 2017 to May 2018 ( all units mg/L) 

Parameter 7/27/17 8/30/17 9/20/17 10/30/17 11/27/17 12/19/17 1/23/18 2/26/18 3/26/18 4/30/18 5/30/18 
5/30/2018 

(Duplicate) 

Deep Well- GW                       

Boron  0.23 0.092 0.1 0.09 0.084 0.3 0.23 0.24 0.25 0.27 0.28 0.28 

Calcium  82 130 140 150 160 87 110 110 100 97 95 95 

Copper <0.0030 0.0031 0.0076 <0.0030 0.081 <0.0030 <0.0030 <0.0030 <0.0030 <0.0031 0.0066   

Iron 0.033 0.059 0.036 0.079 <0.0060 0.15 0.032 0.039 0.021 0.027 0.017 0.021 

Potassium 1.8 2.9 2.4 3.6 2.4 1.6 1.8 1.8 1.7 1.9 1.5 1.7 

Magnesium 28 35 40 37 37 34 38 38 36 35 35 35 

Manganese 0.65 0.035 0.0092 4.7 1.4 0.39 0.86 0.81 0.75 0.36 0.058 0.58 

Molybdenum <0.010 <0.010 <0.010 <0.010 0.013 <0.010 <0.010 <0.010 <0.010 <0.011     

Sodium 49 24 26 25 25 56 47 50 51 52 55 56 

Phosphorus <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070   

Zinc <0.0060 <0.0060 0.0091 0.19 1 0.0068 <0.0060 <0.0060 <0.0060 <0.0060 0.011 0.014 

Sulphur 5.51 17.7 23.9 18.6 17.1 8.46 6.13 6.08 6.35 6.69 6.92 7.08 

Shallow Well- GW                       

Boron  0.12 0.29 0.3 0.33 0.38 0.071 0.053 0.039 0.041 0.054 0.052 0.047 

Calcium  110 73 69 56 60 160 160 120 120 110 110 110 

Copper <0.0030 <0.0030 0.0057 <0.0030 <0.0030 0.046 0.025 0.017 0.018 0.088 0.015 0.01 

Iron 0.04 0.011 0.024 <0.0060 <0.0060 <0.0060 0.024 0.023 0.01 0.012 <0.0060 <0.0060 

Potassium 2.3 1.7 1.5 1.5 1.5 2.2 2 1.3 1.3 1.3 1.3 1.1 

Magnesium 39 27 26 22 24 38 36 27 26 26 26 25 

Manganese 0.11 0.51 0.36 0.34 0.27 0.013 0.021 4.3 2.8 20 2 2 

Molybdenum <0.010 <0.010 <0.010 <0.010 0.015 <0.010 <0.010 <0.010 <0.010 <0.011 <0.011 <0.011 

Sodium 24 60 62 64 65 24 23 19 18 18 19 19 

Phosphorus <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 

Zinc 0.0063 <0.0060 <0.0060 0.0081 <0.0060 0.64 1.2 0.24 0.32 1.1 0.35 0.34 
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Sulphur 21.8 6.55 10.7 9.06 10.2 16.7 11.6 7.99 9.36 10.4 9.76 9.46 

PCICS-SW                         

Boron  0.041 0.047 0.042 0.035 0.022 0.019 0.011 0.016 0.013 0.018 0.026 0.025 

Calcium  81 52 55 74 96 90 35 67 77 76 80 78 

Copper <0.0030 <0.0030 0.004 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 

Iron 0.027 0.019 0.024 <0.0060 <0.0060 <0.0060 0.13 0.06 0.021 0.019     

Potassium 3.3 3.6 4.1 7.8 2.4 2.6 3.4 2.3 1.5 1.8 1.6 1.6 

Magnesium 30 29 25 25 29 31 9.2 19 27 27 30 29 

Manganese <0.00060 0.00086 <0.00060 0.00086 0.0015 0.0082 0.0015 0.0028 0.0058 0.0086 0.0011 0.00081 

Molybdenum <0.010 <0.010 0.018 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 

Sodium 11 13 14 15 12 17 5.3 8.5 12 13 13 13 

Phosphorus <0.070 <0.070 <0.070 <0.070 <0.070 <0.070 0.2 0.094 <0.070 <0.070 <0.070 <0.070 

Zinc <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 

Sulphur 6372 6.27 5.94 6.83 9.94 11.8 2.42 5.51 7.54 8.09 7.08 6.92 

McG-SW                         

Boron  0.034 0.039 0.027 0.022 0.024 0.014 0.0088 0.016 0.012 0.017 0.025 0.024 

Calcium  95 69 73 95 100 82 37 66 81 81 75 74 

Copper <0.0030 <0.0030 0.0088 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 0.0071 0.0094 

Iron 0.026 0.023 0.027 <0.0060 <0.0060 <0.0060 0.21 0.045 0.024 0.032 0.0094   

Potassium 3.4 5 8.9 6.6 2.4 2.7 3.8 2.3 1.6 2.1 1.8 1.8 

Magnesium 33 33 27 31 30 26 10 18 27 28 30 29 

Manganese <0.00060 0.0018 <0.00060 <0.00060 0.0016 0.0033 1.0019 0.0013 0.0026 0.0048 0.0011 0.0011 

Molybdenum <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 

Sodium 12 15 13 16 10 9.5 5.1 5.6 9.5 9.5 9.7 9.6 

Phosphorus 0.07 <0.070 <0.070 <0.070 <0.070 0.13 0.31 <0.070 <0.070 <0.070 <0.070 <0.070 

Zinc <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 

Sulphur 7.53 3.71 7.91 13 11.4 9 2.17 6.17 7.6 8.88 7.7 7.69 

             



 

 

115 

 

MCAR-SW 

Boron  0.032 0.0033 0.028 0.026 0.026 0.018 0.0079 0.015 0.012 0.018 0.023 0.027 

Calcium  100 72 73 87 110 84 38 69 82 84 84 82 

Copper <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 <0.0030 0.0051 

Iron 0.039 0.026 0.03 <0.0060 <0.0060 <0.0060 0.064 0.053 0.028 0.026 0.023 0.024 

Potassium 2.7 4.3 5.5 5.7 2.1 2.2 2.6 1.9 1.4 1.7 1.4 1.3 

Magnesium 31 23 22 26 27 23 9.9 17 25 25 28 27 

Manganese 0.0013 0.0096 <0.00060 0.0047 0.039 0.015 0.00069 0.0023 0.0019 0.0037 0.0013 0.011 

Molybdenum <0.010 <0.010 0.012 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 

Sodium 9.8 12 15 18 9.2 9.1 4.8 4.9 9.1 9 8.6 8.7 

Phosphorus <0.070 0.079 <0.070 <0.070 <0.070 0.075 0.15 <0.070 <0.070 <0.070 <0.070 <0.070 

Zinc <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 <0.0060 

Sulfur 6.29 5.34 5.7 9.82 12.3 9.04 1.95 6.74 7.39 9.19 6.19 6.09 
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B-4 Ion Chromatography Results  

Table B-4.1: Nitrate-N, chloride and sulphate concentrations in monthly groundwater and surface 

water locations from Ion Chromatography analysis in mg/L (Dionex Corporation 2006) 

 

 

 

 

Figure B-4.1: Monthly chloride and sulphate concentrations in surface water sampling locations 

along Parkhill Creek 

 

Location 6/1/17 6/27/17 7/27/17 8/30/17 9/20/17 10/30/17 11/27/17 12/19/17 1/23/18 2/26/18 3/26/18 4/30/18 5/30/18

GW- Shallow Well 0.28 0.26 0.25 0.33 0.29 1.54 0.49 0.49 0.29 0.13 0.14 0.16 0.09

GW- Deep Well 0.00 0.00 0.00 0.06 0.16 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.11

SW-PCICS 9.83 19.23 6.50 0.20 0.07 0.35 12.87 6.65 3.62 4.97 5.39 4.09 1.03

SW- McG 11.33 16.23 6.91 0.15 2.02 7.97 13.48 14.02 4.76 6.22 6.65 5.69 1.23

SW- MCAR 9.00 13.77 2.15 0.28 0.10 3.80 15.46 13.48 2.76 6.55 5.60 5.14 0.62

Nitrate-N (mg/L)

Location 6/1/17 6/27/17 7/27/17 8/30/17 9/20/17 10/30/17 11/27/17 12/19/17 1/23/18 2/26/18 3/26/18 4/30/18 5/30/18

GW- Shallow Well 36.49 34.18 37.59 49.81 52.54 56.41 59.64 65.76 80.01 49.44 53.69 51.74 42.79

GW- Deep Well 29.90 27.74 26.14 24.04 25.78 21.59 20.13 26.70 49.44 54.48 54.66 54.82 47.72

SW-PCICS 22.93 28.12 25.06 25.75 29.29 38.69 38.21 46.84 46.84 17.49 27.17 25.88 32.45

SW- McG 21.54 27.87 30.15 38.92 47.27 49.49 34.99 30.58 10.03 13.34 23.09 21.86 27.60

SW- MCAR 21.09 21.69 28.02 22.77 31.82 - 31.00 28.97 - 12.15 22.12 20.47 25.22

Chloride (mg/L)

Location 6/1/17 6/27/17 7/27/17 8/30/17 9/20/17 10/30/17 11/27/17 12/19/17 1/23/18 2/26/18 3/26/18 4/30/18 5/30/18

GW- Shallow Well 42.83 49.67 80.31 60.68 75.57 65.54 60.20 57.03 39.39 30.63 33.18 38.56 22.44

GW- Deep Well 13.89 16.44 23.38 23.38 33.61 29.76 35.04 28.81 19.41 39.39 21.88 23.33 15.65

SW-PCICS 19.80 23.57 22.66 20.13 18.34 19.97 33.36 39.82 5.54 14.09 19.90 21.07 15.95

SW- McG 22.74 10.03 25.98 10.90 23.72 43.23 38.99 29.13 5.37 15.43 20.35 23.13 17.53

SW- MCAR 23.81 23.59 22.45 17.26 16.47 - 39.42 27.53 19.50 17.64 19.50 24.18 14.11

Sulphate (mg/L)
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B-5 Continuous Surface Water Quality 

  

Figure B-5.1: Continuous surface water quality for Parkhill Creek at PCICS in 2017 

 

Figure B-5.2: Continuous surface water quality for Parkhill Creek at PCICS in 2018 

 



 

 

118 

 

B-6 Survey Water Quality Parameters  

Water quality parameters to complement the nitrate survey data presented in Section 
3.6.2.1. 

Table B-6.1: Temperature, specific conductivity and nitrate for 21 surface water locations in the 

Upper Parkhill Watershed for June 2017, September 2017 and May 2018 

  Temperature (°C) 
Specific Conductivity 

(mS/cm) 
Nitrate-N (mg/L) 

Location Jun-17 Sep-18 May-18 Jun-17 Sep-18 May-18 Sep-18 May-18 

A 14.16 16.86 21.99 0.66 0.61 0.62 1.32 5.84 

B 14.30 17.37 24.83 0.66 0.61 0.60 1.21 5.22 

C 14.34 17.82 26.16 0.66 0.55 0.58 0.41 3.48 

D 15.23 16.09 24.38 0.65 0.59 0.59 0.27 2.72 

E 15.13 18.07 22.35 0.65 0.73 0.66 2.15 0.84 

F 17.51 17.37 23.05 0.65 0.60 0.60 0.17 1.28 

G 15.21 16.88 20.65 0.75 0.79 0.72 0.95 3.03 

H 16.94 15.07 24.00 0.64 0.64 0.61 0.10 0.64 

I 15.80 16.64 24.00 0.73 0.57 0.64 - 3.74 

MCAR 17.11 17.42 21.39 0.69 0.56 0.60 0.10 0.62 

J 17.12 16.42 24.36 0.74 0.68 0.63 0.13 2.05 

K 18.16 18.31 23.75 0.69 0.60 0.58 0.15 1.25 

L 16.91 18.99 22.53 0.69 0.58 0.61 0.08 2.29 

McG 16.95 18.19 21.70 0.70 0.60 0.58 2.02 1.23 

M 18.52 19.62 22.50 0.63 0.61 0.60 0.28 1.96 

N 16.74 17.87 21.42 0.72 0.67 0.70 - 2.02 

O 19.10 19.39 22.89 0.68 0.59 0.60 0.09 1.43 

P 18.17 17.44 21.75 0.71 0.48 0.68 2.23 1.59 

Q 18.89 18.03 23.23 0.69 0.54 0.62 0.12 1.39 

PCICS 16.93 18.13 22.09 0.72 0.49 0.62 0.07 1.03 

Reservoir  23.87 21.78 24.06 0.49 0.39 0.46 0.74 2.58 
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Appendix C- Historical Water Quality Data  

C-1 Historical Surface Water Quality  

Historical surface water quality and average daily streamflow was acquired from the 

Provincial (Stream) Water Quality Monitoring Network (PWQMN) (Government of Ontario 

2018c) at a location in Parkhill Creek downstream of the reservoir (Figure C-1.1).  

Precipitation was compiled from the rain gauge at PCICS from 2012 to 2017 and from the 

Strathroy Weather Station (~21km away) from 2003 to 2012 (Environment and Climate 

Change Canada 2018).  Similar patterns between DRP-streamflow and nitrate-

precipitation were seen in historical data and this study (Figure C-1.2 and Figure C-1.3).  

Historical chloride concentrations (Figure C-1.4) in stream water were similar to surface 

water chloride in this study (Figure B-4.1). 

 

Figure C-1.1: Groundwater and surface water locations for historical water quality data 
(Government of Ontario 2018c) 
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Figure C-1.2: Dissolved reactive phosphorus (DRP) concentrations from discrete sampling dates 

from 2003 to 2017 (station 0302) with daily average streamflow.  Focus should be on the increased 

DRP concentrations with an increase in streamflow, a similar pattern that was observed in the 

current study (Government of Ontario 2018c; Environment and Climate Change Canada 2017) 
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Figure C-1.3: Nitrate-N concentrations from discrete sampling dates from 2003 to 2017.  Focus 

should be on the increased nitrate concentrations with an increase in preceding precipitation, a 

similar pattern that was observed in the current study. (Government of Ontario 2018c; 

Environment and Climate Change Canada 2017) 

 

Figure C-1.4: Chloride concentrations from discrete sampling dates from 2003 to 2017 at PWQMN 

station 0302 (Government of Ontario 2018c; Environment and Climate Change Canada 2017) 
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C-2 Historical Groundwater Quality in Parkhill Creek Watershed 

Historical groundwater quality data from the PGMN well (location in shown in Figure C-
1) is outlined in Table C-1.  

Table C-2.1: Historical groundwater quality from discrete sampling dates from 2003 to 2015 

(Government of Ontario 2018b) 

 

 

 

 

 

 

 

 

 

 

 

Sampling Date Nitrate- N (mg/L) Sulphate (mg/L) Chloride (mg/L)

9/26/2003 0.06 25.2 9.8

10/7/2004 <0.01 26 3

2/1/2006 <0.01 12 2

11/15/2006 <0.01 8 3

10/30/2007 <0.01 7 2

9/16/2008 0.05 7.1 2.2

10/15/2009 0.05 6.6 2

9/29/2010 0.05 6.8 2

9/29/2011 0.05 53.5 84.8

10/2/2012 0.07 8.5 2.7

9/24/2013 0.124 8 3

11/5/2013 0.05 4.1 2.2

9/30/2014 0.116 7 2.1

9/22/2015 0.02 6.6 2
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Appendix D- Groundwater and Surface Water Interactions  

D-1 Monthly Radon Concentrations  

Table D-1.1: Monthly discrete 222-radon concentrations and errors values (analyzed at Université 

du Québec à Montréal) at the three surface water locations along Parkhill Creek and two 

groundwater wells at PCICS. 

 

Sampling 

Date

²²²Rn 

activity 

(Bq/L)

Error 

Values (+/- 

Bq/L)

²²²Rn 

activity 

(Bq/L)

Error 

Values 

(+/- 

Bq/L)

²²²Rn 

activity 

(Bq/L)

Error 

Values 

(+/- 

Bq/L)

²²²Rn 

activity 

(Bq/L)

Error 

Values 

(+/- 

Bq/L)

²²²Rn 

activity 

(Bq/L)

Error 

Values 

(+/- 

Bq/L)

05/24/2017 1.12 0.080 0.38 0.038 0.25 0.030 4.25 0.701 4.67 0.734

06/27/2017 1.06 0.084 0.11 0.022 0.09 0.019 2.03 0.137 2.89 0.177

08/30/2017 0.37 0.042 0.13 0.024 0.09 0.019 2.00 0.134 0.99 0.080

09/19/2017 1.41 0.111 0.16 0.029 0.14 0.027 1.45 0.115 0.59 0.064

10/30/2017 0.38 0.048 0.12 0.027 0.14 0.028 0.95 0.086 0.28 0.043

11/27/2017 1.05 0.085 0.61 0.060 0.14 0.026 0.60 0.057 0.61 0.061

12/19/2017 5.67 0.318 2.10 0.137 0.21 0.030 0.76 0.066 0.69 0.063

01/23/2018 3.49 0.209 2.44 0.156 1.28 0.095 2.55 0.163 0.96 0.079

02/26/2018 1.38 0.105 0.36 0.044 0.49 0.054 1.89 0.134 0.17 0.030

03/26/2018 0.95 0.081 0.13 0.025 0.30 0.041 3.24 0.205 0.11 0.025

04/30/2018 0.68 0.07 0.36 0.04 0.44 0.05 0.93 0.08 2.68 0.18

5/30/2018 0.43 0.07 0.07 0.02 0.18 0.04 1.6 0.18 1.48 0.17

MCAR McG PCICS Shallow Well Deep Well
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Figure D-1.1: Temporal variation of 222-radon in discrete groundwater and surface water 

locations.  Note that groundwater typically has larger radon values 

 

 

D-2 Spatial Radon Concentrations  

In September 2017, 222-radon was analyzed at 24 surface water locations in the Parkhill 

Creek watershed, including 4 locations around the reservoir and one location at the outlet 

(dam) of the watershed (Figure D-2). Samples were collected over two days and analyzed 

within 24 hours using a RAD7 electronic radon detector with a lower detection limit of 

0.74Bq/L (Durridge 2017). The equipment was provided by Dr. Clare Robinson’s lab at 

Western University. Radon concentrations varied spatially throughout the watershed, with 

larger concentrations found in the tributaries (Figure D-2). 
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Figure D-2.1: Temporal variation of radon-222 in discrete groundwater and surface water 
locations.  Note that groundwater typically has larger radon values. 
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D-3 Field Parameters for Radon Survey  

Table D-3.1: Temperature and specific conductivity measured at the survey locations for June 

2017, September 2017 and May 2018 with nitrate concetrations from Septebmer 2017 and May 

2018.  Refer to Sectoin 3.6.2.1 for detailed information about the survey (in particular nitrate) and 

Figure 3-13 for of locations A-Q and the reservoir. 

  Temperature (°C) Specific Conductivity (mS/cm) Nitrate-N (mg/L) 

Date Jun-17 Sep-17 May-18 Jun-17 Sep-17 May-18 Sep-17 May-18 

A 14.16 16.86 21.99 0.66 0.61 0.62 1.32 5.84 

B 14.30 17.37 24.83 0.66 0.61 0.60 1.21 5.22 

C 14.34 17.82 26.16 0.66 0.55 0.58 0.41 3.48 

D 15.23 16.09 24.38 0.65 0.59 0.59 0.27 2.72 

E 15.13 18.07 22.35 0.65 0.73 0.66 2.15 0.84 

F 17.51 17.37 23.05 0.65 0.60 0.60 0.17 1.28 

G 15.21 16.88 20.65 0.75 0.79 0.72 0.95 3.03 

H 16.94 15.07 24.00 0.64 0.64 0.61 - 0.64 

I 15.80 16.64 24.00 0.73 0.57 0.64 - 3.74 

MCAR 17.11 17.42 21.39 0.69 0.56 0.60 0.10 0.62 

J 17.12 16.42 24.36 0.74 0.68 0.63 - 2.05 

K 18.16 18.31 23.75 0.69 0.60 0.58 0.15 1.25 

L 16.91 18.99 22.53 0.69 0.58 0.61 0.08 2.29 

McG 16.95 18.19 21.70 0.70 0.60 0.58 2.02 1.23 

M 18.52 19.62 22.50 0.63 0.61 0.60 0.28 1.96 

N 16.74 17.87 21.42 0.72 0.67 0.70 - 2.02 

O 19.10 19.39 22.89 0.68 0.59 0.60 - 1.43 

P 18.17 17.44 21.75 0.71 0.48 0.68 - 1.59 

Q 18.89 18.03 23.23 0.69 0.54 0.62 0.12 1.39 

PCICS 16.93 18.13 22.09 0.72 0.49 0.62 0.07 1.03 

Reservoir  23.87 21.78 24.06 0.49 0.39 0.46 0.74 2.58 
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D-4 Continuous Radon Concentrations  

On September 20, 2017, a continuous survey for radon-222 was conducted along an 

approximate 3 km reach (1.5 km upstream and downstream of PCICS) of Parkhill Creek 

at PCICS.  Water was continuously pumped into the RAD7 (two were connected in series 

for improved accuracy), as it was towed along the stream (Figure D-3). The RAD7 was 

setup to run in 10-minute consecutive cycles. For each cycle (10 minutes), a radon-222 

value was tabulated for the reach of stream that was traveled during that cycle.  The 

markers in Figure D-3 represent the starting points of the traveled stream reaches.  The 

radon values increase downstream, indicative of spatial variances of groundwater 

seepage.  

 

Figure D-4.1: Radon-222 concentrations (Bq/L) along small reaches of Parkhill Creek at PCICS. 
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Appendix E- Sampling Uncertainty  

There can be many sources of error and uncertainty in collected field data including 
human error, equipment error and environmental conditions.  

Possible sources of uncertainty in the water quality data used in this study include: 

 Monthly surface water samples were collected from the same approximate 
locations each month (e.g. same section of Parkhill creek in approximately the 
center of stream at a depth of roughly 1 ft); however, during high flow or ice events 
samples were taken from the bank. Nutrient concentrations (predominantly 
phosphorus) may be greater near the streambank compared to the center of the 
stream (Fitzgerald et al. 2015).  

 Monthly surface water samples were collected between 9:00AM and 12:00PM and 
once per month at the end of the month.  From continuous measurements in the 
stream, nitrate concentrations exhibited diurnal variations (Figure 3-12); however, 
all surface water samples were typically collected within 2 hours minimizing diel 
nitrate cycling effects on reported values.  Diel nitrate cycling was also only 
prevalent in July 2017.  

 Monthly field parameters were taken immediately prior to sample collection with 
the possibility of minor changes in stream or groundwater conditions during 
collection of samples (such as sediment disturbance). 

 Groundwater elevations fluctuated seasonally and as a result of frequent pumping 
for sampling. Sampling of representative aquifer water was assumed upon 
obtainment of stable field parameters (electrical conductivity and dissolved 
oxygen). 

 The climate (precipitation and temperature) data obtained from the PCICS 
location was used for analysis at sampling location McG (approximately 5 km 
upstream from PCICS) and MCAR (approximately 12 km upstream from PCICS). 
The potential for spatial variability in these parameters may confound results. 

 Snow data was obtained from a climate station approximately 20 km away from 
PCICS (outside of the watershed), which may misrepresent snow cycling 
dynamics (accumulation on ground and melt events) at sampling locations.  

 Recommended phosphorus storage and analysis protocol tends to vary. For this 
study phosphorus samples were stored at approximately 4°C and delivered to lab 
within 1-2 days for analysis. Phosphorus may cycle between forms during storage, 
potentially skewing speciation results.  

 Samples for ion chromatography analysis were stored at approximately 4°C and 
analyzed within 1-2 months from collection.  It was found through repeated 
analysis of used samples (remaining sample water following analysis) that holding 
time nor head space in the bottle affected ion concentrations reported through ion 
chromatography.  

 


