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Abstract 

Nitrate derived from manure and mineral fertilizers is adversely impacting groundwater 

quality in the Abbotsford-Sumas Aquifer (ASA). The main objective was to identify potential 

relationships between groundwater geochemistry in the ASA and upgradient land use, 

specifically raspberry, blueberry and non-agricultural fields. High resolution vertical diffusion 

sampling of four monitoring wells were utilized. Groundwater samples were analyzed for 

chloride, sulphate, nitrate-N, and 15N and 18O of NO3-N. Time series geochemical and isotopic 

profiles revealed differences in groundwater chemistry within and between wells.  At wells with 

consistent groundwater flow direction and relatively uniform upgradient land use, it was possible 

to differentiate land uses. Specifically, shallow groundwater captured downgradient of blueberry 

fields had comparable or higher nitrate-N concentrations than raspberry fields, which were both 

higher than non-agricultural areas. Elsewhere and deeper in the vertical profiles, seasonal 

variations in groundwater flow directions made it difficult to differentiate upgradient land uses 

because crop types varied spatially and temporally.  
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Chapter 1: Introduction  

Canadian agriculture, like that of other countries, is challenged to balance optimizing 

crop yield and quality with minimizing water related contamination risks. Nitrate contamination 

in groundwater from agricultural production has become a widespread water quality issue 

(OECD, 2008; WHO, 2006). Nitrate can reach both surface and groundwater as a result of 

agricultural activity, wastewater treatment and oxidation of nitrogenous waste in human and 

animal waste (WHO, 2011). When nitrate enriched groundwater discharges to surface waters, it 

contributes to eutrophication (Howarth and Marino 2006). As crop yields are directly related to 

plant nutrient availability, fertilizer nitrogen (N) use has increased worldwide, which has 

contributed to the degradation of surface and groundwater quality (Goodchild, 1998; Kyllmar et 

al., 2005; CCA, 2013; Rudolph et al., 2015). Nitrate derived from manure and mineral fertilizers 

is having a significant negative impact on groundwater quality in the Abbotsford-Sumas Aquifer 

(ASA).  In order to assess the impact of agriculture on water quality, Agriculture and Agri-Food 

Canada (AAFC) has developed four agri-environmental indicators that track nitrogen, 

phosphorus, coliforms, and pesticide (AAFC, 2016). While all indicators are important, and 

often inter-linked, nitrogen in the ASA is the focus of this thesis.  

Nitrate derived from manure, mineral fertilizers and decomposition of soil organic matter 

is the most common nutrient influencing groundwater quality (Rudolph et al., 2015). Managing 

agriculturally sourced groundwater nitrate contamination is an active research area globally as 

high nitrate concentrations in drinking water may have a wide range of negative impacts on 

human health (Health Canada, 2013). While there has been a great deal of research into 

improved farm nitrogen management strategies, and funding to implement these strategies, 

progress in reducing groundwater nitrate contamination has been limited (Zebarth et al., 2015a, 
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2009; OÕDonnell, 2012). This lack of progress could be due to several factors. First, there are 

numerous complex inter-related factors, which are not well understood, that influence the fate of 

nitrate in the soil zone (Spalding and Exner, 1993). Second, nitrate in groundwater flows along 

long, complex travel paths, and farm management practices to reduce nitrogen loading take 

considerable time to manifest themselves as decreased inputs to groundwater (Rudolph, 2015). 

Finally, as determined for the portion of the ASA studied here, land use practices and crops vary 

considerably on a field scale both spatially and temporally. Each of these factors will be 

discussed below in relation to the study area. 

 

1.1!The Nitrogen Cycle 

Nitrogen is present in many inorganic forms, such as ammonium (NH4
+), nitrite (NO2

-), 

nitrate (NO3
-), nitrous oxide (N2O), nitric oxide (NO), and nitrogen gas (N2). It is also present in 

organic forms such as amino and nucleic acids (Bernhard, 2010). Nitrate and ammonium are 

both soluble forms of N and both pass through the soil zone, however, nitrate does so at a faster 

rate (AAFC, 2016). The nitrogen cycle illustrates how the nitrogen from manure, fertilizers and 

plants moves through the soil to the groundwater, and circulates between different zones in the 

natural environment (Figure 1). The key biogeochemical processes acting on these forms of N, 

including biological nitrogen fixation, mineralization (ammonification), nitrification, and 

denitrification (Figure 1), are explained below in more detail. In general, fixation, mineralization 

and nitrification increase the nitrogen available to plants, while denitrification, volatilization, 

immobilization and leaching results in nitrogen losses from the root zone. Some nitrogen cycle 

processes require oxidizing conditions, others reducing conditions, and thus these processes 

occur in different zones within the subsurface (Figure 1; Hounslow, 1995). These reactions 
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involve the transfer of electrons from reduced compounds, or reductants, to electron accepting 

compounds or oxidants, and thus are reduction-oxidation or redox reactions. However, these oxic 

and anoxic conditions can be very close together in the soil zone (millimeters) (personal 

communication, Bernie Zebarth). This is due to the fact that anoxic conditions can be created 

through rapid biological activity which depletes the oxygen supply. For example, where manure 

is applied, the microbial activity can be increased by the labile organic carbon in the manure, 

consequently depleting oxygen and inducing denitrification over limited spatial scales (personal 

communication, Bernie Zebarth). Atmospheric nitrogen (N2) cannot be directly taken up by 

plants so biological nitrogen fixation occurs within the soil zone by nitrogen fixing plants and 

bacteria, converting nitrogen into ammonia. Plants then use the fixed ammonia/ammonium 

directly. Once the plants die, the organic nitrogen is mineralized and nitrified, and converted to 

nitrite and nitrate, and then taken up by other plants. Nitrate is the preferred nitrogen form (over 

ammonium) for plants (Kendall et al., 1998). Nitrogen is present in living organisms in organic 

form, however, when organisms die the bacteria convert this organic nitrogen back into 

ammonium in a process termed mineralization (Green et al., 2010). Organic reduced nitrogen, 

applied as recycled plant material, manures, or fertilizer urea, is decomposed by microorganisms 

to inorganic ammonium through the process of ammonification (Figure 1). In turn, ammonium is 

converted aerobically to nitrate through the nitrification process (Figure 1).  Bacteria known as 

nitrifiers, are strictly aerobic, and will convert nitrite to nitrate. Denitrification is the process in 

which nitrate is converted to N2O or nitrogen gas (N2) under anoxic conditions by heterotrophic 

bacteria (Halling-Sorensen and Jorgensen, 1993). If dissolved oxygen is depleted the 

heterotrophic bacteria have the ability to use nitrate as an electron acceptor. As a result, 

denitrification will occur in anaerobic or anoxic conditions when oxygen levels are depleted and 
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nitrate can become the primary electron acceptor instead of oxygen (Green and Bekins, 2010). 

However, electron and energy favorability is also a key factor in becoming an electron acceptor. 

For example, if nitrate is not present, sulphate or iron act as the electron acceptor. The order of 

electron acceptors is based on the redox ladder, which describes the thermodynamic 

favourability of different compounds relative to each other. The redox ladder shows redox 

couples that range from aerobes at oxic conditions, to methanic conditions with methanogens. 

The most energy is gained at the top step, with strong oxidants and the least at the bottom step 

with strong reductants. 

Understanding the nitrogen cycle is important in this research project because, while 

nitrate may be the target indicator in groundwater, knowing the conditions in the root zone could 

assist in identifying the source of nitrate. Most of the processes of transformation nitrogen occur 

in the root zone (Frate, 2012). Once below the root zone it can be leached into the groundwater, 

where the main process is transport via groundwater flow. The origin of nitrate could then be 

traced to a specific land use, which can then allow for the assessment of farm nutrient 

management plans and the effectiveness of beneficial management practices (BMPÕs). BMPÕs 

are farming methods designed to minimize the negative impact on the environment. For 

example, while nitrogen is applied to crops (organic or inorganic forms), as a direct amendment 

or in irrigation water, it may be used by the plants, remain in the soil as residual soil nitrogen, or 

be leached to groundwater. As this thesis focuses on measuring nitrogen-N species in 

groundwater, the transformation pathways from the ground surface, to soil water, and ultimately 

groundwater must be understood to properly assess the groundwater chemistry.  
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1.2 Denitrification 

Denitrification, a redox (reduction-oxidation) reaction, is an important factor in 

determining the extent and duration of the nitrate contamination in the groundwater (Green and 

Bekins, 2010). Specifically, the electron transfer from organic or inorganic reductants to nitrate 

produces the energy for denitrifying microorganisms (Green and Bekins, 2010). Redox reactions 

involve the electrons being transferred from reduced compounds to electron accepting 

compounds. Reduction and oxidation half-reactions control the distribution of various species in 

groundwater (e.g. O2, Fe2+, SO4
2-, NO3

- and NH4
+). If  the groundwater is depleted in oxygen 

some microorganisms can use nitrate in place of O2 to carry out their metabolic processes in a 

process called denitrification (Hounslow, 1995, Green and Bekins, 2010). Denitrification 

proceeds through a series of half reactions producing nitrogen gas while consuming NO3
- (NO3

- 

!  NO2
- !  NO !  N2O !  N2). The intermediary products of denitrification are produced in a 

series of half reactions shown below (1a-d), and the full redox reaction in which nitrate is 

reduced to nitrogen gas (1e): 

NO3
- + 2H+ + 2e- !  NO2

- + H2O  (1a) 

NO2
- + 2H+ +2e- !  NO + H2O  (1b) 

2 NO + 2H+ + 2e- ! N2O + H1  (1c) 

2 N2O + 2H+ + 2e- ! N2O + H1  (1d) 

2NO3
- + 10e- + 12H+ = N2 + 6H2O  (1e) 

In order for denitrification to proceed there must be nitrate present (as the electron acceptor), 

denitrifying bacteria, an electron donor (such as organic carbon, reduced iron or reduced 

sulphur), anaerobic or low oxygen conditions, and favorable environmental conditions 
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(temperature, pH, other nutrients and trace elements) (Rivett et al., 2008). Organic carbon is the 

most common electron donor, however, reduced inorganic species (such as reduced sulphur 

compounds) may also serve as electron donors for the reduction of nitrate (Tesoriero, 2000). 

However, dissolved organic carbon concentrations in the ASA are low, usually less than 1 mg-C 

L-1 (Liebscher et al., 1992). Among the reduced inorganic species, sulfur and ferrous iron from 

iron sulfide mineral (e.g., pyrite) dissolution are the most common electron donors in 

denitrification reactions (Tesoriero, 2000).  

Denitrification relies mainly on heterotrophic bacteria, which obtain both their energy 

and carbon from the oxidation of organic compounds (Rivett et al., 2008). However, some 

denitrifying bacteria obtain their energy from the oxidation of inorganic species (e.g. pyrite, see 

equation 2) 

14 NO3
- +5 FeS2 (pyrite) + 4 H+ !  7 N2 + 10 SO4

2- + 5 Fe2+ +2H2O
  (2) 

As indicated above, bacteria reduce nitrate to nitrogen gas while oxidizing elemental sulphur or 

reduced sulphur to sulphate, utilizing nitrate as the electron acceptor (Qambrani et al., 2013).  

Under oxygen limited or anoxic conditions, denitrification is facilitated by heterotrophic 

bacteria in the presence of a suitable electron donor from organic carbon substances, while 

nitrate acts as the electron acceptor. Alkaline conditions are necessary for autotrophic 

denitrification to proceed and the reaction will decrease pH as a result (Qambrani et al., 2013). 

This reaction (Equation 3) ultimately produces hydroxide and increases the alkalinity of the 

water through the dissolution of CO2 and the two-stage ionization of carbonic acid (Equations 4 

to 6) (Schwartz and Zhang 2003). 
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4NO3
- + 5CH2O (organic C) + 4H+ !  2N2 + 5CO2(g) + 7H2O (3) 

CO2(g) + H2O !  H2CO3 (4) 

H2CO3 !  HCO3
- + H+ (5) 

HCO3
- !  CO3

2- + H+  (6) 

As groundwater in the ASA has a pH in the range of 7 to 8 (City of Abbotsford, 2015), 

the dominant reaction will be Equation 4, which results in the increase in alkalinity of the water. 

It is also noteworthy that the pH range preferred by heterotrophic denitrifiers is generally 

between 5.5 and 8.0 (Rust et al., 2000). 

 

1.3 Fertilizer Application and BMPs 

Beneficial management practices (BMPÕs) are implemented to reduce or eliminate an 

environmental risk, for example to improve the efficiency of specific species such as nitrogen in 

agricultural land, and thus reduce the amount of nitrogen being leached into the groundwater. 

Specifically, BMPs aim to match the soil N supply to the crop N demand in space and time, 

which would be expected to optimize crop productivity and minimize N losses and associated 

adverse environmental impacts. This can be achieved in various ways including managing the 

time and rate of fertilizer application throughout the year and utilizing cover crops to reduce 

nitrogen leaching (Hughes-Games and Zebarth, 1999; Meisinger and Delgado, 2002; BCMA, 

2012). In order to do so, one must understand crop N requirements over time, as well as 

accounting for the N available through mineralization of soil organic matter, crop residues, 

manures, irrigation water and atmospheric deposition. While production guides provide starting 

points for fertilizer application and N management, actual N application rates may differ in 

practice (BCMA, 2012). Some farmers in the ASA region apply a combination of manure 
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(commonly poultry broiler manure) and mineral fertilizers (commonly ammonium sulphate and 

urea) for their blueberry or raspberry crops (Poon, 2016).   However, nutrient application 

requirements will  differ depending on the maturity of the crop as well as the type of crop, for 

example, raspberries or blueberries (Poon, 2016; Zebarth et al., 2015a). While the goal is to 

match the nitrogen supply to the crop nitrogen demand, some sources of nitrogen can be 

managed, and others cannot. Atmospheric deposition of nitrogen or soil nitrogen mineralization 

cannot be managed, only estimated. Application of the nitrogen sources that are manageable, for 

example manure and synthetic fertilizer, can essentially be used to Òtop upÓ the unmanaged 

sources in order to meet the crop nitrogen requirement (personal communication Bernie 

Zebarth).   

Attempting to match the nitrogen supply to crop nitrogen demand is complicated because 

the crop nitrogen demand is difficult to predict, and varies with the crop species as well as many 

other factors. These factors include the age of the crop, the health of the crop, the variety of the 

crop, the environmental conditions (precipitation, temperature etc.). Soil nitrogen mineralization 

is a large source of N, and the supply of nitrogen from other sources are both difficult to predict. 

While the amount of nitrogen in manure can be measured, it is difficult to predict the availability 

of the manure to the crop. Overall, the system is quite complex especially over the vulnerable 

ASA. Kuchta (2012) demonstrated that in the ASA, using a package of BMPÕs was more 

effective in reducing nitrate leaching than one single BMP. The package included improved 

fertilization practices, irrigation practices and alley crop practices, as well as no manure 

application. 

The nutrient requirements of blueberries differ from that of raspberries largely because 

blueberries require a lower soil pH than raspberries. Caneberries (such as raspberries) primarily 
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uptake nitrate-N, while blueberries uptake ammonium-N (Strik, 2013).  Caneberries require a pH 

range of 5.6 Ð 6.5, while blueberries require a pH range of 4.5 Ð 5.5 (Strik, 2013). Elemental 

sulphur can be applied to acidify the soil thus lowering the pH, for blueberry crops. Any nitrogen 

fertilizers containing ammonium will also acidify soils (BC Ministry of Agriculture, 2015). The 

conversion of ammonium to nitrate releases hydrogen ions, which has an acidifying effect. 

Ammonium nitrate has a greater effect on soil pH than ammonium sulphate, due to a greater 

proportion of the nitrogen being in the ammonium form, and thus is preferred for more acidic 

soils. However, ammonium sulphate should be used when the soils contain low levels of sulphur, 

as it contains sulphate-sulphur, which is the only form of sulphur directly available to plants (BC 

Ministry of Agriculture, 2015).  

Soil pH affects the rate of nitrification, which is the rate at which an ammonium-N 

fertilizer is nitrified to nitrate-N (Strik, 2013). At a pH of 6.0 ammonium-N containing fertilizers 

(urea, ammonium sulphate) are rapidly nitrified to nitrate-N (Strik, 2013). Comparatively, at a 

lower pH of 5.5, nitrification will be slower. Thus, for caneberries, a pH of 5.6 to 6.5 is preferred 

since the fertilizer will be nitrified rapidly, which allows for the plant to uptake nitrate-N more 

effectively. Conversely, blueberries preferentially uptake ammonium-N, so maintaining soil pH 

between 4.5 and 5.5 allows for nitrification to be slowed, allowing fertilizer to remain in the 

ammonium-N form to be utilized by the blueberry plant (Strik, 2013). However, a more recent 

study acidified various soils in the ASA to a range of soil pH and tested the rate of nitrification, 

and found that there was significantly less of an effect than expected on nitrification due to 

changes in pH (Zebarth et al., 2015b).  

Various types of fertilizers can be used. Ammonium forms of nitrogen should be used for 

blueberries, while the nitrate forms of nitrogen should be used for raspberries (Poon, 2016). 
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While there are production guides for fertilizer application amount and timing, some farmers 

may be following this guide, while others are not. There are also some farmers in the ASA that 

farm both poultry and raspberries or blueberries so they will use their poultry manure as a 

fertilizer on their raspberry or blueberry crops (Poon, 2016). In reality, there are various factors 

that can change a crops demand for nitrate and consequentially also change the amount and type 

of fertilizer used. For example, the soil-plant system is ÔleakyÕ when it comes to nitrogen, so 

growers will often apply more nitrogen on the crop than recommended (Poon, 2016). Nitrogen 

leakage refers to losses through nitrate leaching to groundwater and through atmospheric losses 

as ammonia and nitrous oxide.  

 

1.4 Nitrate Contamination in Groundwater 

There are many different chemical components of groundwater. Groundwater chemistry 

will vary in composition depending on where the water originated from, the geochemical 

processes, the travel time, and the environmental and geochemical conditions. The leaching risk 

of a nutrient increases with its mobility in the soil. As a readily soluble monovalent anion, nitrate 

is easily leached because it has very little interaction with the negatively charged matrix of most 

soils, and is therefore very mobile in the soil profile (Apello and Postma, 2005). In addition, the 

rate of transport of nitrate will vary with the amount of groundwater recharge and with variation 

of hydraulic conductivity. (Best et al., 2015; Rivett et al., 2008). Specifically, within agricultural 

regions in the ASA, groundwater recharge occurring beneath different crops (e.g. blueberries, 

raspberries, pasture) or livestock areas may result in distinct groundwater chemistries. For 

example, groundwater sourced from agricultural land will have a distinctly different composition 
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(specifically, the concentrations of nitrate-N, chloride, and sulphate) than that sourced from 

residential land. In the ASA, livestock and poultry manure are often applied to the berry crops as 

a soil amendment to increase soil organic matter and provide nutrients, which has resulted in 

manure being the primary source of nitrogen in groundwater (Wassenaar, 1995). This was likely 

due to the close proximity of the poultry barns to the berry crops. The residual nitrate in the soil 

is mainly due to the history of manure application to the raspberry crops (Jeffries et al., 2008). 

Residual nitrate is the quantity of nitrate in the soil root zone remaining after harvest (Zebarth et 

al., 2015a). The rate and type of manure will be the key factors controlling the amount of 

residual nitrate, even if the manure is applied during the same growing season (personal 

communication, Bernie Zebarth). However, if no manure was applied during the same growing 

season then the manure application in previous years as well as the application of mineral N 

fertilizer, soil organic matter content and other environmental factors will affect the amount of 

residual nitrate (personal communication, Bernie Zebarth). In an effort to reduce groundwater 

nitrate contamination, BMPÕs were voluntarily adopted in some cases, often in the form of 

environmental farm plans or nutrient management plans (Zebarth et al., 2015a).  

Various forms of nitrogen are found in groundwater, specifically, nitrate, nitrite and 

ammonia. Nitrate is the most common form of nitrogen found in groundwater and surface water. 

Nitrate occurs naturally as part of the nitrogen cycle and is normally present in groundwater in 

relatively low concentrations (Oram, 2018) (Figure 1). However, in agricultural areas nitrate 

concentrations are often significantly higher and can exceed drinking water limits. Since the 

focus of this thesis is on the ASA, a trans-boundary aquifer, it is important to keep in mind the 

drinking water guidelines from both Canada and the United States, although the drinking water 

guideline in both countries is the same (Ward et al., 2018). 
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Figure 1: The Nitrogen cycle showing processes important in the soil, unsaturated and saturated 
zones.  
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Figure 1: The Nitrogen cycle showing processes important in the soil, unsaturated and saturated zones. 
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The concentration of nitrate is commonly expressed as either mg L-1 nitrate (NO3
-) or mg 

L-1 of nitrate-N (NO3-N), which only refers to the nitrogen present. Canadian Drinking Water 

Quality guidelines state the MAC as 45 mg L-1 of nitrate or 10 mg L-1of nitrate-N (Health 

Canada, 2012). In the United States the maximum contaminant level (MCL) is also 10 mg L-1 of 

nitrate-N and is established by the Environmental Protection Agency (EPA) (EPA, 2018). The 

upper limit of nitrate allowed in drinking water guidelines was originally put in place to prevent 

Methemoglobinemia (blue baby syndrome), a known consequence of elevated nitrate 

concentrations in groundwater. More recently, many studies have shown the detrimental effects 

of nitrate to human health, and found that nitrate is linked to cancer and affects human organ 

functionality (WHO, 2004; Ward and Brender, 2011).  

Many studies have examined the link between groundwater nitrate concentrations and 

land use, including background or natural environments, urbanized areas and agriculturally 

impacted areas. For reference, Madison and Brunett (1985) found that concentrations exceeding 

3 mg L-1 indicates groundwater contamination. More recent studies have shown the extent of 

groundwater nitrate contamination due to anthropogenic factors. For example, Dubrovsky et al., 

(2010) found in their nationwide study in the United States that concentrations exceeding 1 mg 

L-1 of nitrate indicate human activity. Other studies (Eckhardt and Stackelberg, 1995; Tesoriero 

and Voss, 1997; Keeler and Polasky, 2014) have demonstrated that monitoring wells can be used 

to correlate nitrate concentrations in shallow aquifers and adjacent agricultural land.  In 

particular, monitoring of solute concentrations in groundwater along a detailed vertical profile 

can potentially be used to differentiate among different land uses in upgradient fields (Gallagher 

et al., 2017). 
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1.5 Groundwater Nitrate Contamination in the Abbotsford-Sumas Aquifer 

As the study area for this thesis was the Abbotsford-Sumas Aquifer (ASA), background 

specific to groundwater nitrate contamination in the ASA will be provided below. Physical 

aspects of the ASA, such as site location, geology, hydrogeology, are described in Chapter 2. 

The ASA supplies drinking water for approximately 150,000 in Abbotsford, BC and for several 

municipalities in the United States (Washington state) (Zebarth et al., 2015a). Groundwater 

nitrate contamination in the ASA was first recognized in the 1950Õs (Liebscher et al., 1992), and 

widespread aquifer contamination has been monitored since the 1990Õs, although groundwater 

nitrate concentrations vary, there were many concentrations consistently higher than the drinking 

water standard (10 mg L-1 as nitrate-N) (Hii et al., 1999; Zebarth et al., 2015a). The main source 

of nitrate contamination is the application of fertilizers exceeding the raspberry plants nitrogen 

requirement, particularly, poultry manure, which has a high content of nitrogen (Wassenaar, 

1995; Zebarth et al., 1998). Land use and crop management have shifted since the 1970Õs from 

land-based beef and dairy production, with greater local N recycling through production of 

animal feed, to poultry and small fruit production (Zebarth et al., 2015a). Poultry production 

mainly uses imported feed, resulting in a greater input of N in imported feed compared to the 

exports of N in animal products and manure, which results in a greater N surplus, and as a result 

has the potential to contribute to nitrate leaching (Zebarth et al., 2015a). A shift in land use from 

poultry to berry production, will have less of an impact on the aquifer due to decreased amount 

of manure stored/utilized on crops since berry production has a much lower N uptake 

requirement (Zebarth et al., 2015a). To date, research on the ASA has focused on groundwater 

nitrate leaching under raspberries, since raspberries were the most common land use in the ASA, 

and were known to have a high residual soil nitrate (Zebarth et al., 2015a).  Over the past decade, 
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blueberry production has increased substantially and hence there is a need to evaluate the 

influence of this changing land use on groundwater quality in the ASA.   

 A single well illustrates trends in agriculture impacted groundwater prior to the 

1990Õs (Zebarth et al., 2015a). Groundwater concentrations in the well consistently exceeded the 

10 mg  L-1 NO3-N drinking water guideline, with an upward trend from the 1970Õs through to 

2010, often reaching concentrations of 20 to 30 mg NO3-N L-1 (Zebarth et al., 2015a). Further 

testing of domestic water wells in 1989 showed that 63% of tested wells had nitrate 

concentrations in excess of 10 mg L-1 NO3-N (Liebscher et al., 1992). As a result, a network of 

monitoring wells on the Canadian portion of the ASA, just north of the United States border, 

were installed in the early 1990Õs at depths ranging from 2.4 to 46 m and screen lengths from 0.6 

to 2.4 m (Wassenaar, 1995; Hii et al., 1999). Zebarth et al. (2015a) summarized the nitrate data 

from this network from 1990 to 2014 and showed that mean NO3-N concentrations were 

consistently in the 10 to 20 mg L-1 NO3-N range (Liebscher et al., 1992). However, there was 

substantial seasonal and cyclic variability, with cycles ranging from 3 years to greater than 10 

years in some wells. Seasonal maximums in groundwater nitrate concentrations in autumn and 

winter were attributed to leaching of accumulated soil nitrate in autumn. Due to the small parcels 

of land, operating with variable land use, and manure and fertilizer N management, and 

monitoring wells that traversed sub-horizontal groundwater flow from multiple farms, it was not 

possible to relate nitrate concentrations directly to individual farms (Zebarth et al., 2015a).  

 In order to better associate land use with groundwater nitrate concentrations, multi-

level piezometers in monitoring wells were installed directly down-gradient from an individual 

raspberry field (Kuipers et al., 2014). Being able to separate land use upgradient of a monitoring 

well would allow the impact of raspberry and blueberry fields on the groundwater chemistry to 
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be evaluated and differentiated. High-resolution vertical sampling using passive diffusion 

samplers in two monitoring wells installed up-gradient of a raspberry field (Malekani, 2012). 

These diffusions samplers were used in combination with Darcy fluxes, which allowed the 

timing and rate of nitrate leaching to be observed at the monitoring wells (Malekani, 2012). It is 

important to note that the passive diffusion samplers developed by Malekani (2012), were the 

same type used in this thesis, and are explained in detail in Chapter 3. Nitrate loading is the 

amount (mass) of nitrate that is discharged into a water body during a period of time. Nitrate 

loading under raspberries was determined to be highest from October to December 2006 this was 

consistent with the nitrate leaching occurring as a result of the flushing of the accumulated 

nitrate from the root zone which was subsequently leached during heavy rainfall in the fall 

(Kuipers et al., 2014). Loo et al. (2018) also found that the largest fraction of leaching of both 

chloride and NO3-N occurred in the autumn (in 2010). Kuipers et al. (2014) showed that nitrate 

concentrations and loading were elevated above the drinking water guideline of 10 mg NO3-N  

L-1, indicating that current farming practices are not adequately protecting groundwater in the 

ASA. The site Kuipers investigated was utilizing nitrogen BMPs, yet still resulted in high nitrate 

leaching losses (Kuipers et al., 2014). Also, Kuipers study was only conducted on one field, so it 

cannot be assumed that this excess nitrate leaching is occurring on all fields even though we 

know nitrate leaching is widespread. Malekani (2012) observed the highest nitrate concentrations 

in groundwater from January to May 2010, due to residual nitrate being stored in the soil during 

the growing season and harvest, when potential evapotranspiration is high and infiltration is low, 

and subsequently being leached with the beginning of the fall-winter rains in October, and 

arriving at the water table after a 3-4 month vadose zone residence time. In Kuipers et al. (2014), 

the transit time from the root zone to the water table was very short. In comparison, Malekani 
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(2012) observed a significant time lag between leaching from the root zone and arriving at the 

water table, due to a deeper vadose zone at his site. The vadose zone near these monitoring wells 

varied from 17 to 21 m thick (Loo, 2018).  

 Crops in the ASA are typically irrigated using drip irrigation, however it is unknown the 

exact amount of irrigation applied to the fields in this study. Kuchta (2012) completed a study on 

nitrate leaching from raspberries fields in the ASA and found the fixed irrigation amount was 

320 mm in 2010. This irrigation amount agrees well with the BC Trickle Irrigation manual which 

states the annual requirement in the ASA is 300 mm (Van der Gulik, 1999). The exact 

concentration of nitrate-N in the irrigation water is also unknown, however at KuchtaÕs site there 

was an average concentration of 15 mg N L-1. This value also coincides with the mean 

concentration of nitrate-N (~ 15 mg N L-1) measured in the Environment Canada monitoring 

network in the ASA from 1990 to 2014 (Zebarth et al., 2015a). Nitrate concentrations in the 

irrigation water could further increase if fertilizer is mixed in with the irrigation water 

(fertigation). Assuming this background concentration of nitrate-N in the groundwater is 

equivalent to the concentration of nitrate-N in the irrigation water, and assuming the irrigation 

amount is 320 mm per year, the amount of nitrate-N being applied to the crops would be 48 kg 

ha-1 of nitrate-N as a result of irrigation alone. 

 Isotopic techniques proved valuable in the assessment of groundwater nitrate 

contamination in the ASA both in terms of assessing the age of groundwater and the source of 

nitrate. In the early 1990Õs a network of multi-level monitoring wells sampling depths from 2.4 

to 46 m, the groundwater sampled were shown to have ages that ranged from 1.5 to 26.5 years 

(Wassenaar, 1995; Wassenaar et al., 2006). According to Wassenaar (1995), ! 15N of nitrate can 

be used to distinguish between synthetic fertilizers and manure as the source of nitrate. 
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Additionally, bacterial denitrification, which converts NO3
- into N2O and N2, causes isotopic 

enrichment of 15N in residual nitrate. 15N and 18O evidence confirmed that the primary source of 

nitrate in the groundwater was from poultry manure, and to a lesser extent mineral fertilizers 

(Wassenaar, 1995). It was also determined that the nitrification of manure and fertilizers 

occurred primarily during the summer months, with residual soil nitrate continuing to flush into 

the aquifer during the fall months (Wassenaar, 1995). Furthermore, the findings of Tesoriero et 

al., (2000) confirmed the work of Wassenaar (1995), who found that no significant bacterial 

denitrification was taking place in the ASA groundwater except for a very limited location near 

Fishtrap Creek that contained organic, carbon-rich deposits.  

 Identifying the source of nitrogen in groundwater is complicated by N source mixing 

and by nitrogen and oxygen isotope fractionation (Loo et al., 2017). Loo et al. (2017) examined 

! 15N and ! 18O of leachate beneath raspberry crops and determined the plants were either 

receiving synthetic fertilizer or poultry manure. There was also range in both ! 15NNO3 and 

! 18ONO3, that was attributed to various N sources including applied N fertilizer or manure, nitrate 

rich irrigation water, soil N mineralization and nitrification (Loo et al. 2017). Suchy et al. (2018) 

also examined isotopes (! 15N and ! 18O) and nitrate in groundwater over 5 years in the ASA. 

They found that the main source of nitrate was from poultry manure, which was already known. 

However, 47% of the groundwater from wells showed an isotopic enrichment of 15N or depletion 

trend in nitrate concentrations, and the other half of the groundwater from wells showed nitrate 

seasonality in either nitrate concentrations or ! 15N values (Suchy et al., 2018). It was also shown 

that field renovation will shift nitrate concentrations and isotopic values in groundwater, 

therefore nutrient management plans need to incorporate the switch from raspberry to blueberry 
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crops or field renovation in order to determine the impacts on the groundwater nitrate (Suchy et 

al., 2018). 

1.6 Thesis Objective and Approach 

The primary objective of this thesis was to utilize an existing set of monitoring wells in 

the ASA, fitted with groundwater diffusion samplers, to identify the relationships between land 

use (specifically blueberry, raspberry, and non-agricultural land uses) and groundwater 

geochemistry (specifically groundwater concentrations of nitrate, sulphate and chloride). 

Additionally, to distinguish the impact of the above agricultural land uses on groundwater quality 

and assess whether groundwater chemistry differs between raspberries and blueberries. 

Secondary objectives include an assessment of the ability to use monitoring points, limited in 

horizontal spatial extent, but with high vertical resolution, to ascertain groundwater recharge 

points. Essentially the operational utility of using passive diffusion samplers in a physical setting 

where agricultural land uses can vary on scales typically < 4 ha in size was assessed. The thesis 

goals were achieved by embarking on an extensive field and laboratory campaign, which 

included extending the concentration and water table data set for some monitoring wells, and 

bringing new wells into the program through development and sampling.  

In order to achieve these objectives, diffusion samples were collected bi-monthly and 

analyzed in the lab for chloride, sulphate and NO3-N concentrations. Selected diffusion water 

samples were analyzed for 15N and 18O of NO3, in order to trace groundwater nitrate sources 

using the dual isotope approach. The dual isotope approach can be used to differentiate 

atmospheric and synthetic fertilizers from organic fertilizers and septic sources (e.g. Kendall et 

al., 1998, Fukada et al., 2003).   
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Chapter 2: Site Description 

2.1 Geographic Location and Land Use 

The study site encompasses an area of approximately 6 km2 located between the city of 

Abbotsford, BC, Canada and the United States border, and includes a portion of the trans-

boundary ASA (Figure 2). The ASA itself covers an area of approximately 200 km2 (Liebscher 

et al., 1992). The monitoring wells used for diffusion sampling and the associated land uses 

around each well in 2016 are shown in Figure 3. Land uses vary on small scales (< 4 ha) and 

include blueberries, raspberries, forage and pasture, poultry, and livestock. There are also large 

areas of non-agricultural land use in the study area, including the Abbotsford airport and other 

municipal features. The ASA supplies an estimated population of 150,000 with domestic water 

supply, mostly within the City of Abbotsford (BC Statistics, 2012), mainly to supplement the 

surface water source in the summer months (Zebarth et al., 2015a). Land use also varies 

temporally, partially due to shifting economic incentives, which encourage blueberry production 

over raspberry production or vice versa. Another temporal land use change was the shift from 

poultry farms to berry production. Specifically, starting in 2012 the existing poultry farms were 

replaced with blueberry/raspberry crops.  
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Figure 2: Site map showing the location of the Abbotsford-Sumas Aquifer shaded in grey with 
the study area outlined in red (inset) and a close-up of the study area showing the locations of 
monitoring wells (blue circles).  
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Figure 2: Site map showing the location of the Abbotsford-Sumas Aquifer shaded in grey with the study area 
outlined in red (inset) and a close-up of the study area showing the locations of monitoring wells (blue 
circles). !
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Figure 3: Map of field site showing average groundwater flow directions at each well. ABB 12 
(a), ABB 15 (b), ABB 14 (c), ABB 16 (d). Yellow outlined zone represents the range in annual 
groundwater flow direction with yellow arrows representing the average annual groundwater 
flow directions for the year 2014. Red and blue coloured fields show raspberry and blueberry 
crops, respectively, for the year 2016.  
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2.2 Hydrogeology 

The ASA is a largely unconfined aquifer composed of glaciofluvial sand and gravel 

deposits with interspersed till and silty clay lenses (Armstrong et al., 1965; Easterbrook et al., 

1976). Underlying the ASA is a confining glaciomarine clay layer deposited 13,500 to 11,000 

years ago (Easterbrook et al., 1976; Halstead, 1986). The aquifer thickness is typically 15 to 25 

m, but can range from 5 to 70 m (Cox and Kahle, 1999). It was deposited during the Sumas stage 

of the Fraser glaciation approximately 11,000 to 10,000 years ago (Easterbrook et al., 1976). 

Porosities for sandy materials can range from 0.25 to 0.50, however the porosity is generally 

assumed to be 0.35 (Cox and Kahle, 1999; Hii et al,. 1999). Hydraulic conductivities range from 

2.4"10
#5 to 2.8"10

#2
 m s-1 with a regional best estimate of 9.5"10

#4 m s-1 (Cox and Kahle ,1999; 

Tesoriero et al., 2000). The water table typically ranges from less than 2 m to 25 m below ground 

surface, depending on location and time of year (Kohut, 1987). Groundwater flow velocities 

range from 9 to 73 m y-1 according to Zebarth et al. (2015a), with an average of 30 m y-1.   

 

2.3 Climate, Precipitation and Recharge 

Climate in the area is affected by the Pacific Ocean, with warm summers and mild, moist 

winters. Long-term average annual precipitation (1981-2010) was 1574 mm at Abbotsford 

Airport, which includes 55.2 mm as snowfall (Environment and Climate Change Canada 2018), 

with the majority of precipitation (~ 70%) falling between October and March (Zebarth et al., 

2015a; Cox and Kahle, 1999). Lower precipitation is observed in the summer months compared 

to the fall and winter months, and evapotranspiration is the highest between June and August 

(Cox and Kahle, 1999; Scibek and Allen, 2006; Malekani, 2012). Long-term (1981-2010) mean 
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daily temperatures recorded at Abbotsford airport ranged from a maximum of 24.4 ¡C in August 

to a minimum of -0.1 ¡C in December (Environment and Climate Change Canada 2018). As the 

majority of precipitation occurs outside active growth periods (October to March), crops are 

typically drip irrigated during the growing season due to a water deficit (Zebarth et al., 1995). 

The seasonally variable groundwater recharge is estimated to be between 850 and 1100 mm per 

year (Cox and Kahle, 1999; Scibek and Allen, 2006; Malekani, 2012). Annual water table 

fluctuations were found to be in the 2 to 3 m range by Liebscher et al. (1992) and Tesoriero et al. 

(2000).  

Hollander et al. (2016) used a combination of short term (1 year) data from a local 

weather station, long-term data from Abbotsford airport (27 years), soil temperature and 

moisture sensors, and vadose zone modelling using HYDRUS-1D, to develop a monthly estimate 

of groundwater recharge (Figure 4). While the mean recharge values (892 mm/year) agreed with 

previous estimates, the monthly variation and ranges, give insight into the seasonal and yearly 

variation in nitrate leaching. Specifically, the seasonality of the recharge results in more leaching 

during the wet months (fall and winter), and less during the growing season. This was evidenced 

by Loo et al. (2018) who found that the largest fraction of leaching of both chloride and NO3-N 

occurred in the autumn. The calculated ratio of annual recharge to precipitation was found to 

vary from 43% to 69% depending on wet/dry years. This agreed well with Kohut (1987) who 

found annual recharge varying between 37% and 81% of the annual precipitation.  
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Figure 4: Monthly estimated recharge distribution for the Abbotsford airport area as presented in 
Hollander et. al (2016). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Monthly estimated recharge distribution for the Abbotsford airport area as presented in Hollander et. al (2016). 

 

 

 

 

 

 

 

Figure 5. Impact of parameter changes on the cumulative recharge (site 1).

Figure 6. Monthly estimated recharge distribution from the long-term period.

are signiÞcantly larger than any of the measurement uncer-
tainties. However, Assefa and Woodbury (2013) showed
by using soil data on a 500 by 500 m grid that recharge
estimates are still reliable and can be of advantage for
questions regarding water resources management.

The delay between a precipitation event and the
corresponding soil moisture change during long dry
periods (e.g., between July 23, 2012 to October 12, 2012,
Figure 3a to 3c) is: without any delay, with a delay of 2
d and with a delay of 3 weeks for depth of 10, 37, and
100 cm depth, respectively. In the rainy periods, the delay
between inÞltration at land surface and recharge at the
groundwater table is shorter than in the transition period
from dry to rainy, due to the retention of soil moisture.
The lithology and the soil saturation within the vadose
zone determined the time delay, and the ßux harmonized
the recharge rates relative to the precipitation. Therefore,
the soil moisture decline at each depth showed its own
characteristic.

The annual recharge estimated from the two sites
in the 27-year period are very similar: the mean
annual recharge estimate (site 1: 848 mm/year with!
of 206 mm/year and site 2: 859 mm/year with! of
208 mm/year), as well as the per-year estimate (Figure 6).

This underscores the robustness of the chosen method.
These mean recharge values agree with the range 851 to
900 mm/year estimated by Scibek and Allen (2006) at the
same location as our weather station in the Abbotsford
region. Scibek and Allen (2006) determined the recharge
by the HELP model (Hydrologic Evaluation of LandÞll
Performance, Schroeder and Ammon 1994). Furthermore,
the variation in the estimated recharge between the two
sites is within the accuracy of the measurement. HELP is a
limited model allowing 1-d time steps, and considers only
grass or bare soil as land cover. Concerns about HELP
recharge overestimation have been duly note elsewhere
(Berger 2000; Assefa and Woodbury 2013). In this partic-
ular case, limitations of HELP can be neglected because
the land cover happens to be the same in our HYDRUS
simulations at the study site. Our recommendation would
be to use HYDRUS as a preferred simulator.

Figure 6 also indicates that the effect of wet and dry
years is obvious on recharge estimation. For instance,
the amount of recharge (site 1: 1306 mm/year and site
2: 1314 mm/year) in 1997 was more than double of that
(both sites: 539 mm/year) in 1993 (precipitation 1997:
1999 mm/year, 1993: 1170 mm/year). The calculated ratio
of annual recharge to precipitation from 43% to 69%

NGWA.org H.M. Holl¬ander et al. Groundwater 54, no. 2: 243Ð254 251
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Chapter 3: Materials and Methods 

An extensive field and laboratory campaign was carried out for this thesis. Field work 

included well development for three monitoring wells (ABB 14, ABB 15 and ABB 16) and water 

table monitoring and diffusion groundwater sampling from August 2014 to May 2016 for ABB 

12, and September to May 2016 for ABB 14, ABB 15 and ABB 16. Monitoring well ABB 12 

had been previously sampled with diffusion samplers and monitored as part of the MSc thesis 

program of Farzin Malekani (Malekani, 2012) and the PhD thesis program of Shawn Loo (Loo 

2018). In addition, water table elevations obtained from various Environment Canada monitoring 

wells (Table 1) were used to compare with the water table elevations obtained in this thesis. 

Laboratory analyses included cation-anion analysis for concentrations and isotopic analysis of 

nitrate of selected samples, with the details are presented below.  

 

3.1 Regional Monitoring Well Network 

Environment Canada initiated a groundwater monitoring program in the early 1990Õs as a 

means of determining the extent of the nitrate contamination and to monitor spatial and temporal 

changes in groundwater nitrate concentrations within the ASA (Hii et al., 1999). The monitoring 

well network includes 60 monitoring points at 26 different locations, with multi-level depth 

installations with varying depths and screen lengths (Wassenaar, 1995; Hii et al., 1999; 

Wassenaar et al., 2006). Groundwater ages in the ASA range from 0.9 to 33 years, with an 

average of 10 years (Wassenaar et al., 2006). In order to provide a more detailed assessment of 

nitrate distribution through the aquifer, 117 domestic wells have been included in the monitoring 

program (Hii et al., 2006). Long term nitrate data from the monitoring wells in this network can 
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be found in the groundwater quality monitoring databases maintained by Environment Canada. 

Groundwater elevation data from a subset of 20 Environment Canada monitoring wells at 

locations in the ASA were used in this thesis to interpret groundwater flow directions and 

temporal fluctuations in the water table.   

 

3.2 Drilling and Well Installation 

Groundwater sampling was conducted using a network of existing wells installed by the 

University of Calgary (U of C) and Agriculture and Agri-food Canada (AAFC) in January 2009 

and March 2014.  ABB 12 was drilled to a depth of 15 m below ground surface in 2009 using a 

Sonic Drill Rig by Mud Bay Drilling Co. Ltd. The core was logged and sampled continuously by 

Farzin Malekani (U of C) as part of his MSc thesis research (see Appendix A). Sonic Drilling 

Ltd. drilled ABB 14, ABB 15, and ABB 16 in March 2014 to depths ranging from 20.7 m to 24.4 

m. Shawn Loo (U of C) and Harm Demon (U of C) logged and sampled the wells continuously 

(see Appendix A). All wells were fully screened, allowing for passive diffusion sampling to be 

conducted. Well details are presented in Table 1, while full construction details are presented in 

Appendix A. Slug tests were completed on wells upgradient of ABB 12 and grain size analyses 

were completed by Farzin Malekani (U of C) on ABB 12. Grain size analysis was completed on 

selected samples from ABB 14, ABB 15 and ABB 16 (Tse, 2018) using HazenÕs method (Fetter, 

2000) and permeameter (ELE International Combination Permeameter) measurements were 

made in order to estimate hydraulic conductivity (see Appendix A).  

Wells ABB 14, ABB 15 and ABB 16 were developed in September 2014 using an inertial 

pump (Hydrolift" ) to purge and surge the well. A foot valve (Waterra" ) and tubing were used 
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to purge the well, while a surge block was attached to aid in well development. As the wells were 

fully screened, surging and development was conducted along the entire depth of the well. After 

surging for 10-15 min per one meter interval, the well was pumped using the foot valve until one 

well volume was extracted. The surging simulated groundwater flow through the well screen, at 

an accelerated rate, while pumping removed sediments at the bottom of the well. A submersible 

pump (Grundfoss" )  was then used to flush fine sediments out of the well screen. Any remaining 

sediment is expected to settle to the bottom of the well, post development.  

 

3.3 Geology of Study Site 

A geologic cross-section (Figure 5) was constructed using wells ABB 12, ABB 15 and 

ABB 16 from the drill logs and core descriptions provided by Malekani and Loo (Appendix A). 

This cross-section shows that from ABB 12 to ABB 16 the majority of the sediment is sand and 

gravelly sand, with interspersed lenses of sandy gravel and gravel. Minority units include some 

gravel identified in ABB 16 and ABB 15, a small till unit at the bottom of ABB 16, and a 

confining layer of clay at the bottom of ABB 15 and ABB 16. It is also worth noting that there is 

a clay layer below 28 masl in ABB 14, that was encountered during the drilling and installation 

of the monitoring well. From this geologic cross section, it can be seen that the majority of the 

ASA in the study area is comprised of glaciofluvial sand and gravel sediments, which are 

heterogeneous and generally contain many alternating layers of sand and sandy gravel.  
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Table 1: Environment Canada well construction details and ABB well (12, 14, 15 and 16) 
construction details 
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Figure 5: Geological cross-section through boreholes ABB 12, ABB 15 and ABB 16 using drill 
logs from Malekani, Loo and Zebarth. The water table measured at each monitoring well in 
January 2015 is shown as well as the inferred water level (dotted line) along the cross-section.   
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Figure 5: Geological cross-section through boreholes ABB 12, ABB 15, and ABB 16 using drill logs from 
Malekani, Loo and Zebarth.
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3.4 Groundwater Diffusion Sampling  

Bi-monthly (every two months) diffusion sampling was completed at four monitoring 

wells from September 2014 to May 2016, specifically from August 2014 Ð May 2016 for ABB 

12, September 2014 Ð May 2016 for ABB 15 and ABB 16, While ABB 14 was also developed 

along with ABB 15 and 16 in September 2014, sampling was not started until May 2015 

(extending until May 2016) due to time and budget constraints.  

A passive diffusion sampler (Malekani, 2012) was used for groundwater sampling. The 

samplers were constructed of 4.13 cm diameter solid PVC rod with each 10 cm portion threaded 

at both ends, creating female and male counterparts, allowing for the length of sampler to be 

adjusted for different wells and seasonal water table fluctuations. Each 10 cm component had a 

ÔportÕ perpendicular to the long axis for holding the diffusion sample vials (Figure 6). Sample 

vials were Nalgene"  12 ml HDPE with snap-on caps, which were punched out to allow for the 

diffusion membrane to be held on top of the vial. Sample vials were filled with a solution of 10 

mg L-1 bromide and deionized water solution and covered with the 0.4 µm polycarbonate 

membranes. The bromide served as a tracer to indicate whether diffusion was complete. The 

vials were placed in ports, shaped with a larger opening for the cap and narrower for the vial. 

Vials were placed in the ports and removed by pushing on the bottom of the vial at the smaller 

opening. Each vial was held in place by two nitrile O-rings, located along the edges of the cap, 

so that the O-rings were raised from the membrane. Neoprene rubber gaskets were placed every 

10 cm, in order to minimize vertical flow within sampling intervals. Gaskets also provide friction 

along the inside of the well casing, allowing for the sampler to grip slightly upon retrieval.  
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Figure 6: Schematic diagram and photos of passive diffusion groundwater sampler with all its 
components labelled. The sampler device was deployed in fully screened wells with sample vials 
spaced every 10cm at shallow depths and up to 1m near the bottom. (Photo of diffusion vial from 
Malekani 2012).  
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Figure 6: Schematic diagram and photo of passive diffusion groundwater sampler with all its components labelled. The 
sampler device was deployed in fully-screened wells with sample vials spaced every 10cm at shallow depths and up to 1m 
near the bottom. Modified from Malekani 2012. 
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Diffusion samplers were retrieved and redeployed every two months.  For each sampling event, a 

winch was used to pull up the sampler (against friction) connected by an aircraft cable. Once the 

sampler was pulled above the ground surface, stainless steel rods were placed in holes in the 

sampler to keep the sampler from sliding down the well, while vials were retrieved from each 

one-meter section. Water table elevation measurements were taken once the entire sampler was 

retrieved. In order to capture the expected rise and fall of the water table over the subsequent 

two-month sampling period, and thus the concentration profile at shallow depths, vials were 

spaced closer together (10 cm) near the water table. As a result, each well had samplers situated 

at slightly different elevations (relative to other monitoring wells), and the sampler elevations 

also varied between sampling dates based on water table elevation changes.  Vials containing 

more than 0.5 mg L-1 of bromide (>5% original bromide concentration of 10 mg L-1) were 

assumed to have not completely equilibrated with the groundwater and were excluded from the 

concentration profiles. At all the monitoring wells, the diffusion vials were spaced every 10 cm 

in the top two meters near the expected water table, and the spacing increased with depth. For the 

deeper wells (ABB 14, ABB 15 and ABB 16) the spacing started at 10 cm near the water table, 

and gradually increased to 20 cm, 30 cm, 50 cm and finally up to 100 cm near the bottom. Since 

ABB 12 was the shallowest well of the monitoring program, diffusion sample spacing ranged 

from 10 cm near the water table to a maximum spacing of 30 cm near the bottom. 

To ensure the sampler was at the bottom of the well, a smaller PVC pipe was pushed 

against the sampler top, and the distance from the top of the sampler to the top of the well casing 

was measured. This allowed for the precise elevation of each sample to be determined. During 

sample collection, one meter of the diffusion sampler was removed at a time, sample vials were 

removed from the sampler, diffusion membranes and punched caps were removed from the vials, 
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and new full caps were placed on the sample vials to seal them for transport to the analytical 

laboratory. Sequentially, the one meter sections of the sampler were removed until the entire 

sampler was removed from the well. Sample vials were placed in a cooler with ice packs and 

transported by air within 10 hours, and then stored in the laboratory refrigerator until analysis. 

Analysis was usually performed within 5 days of their retrieval date.  

After the equilibrated set of vials was removed, a new set of vials was placed in all 

desired sampling ports, and the sampler was deployed down well by threading the one-meter 

sections together. The next set of sample vials with bromide tracer solution and diffusion 

membranes were prepared the previous day and were deployed into the one meter sections of the 

sampler and lowered down well.  

 

3.5 Water Table Elevation Measurements 

Water level measurements from the four monitoring wells used for diffusion sampling 

were taken on a bi-monthly basis after the diffusion samplers were retrieved.  The water level 

was allowed to fully recover after removing the diffusion sampler, prior to taking the final water 

table depth measurements. Water table depth measurements were taken from the top of the well 

casing using a handheld water level tape. Groundwater level measurements were also taken at 

various Environment Canada wells in the ASA by Martin Suchy (Environment and Climate 

Change Canada, Vancouver) using both pressure transducers and quarterly manual static levels. 

Water level data from all available wells in Table 1 were combined in order to assess 

groundwater flow directions and gradients.  
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3.6 Testing of Sampler Diffusion Time 

 As previously discussed, a solution of 10 mg L-1 bromide was prepared using deionized 

water and filled into the sample vials prior to deployment to indicate the degree of equilibration 

in the diffusion samples after collection. Groundwater samples with bromide concentrations 

greater than 0.50 mg L-1 were removed from the concentration profile, as equilibration was 

deemed incomplete if >5% of the original bromide concentration was remaining. Malekani 

(2012) found a minimum of 14 days were required for the diffusion vials to be completely 

diffused (>5% of the bromide concentration remaining), which ensured equilibrium had been 

reached. In order to avoid removing un-equilibrated samples from the analysis, and thus losing 

data over a sampling period, MalekaniÕs minimum equilibration time was tested in this study. 

Diffusion time was confirmed by a lab analysis using isotopes of water (18O and 2H) as tracers to 

indicate how long it took for diffusion to be complete in a controlled setting. It was determined 

that the water inside the diffusion vials reached the same isotopic composition as the surrounding 

water in 7-9 days. The full experimental method and results are provided in Appendix B.  

 

3.7 Chemical Analysis 

Diffusion water samples were analyzed every sampling event within one week of 

sampling using ion chromatography (Metrohm 930 Compact IC FlexÐ anions, and Dionex ICS-

1000 Ð cations) for nitrate-N, chloride, sulphate, sodium, magnesium, potassium, and calcium. 

No preservatives were added to any of the diffusion samples.  Major cations were also analyzed 

for selected sampling events (January 2016 and February 2016) in order to evaluate the 

geochemistry of groundwater and determine the charge balance.  Certified reference materials 
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(CRM) for chloride, nitrate-N and sulphate were included with each analysis to ensure proper 

operation of the ion chromatograph. It was determined that the analytical error for all analytes 

was 5%.  

Alkalinity titrations were performed to obtain bicarbonate concentrations for the January 

2016 and February 2016 sampling events. The pH of the samples was also measured with an 

error of ± 0.01 pH units and ranged from 5.35 to 8.08, with a median of 6.87 and average pH of 

6.81. Charge balance error analyses confirm the accuracy of the ion chromatography, and ensure 

no major cations or anions were missed. Charge balance analyses were completed for ABB 12, 

ABB 14 and ABB 16 on two sampling dates (January 2016 and February 2016). The bicarbonate 

concentrations usually increased with depth, and the charge balance error decreased with depth 

accordingly. The average charge balance error for ABB 12 in January 2016 was 1.94%, and -

11.0% in February 2016. The average charge balance error for ABB 16 in January was 0.15%, 

and 2.77% in February 2016. The average charge balance error for ABB 14 was 0.38% for 

January 2016.  For some sampling dates, the charge balance error was higher than expected (e.g. 

11.0% in February 2016). Typically, a charge balance error of less than ±5% is considered 

acceptable. However, some samples had a significant amount of bicarbonate present, which 

would be expected, since it is a major anion in groundwater and is often the main control on pH.  

 

3.8 Isotopic Analysis  

Select samples from January and February 2016 were submitted for isotopic analysis of 

15N and 18O (of nitrate), and 2H and 18O (of water), and analyzed at the University of CalgaryÕs 

Isotope Science Laboratory. Isotope ratios are reported in !  notation, which expresses the 
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relative deviation of an isotope from a measured sample to a standard, and is expressed as 

permille (0/00) (Kendall and McDonnell, 1998): 

!  ! "
"#$%&'()

"#$*%+,%-,
. / 0/1112 "     (7) 

where R denotes the ratio of the heavy to light isotope (e.g., 18O /16O). The isotopes analyzed 

have their own reference standards, specifically 2H uses VSMOW (Vienna Standard Mean 

Ocean Water), 15N uses atmospheric N2, 
18O uses VSMOW or VPDB (Vienna Pee Dee 

Belemnite).  

Hydrogen and oxygen isotopes of water were analyzed using laser spectroscopy with a Los 

Gatos Research (LGR), ÒDLT-100Ó instrument. Accuracy for ! 18#  is generally better than 

±0.2ä , and the accuracy of ! 2$ !is generally better than ±1.0ä . The dissolved nitrate isotope 

analysis by the Òdenitrifier methodÓ was used to determine the 15N and 18O isotopic composition 

of dissolved nitrate in water using Finnigan Mat Delta+XL mass spectrometer (Rock et al., 

2007). The accuracy of this analysis for ! 15% is 0.3 ä , and the accuracy of ! 18# is 0.7 ä .  ! 
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Chapter 4: Results & Discussion 

 

4.1 Water table fluctuations and groundwater flow  

The hourly pressure transducer data were averaged to compute average daily water table 

elevations (Figure 7). Water table elevations typically reached their maximum in January or 

February, and then fell to their minimum in September or October. This pattern is consistent over 

the monitoring period (i.e., 2013 to 2016). Equipotential maps were created for each month in 

2014 to determine how the groundwater flow direction changed with seasonal water table 

fluctuations. Water levels from both the ABB wells and various Environment Canada wells were 

used to contour the equipotential map. The January 2014 water table elevation map is included as 

an example (Figure 8). Groundwater flow was dominantly in a southerly direction with the 

regional water table high occurring just north of the airport (Figure 8). Groundwater flow 

appears to follow a radial pattern from this water table high, however, the radial pattern could be 

attributed to having only a single monitoring well in the north-central part of the study area. 

While monthly water table maps are shown in Appendix C, a clearer illustration of how the 

groundwater flow directions change monthly is shown by plotting the average annual gradient as 

an average azimuth and the range of the water table gradient throughout the year (2014) (Figure 

3). The calculation of the average azimuth was corrected for the transition from 0 to 360 degrees 

to ensure an appropriate average value. The yellow outlined areas in Figure 3 essentially show 

the annual variation in groundwater flow direction at each well and thus how the source area of 

the monitoring wells varies seasonally. The source area is the region around the monitoring well 

that contributes groundwater flow to it, which is the origin of the groundwater in the samples.  
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Figure 7: Daily average of water table elevations from pressure transducers near monitoring 
wells and bi-monthly water table elevations at monitoring wells throughout the sampling period.  
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Figure 8: Representative water table contour map (masl), January 2014. Surface configured from 
Environment Canada and University of Calgary/Agriculture and Agri-Food Canada monitoring 
wells noted by small black circles. Blue arrows indicate approximate groundwater flow direction.  
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Figure 8: Representative water table contour map (masl), January 2014. Surface configured from Environment Canada 
and University of Calgary/Agriculture and Agri-Food Canada monitoring wells noted by small black circles. Blue arrows 
indicate approximate groundwater flow direction.  
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While not explicitly shown in Figure 3, groundwater flow directions for ABB 12, ABB 15 and 

ABB 16 were generally in the southwestern-most portion of the shaded region, ranging from 215 

degrees to 188 degrees. Groundwater flow directions in January, December and November were 

consistently in the more southwesterly portion. For other months, groundwater did not flow in a 

particular direction consistently amongst ABB 12, 15 and 16. For ABB 14, the groundwater flow 

direction ranged considerably more throughout the year than other wells. For example, 

groundwater flowed southeast during May, June, July and January (ranging from 144 degrees to 

160 degrees) and flowed southwest (220 degrees) in September and October, with groundwater 

in the rest of the months flowing in a much narrower range (170 degrees to 180 degrees).  For the 

majority of the year the groundwater flow direction occurred between 144 degrees to 180 

degrees. Overall, there was a fairly large seasonal variation in the groundwater flow direction, 

ranging from 144 degrees to 220 degrees, as the water table responded to changes in 

precipitation and evapotranspiration.  

The yellow outlined areas in Figure 3 also illustrate the total area captured by each 

monitoring well. Thus, the length of the arrow indicates the farthest point up-gradient, in which 

land uses are captured at the surface. To determine this area, the age of the groundwater sampled 

at the deepest section of the monitoring well (according to Wassenaar et al., 2006) was used 

along with the groundwater velocity calculated using DarcyÕs Law: 

  3 ! .
4 "0"5

6       (8) 

 or the actual variant used, 

     7 !
8 "0"9"0""&"

:
      (9)                                                        

where v is the average linear groundwater velocity (m d-1), K is the saturated hydraulic 
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conductivity (m d-1), i is the horizontal hydraulic gradient (unitless), and n is porosity (unitless or 

m3 m-3). Distance upgradient is represented by x (m), and groundwater age is represented by &  

(years) taken from Equation (10). Hydraulic gradients at each of the monitoring wells were 

calculated using the equipotential maps for the months of September 2014, January 2015 and 

March 2015, representing periods of low, average and high water table elevations, respectively. 

Gradients varied from 1.4" 10-3 to 1.7" 10-3 with an average hydraulic gradient of 1.6" 10-3 over 

the four wells in this study for the year 2014. This compares well with the average hydraulic 

gradient of 9.2" 10-4 determined for ABB 12 by Malekani (2012). For the hydraulic conductivity, 

the geometric mean of Cox and Kahle (1999) measured horizontal hydraulic conductivities near 

the monitoring wells in this study were calculated as 2" 10-4 m s-1. Malekani (2012) also 

determined the average hydraulic conductivity of borehole sediment samples using grain size 

analysis (using HazenÕs method) taken from ABB 12 to be 1.2" 10-3 m s-1. In comparison, Tse 

(2018) determined that for ABB 14, 15 and 16 the average hydraulic conductivity estimates by 

grain size analysis were found to be 1.8" 10-3 m s-1, while average permeameter estimates were 

7.7" 10-4 m s-1.  Specifically, the average hydraulic conductivities for ABB 14 was 4.6" 10-4  m s-1, 

ABB 15 was 2.1" 10-3 m s-1 , and ABB 16 was 2.6" 10-3 m s-1 (detailed results in Appendix A). 

However, the hydraulic conductivity values found by the permeameter were much lower than 

expected for coarse grained sediment and gravel. This could be due to the fact that the 

permeameter was repacked to a density that was not representative of field conditions, resulting 

in a lower hydraulic conductivity than expected. This error, combined with error involving the 

apparatus, could have resulted in unrealistic hydraulic conductivities for the core.  

Considering that the Cox and Kahle (1999) dataset is extensive, and the estimates of 

hydraulic conductivities were determined using wells that had the most complete set of specific 



(' "
"

capacity data, including discharge rate, drawdown, long term aquifer test data, well construction 

and geologic logs.  A total of 218 wells met the above criteria, and thus were used to estimate 

hydraulic conductivity (Cox and Kahle, 1999). Based on their estimates of hydraulic 

conductivities, it was decided to go with a hydraulic conductivity of 2" 10-4 ms-1 for the 

calculations in this study. Based on previous studies conducted on glaciofluvial sands and 

gravels in the ASA area the porosity range from 0.25 to 0.5 (Cox and Kahle, 1999; Tesoriero, 

2000). Therefore, porosity was assumed to be 0.3 which is representative of the previously cited 

studies. The average hydraulic gradient of 1.6" 10-3, calculated from the equipotential maps, was 

used to calculate average groundwater flow velocity. The resulting calculated average 

groundwater flow velocity (using equation 8) was 1.1" 10-6 m s-1 (or 34 m year-1).  

 

 4.2 Evaluating land use boundaries using groundwater age 

Vertical profiles of solute concentrations in groundwater can be used to determine the 

boundary between upgradient land uses if they are clearly contrasting. However, a clear contrast 

in land uses is not always present. Therefore, two alternative approaches were examined in this 

study for identifying the relationship between upgradient land use boundaries and the 

groundwater geochemical composition of groundwater in a well. The first approach is using 

estimated groundwater age (Wassenaar et al., 2006) and groundwater transit time to estimate the 

depth corresponding to the boundary between land uses. The second approach is using a 

measured concentration and the source concentration that is applied to the crops to determine the 

change in relative concentration. Both approaches and their limitations are described in more 

detail in the following paragraphs.  
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In order to calculate the land area where water infiltrated, and flows to the monitoring 

wells, an estimate of the age of groundwater at the lowest screened point in each monitoring well 

was required. It is well known that groundwater can be dated using isotopes of carbon-14, 

krypton-85, chlorine-36, and chlorofluorocarbon can be used. The simplest, most frequently 

used, and currently most common method involves analyzing water for isotopes of hydrogen and 

helium. However, determining the age of groundwater at various depths in a well and where that 

groundwater was sourced from, is more difficult. Wassenaar et al. (2006) determined a 

relationship between the depth of sampled groundwater (below static water level) and 

groundwater age for the ASA, which is given as:  

& = 2.1e0.14z   (10) 

where groundwater age, &,  is determined in years and z represents the depth below static water 

level in meters. The 3H/3He age-dating method is accurate to ± 0.5 year for water that has entered 

the aquifer within the past 40 years (Wassenaar et al., 2006). Since their age-dating technique 

using isotopes of tritium and helium does not account for the transit time through the unsaturated 

zone, Wassenaar et al. (2006) estimated the residence time in the unsaturated zone at 18 different 

monitoring piezometers to be less than 2 to 3 years (Cox & Kahle, 1999; Kohut, 1987) and found 

that groundwater ages in the aquifer ranged from 0.9 Ð 33 years. Their estimation considered the 

shallow water table and high rate of recharge in the aquifer.  

 Malekani (2012) performed a chloride tracer test at monitoring wells near ABB 12 and 

determined the vadose zone residence time over the fall and winter period to be 3 to 4 months. 

However, much longer (>6 months) residence times would be expected during the spring and 
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summer months when precipitation is much lower and potential evapotranspiration rates are 

higher (Malekani, 2012).  

Chesnaux et al. (2007) modelled the time for nitrate to be transported through the soil 

zone to the water table. Their conceptual model was aimed at quantifying the net amount of 

nitrogen available for leaching (Chesnaux et al., 2007). This included annual nitrogen inputs 

from fertilizer application, soil mineralization and annual nitrogen removals from denitrification 

(Chesnaux et al., 2007). Their modelling results showed that it took 7 months for the available 

nitrate (amount not taken up by plants, and not denitrified) from inorganic fertilizer application 

to get completely leached to the water table (Chesnaux et al., 2007). Using measured residence 

times from Malekani (2012) and modelled time from Chesnaux et al., 2007, the age of 

groundwater at the water table (i.e., the y intercept in Equation 10) was modified from 2.1 years 

to 0.58 years (7 months), thereby accounting for the shorter vadose zone residence times.  

Equation 10 was revised with the new y-intercept and refit to the groundwater age data of 

Wassenaar et al. (2006). The resulting modified equation:  

&= 0.58e0.2391z  (11) 

was employed to estimate the residence time of groundwater at any given depth as shown in 

Figure 9. The upgradient distance to a specific land use was calculated using Equation 9, with the 

groundwater age determined from Equation 11. For the total source area, as shown in yellow in 

Figure 3, the age of groundwater at the base of the ABB monitoring wells was used. The ability 

to calculate the upgradient distance to a specific land use allows for the interpretation of field 

boundaries and the depth at which the change in land use can be expected in the concentration 

profiles (see Section 4.4).   
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Figure 9: Prediction of groundwater age as a function of depth below static water level (BSWL) 
as predicted using the equation of Wassenaar et al. (2006), and as modified in the current study 
with a y-intercept of 0.58yr to more accurately reflect the actual residence time in the vadose 
zone.  

 

 

 

 

 

!
Figure 9: Prediction of groundwater age as a function of depth below static water level (BSWL) as predicted using the 
equation of Wassenaar et al. (2006), and as modified in the current study with a y-intercept of 0.58 yr to more accurately 
reflect the actual residence time in the vadose zone. 
 
 
 
 
 
 
 
 
 

!"#"$%&'(%&)*

(

&

$

+

)

,

-

.

/

0

&(

&&

( & $ + ) , - . / 0 &( && &$

12
'"3

!4
56

7'89:";<=>"3?@5A6

! #$%&'(%&)B

! #(%,/' (%$+0&B



(+"
"

As indicated by other studies (Eckhardt and Stackelberg, 1995; Tesoriero and Voss, 

1997; Keeler and Polasky, 2014) monitoring groundwater can be used to differentiate between 

different land uses in upgradient fields. Figure 10b is a representative two-dimensional cross 

section through the region of ABB 12 where raspberry field sourced water will flow through the 

upper portions of the well, and non-agricultural sourced water through the lower sections of the 

well. Essentially it shows how water infiltrating under different land uses will ultimately be 

sampled, or flow through, different depths at a down-gradient groundwater monitoring well. 

Specifically, soil water from raspberry and non-agricultural land will percolate vertically through 

the unsaturated zone to the water table. From there, the water will travel sub-horizontally along 

flow paths towards the monitoring well. Groundwater sampled at shallow depth intervals 

corresponds to water that was initially infiltrated closer to the monitoring well. With increasing 

depth below the water table, the water is captured farther from the well and thus represents land 

use originating farther along the flow path. The two dimensional conceptual cross section in 

Figure 10 assumes homogeneous and isotropic aquifer, since it is very difficult to account for 

heterogeneities in the aquifer, and the various effects that would result. It also assumes that flow 

is predominantly vertical in the unsaturated zone, and predominantly horizontal in the saturated 

zone. Other assumptions include uniform groundwater flow, no variation in flow direction, and 

uniform recharge distribution. This depiction works provided the above mentioned simplifying 

assumptions are true and the land use does not change perpendicular to the section, or the 

groundwater flow direction does not change significantly with time. However, if groundwater 

flow direction or land use changes, it is difficult to pinpoint the origin of groundwater arriving at 

a well, as is shown in Figure 11.  



(, "
"

Seasonal variability in groundwater flow directions affects the ability to differentiate 

between land use types. If the monitoring well is in an area where the range in groundwater flow 

is relatively narrow with respect to upgradient crop types, one can differentiate between land use 

at sampling points near the water table. However, when there is more variability in groundwater 

flow directions, as is the case at ABB 14 (Figure 3c), a larger source area results. This creates 

issues with identifying land use since the groundwater flow direction changes over the year, thus 

changing the land use that is being captured within the sampled water. This is particularly 

important due to the relatively small size of the farms in the Abbotsford area. As shown in Figure 

3b and 3c, the land use changes within the range of groundwater flow direction, which varies 

seasonally (from month to month) for ABB 14 and ABB 15. The ABB 16 source area includes 

blueberry fields, and then raspberry fields, however they vary with distance from the well as 

shown in Figure 10b. For ABB 12 the nearest source area upgradient is raspberry fields followed 

by non-agricultural land.  

As discussed in Section 2 and shown in Figure 5, the aquifer materials consist of layers of 

varying coarse-grained materials ranging from sand to gravel. A three-dimensional conceptual 

diagram is shown in Figure 11, which illustrates both a varying land use source area and varying 

subsurface materials. This adds another complexity for the well source area and identifying land 

use within. The hypothetical source area, in relation to spatially varying infiltration and for 

groundwater flow pathways, illustrates the considerable difficulty in relating a specific depth 

interval in the ABB monitoring wells to a specific land use type (Figure 11). As shown, 

subsurface heterogeneity can result in groundwater flow pathways that are not represented in 

Figure 10b or the age-depth relationship of Wassenaar et al. (2006).  

 



(- "
"

 
Figure 10a: Hypothetical concentration profile, with the result of advection only vs. advection 
and dispersion based on the placement of a well in 10b. Figure 10b: Schematic diagram 
(vertically exaggerated) showing the relation between groundwater captured from the 
immediately upgradient land use and the groundwater sampled with depth at the monitoring well.  
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Figure 11: A three-dimensional conceptual diagram showing varying land use and varying 
subsurface materials in the capture area of a monitoring well.  
 

 

 

 

 

 

 

 

 

 

 
Figure 11: A three-dimensional conceptual diagram showing varying land use and varying subsurface materials in the 
capture area of a monitoring well. 
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4.3 Evaluating land use boundaries using groundwater velocity 

An alternate approach to determine the land area captured by the monitoring wells is to 

determine the relative concentration (C/C0), which is the measured concentration at a given 

distance from the source (C) divided by the initial concentration at the source (C0). This 

approach utilizes Figure 10, which assumes the above mentioned assumptions as well as two-

dimensional transport, homogeneous soil conditions, and a continuous source input. This is a 

simplifying approach, as it does not account for the irrigation amounts (which are unknown), and 

the variability in: precipitation, water table elevations, N input, and flow directions. Under this 

approach, longitudinal dispersion causes mixing along flow lines, while transverse dispersion 

causes mixing between flow lines (Figure 10b). Therefore, transverse dispersion causes mixing 

of waters originating from non-agricultural land use and raspberry land use. Using Figure 10b, 

transverse dispersion would occur between the flow lines from non-agricultural land use and 

flow lines from raspberry land use. This zone of mixing due to transverse dispersion is where 

one would expect to find the relative concentration C/C0 equal to 0.5. Figure 10a shows a 

concentration profile, with the result of advection only (no dispersion) and the result of advection 

and dispersion based on the placement of a well in Figure 10b. With one-dimension, longitudinal 

dispersion C/C0= 0.5 represents the point of dilution of water by 50%, which corresponds with 

the average groundwater velocity, which would be essentially flow along a column (Schwartz 

and Zhang 2003).  However, Figure 10 is more complex with two-dimensions, where C/C0= 0.5 

aligns with the boundary between high and low nitrate inputs due to vertical transverse 

dispersion. For ABB 12, with a source area that is approximately half raspberry field and half 

non-agricultural field, this means that when C/C0 = 0.5 is reached one can assume this is 

equivalent to the boundary between the non-agricultural field (C input of zero) and the raspberry 
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field (Figure 10a).  For example, consider the background chloride concentration from the non-

agricultural field to be about 2 mg L-1, and the raspberry field is 7 mg L-1 (a difference of 5 mg L-

1).  Taking 50% of the difference equates to 2.5 mg L-1, which then gets added to the background 

concentration of 2 mg L-1, giving rise to a corresponding chloride concentration of 4.5 mg L-1 at 

the boundary between fields.   

 Another complexity for relating groundwater concentrations to specific upgradient 

fields is dispersion. Dispersion along the groundwater flow path adds complexity that makes 

correlating groundwater concentrations to specific upgradient fields more difficult. Dispersion in 

the direction of flow is known as longitudinal dispersion, while dispersion perpendicular to the 

direction of flow is known as transverse dispersion. It is known that longitudinal dispersion is 

much larger than transverse dispersion because variations in the velocity are much more 

prominent in the direction of flow rather than perpendicular to it (Gelhar and Axness, 1983). 

Advection refers to transport of a solute with the bulk movement of groundwater flow. 

Advection is usually the main mechanism of groundwater transport, while dispersion is the 

primary mechanism for solute spreading, therefore the solute or contaminant transport leading to 

a contaminant plume spreading is due to a combination of advection and dispersion. While 

longitudinal dispersion will usually be significantly greater than transverse dispersion, transverse 

dispersion results in mixing along the flow path, making it difficult to trace flow paths back to an 

individual field. The assumptions with this approach do not account for irrigation amounts 

(which are unknown), and the variability in: precipitation, water table elevations, N input, and 

flow directions.  
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4.4 Geochemistry results 

Chemical data were plotted and analyzed using a combination of vertical profiles of 

averaged concentrations, time series plots, and ternary diagrams. Water table elevations were 

superimposed on geochemical plots to allow for association of chemical trends with seasonal 

changes in groundwater recharge.  

As discussed previously, the passive diffusion sampler allowed for geochemistry 

monitoring along the entire screened length of ABB 12, 14, 15 and 16. This allowed for vertical 

profiles of concentration to be created, in which the differentiation of agricultural and non-

agricultural land use can be achieved (as shown in Figure 10b). The profiles presented in the 

following sections plot average concentrations over time (minimum of 10 samples) against the 

average elevation of the sample points. As the diffusion sampler was re-configured each sample 

period to allow for changes in seasonal water table elevation, sample point depth often changed a 

small amount, thus the reference to Ôaverage elevationÕ. Concentration data for nitrate-N, 

sulphate and chloride are shown in the following sections for all diffusion-sampler wells, with 

results presented in the order of ABB 12, 16, 14, and 15. As will be discussed in detail below, 

each of the four wells in this study capture contrasting land use patterns. ABB 12 has a consistent 

land use source area with raspberry fields and non-agricultural land up-gradient clearly 

identifiable. ABB 16 has a source area of blueberry cultivated land near the well and raspberry 

cultivated land further up-gradient. ABB 14 has a source area that varies over multiple land uses 

throughout the monitoring period. Lastly, ABB 15 has a highly variable source area varying 

between blueberry and raspberry cultivated land both near the monitor (i.e. shallow zone in well) 

and further up-gradient (deeper zone in well).  
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4.4.1 Geochemistry results at ABB 12  

 ABB 12 is an important monitoring location because it is situated on raspberry cultivated 

land directly downgradient from non-agricultural land, and therefore samples from two distinct 

land uses. Particularly important is that its source area, as seen in Figure 3a, remains fairly 

narrow through seasonal water table gradient changes within those two land use types. This is 

important because only one land use is captured at each depth in the well.  

As expected, nitrate-N, chloride, and sulphate follow the same trend of decreasing 

concentrations with depth, having the greatest concentration near the water table (Figure 12). 

The annual average nitrate-N concentrations ranged from 14 mg NO3-N L-1 at 47-48 masl to 2 

mg NO3-N L-1 at the base of the well (<38 masl). Similarly, chloride ranged from 6 mg L-1 to 2 

mg L-1, and sulphate ranged from 32 mg L-1 to 5 mg L-1 over the same depth ranges.  

Groundwater recharged from non-agricultural land, as represented by deeper groundwater, had 

consistently lower nitrate-N concentrations than groundwater recharged from raspberry 

cultivated land, which has higher nitrate-N concentrations. However, as can be seen in Figure 12, 

the greatest average concentration of each ion was not at the highest elevation sampling point. 

This is because the diffusion sampler was reconfigured seasonally, which caused small elevation 

changes in the sample vials. Specifically, the uppermost sampling points with higher 

concentrations were averaged with lower concentrations from a different sampling time. While 

individual sampling events did not always have the highest concentrations at the water table, 

some did have peak concentration just below the water table. Averaging the concentrations 

through time allows one to focus on elevations that consistently have low or high concentrations 

in order to differentiate groundwater based on land use. This averaging concept takes into 

account the variations in groundwater flow direction seasonally, which can change the land uses 
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that the groundwater originates or is recharged from.  While not of significant relevance here due 

to the limited groundwater flow direction variation at ABB 12, it comes to be much more 

relevant for other wells with larger seasonal variations in groundwater flow.  

Employing the C/Co approach as previously mentioned and using chloride as a 

conservative tracer in ABB 12, where maximum chloride concentration (i.e., C0) is 

approximately 7 mg L-1 (Figure 12), and background concentration from the non-agricultural 

field is approximately 2 mg L-1, C/C0= 0.5 occurs at a concentration of 4.5 mg L-1 of Cl-. This 

correlates with the expected depth, based on WassenaarÕs age-depth relationship in which the 

boundary between raspberry and non-agricultural land use occurs. This results in a boundary at 

approximately 46.5 masl. In contrast, the Wassenaar equation (i.e., utilizing equation 8) predicts 

a boundary at 40 masl (Figure 12).  

  This discrepancy may reflect the simplified approach used which assumes the aquifer is 

homogeneous and fertilizer is applied uniformly and continuously (i.e., constant source). As 

mentioned previously, both of these assumptions are not valid for the Abbotsford study area, due 

to the fact that the recharge of 1m yr-1 occurs over a short period of time (October to March) 

during the fall/winter. Therefore, the recharge is not uniform, and large amounts or pulses cause 

the water table to fluctuate, since the precipitation is not infiltrating at an uniform rate. 

Therefore, utilizing the Wassenaar equation is a more accurate approach to determining the 

boundary between two different land uses. For example, utilizing the Wassenaar equation on the 

concentration profile at ABB 12, shows the boundary between the two different land uses at a 

depth that is close to the boundary that would be deduced visually from the changes in 

concentration. Also, as previously mentioned the C/Co method is a simplified approach that 

makes assumptions that are not applicable to the ASA.  
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Examining the ion concentrations more closely and plotting the chemical data through 

time (Figure 13) shows that the peak concentrations of nitrate-N, sulphate and chloride all 

occurred while the water table was rising (January to February). The zones of high solute 

concentration move deeper as the water table reaches its maximum elevation in March Ð April. 

By fall (September to November), when the water table was low, the full depth profile of the 

monitoring well had consistently low solute concentrations. This likely represents the flushing of 

the raspberry field source area as the groundwater recharge is greatest from November to January 

(Figure 4), and fertilizers are not applied until the early spring.  Figure 4 shows a 27-year 

average of the annual recharge, which is a long-term average taking into account minimum and 

maximum variations in recharge. In comparison, Figure 7, is showing the water table elevation at 

the monitoring wells in this study as well at selected nearby wells. Both plots indicate that 

groundwater recharge is greatest during the winter months, from November to January. 

Furthermore, ABB 12 is located near the edge of a fairly small raspberry field (Figure 3a) 

(groundwater flow path beneath the field ranging from 120 m to 155 m) and thus the raspberry 

field sourced water is limited to the upper portions of the well. This allows for a more rapid 

flushing in fall. This flushing refers to the time required for the nitrate in the root zone to reach 

the diffusion sampler. Therefore, the wider the field, the greater the time required for the 

groundwater originating from the most distant part of the field to reach the sampler.  

Over the entire sampling period the peak concentrations of chloride and nitrate-N arrived 

at the monitoring well at the same times (between January and March 2015 and 2016) (Figure 

13). The coincident arrival times suggest that nitrate and chloride originate from the same source. 

Chloride is a mobile and conservative species, which allows it to be relatively inert and its 

mobility does not depend on pH or redox conditions (Fouillac et al., 2009). Nitrate is highly 
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soluble and mobile, which allows it to be leached easily from soils and into groundwater. The 

similar arrival times for chloride and nitrate suggest that nitrate is not undergoing significant 

chemical reactions or degradation along the groundwater flowpath. While sulphate 

concentrations in the sampler exhibit peaks during January to May, the peaks are more spread 

out over time than the chloride and nitrate-N peaks. Sulphate can be considered a conservative 

species when sulphate reduction is not occurring (Fouillac et al., 2009). However, sulphate also 

undergoes dissolution reactions, such as the sulphate dissolved from gypsum, iron sulfides, 

which could account for the spreading of the peaks over longer periods.  
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Figure 12: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in 
ABB 12 over the August 2014 to May 2016 sampling period. Horizontal error bars represent 
95% confidence interval, while the vertical error bars represent the range in elevation. Horizontal 
dashed line represents the boundary between the raspberry crop and non-agricultural land use as 
calculated according to the age-depth model of Wassenaar et al. (2006). 
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Figure 12: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in ABB12 over the August 
2014 to May 2016 sampling period. Horizontal error bars represent 95% confidence interval, while the vertical error bars 
represent the range in elevation. Horizontal dashed line represents the boundary between the raspberry crop and non-
agricultural land use as calculated according to the age-depth model of Wassenaar et al. (2006). 
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Figure 13: Ion concentrations of (a) chloride, (b) nitrate-N, and (c) sulphate in ABB 12 plotted 
by depth over the 2014 to 2016 monitoring period. Upper surface (blue line) represents water 
table elevation at time of sampling. Ticks represent vertical sampling points. Seasonal variability 
in agricultural land sourced groundwater is shown by high and low concentration contoured 
areas.  
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Figure 13: Ion concentrations of (a) chloride, (b) nitrate-N, and (c) sulphate in ABB12 plotted by depth over the 2014 to 2016 
monitoring period. Upper surface (blue line) represents water table elevation at time of sampling. Ticks represent sampling 
points. Seasonal variability in agricultural land sourced ground water is shown by high and low concentration contoured areas.!
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4.4.2 Geochemistry results at ABB 16  

 
ABB 16 captures more variety in land use than ABB 12, therefore it is expected that the 

ion concentrations will vary more throughout the concentration profile. While ABB 12 only has 

two land uses, they are distinctly different since one is non-agricultural. Therefore, the changes 

in chemistry with depth would be expected to be greater than at ABB 16. The concentration 

profile for ABB 16 (Figure 14) shows a more complex pattern in the chemistry with depth as a 

result of more land uses being captured. Compared to ABB 12, the highest concentrations are not 

at the highest elevation points possibly due to sampler reconfiguration and time averaging. 

Similarly, the peak concentration of the average nitrate-N (20 mg NO3-N L-1) occurs just below 

the maximum water level, around 45 masl (Figure 14). Nitrate-N average concentrations then 

decreased from 20 mg NO3-N L-1 at 45 masl to 5.5 NO3-N mg L-1 below 38 masl. The shallow 

groundwater zone at ABB 16 captures groundwater from blueberry land use, grass and a goat 

barn, while the deeper groundwater only captures groundwater from raspberry land use (Figure 

3d). This change in land use is reflected in the geochemistry of the groundwater captured at ABB 

16.  The Wassenaar et al. (2006) age-depth equation and DarcyÕs law were used to estimate a 

field boundary at around 39 masl, where the captured land use changes from blueberries to 

grassland and a goat barn. Nitrate-N concentrations continue to decrease slightly beneath the 

grassland and barn until about 36.5 masl, where the blueberry crop continues with fairly 

consistent chloride and nitrate-N concentrations around 5 mg L-1. However, sulphate 

concentrations consistently remain high (compared to other wells) with depth, while the relative 

nitrate-N to chloride concentrations stay fairly consistent with depth (Figure 14). The lowest 

sulphate concentrations occur at the uppermost sampling points, near the water table. While 

sulphate concentrations remain fairly consistent, they increase slightly around 40-43 masl, which 
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is ascribed to the blueberry crop immediately up-gradient. Although these variations are subtle 

and the range of sulphate values (concentration confidence intervals) is quite wide, it is the most 

significant change in sulphate concentration in the depth profile. Figure 14 is showing average 

concentrations, which means that concentrations during both high and low water tables are 

shown. Therefore, the increase in sulphate concentration between 40 and 43 masl is representing 

solely the up-gradient blueberry field throughout the entire year.  The increase in sulphate in 

ABB 16 could be due to fertilizers containing a larger amount of sulphate (e.g., ammonium 

sulphate) than the fertilizers applied on raspberries. Again, utilizing equation 11 with DarcyÕs 

law results in the raspberry crop boundary at approximately 33.7 masl, where groundwater is 

captured from beneath the raspberry crop.   

Figure 15 shows the peak ion concentrations for chloride and nitrate-N at ABB 16 occur 

later in time than ABB 12. The water table elevation increased at the same time for both ABB 12 

and ABB 16 however, the timing of the solute concentrations are not the same between the wells. 

For example, peak concentration of chloride, nitrate-N and sulphate occur in March to May for 

ABB 12, while they do not peak until May to September for ABB 16. Similarly, at ABB 16 the 

February to May period represents the lowest concentration period while concentrations are 

highest in the fall (September to November). Whereas with ABB 12, concentrations are at their 

lowest in the fall.  

 The decreasing nitrate-N concentrations with depth (Figure 14) are likely due to the 

differences in nutrient management, and the differences in plant nitrogen uptake between 

blueberries and raspberries.  
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Figure 14: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in 
ABB 16 over entire sampling period from November 2014 to May 2016. Horizontal error bars 
represent the vertical error bars represent the range in elevation. Horizontal lines represent the 
boundary between the blueberry crop, grassland, and goat barn, the raspberry crop as calculated 
according to WassenaarÕs age-depth model (Wassenaar et al., 2006).  
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Figure 14: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in ABB 16 over entire 
sampling period from November 2014 to May 2016. Horizontal error bars represent 95% confidence interval, while 
the vertical error bars represent the range in elevation. Horizontal lines represent the boundary between the blueberry 
crop, grassland and goat barn, and raspberry crop as calculated according to WassenaarÕs age-depth model 
(Wassenaar et al. 2006). 
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Figure 15: ABB 16 Ð chloride (a), nitrate-N (b), sulphate (c) ion concentrations (mg L-1) plotted 
by depth over the 2014 to 2016 monitoring period. Upper surface (blue line) represents water 
table elevation at the time of sampling. Ticks represent vertical sampling points. Seasonal 
variability in agricultural land sourced groundwater is shown by high and low concentration 
contoured areas. 
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Figure 15: ABB 16 - chloride (a), nitrate-N (b), sulphate (c) ion concentrations (mg/L) plotted by depth over the 2014 to 2016 
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 In 2012, a soil nutrient study for the Fraser Valley was conducted and revealed that the 

soil (0-60cm) beneath blueberry crops had the highest post-harvest nitrate content (215 kg NO3-

N ha-1), even higher than raspberries (123 kg NO3-N ha-1) (Sullivan and Poon 2016). My 

findings were consistent with the pattern of residual nitrate in the 2012 soil nutrient study. This 

can be seen when comparing the maximum nitrate-N concentrations between ABB 12 and 16 

(Figures 12 and 14) as the nitrate-N concentrations in groundwater are higher beneath 

blueberries (ABB 16) than raspberries (ABB 12). Specifically, the average nitrate-N 

concentrations (over the sampling period) peak at 14 mg L-1 at ABB 12, while the peak average 

nitrate-N concentration peaks at 20 mg L-1 at ABB 16. When comparing these results to the 2005 

soil nutrient study for the Fraser Valley, the post-harvest nitrate content was 219 kg NO3-N ha-1 

for raspberries, and 153 kg NO3-N ha-1 for blueberries. Between the two surveys the relative risk 

of nitrate leaching switched from raspberries to blueberries. There is also quite a large variation 

in the groundwater nitrate-N between raspberries and blueberries. While the landowner nutrient 

management plans are not known, we do know that ammonium sulphate and urea fertilizers are 

used on both blueberry and raspberry crops (personal communication, David Poon). Growers 

should be applying ammonium forms of nitrogen on blueberries, and nitrate forms of nitrogen on 

raspberries (personal communication, David Poon). Ammonium sulphate can also be used on 

blueberries, as it has an acidifying effect. Nutrient application rates differ for raspberries and 

blueberries, partly because soil pH is kept lower under blueberry crops to delay nitrification 

since blueberries uptake ammonium-N preferentially (Strik, 2013), and raspberries preferentially 

uptake nitrate-N. Fertilizer N application to blueberries is usually ammonium sulphate and 

generally increases over time with the age of the plant. The soil has been acidified during the 

establishment of the crop, however that does not appear to have much of an effect on nitrification 
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(personal communication, Bernie Zebarth). As a result, the majority of the soil mineral N is in 

the nitrate form instead of the ammonium form beneath blueberry crops (Ehret et al. 2014). It is 

possible that the high fertilizer N rates are because a lot of fertilizer N needs to be applied in 

order for there to be a good supply of mineral N in the ammonium form due to rapid nitrification 

(personal communication, Bernie Zebarth). However, sawdust mulch can result in net N 

immobilization, thereby reducing the soil mineral N available for leaching. The fertilizer N 

applied to raspberries is mostly ammonium sulphate and urea. The rate of nitrification is 

suspected to be faster in raspberry fields than blueberry fields, however in both cases the 

conversion occurs fairly quickly (personal communication, Bernie Zebarth). Raspberry crops can 

uptake both nitrate and ammonium but generally have a preference for nitrate-N. The potential 

for nitrate leaching is determined by the balance between N supply and N demand. However, this 

is complicated since different growers use different manure, sawdust and fertilizer management. 

Overall, since there are differences in the form of nitrogen preferred by blueberries and 

raspberries, one would expect to see a difference in the groundwater ion concentrations. While 

there was higher nitrate in the blueberry crop closest to the ABB 16 than the raspberry crop, the 

blueberry crop further up-gradient does not follow the same pattern as it has similar nitrate 

concentrations as the raspberry crop. Therefore, the geochemistry alone cannot differentiate 

between the land uses, so the age-depth method is needed to determine the boundaries between 

land uses.  

Nitrate concentrations in shallow groundwater at ABB 16 and ABB 12 allow a 

comparison of water sourced from beneath blueberry and raspberry fields, respectively, because 

shallow groundwater chemistry is considered representative of the land use closest to the well.  

Notably there are higher nitrate concentrations beneath the blueberry crop (average nitrate-N 
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concentration peaks at 20 mg L-1 in ABB 16) than the raspberry crop (average nitrate-N 

concentration peaks at 14 mg L-1 in ABB 12) (Figure 12 and 14) .  

 

4.4.3 Geochemistry results at ABB 14 

ABB 14 has the largest variation in groundwater flow directions seasonally, and land use 

that consists of smaller interspersed parcels of agricultural land containing blueberry, raspberry, 

greenhouse, and pasture or forage lands (Figure 3c). Overall, the temporal variability in 

concentrations throughout the profile is quite minimal, and is reflected by the consistently small 

confidence intervals (Figure 16). The groundwater flow directions at ABB 14 vary from month 

to month more than the other monitoring wells. This results in a longer travel path, and therefore 

more mixing and dispersion along this flow path. The variation of land uses within the source 

area along with variation in groundwater flow direction is likely why the concentration 

confidence intervals (Figure 16) are lower than those shown for ABB 12 or 16 (Figures 12 and 

14), which encounter less changes in land use and less variation in the groundwater flow 

direction. As such there is reduced sample to sample variation, resulting in smaller confidence 

intervals. This is best seen for the variation and concentration of chloride concentrations with 

depth (Figure 16). An alternative possibility for the low temporal variability in ABB 14 could be 

that the nitrate leaching from the various up-gradient fields are all very similar regardless of land 

use. While ABB 12 and 16 show greater temporal variability in concentrations of chloride near 

the water table with the temporal variability in concentrations as shown by the confidence 

intervals decreasing with depth (Figures 12 and 14), ABB 14 has relatively consistently small 

confidence intervals along its entire depth profile (Figure 16). The reduction in temporal 
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variability in concentration (confidence intervals) with depth for ABB 12 and ABB 16 is likely a 

result of the longer flow path and increased advective and dispersive mixing. However, with 

variable land uses this also occurs in the near surface with ABB 14. At the highest elevation in 

the well, sulphate and nitrate-N concentrations are at their lowest. This could be due to the non-

agricultural land near the houses that are being captured closest to the well. As you move down 

in the concentration profile the nitrate-N concentrations decrease slightly from 41 masl to 36 

masl, whereas throughout the same interval the sulphate concentrations increase. Chloride 

concentrations change little with depth, except for a slight decrease near the bottom of the 

profile. 

The most evident chemical shift with depth at ABB 14 is the large increase in sulphate 

below 30 masl and the corresponding large decrease in nitrate-N concentrations (Figure 16). This 

could be a result of the establishment of blueberry fields, specifically the acidification could 

cause high sulphate and the sawdust (if applied) could reduce soil nitrate (personal 

communication, Bernie Zebarth). Another possibility is due to increased denitrification occurring 

with depth, since we see nitrate concentrations decrease with depth and a corresponding increase 

in sulphate concentrations with depth. This is because electrons required for denitrification can 

also come from the oxidation of sulfide to sulphate (Rivett et al., 2008). However, under typical 

aquifer conditions, iron sulphide (pyrite) is expected to be the electron donor (Korom, 1992). 

Increases in sulphate or iron coexisting with decreased nitrate and oxygen would be expected 

with the oxidation of iron sulphide (Tesoriero et al., 2000). When carbon is limited, the oxidation 

of sulfide provides a possible alternative electron donor (Rivett et al., 2008). Another possibility 

is that these shifts indicate microbial denitrification is occurring below 30 masl. Microbial 

denitrification usually occurs in anaerobic aquifers with shallow water tables and sufficient 
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electron donors (Korom, 1992). According to Tesoriero et al. (2000), if denitrification, and thus 

reducing conditions, were occurring with depth one would expect average sulphate 

concentrations to increase with depth. While organic carbon is the most common electron donor, 

sulphur and ferrous iron from iron sulfide mineral dissolution (oxidation) (eg. pyrite) are the 

most common inorganic species acting as possible electron donors in denitrification reactions 

(Tesoriero et al., 2000). Fahlman and Jin (2001) also observed a significant increase in 

groundwater sulphate with depth, which was likely due to autotrophic denitrification using 

reduced sulphur as an electron donor. Within ABB 14, the concurrent increase in sulphate and 

reduction in nitrate concentrations occurs between 40 and 35 masl. It is possible that 

denitrification is occurring over this depth interval in an anoxic zone within the aquifer. This 

depth interval has water flowing from different distances horizontally, and source area as seen in 

Figure 3c. However, below 35 masl these concentration trends reverse (i.e. decreasing sulphate 

and increasing nitrate-N), which is likely due to the highly-mixed land use within the source area 

of the well. Dilution or mixing processes do not seem to be responsible for these shifts, as 

between 41 and 37 masl, where nitrate-N decreases and sulphate increases, chloride 

concentrations remain largely unchanged. Finally, the vertical concentration contour plot (Figure 

17) shows that the denitrification zone below 30 masl is consistent over the entire monitoring 

period, with the highest concentrations of sulphate occurring from January to March 2016.  
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Figure 16: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in 
ABB 14 over entire sampling period from July 2015 to May 2016. Horizontal error bars 
represent 95% confidence interval, while the vertical error bars represent the range in elevation. 
Note: Land use captured is not shown since groundwater flow varies and captures a variety of 
different land uses.  
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Figure 16: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in ABB 14 over entire 
sampling period from July 2015 to May 2016. Horizontal error bars represent 95% confidence interval, while the vertical 
error bars represent the range in elevation. Note: Land-use captured is not shown since groundwater flow varies and 
captures a variety of different land uses.  
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Figure 17: ABB 14 Ð chloride (a), nitrate-N (b), sulphate (c) ion concentrations (mg/L) plotted 
over the July 2015 to May 2016 monitoring period. Upper surface (blue line) represents water 
table elevation at time of sampling. Ticks represent sampling points. Seasonal variability in 
agricultural land sourced ground water is shown by high and low concentration contoured areas.  
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Figure 17: ABB 14 - chloride (a), nitrate-N (b), sulphate (c) ion concentrations (mg/L) plotted by depth over the 2015 to 2016 
monitoring period. Upper surface (blue line) represents water table elevation at time of sampling. Ticks represent sampling 
points. Seasonal variability in agricultural land sourced ground water is shown by high and low concentration contoured areas.  
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4.4.4 Geochemistry results at ABB 15 

At ABB 15, the shallow groundwater zone is capturing water from mostly blueberry land 

uses, with a small raspberry crop located directly north of the well (Figure 3b). Similarly, the 

deep groundwater zone captures a mixture of raspberry and blueberry land uses due to the large 

seasonal variations in the groundwater flow direction. This results in the groundwater originating 

beneath raspberry and blueberry fields mixing within the aquifer. Alternately, as the diffusion 

samplers were in the well for two months they could have been exposed to raspberry and 

blueberry sourced groundwaters as flow paths capture a combination of raspberry and blueberry 

crops. As a result, it is very difficult to differentiate land use using averaged concentrations at 

ABB 15 (Figure 18). At shallow depths (47-46 masl) in the well chloride concentrations 

decrease, then increase, then decrease all while nitrate and sulphate concentrations increase until 

stabilizing at 44 masl (Figure 18). However, the nitrate and sulphate concentrations increase 

much more dramatically than chloride. Nitrate concentrations then increase along with sulphate 

concentrations until approximately 44 masl, where sulphate continues to increase until 41 masl 

where nitrate and sulphate concentrations decrease below 41 masl. Below 31 masl, sulphate ions 

continue to increase with depth as nitrate decreases with depth, indicating possible 

denitrification.  

Concentration contour plots showing the variations through time for ABB 15 (Figure 19) 

show that low concentrations of nitrate-N and sulphate are present from March to May (45-46 

masl) in 2015, however concentrations are somewhat higher from March to May 2016. The 

highest concentrations of nitrate occur from 45 to 40 masl, while the highest concentrations of 

sulphate occur from 42 to 40 masl. Both these zones are fairly consistent over the entire 
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monitoring period. The peak nitrate concentrations are from May to September 2015, similar to 

the timing of nitrate leaching at ABB 16. It should be noted that the whited-out area in Figure 19 

coincides with a time period where a portion of the sampler was lost in the well. Thus, no 

samples below approximately 38 masl could be taken post September 2015.  
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Figure 18: Vertical profiles of the average nitrate-N, sulphate, chloride concentration (mg/L) in 
ABB 15 over entire sampling period from January 2015 Ð May 2016. Horizontal error bars 
represent 95% confidence interval, while the vertical error bars represent the range in elevation.  
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Figure 18: Vertical profiles of the average nitrate-N, sulphate, chloride concentrations (mg/L) in ABB 15 over 
entire sampling period from January 2015 Ð May 2016. Horizontal error bars represent 95% confidence interval, 
while the vertical error bars represent the range in elevation.  
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Figure 19: ABB 15 Ð chloride (a), nitrate-N (b), sulphate (c) ion concentrations (mg/L) plotted 
by depth over the January 2015 to May 2016 monitoring period. Upper surface (blue line) 
represents water table elevation at time of sampling. Ticks represent sampling points. Seasonal 
variability in agricultural land sourced ground water is shown by high and low concentration 
contoured areas. Note: there is no concentration data for September 2016 to May 2016 below 
36.8 masl. 

!

3
3 5

5

5

5

5

5

5

5

7

7

7

7

4 6 8 10 12 14 16 18

28

30

32

34

36

38

40

42

44

46

48

50

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

4

4

4

8

8

8

8

8

12

12

12

12

16

16

16 16
20

4 6 8 10 12 14 16 18

28

30

32

34

36

38

40

42

44

46

48

50

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

4

8

12

16

20

24

28

32

36

40

44

48

52

56

60

64

68

72

76

80

4

14

14

14

14

24

24

24

24
24

4 6 8 10 12 14 16 18

28

30

32

34

36

38

40

42

44

46

48

50

2

4

4

4

4
4

6

6

6
6

6

6

6

8

10

2 4 6 8 10 12 14 16 18

28

30

32

34

36

38

40

42

44

46

48

50

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

8

16

16

1
6

16
16

24

24

24

2
4

2
4 32

2 4 6 8 10 12 14 16 18

28

30

32

34

36

38

40

42

44

46

48

50

0
4
8
12
16
20
24
28
32
36
40
44
48
52
56
60
64
68
72
76
80

4

4

4

8

8

8

8

8

12

12

12

12

16

16

16 16
20

4 6 8 10 12 14 16 18

28

30

32

34

36

38

40

42

44

46

48

50

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

!"
#

$%
&

'"(
$%

&

!)
*$

%
&

'"+
$%

&

,-
.

$%
&

/-
0

$%
1

'"+
$%

1

2*
-3

"4
56

#7
89

":
*;

2*
-3

"4
56

#7
89

":
*;

,)
*.

<
"4

-7
=

6#
>

-#
4(

"4
56

#7
89

?@
A

;
B

54
("

4-$
B

7=
6#

>
-#

4(
"4

56
#7

89
?@

A
;

=
<

*6
(5

C
-7

=
6#

>
-#

4(
"4

56
#7

89
?@

A
;

a)

c)

,"9.*5#?796#4<

DE

D1

DD

DF

DG

HE

H1

HD

HF

HG

FE

DE

D1

DD

DF

DG

HE

H1

HD

HF

HG

FE
2*

-3
"4

56
#7

89
":

*;

b) DE

D1

DD

DF

DG

HE

H1

HD

HF

HG

FE

Figure 19: ABB 15 - chloride (a), nitrate-N (b), sulphate (c) ion concentrations (mg/L) plotted by depth over the 2015 to 2016 
monitoring period. Upper surface (blue line) represents water table elevation at time of sampling. Ticks represent sampling 
points. Seasonal variability in agricultural land sourced ground water is shown by high and low concentration contoured areas. 
Note: There is no concentration data for September 2016 to May 2016 below 36.8 masl.  
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4.4.5 Dual Isotope Results  

The dual isotope approach can be used to differentiate synthetic fertilizers from organic 

fertilizers and septic sources (Kendall et al. 1998, Fukada et al. 2003). Dual isotope plots are also 

useful for determining whether denitrification is occurring. Denitrification results in both ! 15N 

and ! 18O of the residual NO3
- to be increased through N and O isotope fractionation, as the 

nitrate concentrations decrease (Bottcher et al., 1990; Aravena and Robertson, 1998). 

Denitrification will appear on a dual isotope plot as a distinctive slope increasing in ! 18O and 

! 15N, which occurs due to fractionation effects. This helps to overcome the ambiguity associated 

with using only ! 15N values where the isotopic enrichment of N isotopes can be confused with 

human and animal waste sources of nitrogen that typically have higher ! 15N values (Fukada et 

al., 2003; Heaton, 1986).  

The sampling points for ABB 12, 14, 15 and 16 all fall within the range for manure and 

septic waste, soil NH4
+ and within fertilizer NH4

+ as expected (Figure 20). The one exception is 

the deepest sampling point at ABB 14 which has higher ! 15N and ! 18O values, indicating 

denitrification. The source of nitrate is a most likely a combination of manure, ammonium 

sulphate and urea. The isotopic compositions of nitrate for the monitoring wells agree with these 

sources of nitrate.  Plotting the ! 15N and ! 18O values of nitrate in groundwater can be used to 

determine whether the nitrogen is atmospheric, or soil derived nitrogen sourced from synthetic 

fertilizers, organic fertilizer (manure) or septic systems. Both atmospheric nitrogen and nitrogen 

in fertilizers have lower ! 15N values than manure and septic waste nitrogen, which have higher 

! 15N values (Figure 20). As discussed previously, denitrification can occur in an environment 

deprived of oxygen with denitrifying bacteria and a suitable electron donor (Esser and Singleton 
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2009).  

Data from various groundwater studies have shown that increasing !18O and !15N is in 

approximately a 1:2 ratio (Aravena et al., 1993; Aravena and Robertson, 1998; Cey et al., 1999; 

Lehmann et al., 2003; Mengis et al., 1999).  ! 15N of NO3 and ! 18O of NO3 samples from ABB 14 

(Figure 20) shows a shift that approximately follows the above mentioned 1:2 ratio. The isotopic 

evidence of denitrification at ABB 14 coincides with the low average nitrate-N concentrations 

seen over the entire sampling period along with high sulphate concentrations, providing 

relatively strong evidence to support denitrification at this location. 
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Figure 20: Dual isotope plot for ! 15N and ! 18O in NO3

--N showing select samples from 
monitoring wells ABB 12, 14, 15 and 16. All samples are shown with a solid fill, except the 
deepest point in ABB 14, which is shown as an unfilled circle. All of the samples except the 
deepest point in ABB 14 plot in the manure and septic waste, NH4

+ fertilizer and precipitation 
and soil NH4

+ regions as expected indicating nitrification, while the deepest ABB 14 sample 
indicates denitrification. (Nitrate source regions from: Kendall and McDonnell, 1998, Faure and 
Mensing, 2004) 
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4.5 Utilizing ternary plots to interpret geochemistry  

Ternary plots are useful tools for investigating geochemical trends under agricultural land 

(Ledesma-Ruiz et al. 2015). The shallowest groundwater in a well represents the youngest 

groundwater and is known to be captured directly up-gradient of the well. Here samples from the 

top meter below the water table are plotted to capture the geochemistry (nitrate-sulphate-chloride 

ternary plots) of this youngest groundwater in relation to up-gradient land use. Ternary results 

show distinctive clustering of similar land use for ABB 12 (raspberries), ABB 16 (blueberries), 

and ABB 14 (blueberries and raspberries) (Figure 21). During Jan 2015, Sept 2015 and Jan 2016 

the clusters are tight. However, the clusters become more dispersed when the water table is 

higher in May (2015 and 2016) which is just after the peak water table (in Feb-March). Potential 

for nitrate leaching is greatest in fall and winter when evapotranspiration and plant uptake are 

minimal and seasonal precipitation greatest (Figure 5). The proportion of nitrate is usually 

greatest at ABB12, except for September 2015. The proportion of nitrate is slightly higher at 

ABB 16 than ABB 12 for all months plotted except for January 2015. Therefore, ABB 12 

(raspberry land use) does not always have higher proportions of nitrate than other wells, as 

would be expected. However, the proportion of nitrate is greatest at the shallowest sampling 

point (0-10cm below the water table) in May 2015 and 2016 for ABB 12. In shallow 

groundwater (<1 meter below water table), the ternary plots show the relative proportions 

allowing for the geochemistry to be separated depending on land use. This grouping of clusters is 

best shown in September 2015 (Figure 21c) where the variation within each well is the least and 

there is a distinct separation in the top 1 m between wells capturing raspberries (ABB 12), those 

capturing raspberries and blueberries (ABB 14) and those capturing blueberries (ABB 15, 16) 

nearest to the monitoring well. 
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 Month to month variability in concentrations of chloride, nitrate and sulphate, within a 

given well, are likely due to changes in fertilizer application and uptake, precipitation or more 

directly groundwater recharge, and water table gradients and directions. When these 

concentrations are averaged over the entire sampling period, for the entire depth profile of the 

well, and any seasonal fluctuations are removed, the resulting plot is shown in Figure 22. By 

eliminating seasonal fluctuations, we assume the changes in concentration are due primarily to 

changes in land use. While averaging these concentrations will allow for changes in land use to 

be identified, seasonal changes in groundwater flow direction could still result in multiple land 

uses being captured over the sampling period. For example, the source areas for wells ABB 12 

and ABB 16 consistently sample distinct land use areas with depth over the entire monitoring 

period (Figure 3a and 3d), causing shifts in relative concentrations with depth in the 

corresponding ternary plots (Figure 22a and 22d), specifically the separation of shallow versus 

deep groundwater. Data from ABB 12 (Figure 22a) shows that there is a shift in the composition 

of the water being captured around 40.3 masl (see black line showing separation), where the 

NO3
- to Cl- ratio is decreasing (Figure 22a). This shift represents the shift from raspberries to 

non-agricultural land use, as is seen by the bottom sampling points being lower in nitrate than the 

upper most points. In ABB 16, there is a smooth transition in the composition of the groundwater 

going from shallow to deep, with a particular trend towards increasing sulphate concentration, 

and decreasing nitrate. (Figure 22d). This trend indicates mixing between two or more end 

members. In general, the chemistry for the plotted depths are more clustered for ABB 12 (Figure 

22a) and ABB 14 (Figure 22b) than for ABB 15 (Figure 22c) and ABB 16 (Figure 22d).  

The ABB 14 ternary plot shows the averaged concentrations clustering over nearly the 

entire depth range (42.9 masl to 28.3 masl), representing a consistent averaging of land use as the  
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groundwater flow path encounters different land use both along a single groundwater flow 

gradient and seasonally varying groundwater flow gradient (Figure 22b). Therefore, the averaged 

clustered concentrations are likely a combination of water captured from blueberries and 

raspberries throughout the year. However, ABB 14 will capture raspberries, blueberries and non-

agricultural (grass, road runoff) land uses over the sampling period (Figure 3c). As a result, it is 

difficult to separate the concentrations from a specific raspberry or blueberry crop (Figure 22b). 

Finally, the separation between compositions of the anions of the deepest water with high 

sulphate and low nitrate-N is consistent with denitrification. 

The geochemistry in ABB 15 varies with depth as there are fewer land uses upgradient 

captured in 2014, due to seasonal variations in groundwater flow direction, than ABB 14 (Figure 

22c). When water is sourced from various land uses (in ABB 14), an ÔaveragingÕ effect is seen in 

the groundwater compositions. Therefore, averaging will supress individual traces from 

individual land uses and result in less variability between samples with depth (Figure 22b), and 

clustering of samples. Sulphate and nitrate-N concentrations near the water table are also lower 

than ABB 16.  

The ternary plot for ABB 16 is a consistent linear progression where the relative 

proportions of sulphate increase with depth, while nitrate decreases and chloride stay relatively 

consistent (Figure 22d). This increase in sulphate is likely due to changing groundwater source 

(land use) and the mixing (dispersion) of this newly sourced groundwater as opposed to 

denitrification as confirmed by the dual isotope plot (Figure 20).  

Additional insight into the geochemistry using ternary diagrams can be seen by plotting 

every second sample depth for periods of low, intermediate, and high water tables (i.e. January 
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2015, 2016; May 2015, 2016). This was done for ABB 12 and 16, the two monitoring wells that 

allow for the clear separation of land uses with depth (Figure 23). Plotting every other sample 

allows for compositional changes of the groundwater over small intervals to be analyzed and 

interpreted with respect to the land use that the groundwater is sourced from. For example, in all 

sampling months shown, except January 2015, ABB 16 (Figure 23b) shows an increase in 

relative sulphate composition with depth while nitrate-N composition decreases with depth. In 

January 2016, ABB 12 (Figure 23e) shows a decrease in the relative composition of nitrate-N 

and increasing relative composition of sulphate. Near the bottom of the well the composition of 

chloride begins to increase as sulphate decreases and/or nitrate increases in proportion. 

Specifically, the uppermost samples increase in sulphate, as nitrate decreases with depth, then 

around 43 masl, they begin to decrease in sulphate and increase in nitrate and chloride (Figure 

23e). This observed shift results in a significant change or ÒjumpÓ in composition between 42.48 

masl and 41. 28 masl, and then to 40.68 masl. This significant change occurs around 40 masl, 

where ABB 12 is expected to sample a boundary between land uses, as they change from 

raspberries to non-agricultural land use. In May 2016 (Figure 23h) relative concentrations then 

decrease in nitrate-N and increase in sulphate with depth similar to the January 2016 sampling 

event at ABB 16 (Figure 23f).  

The same time of year is shown for both wells, however the ternary plots for the January 

2015 (Figures 23a and 23b) do not correlate well with January 2016 (Figures 23f and 23g). 

Samples from May 2015 also do not correlate well with May 2016. This indicates that the 

groundwater samples vary during different times of the year as well as from year to year. There 

are clearly many other factors contributing to the solute concentrations in groundwater in 

addition to the nutrients leached from beneath raspberries and blueberries. For example, fertilizer 
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type, application time and amount will directly affect concentrations of nitrate-N, chloride and 

sulphate in the groundwater. Recharge event frequency, duration and timing will also affect both 

the temporal and spatial distributions of nitrate, sulphate, and chloride. 

 Overall, the results of this work demonstrate that using diffusion samplers allows for 

discrete sampling with depth while averaging temporal variability. Averaging the temporal 

variability can be highly beneficial as it provides a mean concentration over the sampling period 

while reducing the influence of a particular short duration event, such as a high recharge event. 

In addition, discrete depth sampling (every 10 cm) can be an asset as samples can be averaged 

vertically late, if necessary, to reduce some of the minor variations in concentrations. However, 

the ability to have a large number of discrete samples with depth does not necessarily replace the 

need for good spatial representation in wells with respect to varying land uses. For example, a 

single well was adequate at ABB 12 and 16 to capture land use changes as the source area did 

not encompass more than 2-3 land uses along the groundwater flow path to the well. However, at 

ABB 14 and 15, different land uses are sampled with radial distance in the source area. Thus, for 

ABB 14 and 15, a single well at the chosen location is not sufficient to discern changing land 

uses.  
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Figure 21: Ternary plots of top 1 meter sampling points, closest to the water table in ABB 12, 14, 
15, 16.  
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Figure 21: Ternary plots of top 1 meter sampling points, closest to the water table in ABB 12, 14, 15 and 16.  
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Figure 22: Ternary plots showing averaged concentrations (minimum of 10 samples) over entire 
sampling period for each well. ABB 12 was sampled from August 2014 to May 2016 (a), ABB 
14 was sampled from July 2015 to May 2016 (b), ABB 15 (c) and ABB 16 (d) was sampled from 
November 2014 to May 2016.  
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Figure 22: Ternary plots showing averaged concentrations (minimum of 10 samples) over entire sampling period for each 
well. ABB 12 was sampled from August 2014 to May 2016 (a), ABB 14 was sampled from July 2015 to May 2016 (b), 
ABB 15 was sampled (c) and ABB 16 (d) was sampled from November 2014 to May 2016.  
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Figure 23: Ternary plots showing every second sampling point for January 2015 at monitoring 
wells ABB 12 (a) and ABB 16 (b), May 2015 Ð ABB 12 (c) and ABB 16 (d), January 2016 Ð 
ABB 12 (e) and ABB 16 (f), May 2016 Ð ABB 12 (g) and ABB 16 (h).  
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Figure 23: Ternary plots showing every second sampling point for January 2015 at monitoring wells ABB 12 (a) and ABB 
16 (b), May 2015 Ð ABB 12 (c) and ABB 16 (d), January 2016 Ð ABB 12 (e) and ABB 16 (f) , May 2016 Ð ABB 12 (g) 
and ABB 16 (h).  
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4.6 Implications of Results 

 This study showed that raspberry crops have a detrimental effect on the groundwater, 

which is consistent with work by Gallagher and Gergel (2017) on the broader ASA.  Numerous 

other past studies in other regions have also indicated a significant positive relationship between 

nitrate contamination in shallow aquifers and agricultural land surrounding wells (Eckhardt and 

Stackelberg, 1995; Tesoriero and Voss, 1997; Keeler and Polasky, 2014). Specifically, they 

found nitrate concentrations that were strongly correlated with the proportion of forage and 

pasture land and the proportion of raspberries surrounding wells. Other studies (Eckhardt and 

Stackelberg, 1995; Tesoriero and Voss, 1997; Keeler and Polasky, 2014), indicated that 

monitoring groundwater can be used to differentiate between different land uses in up-gradient 

fields. Gallagher and Gergel (2017) also used landscape to predict and correlate nitrate 

contamination. However, in comparison to the current study, these prior studies had more 

constrained land uses within the source area of each well and the amounts and sources of 

nitrogen inputs were known.  

This study showed that there are limitations to using groundwater geochemistry to 

differentiate land uses. Specifically, if there is only a raspberry crop and non-agricultural land 

use up-gradient from the monitoring well, then the geochemistry is distinct enough to 

differentiate between the land uses. However, if there are multiple raspberry and blueberry crops 

up-gradient of the well, the geochemistry is not consistent enough through time to differentiate 

between land uses (Figure 21). The majority of the previous studies mentioned were focused on 

the impact of raspberries on the groundwater quality, and not blueberries. However, this study 

focused on the differences between raspberries and blueberries, and it was determined that 

groundwater nitrate concentrations downgradient of blueberries were actually higher than 
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raspberries.  

Suchy et al. (2018) showed seasonality in nitrate-N concentrations in the ASA similar to 

the results in this study. Specifically, they found that nearly half of the shallow monitoring wells 

showed that the maximum concentrations of nitrate-N occurred during the springtime (Suchy et 

al., 2018). Similarly, this study found that the peak nitrate concentrations were from May to 

September at both ABB 15 and 16. Suchy et al. (2018) also used isotope compositions of nitrate 

to determine the source of the nitrate contamination, which determined similarly to this study, 

that the !
15

N values were consistent with a combination of manure, ammonium sulphate and 

urea. Wassenaar (1995) and Loo et al. (2017) found similar findings in their studies in the ASA. 

Knowing the application rate and type of fertilizers applied by the farmers at each land 

use up-gradient would help to determine a way to manage crop production and groundwater 

quality. Suchy et al. (2018) determined that measuring the impact of changes in nutrient 

management practices with the switch from raspberry to blueberry crops or field renovation is 

necessary to determine the impacts on groundwater nitrate dynamics in the ASA agricultural 

area. However, there are also the effects of field renovation that will vary the amount of nitrate 

present (Gallagher and Gergel, 2017). 

Overall, this study showed that while discrete vertical sampling allows for detailed 

concentration profiles, it is necessary for the wells to be placed downgradient of only one land 

use type. Groundwater flow direction and the source area of the well must also only encounter a 

single land use. Ideally, if the type of fertilizer (or manure application) and timing was known, 

that would allow for nitrate loading to be determined more accurately and compared to different 

crops (raspberries versus blueberries). All the above constraints would limit the number of 
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variables affecting the changes in geochemistry of groundwater at a single well. This would 

allow for the effects of a single land use (raspberries or blueberries) on the groundwater 

chemistry to be identified and mitigate the risks of nitrate leaching in the ASA.  
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Chapter 5: Conclusions and Recommendations 

5.1 Conclusions 

This thesis was an extension of previous research on the ASA by researchers at the 

University of Calgary, Agriculture and Agri-Food Canada, and Environment and Climate 

Change Canada. The goal of this thesis was to use an existing set of four groundwater 

monitoring wells, fitted with diffusion samplers, to differentiate between up-gradient land uses 

using the geochemistry of groundwater samples. This also allowed for the impact of raspberry 

and blueberry crops on groundwater quality to be assessed. An extensive 22-month field and 

laboratory campaign was conducted, which included diffusion sampling and water level 

measurements every two months. All samples were analyzed for concentrations of nitrate, 

chloride and sulphate, and selected samples were analyzed for 15N, and 18O isotopes of nitrate. 

Additional monitoring wells, established in the area, were used to assess water table fluctuations 

and associated groundwater flow.  

Variations in the groundwater flow directions and velocities played a critical role in the 

ability of the monitoring wells to differentiate up-gradient land uses. This was because, for the 

portion of the ASA studied here, management practices and crops vary considerably on a field-

scale both spatially and temporally. Furthermore, the nutrient application types and rates vary, 

largely a combination of manure, ammonium sulphate and urea, which differ for raspberries and 

blueberries, area farmers do not all necessarily follow BMPÕs.  

For monitoring well ABB 12, which had a consistent land use in the source area through 

seasonal water table gradient changes, land use types (raspberries and non-agricultural land use) 

could be clearly differentiated. While all nitrate-N, chloride, and sulphate concentrations 
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followed the same trend of decreasing concentrations with depth, groundwater recharged from 

non-agricultural land had consistently lower nitrate-N, chloride, and sulphate concentrations. 

Nitrate-N, chloride and sulphate concentrations also consistently showed decreased seasonal 

variability with depth. Ternary plots corroborated the concentration versus depth plots, showing 

distinct clustering of similar land use for ABB 12 and ABB 16. 

For monitoring well ABB 16 the shallow groundwater zone sampled water from 

blueberry cultivated land, non-agricultural and a goat barn, while deeper groundwater only 

sampled water from raspberry land use. A lowering of nitrate-N concentrations with depth is 

likely attributed to the differences in nutrient management practices, and the differences in plant 

nitrogen uptake between blueberries and raspberries, and not increased denitrification. 

The shallowest groundwater captured at ABB 12 is from raspberries, while the shallowest 

groundwater captured at ABB 16 is from blueberries. By comparing the geochemistry in the 

shallowest portions of ABB 12 and ABB 16, groundwater recharged from raspberry cultivated 

land (ABB 12) had consistently lower nitrate-N concentrations than groundwater recharged from 

blueberry cultivated land (ABB 16).  The higher concentrations of nitrate in shallow groundwater 

beneath blueberries could mean that the current shift in crop production toward blueberries (and 

away from raspberries), may actually result in a subsequent increase in groundwater nitrate 

contamination in the ASA. 

For ABB 14 the seasonal variation in groundwater flow directions was the largest among 

the four monitoring wells, and it had the most diverse and smallest parcels of varying land use 

within the source area of the well. This small-scale mixing of land uses resulted in significantly 

less variations in the averaged concentrations of nitrate-N, chloride and sulphate. In essence, the 
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mixing of groundwater from various land uses had occurred within the source area over an 

individual sampling period within the diffusion sampler. As a result, changes in land use could 

not be determined through the geochemistry changes in the concentration profile at ABB 14. 

However, ABB 14 did show clear signs of microbial denitrification occurring below 30 masl, 

with large increases in sulphate ions and a corresponding decrease in nitrate-N concentrations. 

Denitrification was presumed to be present at the bottom of ABB 14 with dual-isotope plots of 

! 18O and !15N showing significantly higher ! 15N values than the other samples.  

Finally, monitoring well ABB 15, while having a less variable source area than ABB 14, 

still had blueberry and raspberry fields both near the monitoring well (i.e. shallow zone in well) 

and further up gradient (deeper zone in well). As such, the groundwater sampled in ABB 15 

showed no correlation with land use. However, the smaller variation in land uses, or in effect the 

larger parcels of land use, resulted in more variability in average concentrations with depth in 

ABB 15 versus ABB 14.  

Up-gradient distances to a specific land use were calculated using a modified form of the 

equation develop by Wassenaar et al. (2006). This distance, calculated from the age of the 

groundwater allows for the determination of the corresponding depth or field boundary that land 

use changes can be expected in concentration profiles. An alternate method that was used with 

the C/C0 approach, which was determined to have simplifying assumptions that are not valid for 

the ASA.  

This study utilized diffusion samplers which are useful for determining the average 

concentration of ions at specific depths. The capability to change the elevation of the diffusion 

samplers in response to changes in water table elevation allowed for determining the 
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geochemistry at a specific depth. The amount of time the diffusion sampler is deployed is also 

flexible, which can allow for concentrations to be measured over a period of weeks to months 

(minimum of 14 days). The well also does not need to be purged before sampling. While 

analyses can be performed only for ions (smaller than 0.4 µm) that will pass through the 

diffusion membrane, the diffusion sampler allows for a high resolution vertical profile of the 

geochemistry and concentration of ions in a given well. This can be particularly useful when 

wanting to ascertain individual sampling points down well and interpret geochemistry changes 

expected due to land use changes or nutrient management practices.  

It is recognized that improved N management is required to optimize crop production 

while protecting groundwater quality (Zebarth et al., 2015a). Sampling the groundwater using 

diffusion samplers allowed for the differentiation of land use and the differences in geochemistry 

from each land use to be determined. However, the seasonal fluctuation of the groundwater flow, 

and land use changes along the path can complicate this.  Knowing the application rate and type 

of fertilizers applied by the farmers at each land use up-gradient would help to determine best 

practices to maximize crop production while maintaining groundwater quality. 

 

5.2 Study Limitations 

 As discussed previously, a key limitation of this work was the complexity of the land use 

within the source area of an individual monitoring well. For example, with ABB 14, up to 10 

variations of land use between blueberry, raspberry, pasture and non-agricultural could be 

captured within the depth profile of the well for a consistent flow direction. The seasonal 

variation in gradient, and multi-week diffusion sampling period, further averaged out most 
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variation in groundwater geochemistry with depth in the well. While this was a limitation for 

ABB 14, and similarly ABB 15, it did point to the importance of locating continuous profile 

diffusion sampler wells downgradient of a less diverse land use, that is located within the source 

area up-gradient of the well. Also, this study was limited to having only four monitoring wells 

spaced from 0.8 to 4 km apart. It would be beneficial to have monitoring wells installed closer 

together, specifically, with one located on a raspberry field and another at a blueberry field along 

the same flow path. This would allow for the differences between groundwater chemistry to be 

determined between raspberries and blueberries. The impact of nitrate contamination could 

therefore be determined on more of a field scale.   

 Another limitation to this study was the estimation of the hydraulic conductivity of the 

aquifer. Since only grain size analysis and some permeameter testing was done on the cores from 

the monitoring wells, the level of confidence in the hydraulic conductivity estimates was low. 

Although Cox & Kahle (1999) performed several slug tests in the ASA, none were within close 

proximity to the monitoring wells of this study. Slug testing is a far more accurate measure of 

hydraulic conductivity, as it provides the characteristics of the aquifer around the monitoring 

well it is tested on. A pump test is the most accurate and determines the hydraulic parameters of 

the aquifer over a larger area.  

Finally, nutrient management practices, along with irrigation or alley management 

practices, were not available for any of the lands studied here. Only published BMPÕs, 

conversations with local industry specialists, and regional studies could be used to assess how 

land use practices varied between blueberry and raspberry cultivation. A limitation with nutrient 

management is that farmers may not follow recommended fertilizer application practices. 

Knowledge of the specific management practices (fertilizer, manure, irrigation, alley 



-) "
"

management) used on individual parcels of land would allow better interpretation of the 

relationships between land use, management practices and groundwater quality.  

 

5.3 Recommendations for Future Research 

 Diffusion sampling in monitoring wells can be successfully used identify the 

geochemistry of groundwater originating from specific fields using the seasonal variation in the 

water table to delineate up-gradient land. However, this can only be successful if the gradient 

directions are taken into consideration, along with the spatial variability of land uses, within the 

source area of the well during the monitoring period. As shown in this study, geochemical 

variations can be highly variable both within small sample depth intervals and time. Installing 

monitoring wells, where the land use contributing to the groundwater chemistry can be clearly 

defined, would allow the geochemistry of groundwater beneath raspberry crops to be 

differentiated from that of blueberries. However, the geochemistry will also vary between 

blueberry fields as well as between raspberry fields due to the different crop management and 

fertilizer application practices. Spacing the wells closer would also allow for the nutrient 

management of each crop to be interpreted and compared to the other crops on the aquifer. Alley 

management also allows for the management of nitrogen, as nitrate losses can occur from the 

alley between rows of raspberries (Zebarth et al., 2015a). 

High resolution packer-based slug testing down the entire profile of the monitoring wells 

would help in identifying variations in hydraulic conductivity with depth. Slug testing would 

allow for a more accurate hydraulic conductivity to be determined at each monitoring well. 
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However, pumping tests would be even more accurate since they test a larger portion of the 

aquifer as compared to a slug test, which provides hydraulic conductivity data for a single well. 

In order to better differentiate land use variation, the nutrient application and irrigation 

practices of the land parcels within the capture of the monitoring well should be known as well 

as management history. Efforts should be made to place monitoring wells downgradient of farms 

where cooperative agreements exist with land owners to convey nutrient application and 

irrigation schedules and rates.  
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Appendix: A: Slug test, grain size analysis and Drill logs for monitoring wells 

A1: Slug test and grain size analysis 

Hydraulic conductivity estimates for monitoring wells in the ASA using Bouwer & Rice 
(1976) slug test method and hydraulic conductivity estimates for ABB 11a,b & 12a,b,c,d 
from grain size analysis using HazenÕs formula. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Hydraulic 
Conductivity  
Estimation 

Bouwer & Rice Slug Test Method Grain Size Method 

Monitorin g or 
Diffusion Well 

ABB 11a 
(monitoring) 

ABB 12a 
(monitoring) 

ABB 12b 
(monitoring) 

ABB 12c 
(monitoring) 

ABB 11b 
(diffusion) 

ABB 12d 
(diffusion) 

K (m s-1) 
 

7.7' 10-4 1.5' 10-3 1.3' 10-3 9.2' 10-4 8.4' 10-4 1.2' 10-3 
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A2: Drill Logs for monitorin g wells - ABB 12, 15, 16 and 14  

Drill l og for ABB 12: (From Malekani, F. 2012. A New Approach to Estimate Monthly 
Groundwater Nitrate Loading from an Individual Agricultural Field, Master's thesis, University 
of Calgary, 2012). 
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0.15-1.22 9%00$*'/
1.22-2.44 C"*0,*$0"
2.44-5.18 *)0%()-&9,--)+/"
5.18-6.10 C"*0,*$0"
6.10-11.58 *)0%()-&9,--)+/"
11.58-13.41 C"*0,*$0"
13.41-15.09 /)*#&+)9@

From 0-13.72 m used solid PVC

From 13.72-15.09 m screen



%.-"
"

Drill log for ABB 14: (From Loo, S., Zebarth, B.)  
7/89":;"5<!==!>?@"&*6A/< 6%("
7<!==!>?"4:BC/>D@"E:>!4"7<!==!>?"F85G""
7<!==!>?">:89H"3D@"29<>!9"I93/<8J"/>5"K/<B"79B:>"
L:<9"=:??95"3D@"K/<B"79B:>"/>5"EJ/M>"F::"

!"#$%&
'()$&

*%)+,("-- &
'()$ & ./0/12 & 3)$%/0/45&6"-+2)#$)/(& ./%"-)7"("-- &

.G.. " .G'+" .G'+" N:C"E:!="
B95!OB"8:"5/<P"

3<:M>"
=:/BD"M!8J"?</#9="/>5"4:33=9H" "

.G'+" .G+'" .G'* " EO3H:!=" =!?J8"3<:M>"
;!>9"H/>5D"HO3H:!="M!8J"H:B9"B!$8O<9":;"

HB/=="C933=9H"
B!=5D"

4:J9H!#9"
.G+'" %G.." .G&+" E/>5" 3<:M>!HJ"?<9D" ;!>9"=::H9"H/>5G"Q9M"HB/=="C933=9H" O>4:J9H!#9"

%" &G'." %G'" R</#9==D"E/>5" :=!#9"?<9D"
B:H8=D"H/>5"M!8J"#/<!98D":;"C933=9"H!S9H"

;<:B"%BB"8:"'.BB "
O>4:J9H!#9"

&G'" &G++" .G)&" R</#9==D"E/>5"
=!?J8"8:":=!#9"

?<9D"
C::<=D"H:<895G"T933=9H";<:B"&6"'."BB " O>4:J9H!#9"

&G++" 'G., " .G'%"
?</#9==D"H/>5"

M!8J";!>9H"
=!?J8"3<:M>G"" U9<D"C::<=D"H:<895"M!8J";!>9H"

B!=5D"
4:J9H!#9"

'G., " 'G*' " .G))" ?</#9==D"H/>5"
=!?J8"8:":=!#9"

?<9D"
C::<=D"H:<895"M!8J"=/<?9<":3=:>?"4:33=9H"

OC"8:"%.."BB"!>"=9>?8J"
O>4:J9H!#9"

'G*' " 'G,' " .G&"
H/>5D"?</#9="

M!8J";!>9H"
=!?J8"3<:M>G"" "U9<D"C::<=D"H:<895"M!8J";!>9H"

B!=5D"
4:J9H!#9"

'G,' " ,G.%" .G&,"
?</#9==D"H/>5"
M!8J"4:33=9H"

=!?J8"8:":=!#9"
?<9D"

C::<=D"H:<895"M!8J"=/<?9<":3=:>?"4:33=9H"
OC"8:")."BB"!>"=9>?8J"

O>4:J9H!#9"

,G.%" ,G&-" %G*)" H/>5D"?</#9=" B!$95"4:=:O<H"
C::<=D"H:<895"?</#9=HG"EJ/<C"4:>8/48"

M!8J":8J9<"=/D9<H"
O>4:J9H!#9"

,G&-" -G-(" .G), "
?</#9==D"H/>5"
M!8J"4:33=9H"

=!?J8"8:":=!#"?<9D"
C::<=D"H:<895"M!8J"=/<?9<":3=:>?"4:33=9H"

OC"8:")."BB"!>"=9>?8J"
O>4:J9H!#9"

-G-(" %.G)&" %G'." H/>5"M!8J";!>9H" ?<9D":=!#9"?<9D" "
B!=5D"

4:J9H!#9"

%.G)&" %%G,&" .G'' "
H/>5"M!8J"/";9M"

4:33=9H"
?<9D":=!#9"?<9D"

;/!<=D"M9=="H:<895"H/>5"M!8J"H:B9"
4:33=9H"

O>4:J9H!#9"

%%G,&" %&G%)" %G+)" H/>5D"?</#9=" BO=8!4:=:O<95"
!>4<9/H!>?"4:/<H9"M!8J"59C8JG"A:H8=D"
<:O>595V"3O8"H:B9"/>?O=/<G"&6+.BB" "

O>4:J9H!#9"

%&G%)" %'G-." .G'* "
H/>5"M!8J"/";9M"

4:33=9H"
?<9D":=!#9"?<9D"

;/!<=D"M9=="H:<895"H/>5"M!8J"H:B9"
4:33=9H"

O>4:J9H!#9"

%'G-" %(G&*" %G.+" ?</#9=" BO=8!4:=:O<95"
C::<=D"H:<895"?</#9=HG"EJ/<C"4:>8/48"

M!8J":8J9<"=/D9<H"
O>4:J9H!#9"

%(G&*" %)G''" .G+," H/>5" :=!#9"?<9D" /";9M"HB/=="C933=9H" O>4:J9H!#9"

%)G''" %*G%%" .G', " H/>5D"?</#9=" #/<!/3=9"4:=:O<"
;!>9"?</#9="M!8J"?<9D"H/>5"/>5"H:B9"

B!>:<";!>9H"
O>4:J9H!#9"

%*G%%" %*G(-" %G(%" H/>5" :=!#9"?<9D" /";9M"HB/=="C933=9H" O>4:J9H!#9"

%*G(-" %+G-." .G))" H/>5" :=!#9"?<9D"
/";9M"HB/=="C933=9H"M!8J"?</5O/="?</#9="

4:>8/48"
O>4:J9H!#9"

%+G-" %,G()" %G,'" ?</#9=" ?<9D"
C:: <=D"H:<895"?</#9=G"R98H"4:/<H9<"M!8J"
59C8JG"&"BB"8:"'."BB"M!8J"B!>:<"H/>5"

O>4:J9H!#9"

%,G()" &.G&," .G(%" H/>5"M!8J";!>9H" =!?J8"?<9D"
NJ9<9"H:B9"=9>H9H":;";!>9HV"8J9D"/<9>W8"

9#9>=D"5!H8<!3O895G"
O>4:J9H!#9"

&.G&," &.G*-" .G'. " 8!==" "
B!$8O<9":;"9#9<D8J!>?";<:B";!>9H"8:"(X"

H8:>9H"
O>4:J9H!#9"



%%."
"

&.G*-" &.G--" .G'* " ;!>9"H/>5" =!?J8"?<9D" M9=="H:<895" O>4:J9H!#9"

&.G--" &%G')" .G,%" B95!OB"H/>5" :=!#9"?<9D" ;/!<=D"M9=="H:<895"" O>4:J9H!#9"

&%G')" &&G%*" %G,," H/>5D"?</#9=" ?<9D" C::<=D"H:<895" O>4:J9H!#9"

&&G%*" &(G.(" %G,,Y" 3=O9"4=/D" 3=O9"?<9D" " 4:J9H!#9"
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



%%%"
"

Drill log for ABB 15: (From Loo, S., Zebarth, B.)  
7/89":;"5<!==!>?@"&)6A/< 6%("
7<!==!>?"4:BC/>D@"E:>!4"7<!==!>?"F85G""
7<!==!>?">:89H"3D@"29<>!9"I93/<8J"/>5"K/<B"79B:>"
L:<9"=:??95"3D@"K/<B"79B:>"/>5"EJ/M>"F::"

!"#$%&89:&
'()$&

*%)+,("-- &
'()$ & ./0/12 & 3)$%/0/45&6"-+2)#$)/(& ./%"-)7"("-- &

.G.. " .G&" .G&." H:!=" 5/<P"?</D" =::H9"5/<P"?<9D"H:!=" >:>4:J9H!#9"

.G&." .G," .G*." HO3H:!=" <955!HJ"3<:M>" 4=/D9D" 4:J9H!#9"

.G,. " .G-, " .G%," H8:>D"H/>5" =!?J8"3<:M>" H/>5"M!8J"H:B9"H8:>9H" >:>4:J9H!#9"

.G-, " %G-&" .G-(" H/>5" ?<99>!HJ"?<9D" H/>5"M!8J"H:B9"?</#9=" >:>4:J9H!#9"
%G-&" &G&)" .G'' " ?</#9==D"H/>5" " ?</#9==D"4:/<H9"H/>5" "

&G&)" &G,)" .G*."
H!=8D"H/>5"

=!?J8"8:"5/<P"
3<:M>" H/>5"M!8J";!>9H" B!=5D"4:J9H!#9"

&G,)" 'G-) " %G%." ?</#9==9D"H/>5" :=!#9"?<9D" 4:/<H9"H/>5"/>5"?</#9=" >:>4:J9H!#9"

'G-) " (G)-" .G*("
H/>5" "

B95!OB"M9=="H:<895"M!8J"H:B9"=/<?9<V"
/>?O=/<"4:33=9HG" >:>4:J9H!#9"

(G)-" (G*+" .G., "
H!=8D"H/>5"

=!?J8"
?<9DZ3<:M>" M!8J"H:B9"4:33=9H" B!=5D"4:J9H!#9"

(G*+" )G()" .G+,"
" :=!#9"?<9D"

?</#9==D";!>9"8:"4:/<H9"H/>5"M!8J"=:8H":;"
4:33=9H" >:>4:J9H!#9"

)G()" +G(&" %G-+" H/>5" ?<9D" ;!>9"8:"B95!OB"H/>5" >:>4:J9H!#9"
+G(&" +G-&" .G). " H/>5D"?</#9=" 5/<P"?<9D" 4:/<H9"H/>5"/>5"?</#9=" >:>4:J9H!#9"

+G-&" -G,-" %G-+"
4:/<H9"H/>5" :=!#9"?<9D"

B9564<H9"?</!>95"H/>5"M!8J"?</#9=V"
HO3/>?O=/<"4:33=9H"OC"8:"+."BB"5!/B" >:>4:J9H!#9"

-G,-" %.G&%" .G'&"
?</#9==D"H/>5" :=!#9"?<9D"

B95!OB"8:"4:/<H9"?</!>95"M!8J"=:8H";:"
4:33=9H"/>5"C933=9H" >:>4:J9H!#9"

%.G&%" %%G.&" .G,%"
?<9/#9==D"H/>5" :=!#9"?<9D"

;!>9"8:"B95!OB"?</!>95"H/>5"M!8J"B!>:<"
H!=8"=9>H9H" >:>4:J9H!#9"

%%G.&" %&G%" %G.," H/>5" =!?J8"?<9D" 4=9/>";!>9"H/>5"4:/<9>!>?"M!8J"59C8J" >:>4:J9H!#9"

%&G%." %&G&-" .G%-"
?</#9=" BO=8!4:=:O<95"

!>4<9/H!>?"4:/<H>9HH"M!8J"59C8J"&BB"8:"
'.BB"[OH9"8J9"P";<:B"%G&)0" >:>4:J9H!#9"

%&G&-" %&G+'" .G(("
H/>5" ?<9D"

B9/5OB"8:"4:/<H"H/>5"M!8J"?</#9=G"E!=8"
:>"8J9"8:C"\(4B" >:>4:J9H!#9"

%&G+'" %&G,%" .G., " ?</#9=" "   

%&G,%" %'G)%" .G+."
H/>5" ?<9D"

;!>9"8:"B95!OB"H/>5V"M9=="H:<895V"3O8"
H99BH"8:"4:/<H9>"M!8J"59C8J" >:>4:J9H!#9"

%'G)%" %(G.&" .G)%"
H/>5D"?</#9=" BO=8!4:=:O<95"

?</#9=H"4:/<H9>"M!8J"59C8JG"A95!OB"
H/>5"/>5"?</#9="8:"4:/<H9<" >:>4:J9H!#9"

%(G.&" %(G(&" .G(. "
H/>5" :=!#9"?<9D"

;!>9"8:"B95!OB"?</!>95"H/>5"M!8J"B!>:<"
4:33=9H"OC"8:"&."BB" >:>4:J9H!#9"

%(G(&" %(G+" .G&,"
H/>5" 5/<P"?<9D"

B95!OB"8:"4:/<H9"H/>5"M!8J"H:B9"
?</#9="/>5"4:33=9H" >:>4:J9H!#9"

%(G+." %)G.'" .G'' "
H/>5D"?</#9="

5/<P"?<9D"8:"
=!?J8"3<:M>" C<95:B"?</#9="M!8J"B!>:<"H/>5"/>5"H!=8" >:>4:J9H!#9"

%)G.'" %)G('" .G(. " ?</#9==D"H/>5" 5/<P"?</D" C::<=D"H:<895G"R</#9="OC"8:"&)BB" >:>4:J9H!#9"

%)G('" %*G)'" %G%."
H/>5" :=!#9"?<9D"

B95!OB"H/>5"V"M9=="H:<895G"Q9M"HB/=="
4:33=9H" >:>4:J9H!#9"



%%&"
"

%*G)'" %*G+'" .G&." ?</#9==D"H/>5" 5/<P"?</D" C::<=D"H:<895G"R</#9="OC"8:"&)BB" >:>4:J9H!#9"

%*G+'" %+G&," .G))"
H/>5" :=!#9"?<9D"

B95!OB"H/>5"V"M9=="H:<895G"Q9M"HB/=="
4:33=9H" >:>4:J9H!#9"

%+G&," %,G*&" %G'(" ?</#9==D"H/>5" 5/<P"?</D" C::<=D"H:<895G"R</#9="OC"8:"&)BB " >:>4:J9H!#9"

%,G*&" &.G%&" %G)."
?</#9==D"H/>5" 5/<P"?</D"

C::<=D"H:<895G"R</#9="OC"8:"&)BBV"M!8J"
H:B9";!>9H" >:>4:J9H!#9"

 
*Driller hit clay at ~24 meters, no sediment (clay) was collected or logged.  
From 20.12-24.4 mbgs is clay.  
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Drill log for ABB 16: (From Loo, S., Zebarth, B.)  
7/89":;"5<!==!>?@"&*6A/< 6%("
7<!==!>?"4:BC/>D@"E:>!4"7<!==!>?"F85G""
7<!==!>?">:89H"3D@"29<>!9"I93/<8J"/>5"K/<B"79B:>"
L:<9"=:??95"3D@"K/<B"79B:>"/>5"EJ/M>"F::"

!"#$%&
'()$&

*%)+,("-- &
'()$ & ./0/ 12& 3)$%/0/45&6"-+2)#$)/(& ./%"-)7"("-- &

.G.. " .G'+" .G'+" N:C"E:!="
B95!OB"8:"
5/<P"3<:M>"

=:/BD"M!8J"?</#9="/>5"4:33=9H" "

.G'+" .G+'" .G'* " EO3H:!=" =!?J8"3<:M>"
;!>9"H/>5D"HO3H:!="M!8J"H:B9"B!$8O<9"

:;"HB/=="C933=9H"
B!=5D"

4:J9H!#9"
.G+'" %G.." .G&+" E/>5" 3<:M>!HJ"?<9D" ;!>9"=::H9"H/>5G"Q9M"HB/=="C933=9H" O>4:J9H!#9"

%" &G'." %G'" R</#9==D"E/>5" :=!#9"?<9D"
B:H8=D"H/>5"M!8J"#/<!98D":;"C933=9"

H!S9H";<:B"%BB"8:"'.BB"
O>4:J9H!#9"

&G'" &G++" .G)&" R</#9==D"E/>5"
=!?J8"8:":=!#9"

?<9D"
C::<=D"H:<895G"T933=9H";<:B"&6"'."BB " O>4:J9H!#9"

&G++" 'G., " .G'%"
?</#9==D"H/>5"M!8J"

;!>9H"
=!?J8"3<:M>G"" U9<D"C::<=D"H:<895"M!8J";!>9H"

B!=5D"
4:J9H!#9"

'G., " 'G*' " .G))" ?</#9==D"H/>5"
=!?J8"8:":=!#9"

?<9D"
C::<=D"H:<895"M!8J"=/<?9<":3=:>?"
4:33=9H"OC"8:"%.."BB"!>"=9>?8J"

O>4:J9H!#9"

'G*' " 'G,' " .G&"
H/>5D"?</#9="M!8J"

;!>9H"
=!?J8"3<:M>G"" "U9<D"C::<=D"H:<895"M!8J";!>9H"

B!=5D"
4:J9H!#9"

'G,' " ,G.%" .G&,"
?</#9==D"H/>5"M!8J"

4:33=9H"
=!?J8"8:":=!#9"

?<9D"
C::<=D"H:<895"M!8J"=/<?9<":3=:>?"
4:33=9H"OC"8:")."BB"!>"=9>?8J"

O>4:J9H!#9"

,G.%" ,G&-" %G*)" H/>5D"?</#9=" B!$95"4:=:O<H"
C::<=D"H:<895"?</#9=HG"EJ/<C"4:>8/48"

M!8J":8J9<"=/D9<H"
O>4:J9H!#9"

,G&-" -G-(" .G), "
?</#9==D"H/>5"M!8J"

4:33=9H"
=!?J8"8:":=!#9"

?<9D"
C::<=D"H:<895"M!8J"=/<?9<":3=:>?"
4:33=9H"OC"8:")."BB"!>"=9>?8J"

O>4:J9H!#9"

-G-(" %.G)&" %G'." H/>5"M!8J";!>9H" ?<9D":=!#9"?<9D" "
B!=5D"

4:J9H!#9"

%.G)&" %%G,&" .G'' "
H/>5"M!8J"/";9M"

4:33=9H"
?<9D":=!#9"?<9D"

;/!<=D"M9=="H:<895"H/>5"M!8J"H:B9"
4:33=9H"

O>4:J9H!#9"

%%G,&" %&G%)" %G+)" H/>5D"?</#9=" BO=8!4:=:O<95"
!>4<9/H!>?"4:/<H9"M!8J"59C8JG"A:H8=D"
<:O>595V"3O8"H:B9"/>?O=/<G"&6+.BB" "

O>4:J9H!#9"

%&G%)" %'G-." .G'* "
H/>5"M!8J"/";9M"

4:33=9H"
?<9D":=!#9"?<9D"

;/!<=D"M9=="H:<895"H/>5"M!8J"H:B9"
4:33=9H"

O>4:J9H!#9"

%'G-" %(G&*" %G.+" ?</#9=" BO=8!4:=:O<95"
C::<=D"H:<895"?</#9=HG"EJ/<C"4:>8/48"

M!8J":8J9<"=/D9<H"
O>4:J9H!#9"

%(G&*" %)G''" .G+," H/>5" :=!#9"?<9D" /";9M"HB/=="C933=9H" O>4:J9H!#9"

%)G''" %*G%%" .G', " H/>5D"?</#9=" #/<!/3=9"4:=:O<"
;!>9"?</#9="M!8J"?<9D"H/>5"/>5"H:B9"

B!>:<";!>9H"
O>4:J9H!#9"

%*G%%" %*G(-" %G(%" H/>5" :=!#9"?<9D" /";9M"HB/=="C933=9H" O>4:J9H!#9"

%*G(-" %+G-." .G))" H/>5" :=!#9"?<9D"
/";9M"HB/=="C933=9H"M!8J"?</5O/="

?</#9="4:>8/48"
O>4:J9H!#9"

%+G-" %,G()" %G,'" ?</#9=" ?<9D"
C::<=D"H:<895"?</#9=G"R98H"4:/<H9<"M!8J"

59C8JG"&"BB"8:"'."BB"M!8J"B!>:<"
H/>5"

O>4:J9H!#9"

%,G()" &.G&," .G(%" H/>5"M!8J";!>9H" =!?J8"?<9D"
NJ9<9"H:B9"=9>H9H":;";!>9HV"8J9D"/<9>W8"

9#9>=D"5!H8<!3O895G"
O>4:J9H!#9"



%%("
"

&.G&," &.G*-" .G'. " 8!==" "
B!$8O<9":;"9#9<D8J!>?";<:B";!>9H"8:"(X"

H8:>9H"
O>4:J9H!#9"

&.G*-" &.G--" .G'* " ;!>9"H/>5" =!?J8"?<9D" M9=="H:<895" O>4:J9H!#9"

&.G--" &%G')" .G,%" B95!OB"H/>5" :=!#9"?<9D" ;/!<=D"M9=="H:<895"" O>4:J9H!#9"

&%G')" &&G%*" %G,," H/>5D"?</#9=" ?<9D" C::<=D"H:<895" O>4:J9H!#9"

&&G%*" &(G.(" %G,,Y" 3=O9"4=/D" 3=O9"?<9D" " 4:J9H!#9"
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



%%)"
"

Appendix A3: Well Construction Logs 
 
ABB 14: 

 

������������

�����	�
�������
����

������������������

��������������������������������

��������������������������

�� ����������� ��������

������� ��������

���!�����
����

���������
����

���������
����

�!�����
����

�������
����



%%*"
"

ABB 15: 
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ABB 16: 
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Appendix B: Isotope Diffusion Experiment 
 

Abbotsford Aquifer  stable isotope analysis of ! 2H and ! 18O; diffusion of ! 2H and 

! 18O in a laboratory setting.  
 
Introduction  
 
Water isotopes (2H and 18O) can provide additional insight into the relative ages of 
shallow groundwater and the season of infiltration and recharge (Clark & Fritz, 1997). 
The fractionation effect on precipitation is largely temperature dependent with the highest 
fractionation occurring at lower temperatures (Clark & Fritz, 1997). As a result of this 
temperature effect, groundwater that is recharged in the warm summer tends to have 
higher ! 2H and ! 18O values than groundwater that is recharged in the cold winter (Clark 
& Fritz, 1997).  

The objective of this study was to determine if  the diffusion of oxygen and hydrogen 
isotopes occur across the membrane of diffusion samplers in a groundwater well. If  
diffusion does occur the equilibration time will  be useful for diffusion samplers currently 
deployed down well. My hypothesis was that 18O and 2H will  have a diffusion gradient 
with 16O and 1H. As 2H has a greater mass difference from 1H than with 18O vs. 16O, 2H 
will  diffuse quicker across the membrane than 18O. My hypothesis for this experiment 
came from the work done by Savoye et al. 2012 who injected 18O and 2H depleted water 
in a reservoir in the centre of a water saturated rock and found that the heavier isotopes 
(18O and 2H) did diffuse. To my knowledge there has been no research completed to date 
on water isotopes diffusing across a membrane into a water of different isotopic 
composition, which is what made me curious about whether or not water isotopes will  
diffuse if  there is a large enough difference in isotopic composition.  

In addition, a secondary objective was to determine if  there was a depth profile or pattern 
with the isotopic compositions of 18O and 2H down the groundwater monitoring well in 
Abbotsford, BC. Over the past few decades there has been widespread concern about the 
nitrate contamination in the Abbotsford-Sumas Aquifer mostly due to agricultural 
practices and fields. The nearest GNIP station is in Victoria, BC which is the local 
meteoric water line that was compared to the isotopic composition of my Abbotsford 
diffusion samples in my results section.  

Methods 
 
The diffusion experiment was comprised of a cooler filled with approximately 35-40L of 
DI tap water, containing vials held together in a rack containing isotopically heavier 
water. The volume in the cooler was significantly large enough so that the diffusing 
ions/isotopes will  not affect the concentration gradient, and will  allow for more than 10 
times dilution of any diffusion of isotopes. The isotopic composition of the surrounding 
water was measured initially  and after the experiment to ensure evaporation was 
minimized. The water in the cooler was circulated using a peristaltic pump to simulate 
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flow in the well. This cooler was then placed inside a large refrigerator and temperature 
of the water in the cooler was monitored for the duration of the experiment. The heavy 
water was created in the lab by sequentially boiling and evaporating the lighter isotopes 
from the DI water according to the following equation:    
(! 18O remaining water + 1000) / (! 18O original water + 1000) = fraction remaining (f) 

(1/$ - 1) 
 

 

To ensure the concentration of light isotopes remained high enough so that the heavy 
isotopes would not evaporate, more DI water was added periodically as 100ml had 
evaporated. This isotopically heavy water was then put in 12ml Nalgene vials and mixed 
with 10 mg/L bromide solution, and covered with a 0.4 µm polycarbonate membrane.  

Diffusion samples (same as the vials used in diffusion experiment) from a groundwater 
monitoring well deployed in August and retrieved in September from Abbotsford, BC 
were analyzed on November 20th and 26th, 2014. A Laser Spectroscopy with a Los Gatos 
Research (LGR), ÒDLT-100Ó instrument at the University of Calgary Isotope Science 
Laboratory. Samples were calibrated with lab standard references and compared to 
VSMOW, so that the results are measured in per mille (ä)  VSMOW. Lab accuracy and 
precision is better than ±0.1ä  ! 18O and ±1.0ä  ! 2H. 

Table B1: Diffusion Experiment 

 

 

             

 

 

 

 

 

 

 

 

 

 

 ! 18Owater(ä)  ! 2Hwater(ä)  

Vial  Initial  -10.0 -111 

Outer Initial  -19.4 -147 

Vial  day 1 -15.9 -134 

Vial  day 3 -17.8 -142 

Vial  day 7 -19.1 -147 

Vial  day 7 
duplicate 

-19.1 -147 

Vial  day 9 -19.2 -147 

Outer final  -19.2 -148 
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 Table B2: Abbotsford Well 12 Ð Vials at varying depths 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

From the diffusion experiment data (Table B1 & B2) and plots (Figures B1 & B2) it can 
be seen that the water inside the diffusion vials reached the same isotopic composition as 
the surrounding water in the cooler. This means that the water was in isotopic equilibrium 
after 7-9 days. This result means that isotopes of water (18O and 2H) do in fact diffuse 
across a membrane with a difference (9 per mille difference in 18O and 36 per mille 
difference 2H) in isotopic composition. Temperature data (from a Solinst pressure 
transducer) shows that the temperature was highest during the beginning of the 
experiment when the water in the cooler was gradually being cooled to the temperature of 
the fridge. However, after a few days the temperature was kept relatively constant around 
11 degrees Celsius. The temperature being a few degrees higher in the first few days of 
the experiment may have caused the diffusion of 18O and 2H across the membrane to 
occur at a faster rate than expected. However even once the temperature was more 
constant the diffusion of isotopes can still be seen near the end of the experiment. The 
largest change in isotopic composition occurred between day 0 and day 1. This may have 

Elevation 
(MASL)  

ABB 12 
Vial  # 

! 18Owater(ä)  ! 2Hwater(ä)  

40.17 10 -10.6 -80 

41.67 15 -10.6 -80 

43.17 20 -10.3 -79 

43.77 25 -11.1 -79 

44.27 30 -10.1 -78 

44.77 35 -11.2 -80 

45.27 40 -11.7 -81 

45.77 45 -10.9 -80 

46.27 50 -12.0 -82 

46.77 55 -10.7 -80 

47.07 58 -11.1 -82 

47.27 60 -12.3 -85 
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been due to the slightly elevated temperatures of the surrounding water initially. Overall, 
the trend seems to be exponentially decreasing in isotopic composition as the water in the 
vials nears the composition of the surrounding DI water.  

 
 

 
 
Figure B1: ! 18O over duration of experiment 
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Figure B2: ! 2H over duration of experiment  
 
 
The 18O with depth plot (Figure B3) show that there is more variation near the surface of 
the water table than deeper into the aquifer. The 2H with depth also shows the same trend 
(Figure B4). This could be due to seasonal effects in the precipitation prior to infiltration. 
The winter precipitation would be more depleted in heavy isotopes (Wassenaar, 1995), 
while the summer precipitation would more enriched in heavy isotopes, this is partly due 
to the fact that there is very little precipitation in Abbotsford during the summer months 
which are dry causing the amount effect to enrich 18O (Clark & Fritz, 1997). As the water 
is infiltrated it is dispersed as it moves through the soil zone and then further mixed and 
dispersed with the groundwater. The fact that there is less variation near the bottom of the 
well indicates that more dispersion has occurred with the groundwater.  
 
From the cross-plot of 18O and 2H (Figure B5) it can be seen that most of the diffusion 
samples from Abbotsford fall above the LMWL  for Victoria. Most often deviations from 
the LMWL  are due to evaporation or seasonal effect in precipitation, however since most 
of the points are above the LMWL  this hints at perhaps a different effect altogether. 
Another possibility  is that the data set is not large enough to put the data in perspective 
with the LMWL  which could result in the deviations from the line not being so 
significant.  
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Figure B3: ! 18O throughout depth of well  
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Figure B4: ! 2H throughout depth of well  
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Figure B5: Cross plot of ! 2H and ! 18O; plotted with Victoria LMWL  for comparison 
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Figure B6: Age versus depth below static water level in well. 

 

Age of the groundwater was determined by a formula given by Wassenaar et al. 2006 
(Age(yrs)=e(0.14*depth)*2.1), based on the Vogel 1967 model of groundwater age 
versus depth below static water level. The water level was determined as an average 
between the water levels when the samples were deployed and retrieved. Based on the 
age-depth plot (figure 6), it can be seen that there is a linear relationship between the 
depth below the current water level in the well and the age of the groundwater. This 
concludes that deep groundwater experiences longer flow paths than shallow 
groundwater, as a result of exponential mixing along the flow path (Mayer, 2014).  

 

Conclusions 

In conclusion, the diffusion of water isotopes does occur with an isotopic concentration 
gradient created in a controlled laboratory setting. More laboratory work will  be 
performed to determine more about the factors controlling the diffusion of water isotopes. 
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As far the isotopic composition of the groundwater samples from Abbotsford, I found 
that the variation with depth occurred mostly near the water table. This could be due to 
the time of irrigation which would bring the composition of the water down to the 
composition of the groundwater. The effects of dispersion and mixing in groundwater can 
be seen to a greater extent further down the well. In addition, my results contradict that 
seasonal variations in the ! 18O and ! 2H of the precipitation water diminish with 
increasing depths in the subsurface, as seen in the figure from Clark & Fritz, 1997 on 
page 82. This may be due to the difference infiltration rates in winter (depleted in ! 18O) 
and summer (enriched in ! 18O ) or possibly the effect of irrigation bringing deep 
groundwater with a different isotopic composition to the surface.  
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Appendix C: Water Table Contour Maps 
 
Water Table Contour maps for February Ð December 2014: 
 
 

 

 
 
Figure C1: Water table contour map for February 2014. 
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Figure C2: Water table contour map for March 2014. 
 
 

 

 
Figure C3: Water table contour map for April 2014. 
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