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ABSTRACT 
 

EVALUATION OF NITRATE DISTRIBUTION AND MATRIX STORAGE EFFECTS IN A DUAL PERMEABILITY 

FRACTURED BEDROCK AQUIFER WITH HETEROGENEOUS HYDROCHEMISTRY 

Amanda I. Malenica                    Advisors: 

University of Guelph, 2015                   Professor B.L. Parker 
Dr. J.A. Cherry 

Dr. G. Parkin 
 

There is growing concern in Prince Edward Island as groundwater nitrate concentrations in the bedrock 

aquifer have increased since the mid-1980s due to intensive agriculture, with associated ecological 

impacts evidenced by surface water eutrophication. While, agricultural beneficial management practices 

have been implemented, subsurface heterogeneity and matrix diffusion processes appears to be limiting 

their effectiveness.  The objective of this study was to quantify nitrate concentrations in lower K zones 

and hydrogeochemical influence on concentration via porewater analysis of discrete samples from 

cores, and application of multi-level systems for high-resolution spatial and temporal monitoring of 

hydraulic head and hydrochemistry.  Results show elevated nitrate persists in the shallow subsurface, 

suggesting minimal denitrification due to lack of electron donors / oxygenated conditions and matrix 

storage effects.  Such data improves conceptual models of nitrate migration and fate in sedimentary 

bedrock aquifers to allow adjustments to agricultural practices that can meet source water protection 

goals. 
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1 Introduction  

The province of Prince Edward Island has a groundwater and ecological crisis due to adverse impacts 

of agricultural nitrate on groundwater, rivers, and coastal waters. The documented, widespread nitrate 

occurrence in PEI well waters is generally attributed to agricultural practices such as fertilizer application 

and manure pilings from feedlots (Benson et al., 2006, 2007; van Bochove et al., 2007; Edwards et al., 

2000, 2008; ECSWCC, 1998). Nitrate is known to be a major contributor to eutrophication in estuaries 

(salt water environments), algal growth and in high concentrations can affect the health of living 

organisms (Liu et al., 2011; Ward and Brender, 2011; Liao et al, 2005). Nitrate is also an important 

drinking water quality parameter due to the consequential health effects on humans.  Nitrate ingestion, 

through drinking water, has been associated with detrimental reproductive outcomes 

(methemoglobinemia or “blue baby syndrome”), diabetes and thyroid conditions, and increased risk of 

certain cancers (Ward and Brender, 2011). As a result, a regulated guideline set by the World Health 

Organization (WHO) for nitrate in drinking water was implemented and has been revised since 1958 and 

is currently at 10 mg/L nitrate-N (45 mg/L nitrate) (WHO, 2006). 

Drinking water standards in Europe are 11 mg/L nitrate-N (50 mg/L nitrate) (European Communities, 

2007) whereas the USA and Canadian guidelines are 10 mg/L nitrate-N (45 mg/L nitrate).  Recently, 

some governments, including Canada (Health Canada, 2012), have been considering a decrease to 

current standards or guidelines. Generally, 50% of standard is a practice employed as a “safe” level 

(Health Canada, 2013). A decrease in the standard would cause significant increase in occurrence of 

water supplies exceeding standards, and impacts to water treatment requirements with substantial 

costs to purveyors of drinking water.  Many communities currently have elevated average nitrate 

concentration in wells approaching the current standard of 10 mg/L-N and showing increasing trends. 
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Nitrate can be transported through surface water or groundwater to estuaries where high 

concentrations can affect the growth/health of fish and shellfish (Grizard, 2014; ECSWCC, 1998; 

Danielescu et al., 2009). When nitrogen is in the form of nitrate, it is one of the most mobile ions in 

agricultural systems due to its high water solubility (Follett and Delgado, 2002). An estimated one-third 

of the world’s population is reliant on groundwater as their drinking water source (Falkenmark, 2005). 

This is variable from region and jurisdiction with wide variety of aquifer conditions but nearly 

everywhere is reliant to some extent (WHO, 1996). On average 30% of Canadians are reliant on 

groundwater and two thirds of these users reside in rural communities (Environment Canada, 2013). 

Prince Edward Island is unique in that is the only province in Canada that is 100% reliant on groundwater 

for its drinking water source. Groundwater is a key source of drinking water in agricultural based 

communities and 80% of rural populations are reliant on groundwater (CCA, 2009). It is estimated that 

20-40% of all rural wells in Canada have nitrate concentrations exceeding water quality guidelines (CCA, 

2009). This is thought to be due to the fact that most rural wells are much shallower than municipal 

wells and therefore are subject to increased risk of contamination from shallow/surface sources 

(fertilizers, pesticides, road salts, septic tanks etc.). 

Since the 1990’s groundwater and surface water nitrate concentrations in PEI have increased, 

coincident with increased fertilizer application rates and agricultural practices across the island (PEI 

DELJ, 2013). Of PEI’s total land area, 42% is cleared for agricultural use (Figure 1), 15% of which was 

planted with potatoes in 2014 (PEI DAF, 2014). PEI residents have had a growing concern about the 

elevated concentrations because of the detrimental effects witnessed to the environment. High nitrate 

levels in surface water bodies can cause eutrophication and directly harm aquatic life (DesRoches et al., 

2008; ECSWCC, 1998; Somers et al, 1999). This has been evidenced by numerous fish kills and 

overgrowth of sea lettuce in rivers, streams and estuaries. These consequences have a number of social 

and economic impacts, some of which include economic loss to the fishing and shellfish harvesting 
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industries, loss of aesthetic quality to recreational water bodies, effects on tourism and reduced real 

estate values (DesRoches et al., 2008).  

A number of legislative changes were made to implement more environmentally friendly 

agricultural practices (i.e. the PEI Environmental Protection Act, 1999), but enforcing these laws proved 

to be impossible without the necessary resources to monitor every crop on the island (CCA, 2013; PEI 

DELJ, 2014). The new regulations were also economically difficult on farmers and resulted in tense 

relationships with the government. In 2006 the Canada-PEI Agricultural stewardship program was 

introduced by the government and focused on creating more financial incentives and technical support 

for farmers (CCA, 2013). It was found that it was more likely for a beneficial management practice (BMP) 

to be maintained and become effective if additional support (resources, monetary compensation) was 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Prince Edward Island agricultural land cover map circa 2000 (AAFC, 2012). 
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 provided. It was hoped that changes in BMP’s implemented successfully since the 2000’s would 

lead to improved groundwater concentrations, but evidence suggests this is not occurring at notable 

rates. 

Since implementation in PEI, there have been some studies on the effectiveness of the BMPs for 

reducing nitrate leaching (Dunn et al, 2011; Jiang and Somers, 2009, 2011; IFA, 2009; Millburn, 1997, 

Zvomuya et al., 2003). BMPs have been categorized in two ways; the first is by nitrate management 

through control of application (Zebarth et al., 2014). The global “4R” nutrient stewardship framework 

proposed by International Fertilizer Association (IFA, 2009) was designed to provide guidance to farmers 

for a sustainable and efficient nitrogen utilization plan by addressing the “4R’s” of nutrient 

management: Right source at the Right rate, Right time and Right place. The Right rate of fertilizer 

application requires consideration of multiple factors, but if evaluated thoroughly, it can be the most 

beneficial both economically and environmentally. Some factors to be assessed include: plant nutrient 

uptake demand, existing nutrient supply or other sources, seasonal variability in nutrient demand, 

nutrient budgets, residual nutrient and other site specific hydraulic factors. The initial cost of a site 

specific evaluation may be significant, but it might be the most be the most efficient “R” towards 

maximum crop yield and environmental benefit. Fertilizers (synthetic or manure) are commonly applied 

in the spring and fall seasons; Right time involves the evaluation of the most efficient time for crop 

uptake. This could mean multiple applications of fertilizers, but this may not prove to be as efficient due 

to the fact that ideal environmental conditions are variable and cannot always be predicted. The Right 

source refers to the fertilizer product and selection of an appropriate type for the crop and its 

environment. Zvomuya et al. (2003) demonstrated the benefits of having coated, controlled release 

fertilizers on potatoes in sandy soils. It was found that the coated fertilizer produced similar or greater 

yields, while reducing nitrogen loss. However, some disadvantages were that under high leaching 
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conditions, a quicker release product would be needed and the financial feasibility of the product could 

not be justified by all farmers. In PEI, the banding of fertilizer has become standard practice as a method 

of Right place of fertilizer application (Zebarth et al., 2009). This is where fertilizers are placed ~8-15 cm 

deep (commonly in the furrows) to allow for efficient uptake by plant roots and limit loss to the system. 

Overall, the “4R’s” must be seen collectively as there are many interactions between them, which can 

make fertilizer management BMPs complex. In order to be attractive to farmers, BMPs must be 

practical, profitable, productive, resource use efficient, and socially acceptable. Millburn et al. (1997) 

found that an additional way of controlling nitrogen loss was by planting a cover crop or catch crop 

(such as winter wheat and straw mulch) immediately following an early harvest of potatoes. While the 

method resulted in 15-30% reduction in NO3-N leaching, the late timing of cover crop planting does not 

allow for consistent reduction in NO3-N leaching. This method is also not favorable with many crops 

other than early-harvested potatoes due to timing of growing seasons and rapid cooling climate post-

harvest. 

Zebarth et al. (2014) outlines the second category of BMP is by physical modification to the potato 

cropping system. It is understood that nitrate leaching is greater under potato production. Jiang et al. 

(2012) used a simulation model to predict nitrate leaching loss over variable crop rotation lengths. It was 

found that a 3-year potato rotation had a 15-22% reduction in nitrate leaching when compared to a 2 

year. A typical practice employed in PEI is post-harvest plowing in preparation for the next growing 

season. This practice has been associated with increased nitrate leaching (Sanderson, 1999). Jiang et al. 

(2014) compared the effects of fall and spring plowing of forages on nitrate leaching losses to 

groundwater. It was found that delaying the plowing until spring reduced forage-phase nitrate leaching 

by 20-61%. Spring plowing also comes with some disadvantages such as increased time and labour due 

to the need for a secondary tilling to get through clods and tougher material as well as moisture loss. 

Dunn et al. (2011) has also investigated the effectiveness of buffer zones around surface water bodies, 
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which was introduced by PEI legislation in 2000 (10 and 20 m buffer zones for moderately and steep 

slopes, respectively). However it was found that these were not adequate in reducing pesticide 

concentrations and protecting aquatic life, and a 30 m buffer zone was recommended, echoing other 

provincial jurisdictions.  

There are a number of positive results with respect to nitrogen management. However, continual 

practice is limited primarily due to financial concern. A high economic consequence deters farmers from 

fully embracing these strategies. Continual research is needed to monitor progress as, although 

expected, positive remedial results may be effective at shallow depths in short periods of time; 

however, in deeper aquifer systems positive results may require a much longer time period. 

1.1 The Nitrogen Cycle 

Nitrogen is a major component of organic matter and 78% of the Earth’s atmosphere consists of 

nitrogen gas. Nitrogen also occurs in several inorganic forms such as: nitrate (NO3
-), nitrite (NO2

-), 

nitrogen gas (N2), and ammonium (NH4
+). These various forms of nitrogen interact in complex reactions 

and occur at different redox potentials and optimal pH levels which are summarized in Figure 2. The 

largest proportion of nitrogen in soil (upper sediment column) is usually found in the organic form that 

can be converted to ammonium by the process of mineralization, which can then be converted into 

nitrate through nitrification (ECSWCC, 1998). Potato production uses primarily nitrogen based fertilizers 

(in organic or inorganic form) and they come in various compositions (Urea, ammonium nitrate, 

ammonium sulfate, ammonium phosphate nitrate, and varying compositions of N, P and K) (CFI, 2015). 

Nitrogen that is not effectively used up by the plant will become soluble in infiltrating rain, meltwater or 

irrigation water and leach towards the saturated zone.  Typically, in PEI, fertilizers for a Russet Burbank 

potato crop are applied in one or two large applications generally in the spring, upon planting and 

sometimes again approximately two weeks later at the third growth phase, when N uptake increases 
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rapidly (Zebarth and Rosen, 2007). Seasonal variations in water input influences the infiltration rate and 

leaching of nitrate (ECSWCC, 1998; Green et al., 1998), which is why we can get seasonal fluctuations of 

groundwater nitrate concentration. 

 

Figure 2. Nitrogen phase diagram based on redox potential and pH. (Modified from: Lin et al., 2008) 

 

In soil and groundwater, oxidation and reduction of nitrogen is facilitated by microorganisms. Under 

oxidizing conditions and slightly lower pH, bacteria convert ammonia (NH3) to nitrite (NO2). Nitrite, a 

very reactive ion, is immediately converted to nitrate and very little nitrite is found in the natural 

environment. Trojan et al. (2002) found that nitrate-nitrogen was typically detected in samples with an 

Eh value greater than 250 mV and dissolved oxygen values greater than 1.0 mg/L. Under reducing 

conditions, denitrifying bacteria convert most of the nitrate to nitrogen gas through the process of 
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denitrification. In general, microbial denitrification is enhanced in anaerobic aquifers with shallow water 

tables and sufficient supplies of electron donors (organic carbon, reduced iron, reduced sulphur, 

sulphide baring minerals) (Rivett et al, 2008). There are a number of controlling factors on nitrate 

distribution including source availability, vadose zone thickness and composition, precipitation, 

irrigation, amount of vertical soil water flow, aquifer heterogeneity, dissolved oxygen concentrations 

and electron donor availability, dispersion and saturated thickness (Spalding, 1993).  

1.2 Nitrate Studies in Various Aquifer Types 

Since nitrate investigations are commonly associated with shallow oxygenated aquifer systems, 

historically nitrate research has focused on the vadose zone and shallow porous media aquifers (e.g. 

Pedersen et al., 1990; Robertson et al., 1996; Rudolph et al., 1998; Roy et al., 2000; Rodvang and 

Simpkins, 2001 ; among others). A small or few number of studies have investigated groundwater 

nitrate in bedrock environments (e.g. Priddle et al., 1989, Clawges and Vowinkel, 1996; Levison and 

Novakowski, 2009; Liu et al., 2010). Microbially mediated denitrification has long since been identified 

as the prevailing nitrate attenuation process (Rivett et al., 2008; Hiscock et al., 1991; Korom, 1992) and 

this process is mainly controlled by biogeochemical conditions in the subsurface.  

Denitrifying bacteria are the facultative anaerobes that drive denitrification and are effectively 

controlled by oxygen levels, electron donor concentration and availability (primarily organic carbon) 

(Pauwels et al., 2000, Groffman et al., 2006; Rivett et al., 2008). Various electron donors that were found 

to facilitate denitrifying bacteria included oxidized natural organic carbon sources (Starr and Gillham, 

1993) as well as organic contaminant carbon sources such as industrial compounds like chlorinated 

solvents (Broholm and Arvin, 2000; Dybas et al., 1998) although the latter is not as efficient and also not 

very relevant in an agricultural context.  Reduced iron was also examined as a potential nitrate reducer 

as an abiotic or biotic process, but the former is not as well understood as the latter (Davidson et al., 
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2003; Ottley et al., 1997). Reduced sulfur can also be microbially oxidized originating from mineralogical 

sources such as pyrite (Korom, 1992). Each or a combination of these electron donors may drive 

denitrification depending on the location within the hydrogeologic system. Varying lithologies and redox 

conditions were found to change the dominant electron donor in a single aquifer (Postma et al., 1991; 

Aravena and Roberson, 1998).  

Geological characteristics have a significant control on nitrate distribution. In terms of fractured 

bedrock aquifers, overburden thickness plays a critical role in nitrate transport from surface sources 

(Levison and Novakowski, 2009). Depending on the structure, composition and degree of saturation of 

the overburden material, it can effectively retard, by way of transport rates and reaction times, the 

downward migration of nitrate, providing a layer of protection for the underlying bedrock aquifer. Low 

permeability aquitards within overburden systems are typically composed of silt and clay with higher 

sulfur contents, lower redox conditions and low dissolved oxygen, which can have a significant 

attenuating effect (Robertson et al., 1996). Depending on the continuity and depth of these low 

permeability units or layers, in the unsaturated or saturated zones, distinct redox zonations may be 

apparent and preferential flow pathways are altered, minimizing or inhibiting further downward 

migration (Freeze and Cherry, 1979). Depth to the water table has a significant effect on nitrate 

retention and time of travel to the saturated zone (Capone and Slater, 1999; Deurer et al, 2008). 

Flushing due to recharge events (precipitation or irrigation) can seasonally alter travel times, as noted by 

Capone and Slater (1999), Benson et al. (2007), and Savard et al. (2007). To further evaluate the various 

potential sources of nitrate to groundwater, multiple studies have used stable isotopes to delineate 

between precipitation, surface water and groundwater (Aravena et al, 1993; Green et al., 1998; Silva et 

al., 2000; Liao et al, 2005; Wassenaar, 2005; Savard et al., 2007; Xue et al., 2009).  
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1.3 Sedimentary Bedrock Aquifers 

While this thesis research is focused on PEI, areas of intensive agriculture where groundwater is 

utilized from fractured sedimentary rock aquifers are widespread and found in mountain belts, such as 

the Alpine-Himalayan, Andes, Urals and North American cordilleras and lowlands and plateau areas such 

as northern Europe and China (Chilton and Seiler, 2006).  Little is known about the subsurface processes 

that control the transport and fate of nitrate in bedrock groundwater (Zebarth et al., 2014; Rivett et al., 

2008; Rivett et al., 2007; Zhang and Hiscock, 2011). Sedimentary bedrock is typically described as a dual 

porosity and dual permeability system, where the primary matrix porosity is considerably higher 

(general range ~0.05 to 0.30) than the secondary porosity due to the fractures (typically in the range of 

~10-3 to 10-5) (Freeze and Cherry, 1979). Groundwater flow in fractured rock (such as PEI’s sole water 

source sandstone aquifer) occurs preferentially in the fractures, which dominate the bulk hydraulic 

conductivity of the system; however, due to the much higher porosity, the rock matrix can have a large 

capacity for solute mass storage due to diffusion transport from fractures to the matrix, and is therefore 

an important factor in contaminant transport.  Contaminant concentration gradients allow for diffusion 

driven mass transfer into the porous, but low permeability, rock matrix, which can effectively retard 

contaminant migration rates in the fractures. This process has been widely investigated with respect to 

a number of contaminants such as tritium (Foster, 1975; Grisak et al., 1980; 1981; Tang et al., 1981) as 

well as chlorinated solvents and other industrial contaminants (Parker et al., 1994; 2004; and Sterling et 

al., 2005; among many others). However, there is a lack of understanding of how these processes may 

apply to nitrate transport in fractured sedimentary bedrock, in an agricultural field / non-point source 

context.  

Nitrate diffusion processes (Phillips et al., 1978; Reddy and Bruce, 1964) and retardation factors 

(Mikolajkow, 2003) have been investigated on a laboratory scale but mostly within soils as opposed to 

rock. Opazo (2012) investigated rock matrix porewater and groundwater nitrate occurrence within a 



11 
 

Silurian dolostone aquifer in Guelph, Ontario. The study identified nitrate attenuation mechanisms such 

as oxygen-limiting conditions combined with high sulfate levels (derived from rock minerals at specific 

depth horizons), which gave evidence for denitrification coupled with pyrite or galena oxidation. There 

was further hydro-geochemical evidence that nitrate was restricted to the relatively shallow, but highly 

transmissive Guelph Formation due to the oxygenated conditions and attenuation in the lower redox 

zones at intermediate depth. Francis (1981, 1989) established the hydrogeologic conditions of the PEI 

fractured bedrock aquifer system. However, the magnitude of effects of the various processes that 

control nitrate transport and fluxes to receptors will be source zone and flow system specific and 

quantifying the parameters for the key processes and this interactive effect has not been done. 

Further research of attenuation mechanisms and processes of nitrate storage in the rock matrix 

in various lithology types is needed. The complex heterogeneous physical, chemical and microbial 

measurements required to assess nitrate behavior in a dual porosity/permeability system presents a 

difficult research challenge that has been largely overlooked by the groundwater scientific community. 

1.4 Problem Statement  

The state-of-the-science research being conducted in this thesis will provide important 

information for PEI and a case study for other regions of Canada and around the world. PEI may be 

facing the most acute and apparent conflict between agriculture and environmental (groundwater, 

fishery, and ecosystem) quality in Canada (ECSWCC, 1998). To our knowledge, it is the only province that 

has regulated crop rotations out of concern for groundwater quality.  Historical sampling and research 

of many domestic and municipal wells indicates that the groundwater contains considerable 

concentrations of nitrate ranging from 0.1-27.5 mg/L N  and averaging 5.3 mg/L N (Benson et al., 2007), 

but lacks understanding of the vertical distribution. There is a lack of groundwater monitoring of the 

spatial and temporal distribution of nitrate. Understanding of the distribution of nitrate and controlling 
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processes (e.g. matrix storage effects) is the main impediment to understanding the origin, transport, 

and fate of groundwater nitrate and effectiveness of BMPs. Agricultural industries need to have a 

science-based understanding of the fate, transport, and residence time of nitrate so they can optimize 

agricultural production while preserving groundwater quality.  Municipal and provincial agencies need 

to understand the groundwater system in order to effectively monitor groundwater quality to facilitate 

appropriate land use and appropriate additional regulation of both groundwater quality and quantity.   

 This project aims to address and understand the processes that affect nitrate distribution, 

nitrate comparison to variable permeability in the vadose and saturated zone, its potential attenuation 

along different flow paths, and processes that affect the realization of BMPs and impacts to 

groundwater nitrate.  Sedimentary rock aquifers have two distinct porosities and permeabilities. 

Fractures that dominate fluid flow are formed as a result of pressure due to stress and strain, causing 

cracking or breaking and the primary porosity is inherent in the rock diagenesis (i.e. deposition and 

cementation processes). The matrix or primary porosity can be very large (5-25%) but typically exhibit 

low permeability compared to the bulk permeability that is controlled by presence of fractures, which 

dominate water transmission to supply wells. It is well known and established scientifically that solutes 

such as nitrate will be susceptible to diffusion into lower K, porous zones in heterogenous media. 

However, little work has been done to show at what spatial scale the heterogeneity of advection and 

diffusion controlled zones influence redox chemistry and effect nitrate transport, storage and release 

and/or attenuation in complex, physically and chemically, heterogeneous systems.  

This thesis proposes that high-resolution characterization methods, with appropriate scaled 

sampling and measurement consistent with processes in the fracture-matrix context, will provide 

insights toward site conditions and variability to inform the processes operating at two important scales: 
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1) Fracture- matrix interactions and diffusion and reactions in the low K zones ; and 

2) Flow system scale to show nitrate mobility and/or attenuation in the context of time of 

travel or groundwater age in the system.  

Both these scales can be informed by sampling along 1-D core and coreholes, positioned at a few 

locations across a site and/or watershed and extending to the depth of no impact. This will show the 

time and distance scales for nitrate attenuation and/or fluxes to receptors such as water supply wells 

and or fresh or marine surface waters. Nitrate is a known constituent of ecosystem and health concerns, 

and a result of agricultural productivity, crop yields, and animal / human wastes. Learning how nitrate is 

transported and attenuated in real groundwater flow systems and how we can nitrate in the ecosystem 

can be measured cost-effectively are big societal needs.  The aim is to measure the amount of nitrate 

storage and attenuation in a fractured sandstone aquifer, in representative flow systems, to determine 

the influence of matrix storage on delays in realization of BMPs to groundwater quality and surface 

water impacts. 

1.5 General Hypotheses 
 

The general hypotheses are as follows: 

 Nitrate is measurable in the lower conductivity rock matrix where it is stored due to diffusion 

driven mass transfer, and is expected to have a heterogeneous distribution and attenuate with 

depth along heterogeneous low conductivity flow paths. 

 Nitrate will primarily be found within the shallow depths of the aquifer where the most 

oxygenated conditions occur, depending on position in the flow system with respect to the 

nitrogen input(s). 

 Variability in nitrate concentrations is expected between samples proximal to fractures to those 

within the matrix and with respect to different redox zonation. 
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 Nitrate will be stored within the immobile porosity of the matrix, but will migrate by back 

diffusion into the fractures as fracture concentrations decline. 

 Strong temporal variability/seasonality of nitrate inputs is expected at surface given variations in 

precipitation and groundwater recharge, yearly timing of nitrogen applications and year-to-year 

variation in nitrogen inputs.  Transit time through the overburden/vadose zone and bedrock are 

going to be slow due to nitrate mass storage in low K zones with weak denitrification except in 

specific horizons/zones where denitrification may occur. 

1.6 Thesis Objectives and Goals 

The objectives and goals of this research are as follows: 

 To investigate the vertical distribution of nitrate and N-compounds at a 1-D scale with a 

collection of high spatial resolution data sets from continuous cores and their respective core 

holes to identify correlation of nitrate and hydrochemical conditions and association with 

physical characteristics including fractures, bulk permeability and position along shallow and 

deeper flow paths.  

 To align the multiple parameter measurements with depth for each borehole to understand and 

identify the key geological, hydrogeological, and geochemical mechanisms and controls on 

nitrate distribution and storage within a representative portion of the groundwater flow system.  

 To quantify the relative nitrate masses in the fractures (mobile zones) with custom designed 

MLSs based on borehole hydrochemistry and hydraulic properties and in the porewater of the 

matrix (immobile zones) via rock core subsampling, and its ability to sustain nitrate fluxes to 

groundwater discharge to surface waters  
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 To determine the aquifer capacity for relevant biogeochemical and redox processes (e.g. 

denitrification) in the fractures and matrix, and how they link to relative concentrations of 

nitrogen within the aquifer. 

 To develop a 3-D flow system understanding of N-inputs to water table and groundwater flow 

system conditions using MLS for hydraulic head and hydrochemistry testing to assess the flow 

paths, groundwater age, advection rates, diffusion rates, and evidence for denitrification 

associated with specific hydrochemical conditions. 

2 Site Descriptions 
 

2.1 Geography 

Prince Edward Island is located in the Gulf of St. Lawrence on the eastern coast of Canada and 

has an area of 5750 km2 (Jiang and Somers, 2009) reaching a maximum elevation of 120 m above sea 

level (Benson et al., 2007). PEI is divided into three counties Prince, Queen’s and King’s counties that 

span from west to east respectively. Overall about 40% of PEI is occupied by agricultural land and 

approximately half of that amount is used for potato production (Jiang and Somers, 2009).  However 

agriculture is more intensive in some areas or watersheds where up to 80% of the land is agricultural. 

The most intensively farmed land is situated across the majority of Prince and Queen’s counties, where 

the dominant crop rotation is potato, forage (i.e. red clover) and grain (i.e. barley).  

PEI has a population of approximately 145 000 approximately 25% of which reside in the capital 

city of Charlottetown. Over half the province’s population relies on private wells for their domestic 

water, including private industries (PEI DELJ, 2012). The city of Charlottetown depends on a public water 

supply for its use. This is provided by 13 public wells in 3 different wellfields within the Winter River 
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watershed located just north of Charlottetown, soon to be 4, with the addition of the Miltonvale Park 

wellfield (City of Charlottetown, 2015). 

2.2 Geology 

PEI’s geology consists of Permo-Carboniferous (310-300 mya) sandstone bedrock, unknown in 

thickness and consists of fine to medium grained sandstone with minor siltstone and mudstone lenses 

(Jiang and Somers, 2009; van de Poll, 1989).  The Permo-Carboniferous sandstone red-beds range from 

late Carboniferous to middle/early Permian in age and the beds are flat lying or dipping slightly to the 

east, northeast or north by about 1-3 degrees (Jiang and Somers, 2009; van de Poll, 1981). The 

sedimentary bedrock was a result of multiple orogenies from the formation of the Appalachian 

Mountains, which began over 300 million years ago (Eyles and Miall, 2007). Multiple sub-orogenies 

provided a large enough amount of sediment, through fluvial and lacustrine processes, to fill the 

subsequent tectonic rift basin known as the Maritime Rift Basin (Eyles and Miall, 2007). Over 12 km of 

Upper Paleozoic sediments including detritus, amalgamated to form the picturesque “red beds” that 

outcrop on the present Prince Edward Island. 

The red beds are overlain by a relatively thin layer of glacial deposits ranging from <1 m to 10 m 

in thickness (Carr, 1969; Jiang and Somers, 2009). From the advance of the Laurentide Ice sheet that 

occupied most of Canada, various lobes of ice branched off in the Maritimes creating a unique series of 

advances and retreats over time (Stea, 2011). The glacier, by a series of advances and retreats, 

deposited a combination of basal till, glaciofluvial and glaciolacustrine deposits that were relatively 

shallow in comparison to the vast ice that transported larger amounts of debris across central Canada 

(Stea, 2011). After the last glacial maximum the ice slowly retreated indefinitely from the Maritimes 

leaving indications of their presence in the form of glacial striations and tills (Catto, 1998).  
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The sole source water supply aquifer for the island consists of the upper portion of the red bed 

sandstone formations, known as the “PEI Group” (Rivard et al., 2008), and the saturated till forming an 

unconfined/semi-unconfined fractured porous aquifer across the island (Jackson et al., 1990; Jiang and 

Somers, 2009).  As stated previously, over half of PEI’s population relies on private wells for domestic 

supply. The City of Charlottetown is supplied by 3 wellfields Brackley (established in 1930), Suffolk 

(1994/2001) and Union (1948) (MacEwen, 2012) and will soon increase to 4 wellfields with the 

upcoming addition of Coles Creek. There are a total of 13 wells: Brackley (4), Union (5), and Suffolk (4).  

These production wells are 305 mm in diameter, range in depth from 60-150 m bgs and are cased 20-30 

m bgs (MacEwen, 2012).  

The aquifer has significant fracture permeability dominated by horizontal bedding plane 

fractures, in addition to intergranular porosity. Francis (1989), in his study of the fractured bedrock 

within the Winter River watershed, found that 82% of all natural fractures were horizontal bedding 

plane fractures and ~10% were comprised of a vertical, northwest-southeast striking fracture set. 

Average horizontal fracture spacing was found to be about 0.1 m in the upper 35 m and 0.5m below this 

depth and average vertical spacing was found to be 0.6 m in the upper 35 m and 4.9 m below (Francis, 

1989). Apparent fracture aperture was estimated, by borehole periscope (downhole camera imaging), to 

be 1.6, 0.19 and 0.11 mm on average in the upper 20, 35 and >35 m depth ranges, respectively. The 

fracture-controlled hydraulic conductivity (K) is high and strongly anisotropic ranging from 2.3x10-6 to 

3x10-4 m/s (KH=101-103 times greater than KV; Francis, 1989, where KH is horizontal K and KV is vertical K). 

The ratio of horizontal to vertical permeabilities in the sandstone matrix was also found to be highly 

anisotropic ranging from 1.5-18.5 (Francis, 1989). Measured matrix hydraulic conductivities ranged from 

10-8 m/s to 5x10-7 m/s for sandstone and 5x10-10 m/s for siltstone and claystone (Francis, 1989). Rivard 

et al. (2008) found similar matrix hydraulic conductivities ranging 10-7 to 10-8 m/s in the PEI sandstone. A 

number of studies investigated porosity values for PEI sandstone. Chi et al. (2003), in a Maritimes basin 
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reservoir study (cored 1706 m), found sandstone porosities decreased from 20% near surface to 12% at 

1 km depth on average. Francis (1989) also found sandstone porosities ranging from ~12-20%. 

2.3 Study Sites 
 

2.3.1 Souris 

The Souris site is an 8-hectare parcel located near the eastern most part of the island, north of the town 

of Souris in the Cross River watershed (Figure 3). Land use in the Cross River watershed is primarily 

forested with a few farms (refer to Appendix F3). Topography gently slopes down gradient to a local 

pond and the surrounding upland area is mostly forested with a few farms. The bedrock and water table 

are approximately 7-8 m and 5-7 m below ground surface respectively. The farmland is privately owned 

and kept on a three-year rotation of potatoes, barley and hay. Table 1 provides a summary of nitrogen 

input over the study site from 2008-2011. Fertilizer was only applied during the potato and barley 

rotations and an average annual input of 190 kg/hectare or 0.0190 kg/m2. The site was chosen to 

complement an ongoing project being conducted by AAFC. The project is a federally funded Watershed 

Evaluation of Beneficial Management Practices (WEBs) program that aimed to assess the environmental 

and economic impacts of select BMPs at nine small watershed research sites across Canada (AAFC, 

2013). The WEBs program primarily aims to address the effects of BMPs on water quality among other 

ecosystem components (soil and air quality, biodiversity, and greenhouse gas emissions). Within the 

Souris watershed, the BMPs that are being evaluated include: nutrient input management (commercial 

fertilizer and manure) and tillage/crop residue management (AAFC, 2013). The Souris site is a unique 

opportunity to study the effects of recently retired agricultural land (out of production 2011-2015) on 

nitrogen contamination.  This current research will add valuable insight towards nitrate behaviour in the 

fractured rock groundwater aquifer with the focus on both the matrix and fractures, what happens 

when source inputs cease? What time scales are required to realize a significant decrease in 
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groundwater nitrate? Existing infrastructure at the Souris site includes three clusters of shallow (10-15 

m bgs, suffix “S”) and mid depth (20-35 m bgs, suffix “M”) wells that are situated upgradient (P1), mid-

field (P2) and downgradient (P3) along the portion of field out of production (Figure 3). 

 

 

Table 1. Summary of nitrogen input calculated from fertilizer application during the 2008-2011 rotations 
at the Souris site calculated for the portion of field out of production (2011-2015) (Jiang, 2013). 

Year Crop Annual N input (kg/ha) Annual N input (kg/m2) 

2008 Potatoes 227.0 0.0227 
2009 Barley 114.3 0.0114 
2010 Hay 0.0 0.0000 
2011 Potatoes 229.2 0.0229 

Average N Input 0.0190 
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b) 

 

 

 

Figure 3. a) Souris site plan view showing bored deep wells (blue) P1D, P2D and P3D (60m) and cored 
intermediate wells (pink) P2I (25m) and P3I (30m). b) Souris site cross-sectional view of multilevel 
systems, geology and flow arrows discharging to local pond. 
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2.3.2 Harrington 

 The Harrington research station is located approximately 8 km north of Charlottetown airport 

off of Brackley Point Rd in the Bell’s Creek Watershed (Figure 4). Land use in the Bell’s Creek watershed 

is primarily agricultural (refer to Appendix F4). This research facility has been owned and operated by 

Agriculture and Agri-Food Canada (AAFC) since 1983. The facility is a host to many research projects 

investigating integrated crop production systems, agricultural diversification, development of bio-based 

products and processes from bio-resources, existing or emerging crops, as well as BMPs to improve the 

environmental performance of production systems in the region (AAFC, 2014). The study site (lot 355) is 

about 4.6 hectares. This field is primarily under a 3 year rotation of potatoes, red clover and barley in 

the upgradient 2 hectares, since 2007 which may be occasionally under-seeded with red-clover as a 

cover crop (Grimmett, 2014).  A summary of nitrogen fertilizer application over the 2 hectare area is 

provided in Table 2. Average annual N input (not counting no input 2013) is 0.0121 kg/m2, which is only 

slightly lower than the 0.0191 kg/m2 at the Souris site. Lot 355 is situated across a slope ranging 49 to 30 

m asl elevation that gradually reaches a tributary, 450 m away. The bedrock and water table are 

approximately 9 m and 16-19 m below ground surface, respectively. Lot 355 is host to many research 

projects investigating the various components of nitrogen cycling in the vadose zone and loading of 

nitrate to the saturated zone.  The top of field 355 has 7 existing perimeter wells that range from 20-25 

m in depth and are all cased to 6 m. Additional instrumentation is grouped at 3 nested locations (A, B 

and C) stretching northwest to southeast across the field. Each nest has a shallow, intermediate and 

deep well that, overall, span a total depth of 12-21 m. Each nest also has a passive capillary wick sampler 

(PCAP) installed 60 cm below the surface that collects soil water in the vadose zone (Grimmett et al., 

2010). These existing instrumentations have been used in studies evaluating vadose zone nitrate 

dynamics and loading to the saturated zone (Danielescu et al., 2014(a+b); Grimmett et al., 2010, 2013). 

Nitrate, ammonium, phosphate and chloride concentrations are monitored on a monthly basis in the 
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perimeter and nested wells. Nitrate concentrations from January to December 2014 have ranged from 

0.09 to 13.4 mg/L N and have averaged 4.9 mg/L N across all the wells (Grimmett, 2014). 

A discontinuous presence of a shallow compact layer has been found across Lot 355, from a soil 

and moisture content study, approximately 1 m below the surface (Danielescu et al., 2014). This 

compact layer (named the “hardpan”) allowed for perched water table conditions following significant 

recharge events and this was attributed to the decrease in hydraulic conductivity across the soil 

horizons, by one order of magnitude (10-5 to 10-6) (Zebarth et al., 2014. This compact layer could 

potentially have significant impact on nitrate transport and loading to the saturated zone and further 

research is still in progress. 

 

 

Table 2. Summary of nitrogen input calculated from fertilizer application during the 2012-2014 rotations 
at the Harrington site calculated for the top portion of field (A) (Grimmett, 2014). 

Year Crop Annual N input (kg/ha) Annual N input (kg/m2) 

2012 Barley and Clover 51.0 

0 

0.00510 

2013 Red Clover 0.0 0.0000 

2014 Potatoes 191.0 0.0191 

Average N Input 0.0121 
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b) 

 

 

Figure 4. Harrington site plan view showing UG-A (45m), UG-C (45m), UG-D (25m), UG-E (25m) 
cored locations and 355-X (30m) with topography. b) Cross sectional view of the Harrington study 
site showing geology, MLS and down gradient wells. 
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3 Methods 
 

3.1 Strategy and Approach 

The methodology behind characterization of the field sites in this study follows the Discrete 

Fracture Network (DFN) Approach (Parker et al., 2012). The DFN approach recognizes that nearly all 

contaminant mass in fractured sedimentary rock resides in the porous rock matrix due to diffusion-

driven mass transfer, while the majority of groundwater flow and down-gradient transport occurs in the 

fractures (Parker et al., 2012). Figure 5 conceptually depicts this research approach of implementing 

high resolution vertical profile rock matrix porewater and groundwater sampling, within a detailed 

characterization framework of geologic features (lithology, fractures, mineralogy, permeability) in order 

to inform understanding of the hydrogeochemical condition and groundwater flow system intersecting 

multiple lateral flow paths. Core holes are positioned upgradient and down-gradient across the study 

site in order to assess spatial differences in the distribution of nitrate across the field where recharge 

and nitrate inputs to the water table are expected to occur. An understanding the fate and transport of 

nitrate concentrations residing in the rock matrix and in the groundwater flow system with variable 

groundwater age with depth in the system, can be attained through discrete depth contaminant, 

hydrogeologic and geochemical measurement on samples from continuously cored boreholes and 

groundwater measurements of head, hydraulic conditions and chemistry from MLS designed using a 

variety of techniques that provide vertical resolution of system variability and cause minimal disruption 

of the ambient flow regime (Parker, 2012). Figure 6 conceptually depicts the 3 stages of expected nitrate 

behavior in fractured rock. Stage 1 shows the loading and diffusion of nitrate mass from the fractures 

into the rock matrix driven by concentration gradients, effectively immobilizing the contaminant. 

Continual loading into the matrix will ultimately lead to concentration equilibrium between matrix and 

fractures, depicted in stage 2. After a period of time and reduced or eliminated nitrate input, clean 
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groundwater will flush the fractures, causing a reverse gradient, allowing for back-diffusion of nitrate to 

the fractures, effectively remobilizing the contaminant. 

 

 

 

Figure 5. Nitrate conceptual diagram showing fertilizer input at surface and leaching to bedrock. 
Multi-level system (MLS) depicts how a 1-D investigation (coring and installation of MLS) 
intersects multiple stacked flow paths. Combined use of continuous cores and MLS allows for 
the comparison of porewater and groundwater concentrations in high-resolution vertical 
profile. 
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Figure 6. Conceptual nitrate storage diagrams showing 3 stages of nitrate storage in fractured 
rock along with concentration with depth profiles on the right. 1) Loading and diffusion: nitrate 
diffuses from the fractures to the rock matrix due to concentration gradient, 2) Equilibrium: 
nitrate concentrations are relatively equal between fractures and matrix, 3) Back Diffusion: nitrate 
diffuses from rock matrix to fractures due to a reverse concentration gradient. 
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3.2 Coring Field Methods 
 

Locations for coreholes were selected across conventional crop-farming fields at both the Harrington 

and Souris sites, with the holes aligned along the suspected groundwater flow direction, positioned on 

the up-gradient and down-gradient edges to observe inputs from the field itself and in the context of 

upgradient inputs that would be evident along deeper flow paths, if mobile and not denitrified. At the 

Souris site, a portion of the field was removed from production following the Fall 2011 potato harvest 

with plans to keep the field out of production for a 5-year period to provide insight into effects of 

reduced loading on down-gradient nitrate concentrations. In December 2011, three boreholes (P1D, 

P2D and P3D) were drilled with a conventional water well rig using a tricone bit, to a total depth of 61 m 

(200 ft) bgs aligned diagonally across the field along the presumed direction of groundwater flow, to 

accommodate monitoring up-gradient, mid-field and down-gradient of the contaminant source, as 

shown in Figure 3, spanning a total horizontal distance of about 150 m (500 ft). Between December 

2012 and January 2013 two coreholes (P2I and P3I) were drilled to vertical depths of 24.4 m (80 ft) bgs 

and 30.5 m (100ft) bgs respectively, adjacent to the mid-field (P2D) and down-gradient (P3D) boreholes  

(Figure 3). These companion holes were drilled with a particular focus on shallow bedrock and 

groundwater monitoring ports targeting shallow bedrock zones.  This key interval was missed with the 

deeper boreholes, which had the surface casing extending more than 5 m below the bedrock interface. 

Therefore, complementary, shallow, adjacent coreholes (P2I and P3I) were drilled. At the Harrington 

site, two coreholes (UG-A and UG-C) were drilled to a vertical depth of 45.7 m (150 ft) bgs at up-gradient 

and down-gradient positions in the field ~150 m apart (Figure 4). Casing was set to 30 m bgs at UG-A and 

29 m bgs at UG-C, both into rock. These core holes were positioned at the top of the field and down 

gradient, in the presumed direction of groundwater flow, to assess loading impacts across the field. All 

coreholes provide continuous rock core for logging lithology, mineralogy, fracture features and collect 

samples for nitrate distributions at different distances and for physical geochemical parameter 
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measurements. The boreholes were geophysically logged to complement core logs to inform borehole 

specific MLS designs to assess presence of low Kv features (aquitards) and different fracture zones to 

assess groundwater chemistry. 

3.2.1 Continuous Coring and Logging 

Coring was completed using a CME 750 rig, mounted on a rubber-tired ATV. A continuous 2-inch 

split spoon sampler advanced ahead of hollow stem augers was used to core overburden to depths of 

7.5 m (Souris site) and 8.5 m (Harrington site) to the bedrock interface. Blow counts were recorded for 

0.15 m (6-inch) intervals, along with run recovery lengths and retrieval times. Overburden core runs 

were retrieved in 60-cm lengths (2 ft) in 5-cm plastic liners (2 in) that were positioned inside the split 

spoon with a sample shoe and basket retainer to keep the sample in place as it was withdrawn from the 

hole. The plastic liner containing the sample was cut longitudinally along two slices to expose the soil 

core, and scrapers were used to remove the outer portion of the core along the exposed section, and 

then transferred to a foil-lined core tray for logging and sampling.  

A continuous wireline HQ diamond bit drill with triple-tube core barrel was used to core through 

the bedrock [producing a 9.6 cm (3.78 in) diameter hole and a 6.4 cm (2.4 in) core]. Water from a nearby 

pond was used as drilling fluid at the Souris site (0.55mg/L NO3-N on average) and local building supply 

water was used at Harrington (3.7 mg/L NO3-N). Rock core runs were retrieved in 1.5-m lengths (5-ft) 

within the stainless steel sleeve of the triple tube core barrel to minimize contact with the drilling fluid 

and provide minimal disturbance of core and mechanical breaks. Upon the completion of a 1.5-m (5-ft) 

run, the inner core barrel was brought to surface and the stainless steel core sleeve was removed from 

the core barrel using water pressure applied to one end. The rock core was then photographed and 

transported to a foil-lined core tray for logging and sampling. Foil was used to cover the core to 

minimize evaporative losses due to exposure to atmosphere while setting up, logging and sampling. 
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Cores were logged in detail for recovery and rock quality designation (RQD), lithology parameters (grain 

size, sorting, roundness, colour, sedimentary structures, ichnofabric index, cementation index, and 

bedding) and hydraulically active features (including fractures, rubble zones, orientation, indication if 

healed fracture, fracture roughness, fit, location with respect to bedding and lithology changes, if the 

fracture is mud filled, and visible redox indicators)  

Upon the completion of coring, boreholes were reamed to a nominal 15.2-cm (6-in) diameter 

with a tricone bit through casing initially set to top of rock. At the Souris site, the casing at P2I and P3I 

was later pulled up 1.5 m (5-ft) to expose the unconsolidated sediments overlying the bedrock allowing 

installation of a piezometer in the same hole as the MLS for targeted groundwater sampling in 

overburden at the bedrock interface. FLUTe TM liners were installed in the open bedrock holes at cored 

locations UG-A and UG-C (Harrington site) and bored locations P1D, P2D and P3D (Souris site) to prevent 

vertical groundwater flow and redistribution of chemically distinct groundwater. Later, geophysical and 

hydrophysical logging were done in sealed and minimal periods of open hole conditions, and completed 

with the installation of multi-level groundwater monitoring systems (MLS), described later in this 

section. 

3.2.2 Rock and Overburden Sample Collection and Preservation 

Overburden samples were collected at an average spacing of 30 cm, using a stainless steel soil 

sub-sampler (1 cm diameter), with each sample ~15-25 grams were distributed among four pre-weighed 

40-mL glass VOA bottles, capped and vacuum-sealed together in foil pouches to retain in-situ moisture 

content. Adjacent samples of sediment were also collected in plastic screw-cap sealable cups for particle 

size analysis. Rock core samples were collected at an average spacing of 0.17 m (6.5-in) and 0.19 m (7.5-

in) for the Souris and Harrington sites, respectively, targeted specifically at visually interesting features 

along the core. These targeted features included: lithology changes, zones of changing redox conditions 
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evidenced by colour change, fracture surfaces (above, below and variable distances between fractures) 

and at intervals of incremental distances into the matrix from fracture surfaces to determine the extent 

of contaminant migration from fractures into the matrix (i.e. diffusion haloes) in a manner styled after 

Sterling et al. (2005) and Parker et al. (2012) (Figure 7). These “puck” samples 5.0-7.5 cm (2-3 in) in 

thickness were collected using a hammer and chisel to break the sample out from the core, wrapped in 

foil, then Parafilm® and vacuum-sealed (IMPAK, MPV-18-PLC-MightyMutt) in foil pouches (EDCO, MIL-

PRF131K-Class 1-foil) to impede moisture loss from pore water and to keep degradation reactions to a 

minimum before sample processing and analysis. Sample collection and handling of samples was done 

using fresh nitrile gloves between samples to prevent cross contamination and transfer of salts and ions 

from the samplers’ hands. Soil sub-samplers and chisels for rock sample collection were scrubbed and 

decontaminated in a DI-water rinse (water was changed regularly). 

Samples were packaged in coolers with ice packs (maintaining a maximum temperature of 4˚C) 

during shipment and then stored frozen at -20˚C until processed for porewater extraction and analysis. 

Larger, intact portions of the core were collected for physical properties measurements including matrix 

porosity. The remaining core was placed in labeled core boxes and put into storage at the Harrington 

research facility.  
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Figure 7. a) Example of a 5 ft (1.5 m) core run and sampling strategy for porewater samples and physical 
property samples. b) Examples core runs from Harrington UG-C (19.8-21.3 m bgs) and respective sample 
selection. 
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3.3 Laboratory Methods 
 

3.3.1 Rock Core Porewater Sample Processing and Analysis 

 Porewater samples were processed and analyzed for major anions and cations using a modified 

approach to the standard crush-and-leach method outlined in Carter and Gregorich (2008) and by the 

work conducted by Opazo (2012). A complete list of processing steps and calculations are provided in 

more detail in Appendix B.  Millipore water was chosen as the extractant in order to analyze samples by 

ion chromatography (EPA Method 300.1), as opposed to potassium chloride solution, as KCl causes 

interferences with the chromatographic column resulting in incorrect chloride and potassium readings. 

Rock core samples were prepared for analysis by trimming the outer core surface that was previously in 

contact with the drilling water. The sample was then quartered and diagonally opposing sections were 

crushed to a particle diameter of 5 mm or less to facilitate extract context with pore fluids. Since most of 

the samples were very friable, when samples were placed in extraction fluid and shaken, the rock 

chunks readily broke apart to primary grain size. The remaining uncrushed sample was re-packaged in 

foil, vacuum-sealed bags and refrozen. A portion of the crushed sample was transferred to a pre-

weighed Nalgene bottle and sample wet-weight was determined. A 1:1 ratio of Millipore filtered Ultra-

pure water was added to the Nalgene bottle (mL of water to grams of crushed wet rock), which was 

then placed on a shaker and shaken intermittently for 24 hours allowing ions to leach into solution. After 

24 hours, the leached sample was removed from the shaker and filtered under vacuum using a 

Whatman No. 42 filter paper and then syringe-filtered (to 0.2 microns) into a 30 mL Nalgene bottle and 

frozen until analysis.  

Equipment blank samples were processed by adding Millipore water to a Nalgene bottle and 

carrying it through the shaking and filtration steps. Millipore water was collected in a smaller 30 mL 

Nalgene bottle and stored/shipped with samples as a laboratory blank. Sample duplicates were taken 
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approximately every 10 samples processed. This was done at the filtration stage by spitting the filtered 

sample extract into 2 separate bottles. Relative percent differences were calculated from duplicate 

reported results using the following formula:    

                                                   𝑅𝑃𝐷 =  
|𝐶 − 𝐷|

(𝐶 + 𝐷)/2
× 100                                                                (1) 

where, RPD is the relative percent difference, C is the initial analyte concentration, and D is the 

duplicate concentration. A full list of calculated RPD values and criteria for analysis (EPA Method 300.1) 

can be found in Appendix D3 and a concise summary of results can be found in Table 3. Samples that 

exceeded RPD limits by 10-20% were mostly the bromide samples. The bromide concentrations were all 

within the criteria range of minimum reporting limit (MRL) to 10 times the MRL and therefore a RPD 

value of ±20% was allowed. Most samples that exceeded the RPD criteria were under the threshold of 

10 x MRL. Only 11 out of 41 pairs of samples were above the 10 x MRL threshold; 7 of the 10 were 

cation results (Ca, Na, Mg, and K). These results suggest some issues with lab reproducibility of cation 

results (run on a separate column from anions). Overall, there is good confidence in the anion results to 

have reproducibility within 10% with the exception of bromide and some uncertainty in concentrations 

very close to the MRL. 

Filtered samples were analyzed using Dionex model, DX-120 Ion Chromatograph (with a CG-12A 

guard and CS-12A analytical column) for major anions and cations with a minimum detection limit (MDL) 

of 0.1 mg/L. Reported concentrations were calculated to pore-water concentrations (mg/L) using water 

content values as outlined in Appendix B1.  

When preparing samples for analysis, great care was taken to maintain the integrity of the core 

samples. Rock core samples were trimmed of their outer rind that was exposed to drilling fluid (water), 
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Table 3. Summary of range and mean porewater concentrations of overburden and rock core for four cored locations (Souris: P2I 
and P3I; Harrington UG-A and UG-C). N equals number of samples per analyte. Summary of equipment and laboratory blanks 
collected during porewater analysis as well as the relative percent difference (RPD) of porewater duplicates. 
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which may cause misrepresentation of porewater concentrations. All crushing equipment was subjected 

to a three-stage decontamination process, which consisted of: 1) Alconox soap, warm water and scrub 

2) DI water 3) Ultra-Pure Millipore water. Filtering equipment was only subjected to the latter two 

decontamination steps. Then the sample extracts were frozen until analysis. 

Although the majority of the porewater extract samples were analyzed at the University of 

Calgary, a small number of porewater samples and the majority of the groundwater samples were 

analyzed at the Agriculture and Agri-Food Canada (AAFC) laboratories in Charlottetown. When 

considering and comparing both sets of samples in data analysis an inter-lab comparison is needed to 

assess how well each lab’s results compare to each other. Duplicate samples were sent to AAFC Labs in 

Charlottetown and the University of Calgary Labs. The AAFC labs analyzed the sample extracts via 

colourimetry method and had a detection limit of 0.025 mg/L. The University of Calgary labs analyzed 

the extracts via ion chromatography with a detection limit of 0.1 mg/L. Figure 8 shows two plots 

depicting the comparison of a select set of chloride and nitrate results from porewater extractions, the 

dashed line representing the 1:1 line . Overall, the sample results had a good comparison (R2 = 0.9989 

and 0.9994 for Cl and NO3-N respectively), with AAFC reporting slightly higher values than the University 

of Calgary.  
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3.3.2 Sample Moisture Content and Matrix Porosity Measurements  

 

A minimum of 10 g of solid split-sample, from the rock core porewater processing step, 

remained in the aluminum tray and was placed in the oven (60˚C) and dried. A moisture content value 

was obtained by subtracting the dry mass of the sample from the wet mass. This value was used in the 

calculating of porewater concentrations on a sample specific basis as outlined in Appendix B. Using 

sample specific moisture content allows for a more accurate estimation of porewater concentration as 

Figure 8. Plot of an inter-laboratory comparison of analyte extracts between the University of 
Calgary laboratories and Agriculture and Agri-Food Canada Charlottetown (AAFC) laboratories. 
The dashed line indicates the one to one line. 
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opposed to assuming a bulk density and porosity for all or some samples. It also allows for porewater 

concentrations to be calculated for partially saturated samples. A more thorough sensitivity analysis on 

the various methods of calculating porewater concentrations will be discussed later. 

Rock core samples were measured for matrix porosity using the imbibition method (ASTM 373-

88, adjusted to include vacuum method from ASTM B963-13). Rock samples were initially subcored 

through the centre of the core creating small cylinders 4-5 cm in length and 3 cm in diameter. Later, for 

some additional runs of samples, cylindrical disks were sliced off of remaining core 2-3 cm in length and 

6 cm in diameter. Exact dimensions were measured with a caliper to obtain the bulk volume of the 

sample. An alternative method of calculating bulk volume was used for some of the more friable 

samples and to confirm the caliper measurements (ASTM B963 – 13).  The method invokes the 

Archimedes principle by submerging a sample in tap water and measuring the mass of displaced water. 

The samples were then thoroughly dried in the oven at 40oC, cooled in a desiccator and weighed for 

their dry mass. The sample was then placed in a sealed stainless steel chamber and air evacuated using a 

vacuum pump to a pressure of 2x10-2 mbar. Following evacuation, the chamber was flooded with tap 

water at room temperature and then filled with nitrogen gas to a pressure of about 300 psi (20.7x103 

mbar). The pressurized system forced water to fill all evacuated pores very quickly by imbibition. After 

about fifteen minutes, the pressure was released and the canister opened. Excess water from the 

samples was dried off gently by rolling samples on a paper towel, and then wet mass for each sample 

was recorded. The difference in wet and dry mass was used for moisture content and volume of 

cylindrical sample used for the calculation of bulk density and total porosity. A total of 41 samples (25 

from Harrington and 16 from Souris) were measured for porosity by the imbibition technique.  These 

samples ranged over five different lithology types: mudstone, clayey sandstone, very fine sandstone, 

fine sandstone, and medium sandstone. 
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 A set of 6 finer-grained mudstone samples were selected for porosity analysis but were too 

fragile and irregularly shaped to be subject to the imbibition method.  In order to obtain a bulk volume 

of the sample, the Archimedes principle was applied as described before. Porosity of these six samples 

was determined by a disaggregating pycnometry method as outlined in ASTM D854-10. Briefly, a 

minimum of 100 g of the dry fine grained samples are dried and crushed with a steel bar and weighed 

before being transferred to a calibrated 500 mL volumetric flask (pycnometer) with a known density of 

water. The flask is filled to the calibration line and placed in a heated bath to simmer and de-air for 2 

hours. After allowing 24 hours to cool, sample, water and pycnometer were weighed and water 

temperature was recorded. Recorded masses and temperatures are used in the calculation of porosity. 

3.3.3 Particle Size 

 Select overburden samples were chosen from each corehole location (UGA, UGC, P2I and P3I) at 

approximately 30 cm (1 ft) intervals on average, at distinct lithology changes or features . Samples were 

sent to the University of Calgary for particle size analysis by a Master Sizer 2000™ (Malvern 

Instruments™). Samples were run in duplicate; the first run used 0.1 g of sample and the second used 

0.2g. The procedure for analysis is as outlined by Malvern Instruments (2006). The sample particles were 

loaded into the particle disperser component, then, passed through a focused laser beam. The particles 

scatter light at an angle inversely proportional to their size and the angular intensity of the scattered 

light is measured by a series of photosensitive detectors. The map of scattering intensity and angle is 

used to calculated particle size using the Mie scattering model in the Mastersizer 2000™ software. The 

results are reported as % volume for particle sizes ranging from 0.02 μm to 2000 μm with accuracy, as 

stated by the manufacturer, of ±1%. 
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3.3.4 Total Organic Carbon and Mineralogy 

 Total organic carbon samples were analyzed at the University of Guelph Agriculture and Food 

Laboratory (AFL). Select rock and overburden samples (total of 12 samples) were crushed to a diameter 

of 5 mm or less and dried at 40˚C before being sent to AFL for analysis. The total carbon content was 

analyzed by the LECO combustion method (Nelson and Summers, 1982). First, inorganic carbon was 

determined by ashing the sample at 475˚C for three hours. Total carbon content was determined using a 

LECO SC444 by combustion and oxidation of carbon to CO2 at 1350˚C in a stream of purified O2. The 

amount of evolved CO2 was measured by infrared detection and used to calculate the percentages of 

carbon in the sample. Organic Carbon was calculated indirectly from the subtraction of inorganic carbon 

from total carbon results. Results are reported as percent weight dry sediment for Total Carbon, 

Inorganic Carbon and Organic Carbon with a detection limit of 0.01% . 

 Mineralogy of select samples was determined by x-ray diffraction (XRD) at the Department of 

Earth Sciences at the University of New Brunswick. Select rock and overburden samples (total of 8) were 

prepared for analysis by crushing, drying at 40˚C and pulverizing to a fine powder with a mortar and 

pestle. Samples were analyzed using a Bruker AXS D8 advanced solid-state powder diffraction XRD. The 

powdered sample is illuminated with x-rays of a fixed wavelength at different angles, and the intensity 

and angle of the defracted radiation angle spacings (D-spacing, value in Angstrom unite – 10-8) is 

recorded using a goniometer (Dutrow and Clark, 2012). The data is presented in an xy plot (2θ vs. counts 

per second – intensity). Relative intensity values are reported as a ratio of peak intensity to that of the 

most intense peak. The intensity (I) along with the D spacings was compared to a standard reference file 

of inorganic compounds for mineral identification (Dutrow and Clark, 2012).  

3.3.5 Water and Nitrate Isotopes and Tritium 

 Water and nitrate isotopes were analyzed at the University of Calgary Isotope Science 

Laboratory immediately following the August 2013 and September 2014 sampling events at the Souris 
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site. Samples were frozen and shipped to the lab, where they were brought to room temperature before 

analysis. The complete detailed procedure for analysis can be found on the University of Calgary Isotope 

Science Laboratory website (UCISL, 2015). Water isotopes were measured by laser spectroscopy using a 

Los Gatos Research DLT-100 instrument. The process involves injecting 750 nL of water into a heated 

septum port of a LEAP Technology (CTC) PAL liquid auto-sampler with a Hamilton 7701.2 N CTC syringe 

(p/n 203185/01). The water then rapidly vapourizes and is expanded into the laser cell of DLT-100. The 

molecules are measured directly by “Off-Axis Integrated-Cavity Output Spectroscopy (ICOS)”. High and 

low normalization standards are run every 3 samples and an internal lab standard is analyzed 3 times 

per 24 samples. These standards have been calibrated against international reference materials: 

VSMOW, SLAP and GISP. δ2HH2O and δ18OH2O values are reported in per mil (‰) notation. Accuracy and 

precision of δ2HH2O and δ18OH2O are ±1.0‰ and ±0.2‰ respectively (UoC ISL, 2015). 

 Nitrate isotopes (δ15N and δ18O in dissolved nitrate in water) was determined by the denitrifier 

method as described by Casciotte et al. (2002) and Sigman et al. (2001). This method employs the use of 

the denitrifying bacterial strain Pseudomonas aureofaciens (ATCC# 13985) to reduce NO3
- to N2O. This 

process enables δ15N and δ18O values of the sample NO3
- to be determined simultaneously by measuring 

δ15N and δ18O of the produced N2O. The bacteria are grown in a special tryptic soy broth 1 week prior to 

analysis in order for the bacterial to exhaust the nutrients in the broth and be a sufficient population for 

use. The bacteria are harvested and subdivided in to 24 separate vials which have been flushed with 

inert N2 (UHP 4.8) for approximately 5 hours before aliquots of the sample are injected. The extraction 

system is comprised of a 24 vial autosampler interfaced to a HP 6890 gas chromatogram with PreCon® 

device interfaced to a Finnigan Mat Delta+XL mass spectrometer. The bacteria are lysed after 16 hours 

by injecting 0.1-2.0 mL of N NaOH, and then the vials are mounted in the autosampler for analysis. The 

analysis is conducted by flushing the headspace of the vial with Helium (UHP 5.0) at a flow rate of 20 

ml/min. The N2O and carrier then pass through a series of traps to remove excess moisture and CO2 



41 
 

before being cryofocussed by the PreCon device. The N2O is then passed  through to the gas 

chromatograph (HP Plot-U, 30 m x 320 um at room temperature) to separate N2O from any remaining 

CO2, then into the open split interface (GCC-III® device) which leaks the gas into the mass spectrometer. 

δ15N and δ18O values are calculated by ISODAT 2.63 instrument software. Ion currents of masses 44, 45, 

and 46 are measured simultaneously and the 15/14 Nitrogen and 18/16Oxygen rations of the sample 

are compared to that of a working reference N2O gas (4.8, Semiconductor Process Gas, Praxair Air, 

Canada). The raw data is corrected to the International N2 and VSMOW scales by normalization with 

reference materials analyzed in the same sequence at the samples (IAEA NO3, USGS 34, USGS 35). 

Accuracy and precision of δ15N, based on long term record of analyses, is 0.3 per mil (n=108) and δ18O is 

0.7 per mil (n=109) (UoC ISL, 2015). 

Enriched tritium analysis was conducted at the University of Waterloo Environmental Isotopes 

Laboratory. Tritium analysis is measured by liquid scintillation counter and results are reported in T.U.s 

with a detection limit of 0.8 T.U.s.  Tritium concentrations in groundwater reflect atmospheric tritium 

levels when water was last in contact with the atmosphere. In order to estimate groundwater age, a 

precipitation and local tritium concentration record must be known to inform a tritium input equation 

or for more detailed analysis, a tritium-helium (T/3He) ratio. Groundwater age using tritium alone 

provides a semi-quantitative estimate and is becoming increasingly difficult as the tritium decay (half-life 

3H = 12.3 years) has decreased concentrations considerably and in the case of PEI, Ottawa is the closest 

location with a detailed tritium input function. Current tritium levels are approximately 15-20 T.U.s at 

this location. Therefore tritium results can only be interpreted relatively (Clark and Fritz, 1997; Freeze 

and Cherry, 1989). 
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3.4 Borehole Geophysics and Hydraulic Tests 

 A DFN suite of down-hole geophysical and hydraulic tests were conducted in lined and unlined 

boreholes P1D, P2D and P3D (in May 2012), and UG-A and UG-C (in September 2013). This included 

natural gamma (Mount Sopris 2PGA-100), electrical conductivity (Mount Sopris 2EMA-1000, 

electromagnetic induction), acoustic televiewer (ATV, ABI 40), full waveform sonic (QL40 FWSS) and 

active line source temperature vector profiling (ALS TVP) (Pehme et al., 2007; 2013). Natural gamma and 

formation electrical conductivity logs provide information that aids in the identification of lithology 

changes. ATV logs measure borehole diameter by timing the reflection of an acoustic pulse off the 

borehole wall and back to the probe, which ultimately provides visual identification of geologic features 

(i.e. voids, fractures, and lithology contrasts). ATV logs, however, do not inform as to the 

interconnectivity of these features away from the borehole. Sonic logs aid in the identification of 

fractures by detection of compressional, shear, stoneley and tube wave arrivals.  

 ALS-TVP logs consist of high-resolution temperature measurements (sensitivity = 0.001˚C) 

collected while a water in a lined borehole is subjected to heating via heating cables and then allowed to 

cool (Pehme et al., 2007; 2013; 2014). The liner prevents cross-connection in an open hole which 

significantly biases the results and allows assessment of the natural flow system.  The rate of cooling is 

monitored at a very fine scale. The capacity for a formation to dissipate heat depends on the unit’s 

thermal conductivity and the amount of groundwater flow through the formation and fractures, which is 

variable with depth due to heterogeneity (Pehme et al. 2007). The temperature data collected to 

construct an ALS-TVP log is used to identify depth-discrete active flow zones under ambient (sealed 

borehole) conditions. 

 FLUTe™ transmissivity profiling (Keller et al., 2014) was conducted in UG-A and UG-C at the 

Harrington site in November 2013, where a blank nylon liner was deployed down the borehole by 
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continuously adding water to maintain higher driving head within the liner than in the formation, 

thereby displacing the water in the formation as the liner descends to the bottom of the hole. Using an 

innovative and proprietary system, hydraulic head is monitored above and below the liner with pressure 

transducers, as well as tension and velocity of the liner descent. Decreases in velocity (with depth) are 

related to the loss of flow as fractures are gradually sealed off by the liner and as a result, transmissivity 

of the remaining open portion of the borehole can be estimated and the incremental changes in 

transmissivity can be attributed to individual features or small vertical zones (Keller et al., 2014).  

 Select geophysical (ATV and natural gamma) and hydraulic logs (ALS and FLUTe profiling) were 

used to complement the core logs, and, together, provide useful lithologic and hydraulic insights for the 

design of MLSs. Although coreholes P2I and P3I were not logged with any of the above-mentioned tools, 

adjacent borehole logs were used towards the design of their respective groundwater MLSs. 

3.5 Multi-Level System Installations 

 Multi-level groundwater monitoring systems (MLS) were installed at both sites and specific 

parameters are summarized in Table 4. In choosing the appropriate MLS, there were a number of factors 

to consider, including: site and borehole suitability, main objective of the study (data needs and 

priorities), number of monitoring intervals, budget constraints and the ability to adjust the final design 

in the field. Due to some restrictions, two of the four commercially available MLSs [ie., Water FLUTe 

(Cherry et al., 2007), Westbay® (Black et al., 1986), CMT (Einarson and Cherry 2002), and the  Solinst 

Waterloo (Cherry and Johnson 1982) were ruled out. The Solinst CMT and Waterloo systems were 

chosen for both sites; however, a unique hybrid approach was applied to these core systems to increase 

the number of monitoring intervals and allow for the deployment of pressure transducers for 

continuous water-level monitoring in at two targeted depth intervals (Chapman et al., 2014). 
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 A ranked criteria were established for the selection of discrete-depth monitoring zones to meet 

the objectives of this study: (1) high-T (transmissivity) zones, since nitrate is highly soluble and expected 

to travel preferentially in the fractures; (2) low-K (conductivity) units to assess their capacity to retard 

nitrate transport by retaining the contaminant mass by means of diffusion and storage within these 

sedimentary layers; (3) redox change boundaries, where lithologic colour changes indicate a difference 

in the presence of minerals influencing reduction-oxidation; and (4) lithologic changes (e.g. finer grained 

siltstone or mudstone beds) which may form local ‘aquitards’. It is important to establish depth discrete 

monitoring intervals in order to minimize the blending of water that occurs in open-hole sampling. 

Depth discrete monitoring allows for the collection of a detailed data set that ultimately informs the 

physical flow system and geochemical parameters of the site conceptual model for transport. Wherever 

possible, a combination of geophysical, hydrogeophysical and core logs were used to inform monitoring 

zone interval selection. In some cases (P1D, P3D) the well was triconed and core data was not available, 

so decisions were based solely on geophysical / hydrophysical logs. In other cases (P2I, P3I) geophysical / 

hydrophysical logs were not collected; therefore, the adjacent well logs (P2D, P3D) were used in 

combination with the core-log data. 
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Table 4. MLS summary from Harrington and Souris study sites. Harrington MLS consist of a Hybrid CMT 
system and Souris MLS consist of a Hybrid Solinst Waterloo system (Chapman et al., 2014). 

 

 At the Souris site, P1D and P3D were instrumented, in July 2012, with a 9-port Solinst Waterloo 

system™ modified by the addition of 2 external 2.5 cm (1-in) piezometers (Chapman et al., 2014).  P2I 

and P3I were instrumented, in December 2012, with 4-port and 5-port Solinst Waterloo systems™, 

modified by the addition of 1 or 2 external 2.5 cm (1-in) diameter piezometers. Each of these 

intermediate depth MLSs also had a 5 cm (2-in) well screened in overburden at the top of bedrock 

installed by raising the casing 1.5 m (5-ft) to expose the targeted transition zone between overburden to 

bedrock. These MLSs were intended to target and monitor the shallower zones in bedrock in the middle 

portion of the field (P2I) and down-gradient of the field (P3I) where this critical zone was missed in the 

previous deeper MLSs (P3D).   At the Harrington site a similar hybrid MLS system approach was used 

when instrumenting UG-A and UG-C, in March 2013, except in this case a 7-channel Solinst CMT 

system™ was modified by the addition of 2 external 2.5 cm (1-in) piezometers. At the two locations, 

there are 54 ports to monitor over 61 m of vertical extent of bedrock. 

Site ID Hole ID 

Corehole 
Diameter 

(cm) 

Total 
Depth 

(m bgs) 

Depth to 
Bedrock 
(m bgs) 

Casing 
Depth 

(m bgs) 

Casing 
Stickup 

(m) 

Water Table 
Depth Range 

(m bgs) 

# MLS 
System 
Ports 

# 
Piezometers 

Total # 
of Zones 

Harrington UGA 9.6 / 15.2
a
 45.7 8.5 10.7 0.79 ~16-20 7 2 9 

Harrington UGC 9.6 / 15.2
a
 45.7 8.2 10.7 0.76 ~16-20 7 2 9 

Souris P1D 15.2 61.0 7.62 9.1 0.45 ~7-8 9 2 11 

Souris P3D 15.2 61.0 7.62 12.2 0.35 ~6-7 9 2 11 

Souris P2I  9.6 / 15.2
a
 24.4 7.77 7.9

c
/6.4 0.46 ~7-8 4 2 + 1

b
 7 

Souris P3I 9.6 / 15.2
a
 30.5 8.66 8.8

c
/7.3 0.55 ~6-7 5 1 + 1

b
 7 

           a
 holes first cored (HQ-size) and later reamed to nominal 6-in size prior to MLS installation 

           b
 includes 2-inch overburden well placed in same hole 

           c
 depth of casing before being pulled up 1.5 m to expose unconsolidated sediments overlying bedrock 
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All hybrid systems were manually backfilled with alternating layers of silica sand and coated 

bentonite pellets to form the monitoring intervals and seals.  Sand packs in all four Souris MLSs were 2 

m (6.5 ft) in thickness on average, ranging 0.9-4.9 m (3.0-16.1 ft). Seals were 2.2 m (7 ft) thick on 

average, ranging 0.3-6.3 m (1-20 ft). At the Harrington site the sand packs were 1.7 m (5.6 ft) thick on 

average, ranging 0.6-3.8 m (2-20.7 ft). Seals were 1.5 m (5 ft) thick on average, ranging 0.5-3.9 m (1.6-

12.8 ft). Larger monitoring intervals were selected for the external piezometers, especially near the 

water table, in order to capture fluctuating water levels and geochemistry at that interface. One meter 

was selected as an appropriate minimum monitoring and seal interval length when using this manual 

backfilling process due to the potential for bridging. To minimize bridging, the back filling process is 

continuous and must not be stopped until complete. A tag line was used to monitor the progression of 

the backfilling process and as-built depths were recorded for each monitoring and seal interval. 

3.6 Groundwater Sampling 

 Groundwater samples were collected on a monthly basis starting August 2012 (Souris P1D and 

P3D), June 2013 (Souris P2I and P3I) until June 2014 and a single groundwater sampling event was 

conducted at Harrington (UG-A and UG-C) in September 2014. Manual water levels were collected on a 

monthly basis at both sites and pressure transducers were used for continuous hourly water level 

monitoring in the external piezometers of each MLS. 

At the Souris site, a peristaltic pump was used to sample groundwater in all MLS ports, where the water 

level in each tube was roughly at the suction limit (~8 m or 27 ft). MLSs were purged approximately 3 

tube volumes (includes water column height in the tubing and sand pack volumes) and/or until field 

parameters stabilized. A YSI 556-MPS multi-parameter probe with a flow-through cell was used to 

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

reduction potential (ORP). At the Harrington site, the water table was much deeper and a micro double-
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valve pump (Solinst, Georgetown, ON) had to be used to collect groundwater samples. The double valve 

pump did not work in some of the shallower ports due to a small column of water above the port 

preventing efficient displacement of water during the drive cycle. Therefore, a peristaltic pump was 

used to assist the lift of groundwater into the purge tubing and then removed and drained by stopping 

the pump, lifting the tubing above 7 m bgs, and turning the pump back on to purge the water in the 

tubing at ground surface.  

Groundwater samples were collected and analyzed for major anions (NO3-N, Cl-, SO4
-, PO4-P) and cations 

(Na+, K+, Mg2+, Ca2+, NH4-N) at both study sites (mdl: 0.1 mg/L).  Samples were analyzed by ion 

chromatography at the University of Calgary or by colorimetric methods at AAFC Charlottetown (NO3-N, 

NH4-N, Cl-, PO4-P only; mdl: 0.025 mg/L, PO4-P 0.01 mg/L). A detailed sample collection procedure is 

outlined in Appendix C. Isotope samples were also collected at the Souris site August 2013 for δ2H, δ18O, 

δ15N, δ34S, δ13C. Tritium samples were collected in June 2014. 

Samples were collected and preserved according to protocol outlined in the Standard Methods 

for Examination of Water and Wastewater (21st edition, 2005). Sample collection and handling of 

samples was done using fresh nitrile gloves between samples to prevent cross contamination and 

transfer of salts and ions from the samplers’ hands. Duplicates (every 10 samples), equipment blanks 

and field trip blanks were collected to ensure consistent and quality analysis. Samples were kept on ice 

while in the field, until they could be refrigerated at 4°C in the lab. Samples were shipped overnight to 

prevent prolonged exposure to increased temperatures, and were tracked using chain of custody forms. 
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4 Results and Discussion 
 

4.1 Overburden and Rock Core Porewater  

Porewater concentrations of major ions, specifically nitrate and related N-compounds, from 

leaching of overburden and rock samples are presented as estimated porewater concentrations using 

sample derived or measured moisture contents in vertical profile in Figures 9 and 10.  Results are 

reported as porewater nitrate as mg/L-N, which can be compared with regulated guideline values for 

drinking water (Health Canada, 2012). The calculated porewater concentration values for the major ions 

for each core hole at both sites, as well as blank concentrations and duplicate RPDs are summarized in 

Table 3. Porewater data was plotted in vertical profile aligned with other core hole or adjacent core hole 

parameters to create montages of supporting data sets. Examples of down-gradient profiles from each 

site are depicted in Figure 9 (Souris-P3I) and Figure 10 (Harrington UG-C).  Montages are divided into 

four main sections: 1) geophysical profile, 2) core lithology and feature data, 3) detailed overburden and 

rock core porewater profile for nitrate-N and ammonium (extracted by Millipore water and another set 

extracted with potassium chloride-KCl), and 4) cumulative mass of nitrate porewater (line) as well as the 

mass gradient between samples (bars). These data sets will be discussed more thoroughly in the 

subsequent sections. The combination and comparison of multiple data sets allows for a more rigorous 

and informed interpretation of the flow system and contaminant mass distribution. 

The highest nitrate concentrations were found above the water table in the overburden at both study 

sites with maximums of 37 (2.58 m bgs) and 28 mg/L-N (3.75 m bgs) at the Souris and Harrington sites, 

respectively.  At both sites, nitrate concentrations decreased significantly with depth in overburden 

nearing the bedrock interface with the exception of P3I. Localized peaks of nitrate porewater 

concentrations were observed at the top of bedrock (9.71 m), just below the water table in the Souris 

P3I profile (Figure 9). Nitrate-N concentrations in bedrock fluctuate between 3-8 mg/L above the water 
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table (~18-20 m bgs) at the Harrington site and below the water table from ~13-17 m bgs at the Souris 

site. Below these depths of interest, nitrate porewater concentrations decrease to less than 5 mg/L at 

both sites. Three out of the four profiles also had areas of non-detect (detection limit = 0.1 mg/L). At the 

Souris site, P2I had zones of non-detect at 17-20 m bgs and 21.5-22 m bgs while P3I had a zone of non-

detect at 6.1-8.5 m bgs and then intermittent below 23 mbgs. At the Harrington site, only UG-A had 4 

small areas of non-detect at or near fine grained lithologies at varying depths.  
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Figure 9. Montage of P3I from the Souris Site. Includes natural gamma from the adjacent deep 
borehole P3D. Core data includes lithology and fracture data from P3I along with fracture intensity 
and RQD. Porewater data of nitrate, ammonium, chloride and sulfate are plotted in vertical profile in 
units of mg/L. 
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 Figure 10. Montage of UG-C from the Harrington Site. Includes natural gamma. Core data includes 
lithology and fracture data logged in field along with fracture intensity and RQD. Porewater data of 
nitrate, ammonium, chloride and sulfate are plotted in vertical profile in units of mg/L. 
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Overall there seems to be a strong shallow persistence of nitrate, where more oxygenated 

conditions exist. However, due to consistently detected nitrate concentrations throughout the profile, 

perhaps the concentrations are retarded by shallow diffusion effects and have not yet arrived to deeper 

zones or may not be along a flow path from inputs. The water table at the Harrington site, although 

much deeper than the Souris site, appears to exert control on the nitrate distribution.  At the Souris site, 

nitrate persists at relatively high concentrations through the upper portion of the water table indicating 

that regardless of saturated conditions, dissolved oxygen must be present in high concentrations over 

this depth interval. This is further supported by elevated measured dissolved oxygen values, which 

ranged from 3.6-10.1 mg/L with average of 7.4 mg/L.  

Ammonium (NH4
+) is also presented in profile in Figures 9 and 10. Figure 9 depicts two profiles 

of NH4
+, the first (maroon) are porewater concentrations analyzed by colorimetric methods at AAFC and 

the second (pink) by ion chromatography at the University of Calgary. Not every sample was analyzed 

for ammonium, and therefore results do not definitively show its absence from the porewater; however, 

of the samples analyzed most were non-detects. At the Souris site, ammonium was intermittently 

detected in the upper 12 and 8 m bgs for P3I and P2I respectively. P2I had maximum ammonium 

concentrations of 7.6 mg-N/L and smaller localized peaks at finer grained lithologies. P3I had maximum 

ammonium concentrations of 4.6 mg-N/L. 

Chloride and sulfate profiles were also included as analytes of interest in both site montages 

because of their use in inorganic fertilizers as part of the chemical composition of potassium (potassium-

chloride and potassium-sulfate). Porewater chloride concentrations averaged 288, 90, 123, 146 mg/L for 

P2I, P3I, UG-A and UG-C respectively. Chloride was never detected at less than 10 mg/L and reached as 

high as 1308 mg/L at Harrington and 2422 mg/L at Souris. Figure 11 depicts nitrate-chloride comparison 

plots for all 4 cored locations. There seems to be a poor correlation between porewater nitrate and 
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chloride concentrations (R2 <0.06). Even though chloride and nitrate are associated with synthetic 

fertilizers, this lack of correlation could be due to the fact that chloride is a conservative ion, commonly 

used as a tracer. Large peaks of chloride could be as a result of accumulation of historic fertilizer inputs 

and/or road salt. 

Chloride peaks seemed to coincide with sulfate peaks for the majority of profiles but were 

generally an order of magnitude larger in concentration. This could, again, be due to the fact that 

chloride is an extremely mobile ion in water and there could be lateral influx from upgradient 

agricultural sources and even road salt gradually increasing chloride concentrations in the system. Figure 

12 depicts sulfate-chloride comparison plots for all 4 cored locations. There is a general positive but 

poor correlation between sulfate and chloride at all 4 locations (R2 = 0.0065-0.28) with no trend 

between upgradient and downgradient locations. Sulfate concentrations averaged 43, 34, 16, and 16 

mg/L for P2I, P3I, UG-A and UG-C respectively. Increased sulfate concentrations seem to be associated 

with mudstone lenses or layers, perhaps indicating localized reducing conditions. Figure 13 depicts 

nitrate-sulfate comparison plots for all 4 cored locations. R2 values are again, relatively low (0.0006-

0.21), but generally show a positive correlation. If there was a sulfate reducing substrate driving 

denitrification, there would normally be a negative trend seen in the nitrate-sulfate plot which leads to 

the assumption that this is not a dominant reaction. 
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Figure 11. Nitrate-chloride porewater concentration scatter plots for the 4 cored locations 
(P2I, P3I, UG-A, UG-C). 

Figure 12. Sulfate-chloride porewater concentration scatter plots for the 4 cored locations 
(P2I, P3I, UG-A, UG-C). 
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Figure 13. Nitrate-sulfate porewater concentration scatter plots for the 4 cored locations 
(P2I, P3I, UG-A, UG-C). 
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Figure 14. Nitrate porewater cumulative mass plots for the 4 cored locations and gradient of 
cumulative mass between samples (P2I, P3I, UG-A and UG-C). Total mass, in kg/m2, for each 
corehole is presented at the base of each profile. 
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Cumulative mass plots (Figure 14) were created from the porewater nitrate results along with its 

respective gradient of cumulative mass. Cumulative mass (mg/m2 surface area) was calculated using the 

following equation:  

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝑎𝑠𝑠 (
𝑚𝑔

𝑚2) =
𝛴[𝑁𝑂3−𝑁 (

𝑚𝑔

𝐿
)×1000× 𝛷 ×𝐷𝑒𝑝𝑡ℎ (𝑚)×𝑎𝑟𝑒𝑎 (𝑚2)]

𝑇𝑜𝑡𝑎𝑙 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑀𝑎𝑠𝑠 (
𝑚𝑔

𝑚2)
 × 100                   (2)  

Where NO3-N is the nitrate porewater concentrations (mg/L x 1000 = mg/m3), φ is the lithologically 

specific porosity which were obtained from physical property measurements taking the average porosity 

of each lithology type (overburden samples were assumed to have a porosity of 0.45, averaged results 

from Zebarth et al., 2014), depth is the length between the halfway points between each sample, and 

the cross-sectional area is assumed to be 1m2. The gradient of cumulative mass is calculated finding the 

difference between adjacent cumulative mass points and plotting the difference over that depth 

interval. These plots are useful in visualizing key mass accumulation zones relative to depth. Cumulative 

mass plots and gradient of cumulative mass, show the majority of mass situate in overburden (upper 10 

m of each profile), with the exception of Souris P3I, where the bulk of the mass is between 13-17 m bgs 

(just into the top of bedrock). Beneath these key accumulation points, mass steadily increases with 

profile depth, with little inflection. 

 The shallow mass accumulation is most likely the result of local and relatively recent inputs of 

fertilizer, which is being transported through the unsaturated zone. The deeper nitrate mass 

accumulation in P3I at the top of bedrock could be due to the variation in lateral flow paths carrying 

shallow nitrate deeper as groundwater moves down gradient across the Souris site. Approximately 50% 

of the total nitrate mass accumulates within 5 m bgs, 15 m bgs, 8 m bgs, and 6 m bgs for P2I, P3I, UG-A 

and UG-C respectively, generally all within the unsaturated overburden. Slight inflections in the total 

cumulative mass plots are apparent near lithology changes, but mostly in sandstones. Inflections are not 
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drastic, suggesting a fairly evenly distributed mass. Total nitrate mass calculated in each profile shows 

that at the Harrington site, there is slightly more mass in the down gradient location (UG-C), unlike the 

Souris site, where the mid-field location (P2I) has nearly twice the amount of mass. At the Souris site, 

when these values are compared with records of historic input (Table 1) and assuming leaching N is 

completely converted to nitrate, there is approximately 1-2 years’ worth of nitrogen input (~0.02 kg/m2 

N), but realistically, this amount is probably more because of nitrogen use via plant uptake. At the 

Harrington site, when compared with historical nitrogen inputs (Table 2), there is approximately 4-7 

years’ worth of nitrogen input (~0.012 kg/m2 N) stored in each cored location. Greater nitrate mass is 

expected at the Harrington site due to its location in an agriculturally intensive Bell’s Creek watershed, 

where nitrogen loading is expected on site and transported from upgradient sources. The Souris site is 

located in the less agriculturally intensive Cross River watershed, perhaps with less upgradient nitrogen 

input. 

4.1.1 Data QA/QC 

A total of 12 equipment blanks were collected to identify any potential for cross contamination 

of samples between processing steps. This was completed by carrying Millipore water through the 

leaching and filtering equipment at that stage of sample processing. A summary of the equipment blank 

results can be found in Table 3 and a complete list in Appendix D1. There were traces of bromide, 

sulfate, sodium, potassium, and calcium ions found in some of the equipment blanks at relatively low 

concentrations. Calcium had the maximum blank concentration of 0.51 mg/L. However, there were no 

traces of nitrate found in any equipment blank suggesting that the decontamination procedure is 

adequate in minimizing cross-contamination between samples. There were no corrections applied to the 

porewater concentration data due to the low levels of blank data. Low levels of porewater 

concentration data that approached the detection limit of 0.1 mg/L have some degree of uncertainty; 

therefore if laboratory results reported <0.1 mg/L, a value of 0.1 mg/L was used in the porewater 
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calculation and plotted as an open circle on profile plots indicating that this data point is the maximum 

concentration possible. 

A total of 11 millipore water laboratory blanks were sent with extract samples to lab for analysis to 

confirm the chemical reliability of the millipore water as it was used in both the extraction procedure 

and decontamination stage of sample processing, as well as any potential for cross contamination when 

transporting the samples for analysis. Table 3 summarizes the results of the laboratory blank analysis 

and a more detailed list can be found in appendix D1. Traces of chloride, bromide and calcium were 

found in relatively low concentrations (0.36 mg/L or less) that were near the detection limit of 0.1 mg/L. 

Nitrate was not present in any of the laboratory blanks.  

4.2 Sensitivity Analysis of Matrix Porewater Calculations and Porosity 
 

4.2.1 Comparison of Porewater Calculations 

Porewater concentration calculations were can be considered in two ways. In the first was 

completed in this study, as outlined in Appendix B, where a duplicate sample is taken for moisture 

content analysis and the wet weight: dry weight of sample ratio is used to calculate porewater 

concentration of the analyzed sample. The second method assigns an assumed dry bulk density and 

porosity value to estimate the porewater concentration, which is discussed in Appendix D. These 

assumed values are derived from averaging measurements of physical property samples by observed 

lithology type in the core or, more generally, for rock and overburden. While a single bulk density and 

porosity value can be assumed for all samples in order to calculate porewater, it is important to note 

that this assumes all pores are fully saturated within that sample, and therefore should only be 

calculated on samples obtained within the saturated zone. A comparison of these different approaches 

for estimating porewater concentrations was made using 3 methods outlined below: 
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1) Duplicated samples taken at each depth for moisture content measurement (sample wet 

weight- dry weight) and adjusted for sample total weight ratio  

2) Lithology defined physical property samples were assigned to individual samples (only applies to 

samples from below the water table)  

3) An average value from 41 physical property samples that represent the range of lithologies 

observed in the cored holes (6 = mudstone, 6 = clayey sandstone, 15 = vf sandstone, 12 = f 

sandstone, 2 = m sandstone). 

Porewater plots of select analytes for samples below the water table were plotted in row (a) of 

Figure 15 based on the different porewater calculation methods. Concentrations from methods 2 and 3 

(y-axis) using assumed porosity and dry bulk density values were plotted against moisture content-based 

calculations from method 1 (x-axis). Overall, lithology assigned porosity and bulk density values show 

greater variation than a single assumed bulk density and porosity. This could be due to the small sample 

size of certain lithology types in the physical property analysis that resulted in biased estimates of 

porosity/bulk density and ultimately porewater concentrations. The fact that a single assumed bulk 

density and porosity shows less variation suggests that perhaps there is not much variation in porosity 

or bulk density between samples. 

Porewater concentrations were also calculated as concentration of analyte weight per dry mass of 

sample as shown in row (b) of Figure 15. The Carter and Gregorich (2008) method (y-axis), outlined in 

appendix D, was comparable to the water content ratio method (x-axis). Chloride showed a slight 

increase in variability at higher concentrations, which could be due to the fact that this was the analyte 

with the highest concentrations and therefore would most likely need to be diluted before being run on 

the ion chromatograph. Sample dilutions will alter the minimum-reporting limit (MRL) by a proportion 

equivalent to that of the dilution (EPA 300.1). For example the diluted sample may produce results 
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nearer to the MRL, making the resulting concentration more uncertain. Therefore, care must be taken to 

not over dilute the sample, but balance dilution with still being able to obtain a reading within the 

calibration range.   

From these two series of plots it is clear that assumed numbers applied to the porewater calculation 

introduces increased variability. The moisture content method evaluated variability with depth and it is 

the preferred technique for porewater concentration determination since it can be used for all samples 

including the vadose zone.  

 

 



62 
 

 

Figure 15. Rock porewater plots for select analytes of samples below the water table plotted based on various porewater calculations. 
The top row (a) plots sample specific moisture content-based calculated porewater along the x-axis against porewater calculated with 
respect to lithology assigned bulk density and porosity (orange) and a single assigned bulk density and porosity (blue) along the y-axis 
based on measured porosity values of select samples. The bottom row (b) depicts rock core porewater sample concentrations as mass of 
analyte per dry mass of sample (mg/Kg). The Carter and Gregorich (2008) standard method (y-axis) is plotted against the water content 
ratio method (x-axis). 
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4.2.2 Porosity Measurements 

Figure 16 shows histograms of measured porosity from physical property samples (red) and back-

calculated porosity from moisture contents of individual samples (blue). The two histograms depict the 

total number of samples analyzed. The Souris and Harrington sites were combined because little 

variation was found between the two sites with respect to all lithology types. Table 5 summarizes the 

average measured (by imbibition and Archimedes principle) and calculated (obtained from moisture 

content values) porosities organized by lithology type.  The number of samples averaged in each class is 

summed in column “N”. Table 6 gives a more detailed summary of the measured samples porosities and 

bulk densities. It should be noted that there is a significant difference in sample size between measured 

and back-calculated porosity values. In both cases, there was not much variability between the various 

sandstone lithology types as they were all in the 18-23% range. Mudstone showed a much different 

porosity, which may, in part, have something to do with the method of analysis. The sample is 

disaggregated in this process; therefore, the porosity calculated is most likely an over-estimate as it 

opens occluded pores. Overall, there is a dense grouping of measured porosities in the 15-25% range for 

sandstone, and a smaller frequency but another grouping of porosity corresponding to mudstones at 18-

28%. For back-calculated porosities, the range is slightly wider spread but still seems to be densely 

populated in the ~10-25% range. Another small grouping of high porosities occurs at about 30% and 

40%, which corresponds to some of the mudstone lithologies. It is difficult to assign an actual porosity to 

this lithology (mudstone) due to the overestimate in the particular measurement method. This would 

alter the porewater estimates based on lithology type resulting in more variable porewater estimates. 

This further supports the need for water content derived porewater estimates. 

The error that would alter the result of the porewater calculations (moisture content based) 

significantly would be moisture loss from the sample. In order to determine the exact extent of moisture 

loss, a more rigorous analysis with numerous splits of sample would have to be done in the field and in 
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the lab. However, in almost all instances the back-calculated porosity values are greater than the 

measured values (Table 5). Since the back-calculated values are based on the water content of individual 

samples, this indicates that significant porewater loss is negligible. A limitation of measuring the 

moisture content of crushed samples is that more surface area is exposed including potentially occluded 

pores, resulting in an over-estimate of the amount of water in the sample. An alternative in future is to 

keep a separate intact portion of the rock for moisture content analysis. 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Summary of averaged measured and back-calculated porosity categorized by lithology type. 

  Averaged Porosity 

  Back Calculated Porosity N Measured Porosity N 

Mudstone 0.208 39 0.21 6 

Clayey Sandstone 0.221 14 0.193 6 

vf Sandstone 0.182 61 0.207 19 

f Sandstone 0.175 82 0.191 13 

m Sandstone 0.180 42 0.228 2 

Figure 16. Histogram of all measured (red) and back calculated (blue) porosity values at both the 
Souris and Harrington study sites. 
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4.3 Physical Controls on Nitrate Distribution 

4.3.1 Overburden Sediment Controls 

 Porewater nitrate concentration was found to be the highest within the overburden sediments. 

Figure 17 shows the two down gradient overburden profiles (P3I and UG-C) in greater detail along with 

profile plots of particle size distribution and blow counts for every 0.15 m (0.5-ft) depth increment. 

There was no consistent trend between particle size and porewater nitrate, but as seen in blow count 

graphs to the right of the profiles, there is possibly a weak correlation (R2 = 0.0757 and 0.0008) between 

blow count and porewater nitrate. This suggests that degree of compaction of soil does not have as 

significant an impact on nitrate distribution in the unconsolidated and unsaturated zones at these two 

locations. Particle size also does not show a clear correlation with porewater nitrate. Due to the 

heterogeneity of the overburden at both sites, perhaps a combination of a high percentage of finer 

grained sediments (silts and clays) and degree of compactness partially impedes the vertical migration of 

nitrate. Particle size is not a strong control, but fine-grained particles can influence a number of other 

parameters such as redox conditions and physical parameters like porosity. High clay content layers 

throughout the core profile can also influence geochemical reactions such as sorption of ammonium. 

This can be observed by elevated ammonium at mudstone beds in Figures 9 and 10 as well as the other 

2 coreholes (P2I and UG-A), which can be found in Appendix E3 and E5.  
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Figure 17. Particle size, blow count and porewater profile plots for Souris P3I and Harrington UG-C overburden core. Particle size ranges 
from <2um to >2000 um. Blow counts are recorded as the number of hits it takes a 63 kg hammer to drive the soil core sampler 0.15m. 
Porewater results are in mg/L.  Adjacent correlation plots depict blow counts versus NO3-N porewater concentrations in overburden samples 
for the 2 core hole locations. Three outliers were excluded from the correlation and trend line calculations indicated by the open circle. 
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4.3.2 Rock Core Geological and Geophysical Parameters 

Rock core lithologies, at both sites, were mainly comprised of thick units of varying grain size 

sandstone interbedded with finer grained clayey sandstones and mudstones. Natural Gamma profiling 

was completed in both coreholes at the Harrington site and the Souris site, where complimentary 

adjacent deeper boreholes (P2D and P3D) were profiled. The gamma log provided an indication of 

geologic variability, with increases in the clay content of the rock signaled by a relative increase in the 

counts per second (cps). The rock core log is further validated by signals within the gamma log when the 

greatest gamma peaks coincide with the bright red mudstone layers noted in the core lithology logs in 

the Harrington profiles (Figure 10). P3I showed slight deviation between the lithology logs and the 

gamma profile because the gamma profile was taken from the adjacent borehole (P3D). This use of 

natural gamma confirms the validity of the lithological log. 

Figure 18 is a histogram showing the distribution of nitrate with respect to various lithology types. 

Since sandstone was the dominant lithology, the frequency of some level of detected porewater is high. 

Lithologies that held the greatest porewater nitrate included: sandy clay, mudstone, and sandstone. 

There was no lithology type that consistently held the highest nitrate porewater concentration, but 

nitrate was rather evenly dispersed with slightly higher concentrations focused in unconsolidated 

sediments. In all four coreholes, concentration of nitrate-N in porewater was generally below 7 mg/L-N. 

Porosity was measured for a number of lithology types present at both study sites (Table 6). 

Porosities for mudstone values ranged between ~18% and 28%, suggesting a high physical capability for 

storage of nitrate within the matrix. Figure 18 shows variable nitrate concentrations for mudstone 

(generally between 1-6 mg/L at all 4 coreholes). Porosities for various grain sizes of sandstones had a 

narrower range from ~15-25% (averaging ~20%) and this lithology type seemed to correspond with a 

wider range of nitrate porewater concentrations (~1-8 mg-N/L). Average dry bulk density of measured 
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samples ranges from 1.98 to 2.33 g/cm3 and averages 2.15 g/cm3 (Table 6). Density generally increases 

with decreasing grain size (i.e. lowest density for medium sandstone, 2.03 g/cm3 and highest for 

mudstone, 2.26 g/cm3 on average). From porosity and lithology type alone, a correlation to nitrate 

porewater concentration cannot be drawn. 

 

Figure 18. Histogram of lithology type and nitrate porewater concentrations. Includes 
unconsolidated overburden sediments (Clay, Clayey Sand, Sandy Clay, Sand) and rock core lithology 
(Mudstone, Clayey Sandstone, Sandstone). 
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Table 6. Summary of averaged measured porosity and bulk density values by site and lithology. N 
indicates the number of samples analyzed. 

 

Top of 

Sample 

Bottom of 

Sample 

Averaged 

Porosity 

Value

Averaged Dry 

Bulk Density
N

(m bgs) (m bgs) (-) g/cm3

HAR-P-1 vf Sandstone 10.91 11.13 0.206 2.150 4

HAR-P-1.1 clayey Sandstone 13.62 13.64 0.193 2.148 2

HAR-P-2 vf Sandstone 14.91 14.93 0.233 2.041 2

HAR-P-3 vf Sandstone 18.10 18.12 0.187 2.185 2

HAR-BR-70 Mudstone 20.99 21.03 0.190 2.320 2

HAR-P-4 vf Sandstone 22.70 22.72 0.219 2.068 2

HAR-P-4.1 clayey Sandstone 24.58 24.61 0.188 2.202 2

HAR-P-5 vf Sandstone 26.69 26.73 0.186 2.192 2

HAR-P-6 vf Sandstone 36.98 37.00 0.222 2.087 2

HAR-P-7 vf Sandstone 40.71 42.77 0.198 2.137 3

HAR-BR-194 Mudstone 42.34 42.38 0.190 2.331 2

HAR-P-8 vf Sandstone 45.19 45.23 0.200 2.129 4

HAR-P-9 vf Sandstone 11.43 11.48 0.210 2.093 4

HAR-P-10 clayey Sandstone 14.12 14.14 0.194 2.125 2

HAR-P-12 clayey Sandstone 19.57 19.61 0.229 2.085 2

HAR-P-13 f Sandstone 21.72 21.76 0.197 2.149 2

HAR-P-14 vf Sandstone 27.83 27.88 0.222 2.084 2

HAR-BR-335 Mudstone 31.17 31.21 0.204 2.264 2

HAR-P-15 f Sandstone 33.85 33.91 0.188 2.152 4

HAR-P-16 vf Sandstone 36.69 36.71 0.209 2.097 2

HAR-P-17 f Sandstone 38.40 38.42 0.155 2.251 2

HAR-P-17.1 clayey Sandstone 39.74 39.76 0.178 2.220 2

HAR-P-18 vf Sandstone 41.53 41.57 0.167 2.224 2

HAR-P-18.1 clayey Sandstone 43.07 43.08 0.173 2.198 2

HAR-P-19 vf Sandstone 45.05 45.09 0.219 2.099 2

SOU-P-1 f Sandstone 8.51 8.52 0.196 2.062 2

SOU-BR-23 Mudstone 10.62 10.67 0.283 1.985 2

SOU-P-2 f Sandstone 11.27 11.30 0.156 2.291 2

SOU-P-3 vf Sandstone 14.10 14.12 0.205 2.099 2

SOU-P-4 m Sandstone 17.19 17.21 0.246 1.977 2

SOU-P-5 f Sandstone 19.94 19.96 0.154 2.253 2

SOU-BR-87 Mudstone 22.06 22.13 0.183 2.277 2

SOU-P-6 vf Sandstone 23.05 23.09 0.209 2.100 2

SOU-P-7 f Sandstone 10.00 10.02 0.226 2.020 2

SOU-P-8 f Sandstone 14.17 14.21 0.157 2.273 2

SOU-P-9 f Sandstone 15.76 15.80 0.228 2.055 2

SOU-P-10 m Sandstone 19.20 19.24 0.211 2.074 2

SOU-BR-173 Mudstone 23.23 23.26 0.205 2.322 2

SOU-P-11 f Sandstone 23.90 23.93 0.217 2.001 2

SOU-P-12 f Sandstone 26.07 26.11 0.234 2.015 2

SOU-P-13 f Sandstone 30.45 30.48 0.226 2.113 2
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Figure 19 illustrates zoomed in segments of specific intervals from the profiles in Figure 9 and 10 

montages. The first of three zoomed in profiles is from Souris corehole P2I (18.0-21.7 m bgs) showing a 

localized peak in nitrate (6.8 mg/L-N) within fractured sandstone that is bounded by two thin mudstone 

layers, which do not show elevated nitrate concentrations (<2 mg/L-N). This demonstrates lateral flow 

that could be semi-confined to some degree by these thin mudstone beds within the system. Diffusion 

processes are evident where, generally, concentrations are highest nearer to fracture surfaces and 

decrease with increased distance into the matrix. The zoomed in view of P3I (Figure 19, 7.9-11.0 m bgs) 

showing a localized nitrate peak (21.7 mg/L-N) near the top of bedrock is a good example. Diffusion 

across mudstone layers is not as extensive especially at depth (zoomed in UG-C, 32.9-36.5 m bgs) where 

peak concentrations are focused near fractured surfaces (1 = 4.3 mg/L-N, 2 = 4.9 mg/L-N, 3 = 4.3 mg/L-

N; Figure 19, 3) and do not diffuse very far into the matrix. However, the mudstone unit depicted in 

Figure 19, 3) seems to be heavily fractured and therefore, exposes more surface area susceptible to 

diffusion. Due to their physical properties, clays are negatively charged and are more likely to attract 

and sorb cations (like ammonium) (Follett and Delgado, 2002). Therefore vertical movement through 

thick mudstone beds is not likely (with the exception of high angled/vertical fractures). Most mudstone 

beds at the two study sites are not laterally continuous and ultimately do not restrict all vertical 

movement. 
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Figure 19. Zoomed in profiles of select core hole montages: 1) P2I (18.0-21.7 m bgs) 
shows increased nitrate concentrations at depth. 2) P3I (7.9-11.0 m bgs) shows 
elevated nitrate concentrations at the top of bedrock diffusing into the rock matrix. 
3) UG-C (32.9-36.5 m bgs) shows 3 instances of diffused nitrate in a thick fractured 
mudstone unit. 
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4.3.3 Fractures, Intensity and Type 

Fracture orientation and characteristics were logged in detail in the field, with attention to detailed 

features such as fit, staining and roughness. Horizontal fractures (along bedding planes) were found to 

occur, on average, 95% of the time and high angled fractures were found to occur, on average,  only 5% 

of the time. Mechanical breaks in cores may skew the number of actual fractures logged, even with 

obvious mechanical breaks excluded from the analysis. It was difficult to distinguish mechanical breaks 

from active features based on visual indicators alone (i.e. mud filled fractures, stained fracture surfaces). 

Fracture core logs can be compared to ATV logs in most cases to determine the number of fractures in 

the profile. For the Souris site, the ATV logs were collected adjacent to coreholes P2I and P3I, in the 

deeper boreholes P2D and P3D and therefore are not exactly comparable. At the Harrington site, ATV 

logs were collected in the same UG-A and UG-C coreholes and the number of fractures can be compared 

over the same depth (UG-A: 20.0-43.08 m, UG-C: 17.28-44.8 m) of the ATV log (below the water table). 

The number of core-logged fractures exceeded those identified in the ATV log at both UG-A (279 to 124) 

and UG-C (248 to 182) by 77% and 30% respectively. This difference of number of fractures can be 

possibly be attributed to the inclusion of mechanical breaks during fracture logging or could be 

sometimes due to the quality of ATV images in triconed holes, especially in poorly cemented rock. 

Drilling is a rigorous procedure and rock that is even remotely poorly cemented, will crumble as the drill 

advances. These drilling artifacts result in poor quality ATV images that may mask small or hairline 

fractures that are present. However, major fractures are still visible in the ATV log (indicated by purple 

and pink lines in the ATV Interpretation columns of Figures 20 and 21). Core logs may overestimate 

fracture frequency due to mechanical breaks from the drilling process and extraction of cores from the 

core barrels.   

Fracture intensity was calculated as number of fractures over 1.5 m (5 ft = core run length) intervals 

observed in cores and plotted in profile (grey profile in Figures 20 and 21). Typically, the shallow bedrock 
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is highly weathered and fractured due to surficial erosional processes. Fracture intensity at both the 

Souris and Harrington sites remained consistently high with depth. Core holes P2I, P3I, UG-A and UG-C 

average 11, 10, 19 and 13 fractures per 1.5 m respectively. Range of intensity at the Souris site is 4-17 

fractures per 1.5 m and 3-37 fractures per 1.5 m at the Harrington site. Gradual increases in fracture 

intensity are apparent at or near lithology changes, especially between mudstones and sandstones. The 

change in lithological composition could create weak points and fracture zones that could allow for 

preferential groundwater flow pathways. Nitrate porewater concentrations do not show a significant 

correlation with fracture intensity at all four locations. However, when fracture intensity is combined 

with geophysical and hydraulic data indicating zones of flow, some correlations can be seen, as 

discussed in the next section.  
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Figure 20. Compilation of geophysical, hydraulic and core logged data sets from Souris P3I/P3D. Includes 

natural gamma, ATV log and fracture interpretation, ALS temperature cooling logs and interpretation 

from adjacent hole P3D as well as core lithology, fractures and fracture intensity over 1.5 m. 
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Figure 21. Compilation of geophysical, hydraulic and core logged data sets from Harrington UG-C. Includes natural gamma, core 

lithology, core fractures, fracture intensity over 1.5 m, ATV log and fracture interpretation, ALS temperature cooling logs, and FLUTe 

transmissivity profiles (flow rate, transmissivity below depth and transmissivity over 1 ft intervals).  

 



76 
 

Figure 22 shows a box-and-whisker plot assessing the relationship between porewater nitrate 

concentrations and sample proximity to feature types: above fractures (AF), between fractures (BET), 

below fractures (BF) and within the rock matrix (M). This plot shows the range of concentrations for 

each feature type in terms of quartiles (indicated by the lines on the box). The first line indicates Q1, 

where 25% of the data falls, Q2 is the 50% or median mark, and Q3 is 75%. Outliers were plotted as 

values falling outside of 1.5 x the Inter Quartile Range, (IQR = Q3-Q1) and these were only present at the 

downgradient locations of each site. On average, matrix samples hold the highest nitrate concentrations 

but since there is much overlap between nitrate concentrations, it is difficult to say whether or not there 

is a statistical difference between feature type and nitrate concentration. Also, the number of matrix 

samples is fewer than the rest of the feature types, potentially biasing the comparison. 

 

 

 

 

 

 

 

 

 Figure 22. Box and whisker plot of feature type and nitrate concentrations (AF-Above 
fracture, BET- Between fractures, BF-Below fracture, MAT-Matrix, N-Number of 
samples). Outliers denoted by open squares were calculated as 1.5 x IQR. 
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4.3.4 Hydraulic Data and Indicators of Flow 

There are a number of dataset that can be used to indicate active flow features or zones with 

depth along a borehole, such as ALS temperature logging (Pehme et al., 2013) and FLUTe liner 

transmissivity profiling (Keller et al., 2014).  These datasets provide key insights to lateral flow features 

that can be compared to fracture datasets to differentiate hydraulically active/inactive fractures, and 

can ultimately be compared across boreholes at each study site and also between study sites. Figures 20 

and 21 show a compilation of geophysical, hydraulic and core datasets from the downgradient cored 

holes at the Souris (P3I) and Harrington (UG-C) sites, the datasets from the upgradient holes at these 

sites can be found in Appendix E3 and E5.  

 ALS temperature cooling logs are presented as an indicator of hydraulically active 

fractures in the rock and groundwater flow within the system (Figure 20 and Figure 21). Flow rates can 

be qualitatively interpreted from the relative rate at which the temperature in the lined hole cools 

following heating of the borehole, with more rapid cooling attributed to higher rates of groundwater 

flow in fractures around the liner at those depths. The qualitative flow rate scale applied in this case is: 

pink=extreme, purple=high, blue=moderate, green=low, light green=some. At the Souris site, high to 

extreme flow dominates the upper portion of bedrock (8-14 m bgs at both P2I and P3I) and then 

decreases in magnitude with depth, with the exception of a few fractures near lithological contacts (i.e. 

mudstone - sandstone interfaces). Increases in fracture frequency seem to correlate well with increased 

flow at 18, 22, and 30 m bgs at P3I (Figure 20). ATV logs are not clear on whether there is a large 

fractured interval at P1D (not shown) around port 8 (53.8-55.8 m bgs), but temperature profiles indicate 

an active flow zones at all the deep boreholes (P1D, P2D and P3D) at 55-60 m bgs. While pulling out the 

FLUTe liner at P2D, it was noted that the liner went slack (indicating uncovering of a large fracture(s) or 

transmissive zone) at ~18 m bgs. This correlates well with a very large visible fracture in the ATV profile 
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at this location, and seems to extend to a similar fracture that appears at ~23 m bgs at the down 

gradient location (P3D). 

 At the Harrington site the ALS temperature profile at UG-C shows some distinct zones of flow at 

approximately 18-21, 25-27, and 32-35 m bgs. These particular zones coincide with lithology changes 

from sandstone to mudstone beds or finer mudstone lenses. ALS peaks indicative of higher flow rates do 

not align well with increased fracture intensity; however, there are a number of major fractures 

(indicated by triangles in the ATV interpretation column) throughout the profile, which could be 

significantly hydraulically active.  FLUTe transmissivity profiling was conducted in UG-A and UG-C. The 

ALS temperature profile and the FLUTe transmissivity profile do not show the same hydraulically active 

zones. Transmissive zones in the FLUTe profile are indicated by step changes in the profile. As the liner 

descends down the hole and seals hydraulically active fractures, the remaining open hole below the 

liner becomes less transmissive, and the liner descent velocity decreases. This transmissivity information 

can be shown as decrease with depth, or as estimated transmissivity over discrete intervals as shown in 

the red bar plot over 1 ft intervals. UG-C shows some of these step changes at 18-21, 21.5-22, 24-25, 

27.5-28, 30.5-31 m bgs which seem to correlate well with areas of increased fracture frequency and 

fracture clusters in the ATV interpretation log, Including high angled fractures clustered above 25 m bgs 

and small cluster through the mudstone (31-35 m bgs). 

The lack of correlation between hydraulically active zones inferred from the ALS temperature 

profiling and the FLUTe transmissivity profiling could be due to the nature of the tests.  ALS temperature 

logging is a natural gradient test that identifies flow under ambient groundwater flow conditions, 

whereas the FLUTe profiling test is a forced gradient test that is a function of liner descent velocity, and 

rapid liner descent due to deeper highly transmissive zones could mask smaller velocity changes in 

shallower parts of the profile (Quinn et al., 2015).  The FLUTe profiling test took approximately 35 min at 
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UG-A and approximately 11 min at UG-C, both relatively short tests. The rapid speed of liner descent 

caused loss of resolution in shallower parts of the profile; therefore, the data should be interpreted with 

some caution and consideration.  Also the forced gradient test is likely influenced by some features that 

do not necessarily have significant flow under ambient conditions. 

Since the transmissivity data is relatively coarse with rapid liner descent (with data logged at 2 

second intervals during the test), there is more confidence in estimating the total T (transmissivity) for 

the entire hole and bulk K, rather than depth discrete values. Total T is estimated by taking the highest 

transmissivity value when the transmissivity below depth profile stabilizes after an early transient period 

(Keller et al., 2014; Quinn et al., 2015) and the bulk K is calculated by taking the total T and dividing it by 

the length of the open test interval when the stable transmissivity value is taken. For the two Harrington 

holes, the total T was estimated to be 6.2 x 10-4 m2/s and 1.5 x 10-3 m2/s and bulk K was determined to 

be 3.2 x 10-5 m/s and 5.8 x 10-5 m/s for UG-A and UG-C, respectively. These values are in the range of  

those obtained by Francis’ (1989) study of the Winter River watershed, which is just south of the 

Harrington site (Cross River watershed), which reported  transmissivity values ranging from 7.5 x 10-5 to 

4.1 x 10-3 and bulk K values ranging from 10-7 to 10-3 (Francis, 1989).  

The increased flow, interpreted by the temperature log (Souris site) and FLUTe transmissivity 

profiles (Harrington site), clearly suggests increased flow near the top of bedrock at the Souris site which 

is also coincident with the water table positon, and just below the water table which occurs deeper into 

bedrock at the Harrington site.  These areas of increased flow seem to correlate well with increased 

fractured frequency at both sites, especially in the shallower zones. Sandstone at the top of rock is 

typically weathered with an increased amount of fractures which create lateral flow paths. At the 

Harrington site, the FLUTe transmissivity profile indicates higher transmissivity in the upper 30 m 

especially in zones of increased fracture intensity. Overall, strong downward hydraulic gradients are 
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observed at Harrington (as shown later in MLS head profiles) and this could be due to these highly 

transmissive horizontal or near horizontal features and less vertical fracture interconnectivity. Ideally, 

packer testing would allow for greater depth discrete resolution of transmissivity and K values (Quinn et 

al., 2015). 

4.4 Hydrogeochemical Controls on Nitrate Distribution 

4.4.1 Evidence for Varying Redox Conditions 

 Denitrification is strongly influenced by oxygen levels and electron donor concentration and 

availability (Pauwels et al., 2000, Groffman et al., 2006; Rivett et al., 2008). Select sets of both rock core 

and overburden samples were analyzed for total organic carbon content (TOC) (Table 7). TOC values 

were found to range between <0.01% to 0.44% and averaged 0.12%. A single lithology or depth did not 

consistently coincide with increased TOC suggesting lack of trends in TOC distribution. Overburden 

samples (denoted by OVB in Table 7) were, however, consistently low (all <0.073%). Further TOC 

samples would have to be analyzed to confirm, but it seems that organic carbon is not a widely available 

electron donor, but may have small zones of increased presence (e.g. Souris P3I at 18.8 m, 0.44% OC). 

Dissolved organic carbon (DOC) (sampled once August 2012) was also relatively low in groundwater 

samples at the Souris site, with values either very low (<2 mg/L) or below detection (1.0 mg/L). 

Mineralogical analysis was completed on a subset of samples (Table 8) to assess if there was presence of 

any minerals that could be acting as an electron donor (i.e. sulfide minerals). Results showed no 

evidence of sulfide minerals, such as pyrite; however, there were a few iron bearing minerals that could 

have the potential to be nitrate reducing (hematite and clinochlore-Fe-rich). As this analysis only 

included a small select group of samples, it cannot be definitively assessed whether other minerals are 

present. 
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 Dissolved oxygen (DO) monitored at the Souris site during groundwater sampling was found to 

be consistently high ranging from 3.6 to 10.1 mg/L and averaging 7.4 mg/L, and did not attenuate with 

depth but rather fluctuated with lower DO values generally corresponding with finer grained units, 

indicated by the natural gamma log. Rivett et al. (2008) compiled a table of approximate limits of 

dissolved oxygen concentrations in groundwater below which denitrification has been observed in the 

field, which range from 0.2-4 mg/L in varying environmental settings (agricultural fertilizer plume, septic 

waste plumes, tracer injection experiments). Therefore the measured elevated DO values at the study 

sites suggest denitrification conditions are unlikely, which is consistent with findings of Zebarth et al. 

(2014). Overall it appears that there is little organic carbon substrate available to consume the high DO 

concentrations. Further investigation into iron concentrations might prove a different electron donor; 

however, the DO levels are substantial and it is unlikely that iron will surpass oxygen in terms of an 

electron acceptor on the redox ladder. Porewater sulfate concentrations seen in Figures 9 and 10 show 

significant peaks of sulfate generally at or near finer grained lithologic units. Typically, sulfate production 

is associated with reducing conditions as was witnessed by Opazo (2012). Sulfate oxidization was a 

result of the reduction of sulfide bearing minerals such as pyrite. Without the evidence of sulfide 

mineralogy, it is difficult to determine if these porewater sulfate peaks are a result of redox reactions or 

if there is some other source of sulfate in the system. 

Denitrification can also be inhibited by the presence of pesticides as found in a laboratory study 

by Saez et al. (2003) where denitrifying activity was affected by a number of pesticides, inhibiting the 

release of nitrous oxide and increasing nitrite concentrations. In agricultural settings like the Harrington 

and Souris sites, pesticides are typically applied with fertilizers and the nitrate/pesticide relationship 

would be an interesting factor to investigate. Without a substantial electron donor and sufficient 

depletion of oxygen, denitrification cannot proceed and this allows nitrate to persist in the groundwater 

system.  
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Table 7. Total organic carbon, inorganic carbon, and total carbon as % dry values of select samples from four corehole locations at Souris and 
Harrington sites. 

 

Sample ID Site 
Midpoint 

(m) Type Position Lithology  OC %dry IC %dry Total Carbon %dry 

SOU-OB-6 

SOU-P2I 

2.29 OB - OVB 0.062 <0.01 0.062 

SOU-BR-5 7.79 FS/LC BF Sandstone 0.16 3.56 3.72 

SOU-BR-19 10.02 FS AF Mudstone 0.065 0.074 0.139 

SOU-BR-146 

SOU-P3I 

18.84 FS AF Sandstone 0.44 1.69 2.13 

SOU-BR-172 23.20 FS/LC AF Mudstone 0.073 0.486 0.559 

HAR-OB-9 

UG-A 

3.17 OB - OVB 0.032 <0.01 0.032 

HAR-OB-19 8.20 OB - OVB <0.01 1.68 1.58 

HAR-BR-299 24.65 FS BET Mudstone 0.052 0.425 0.477 

HAR-BR-343 32.37 FS BF Sandstone 0.023 0.096 0.119 

HAR-OB-37 

UG-C 

5.50 OB - OVB 0.053 0.045 0.098 

HAR-BR-88 24.46 FS BF Clayey Sandstone 0.03 0.065 0.095 

HAR-BR-145 34.41 FS BF Mudstone 0.37 2.2 2.57 
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Table 8. Mineralogy of select samples from four corehole locations at Souris and Harrington sites listed 
as major or minor consituents along with corresponding photos. 

 

Sample ID Photo Midpoint Depth 
(m) bgs 

Lithology Major Constituents Minor Constituents 

SOURIS  
P2I-BR-4 

1 7.75 f Sandstone  Quartz 

 Clinochlore 

 Microcline 

 Muscovite 

 Margarite 

 Hematite 
SOURIS 

P2I-BR-15 
2 9.50 m Sandstone  Quartz 

 Clinochlore 

 Dolomite 

 Microcline 

 Margarite 
SOURIS 

P3I-OB-24 
3 2.68 sandy CLAY  Quartz 

 Clinochlore 

 Dolomite 

 Muscovite 

 Microcline 
SOURIS 

P3I-BR-106 
4 11.28 Mudstone  Quartz 

 Clinochlore 

 Dolomite 

 Muscovite 

HARRRINGTON 
UGA-BR-214 

5 8.77 f Sandstone  Quartz 

 Clinochlore 

 Muscovite 

 Albite 

 Margarite 
HARRINTON 
UGA-BR-293 

6 23.22 Mudstone  Quartz 

 Clinochlore 

 Microcline 

 Muscovite 

 Albite 
HARRINGTON 

UGC-OB-23 
7 0.76 very fine 

SAND 
 Quartz 

 Clinochlore 

 Microcline 

 Muscovite 

 Albite 
HARRINGTON 
UGC-BR-124 

8 30.59 m Sandstone  Quartz 

 Clinochlore 

 Muscovite 

 Anorthite 
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4.4.2 Nitrate Isotopes at the Souris Site 

 Nitrate isotope samples were collected at the Souris site in August 2013 (P2I, P3I and P3D) and 

then a smaller set was collected again in August 2014 (only P3I). As shown in Figure 23(a), the range of 

15N and 18O values does not vary much (0 to 5 ‰ for both) suggesting similar source water for all sample 

points. These isotope values are in the range of organic soil N and overlap a small amount with NH4
+ 

from nitrification of fertilizer (NH4
+ mean 15N value = -0.91 ±1.88‰; NO3 mean 15N value = +2.75 ± 

0.76‰) and manure/septic waste (Kendall and Aravena, 2000). Denitrification can typically be observed 

in 15N vs. 18O plots, by a linear trend in enrichment of both isotopes, which aids in the differentiation of 

denitrification and nitrate dilution (Kendall and Aravena, 2000). From these results, there is no evidence 

of significant denitrification occurring (i.e. increase/enrichment in 15N and 18O) between the two 

sampling events. Typically when 15N is plotted against nitrate-N values, denitrification is indicated by a 

steep slope, which is not evident in Figure 23(b). Generally, the highest groundwater nitrate values 

correspond with lower 15N and, although not depicted, the same applies for 18O. Ammonium was rarely 

detected above 0.1 mg/L-N at any location during all sampling events. Upgradient location P1D port 3 

reached a maximum ammonium concentration of 1.15 mg/L-N in October 2013. The two sampling 

events were conducted in the summer period one year apart. There does not seem to be much change 

in 15N and 18O, again, suggesting that denitrification processes are minimal, consistent with findings of 

Danielescu and MacQuarrie (2013, 2011). 
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 Figure 23. a) δ15N versus δ18O isotopic values for Souris site MLS ports (labeled in diagram) plotted 
with a one-to-one line. Values fall in overlapping area for NH4+ in fertilizers and manure and septic 
waste typical ranges (Kendall and Aravena, 2000), and (b) δ15N isotope versus nitrate groundwater 
concentrations of the same sampling ports. 
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Danielescu and MacQuarrie (2013) investigated stable isotopic composition of N and O from 

intertidal groundwater and stream water from discharging nitrate concentrations to two small estuaries, 

with varying agricultural intensities, in PEI. It was found that approximately 64% of the isotope samples 

taken fell in the overlapping range of ammonium-based fertilizer and nitrate derived from soil and no 

evidence was found for microbially-mediated denitrification. It was also noted that the smaller but more 

agriculturally intensive catchment did not show differing isotopic signatures between groundwater and 

surface water. Savard et al. (2008) conducted a study of seasonal trends using nitrate and 15N and 18O 

isotopes in the Wilmot River watershed in PEI. It was concluded that for summer and fall (warm 

seasons) nitrate isotope signatures reflected sources of chemical fertilizer and organic soil N, which is 

expected during the growing season.  Winter and spring (cold seasons) nitrate isotopes signatures were 

found to reflect only organic soil N, which is a result of crop residue after harvest. It is important to note 

that the Souris site farm field had been out of production for more than 3 years at the times of sampling, 

so there has not been any chemical fertilizer input over that time period. The nitrate isotope results are 

still indicative of organic soil N that could reflect residual effects of past cropping. There has been 

natural spread of grass and plant material over the fallow land even after it has been decommissioned. If 

any legumes, such as clover, were included in this regrowth, this crop would have a potential to fix N to 

the soil causing the responses revealed in the isotope samples.  

4.4.3 Nitrate in the Mobile and Immobile Zones  

Figures 24 and 25 compile data sets collected from both study sites that include: lithology, head profiles, 

porewater nitrate and groundwater nitrate. Figure 24 shows head profiles and groundwater nitrate data 

collected over a period of 7 months at the Souris site, which overlapped multiple seasons. The 

groundwater data are plotted together with the nitrate porewater concentrations profile (in grey) for 

comparison. Groundwater nitrate concentrations at the Souris site ranged <0.1-7.8 mg/L-N and <0.1-

10.3 mg/L-N and for P2I and P3I respectively. At the Harrington site (Figure 25), groundwater nitrate 
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concentrations ranged 0.2-4.6 mg/L-N and 0.8-4.3 mg/L-N for UG-A and UG-C respectively. Average 

groundwater nitrate concentrations were 1.2 mg/L-N and 2.0 mg/L-N for UG-A and UG-C respectively. 

These values compared well to the 2014 monthly groundwater nitrate samples from the nearby 

perimeter wells. Well 101, slightly upgradient from UG-A, ranged 0.1-10.2 mg/L-N and averaged 1.0 

mg/L-N. Well 103, slightly downgradient from UG-C ranged 3.2-6.6 mg/L-N and averaged 4.0 mg/L-N. If 

just compared to the September sampling month, nitrate concentrations were 0.2 mg/L-N at well 101 

and 3.9 mg/L-N at well 103. Overall the open interval, perimeter wells showed a blended groundwater 

nitrate concentration that fell within the range of concentrations sampled from their respective MLS. 

The Souris and Harrington data sets were distinctly different in some ways and similar in others. 

Elevated nitrate concentrations in both porewater and groundwater profiles were restricted to the 

upper 20 m at the Souris site, whereas the Harrington porewater and groundwater nitrate showed 

continual detection with depth throughout the investigated intervals. Nitrate concentrations at Souris 

seem to be influenced by a slight upward gradient in the head profile (P3I), which would aid in 

restricting concentrations to the shallow subsurface. This upward gradient is characteristic of a 

discharge zone and suggests that local lateral flow paths are being diverted upwards and discharging to 

the pond a short distance downgradient. This is a positive factor with respect to limiting nitrate inputs 

from being transported deeper into the flow system, ultimately affecting drinking water supplies, but at 

the same time negative because discharging nutrients to surface water bodies directly affects the 

aquatics biotic life and quality of surface water. There are intervals of both Figures 24 and 25 where 

porewater nitrate concentrations are higher than their respective groundwater concentrations (i.e. 

Figure 24 - Souris site P2I ~20 m depth). This could be due to blending of lower concentration water over 

the larger MLS sampling interval (19.1-23.3 m bgs) versus the ‘point’ concentrations from rock core 

sampling, and/or may be indicative of back diffusion from the matrix to the fractures in these intervals. 

At Harrington, the UG-A profile shows a notable downward hydraulic gradient in the upper 3 ports 17.8- 
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Figure 24. Souris P2I and P3I profiles of hydraulic head, nitrate porewater concentrations from rock core 
subsampling and nitrate groundwater concentrations from MLS sampling. 
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Figure 25. Harrington UG-A and UG-C profiles of hydraulic head, nitrate porewater concentrations 
from rock core subsampling and nitrate groundwater concentrations from MLS sampling. 
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27.2 m bgs of the MLS (1.4 m on average), consistent with topographic high at the top of the field. UG-C 

shows more neutral hydraulic gradient, possibly even a slightly upward gradient between the 2 

shallowest ports; however, there is 3.5 m difference in elevation between UG-A and UG-C. At increasing 

depths, the Harrington profiles show little change in hydraulic head suggesting strong lateral movement, 

generally following topography from UG-A to UG-C. Strong vertical gradients may be caused by varying 

thicknesses of localized mudstone layers. This is accentuated by zones of peak nitrate porewater with 

depth, as well as low levels near mudstone units. These may be indicative of lower Kv and a less 

permeable lithologic layer, corresponding with thicker clay / mudstone layers in these intervals. 

Groundwater sulfate levels (Appendix E2) show an indication of locally reduced conditions proximate to 

this layer at both locations. This was also evident while groundwater sampling where the purge water 

had a distinct sulfur smell (i.e. UG-C - port 6 at 35m bgs).  

 Chloride and sulfate were also included in the groundwater analysis at the Souris site and only 

chloride at the Harrington site due to their presence in inorganic fertilizers. Full montages of 

groundwater chloride and sulfate in profile can be found in Appendix E1 and E2. Figure 26 depicts 

groundwater nitrate-chloride comparison plots for all 6 MLS at both sites. At the Souris site, 

groundwater chloride concentrations ranged from 0.1 to 32.8 mg/L and averaged 15.1, 18.0, 19.8, and 

13.5mg/L for P1D, P2I, P3I and P3D respectively. There does not seem to be any correlation between the 

chloride and nitrate groundwater concentrations and as mentioned before, this could be due to the 

conservative nature of the chloride ion. Chloride concentrations also remain relatively consistent across 

the site with only a slight increase in concentration in the downgradient direction. At the Harrington 

site, groundwater chloride ranged from 9.0 to 32.3 mg/L and averaged 14.9 mg/L at UG-A. At UG-C 

chloride concentrations ranged from 8.1 to 54.5 mg/L and averaged 18.1 mg/L. Overall there is a slight 

increase in groundwater chloride concentration from upgradient to downgradient MLS. Chloride 

concentrations across the Harrington site have a larger range than at the Souris site, indicating perhaps 
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a larger influx of chloride in the Harrington groundwater. This can be expected due to the increased 

agricultural intensity in the Cross River watershed and the roads in close to the Harrington site are more 

frequently driven (in comparison those near the Souris site) and closer to major city centers 

(Charlottetown); therefore, these roads would most likely receive more road salt. 

 Figure 27 depicts groundwater nitrate-sulfate comparison plots for the 6 MLS at both sites. 

Sulfate concentrations ranged from 1.1 to 46.9 mg/L and averaged 7.1, 13.4, 16.0, 11.1 mg/L for P1D, 

P2I, P3I and P3D respectively. Groundwater sulfate concentrations also have slight increase in the 

downgradient direction. P1D and P3D generally show higher groundwater sulfate concentrations with 

lower nitrate concentrations, which could be an indicator of denitrification if there was a sulfide mineral 

acting as the substrate. Shallower MLS P2I and P3I do not show this trend, most likely due to the highly 

oxygenated conditions and this denitrification trend could be occurring in deeper ports of P1D and P3D. 
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Figure 26. Nitrate-chloride groundwater concentration scatter plots for the 6 MLS (UG-A, UG-C, P1D, 
P2I, P3I and P3D). 
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Figure 27. Nitrate-sulfate groundwater concentration scatter plot for the 6 MLS (UG-A, UG-C, P1D, P2I, 
P3I, and P3D). 

 

Estimates of nitrate mass within the matrix and fractures were compared to assess the relative 

mass distribution across each MLS port interval of the 2 downgradient systems (P3I and UG-C). 

Estimates of the matrix mass (Mm) were made using the following formula: 

  Mm = Σ {[Rock Matrix Porewater NO3-N] [φm] [representative interval]}  (3) 

Where, the rock matrix porewater nitrate concentration is in mg/L-N, φm is the average lithology specific 

matrix porosity assigned from measured values, and the representative interval is in m. Lithology 

specific porosity was assigned for mudstone (average of 6 measured samples = 0.576) and sandstone 

(average of all sandstone samples = 0.205). Sandstone samples were assigned a single porosity due to 
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the small range of averaged porosities (0.19-0.23). The representative vertical interval used for each 

matrix sample was the half-distance between adjacent samples above and below each sample. The 

individual sample masses were then summed up over each port interval (explained below) to provide a 

total mass. Estimates of mass in groundwater in fractures (Mf) within each port interval (per unit area) 

were made using: 

   Mf = [Groundwater NO3-N] [φf] [Port Length]    (4) 

Where, groundwater NO3-N is the groundwater nitrate concentration in mg/L-N from June 2014 (P3I) 

and September 2014 (UG-C), φf is the fracture porosity which was assumed to be 10-3 (Freeze and 

Cherry, 1989), and port length is the vertical interval from the top to bottom of each monitoring interval 

sand pack (ranging 0.91-3.81 m and averaging 1.61 m) which was then multiplied by 1 m to obtain a 2-

dimensional area. This calculation was only applied for samples below the water table, therefore, P3I-

2”well at the top of rock was not included since it was dry.  

Figure 28 compares the estimates of nitrate mass in the matrix porewater and groundwater 

within the fractures (g/m2) for over each sand pack interval. Overall, it is clear to see that the majority of 

the nitrate mass resides in the matrix due to the significant difference in porosity. At the Souris site 

(P3I), the majority of the mass resides in the upper 2 ports, particularly port 2 (10.7-11.6 m bgs) and 

then is consistently distributed below this depth (22.8-31.9 m bgs) at 0.66 to 1.23 g/m2. At the 

Harrington site (UG-C) matrix mass is significant (ranging 1.79-2.94 g/m2) in ports P1-1 (14.3-21.6 m bgs), 

6 (33.2-34.6 m bgs), and 7 (41.2-42.8 m bgs). The remaining ports still have considerable mass in the 

matrix (up to 1.53 g/m2) but are lower relative to the aforementioned ports. It is also interesting to note 

that the ports with elevated nitrate mass in the matrix overlap considerably thicker mudstone beds or 

finer grained units (see Figure 24 and Figure 25) suggesting that these low permeable layers can have a 

significant effect on nitrate transport within the system. Figures 24 and 25 show comparable NO3-N 
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concentrations between porewater and groundwater, which can be misleading when thinking about a 

dual porosity bedrock aquifer system like the one in PEI. Figure 28 illustrates the significance of diffusion 

processes and the importance of porosity when evaluating nitrate mass distribution. 

 

 

 

 

 

 

 

Figure 28. Profile plots of two downgradient MLS Souris-P3I and Harrington-UG-C, depicting 
estimated NO3-N mass (g/m2) in fractures and matrix within each MLS port interval 
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4.5 Flow System and Site Conceptual Models 

4.5.1 Site Conceptual Models 

In order fully comprehend the unique flow system at both the Harrington and Souris sites, there 

are various hydrogeologic and hydrochemical factors to be considered. Collecting high-resolution data 

sets in 1-dimensional profile at a few borehole or corehole locations that intersect these stacked lateral 

flow pathways allow for the development of a 2-D conceptualization and interpretation. The following 

section addresses key data sets that give insight to the flow system at each study site that ultimately 

informs the site specific conceptual model. 

Figures 29 and 30 depict a site conceptual model (SCM) based on the aforementioned flow 

system insights and identify the specific processes and impacts governing nitrate transport and 

distribution. Site specific flow nets were also included in each SCM and are discussed further in the next 

section. Equipotential and flow lines upgradient and downgradient from each site were determined 

based obtaining the elevations of surface water bodies and interpolating to each site. The Souris site is 

located on a conventional farm that has been subjected to a 3 year potato rotation with an upgradient 

portion of the farm field taken out of production for over 3 years. The site is primarily surrounded by 

forested land with sparse distribution of agricultural land. Figure 29 depicts the SCM for the Souris site 

and is extrapolated to the immediate upgradient and downgradient area. The Harrington site contrasts 

the Souris site in that it is in a constant 3-year potato rotation with continual nitrogen inputs to the 

system. The research field is located in an agriculturally intensive area of PEI and immediately 

surrounded by almost 330 hectares of additional field under agricultural production. Figure 30 depicts 

the SCM for the Harrington Site and is extrapolated 1 km east and west of the site.  
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Figure 29. Souris site conceptual model depicting the general flow system beneath the agricultural field 
and surrounding area. Geologic, hydrogeologic and hydrochemical parameters that influence nitrate 
distribution and transport in the subsurface are illustrated and annotated. 
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Figure 30. Harrington site conceptual model depicting the general flow system beneath the agricultural field and surrounding area. Geologic, 
hydrogeologic and hydrochemical parameters that influence nitrate distribution and transport in the subsurface are illustrated and annotated. 
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As mentioned in the previous hydraulic discussion ATV logs, ALS temperature logs and FLUTe 

transmissivity profiles show areas of lateral movements at both sites.  At the Souris site, highly 

transmissive zones were evident as indicated by the 3 deep borehole ALS temperature profiles. The ALS 

profiles confirm strong flow in the upper 18 m across the site (Figure 20 and Appendix E3). Another 

hydraulically active fracture zone were seen at 55-60 m bgs where a major fracture was seen in the ATV 

log and corresponded with a zone of flow in the ALS temperature profile across P1D, P2D and P3D. MLS 

profiles (Figure 24) show downward hydraulic gradients from overburden to bedrock, which is most 

likely due to high fracture intensity at the top of bedrock as a result of erosional processes. Deeper in 

the system, MLS profiles show upward hydraulic gradients (Appendix E7) where flow paths are 

converging to discharge at the local pond. Discharging groundwater nitrate concentrations will be 

variable and mixed because of higher nitrate concentrations shallow in the system and a lack of nitrate 

input upgradient will cause lower nitrate concentrations deeper in the groundwater system.  

At the Harrington site, the ALS temperature and FLUTe profile data show a few active flow zones 

with depth (Figure 21). Distinct temperature gradients were seen particularly at lithology boundaries of 

sandstone to mudstone throughout the borehole and did not align well with increased fracture intensity 

but did align with major fractures in the ATV profile, signifying that not all fractures were hydraulically 

active. FLUTe transmissivity profiling showed several distinct step changes distributed in the upper 30 m  

of the UG-C. These significant transmissive zones correlated with increased fracture intensity including a 

highly fractured mudstone bed at 31-35 m bgs. Total Transmissivity of 10-4 to 10-3 m2/s was estimated 

and bulk K was calculated from these total T values to be 10-5 m/s for the Harrington site, which is 

agreeable with the literature values. FLUTe and ALS profiles indicate distributed 

transmissivity/hydraulically active zones through both UG-A and UG-C boreholes, slightly higher in the 

upper 30 m. MLS hydraulic head profiles (Figure 25) indicate strong downward gradients, which could be 

influenced by these highly transmissive zones.  
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In terms of nitrate transport, highly transmissive flow paths have the potential to transport 

groundwater nitrate a considerable distance in a short period of time. Further test would have to be 

completed to determine the distribution of hydraulic conductivities and groundwater velocities in order 

to calculate a more accurate groundwater nitrate travel time. High transmissivities could also be 

advantageous to the remediation of nitrate within the groundwater system. If clean water were to 

quickly flush the fractures, this could facilitate the back-diffusion process.  

Souris stable water isotope samples collected in August 2013 all plot just below the 

Charlottetown meteoric water line (Figure 31) suggesting that Souris might have its own local MWL or 

could be indicative of fingerprint seasonal deposition conditions. Water that is exposed at surface is 

subjected to some degree of evaporation and causes enrichment in 2H and 18O, where groundwater is 

less enriched (Coplen et al., 2000). Therefore, those samples more recently influenced by evaporation 

will plot to the upper right of the MWL. When the samples are plotted in profile (Figure 32) a distinct 

separation of enriched and depleted water isotopes (blue and orange) can be seen between shallow and 

deep groundwater at about 30 m bgs. Groundwater nitrate (black/grey) appears to follow a similar 

pattern. This could be indicative of two different source waters, the upper 30 m being very recently 

recharged local groundwater and the deeper potentially being older groundwater originating from 

further upgradient recharge locations which have low or negligible nitrate input. Land use map 

(Appendix F3) and cross section (Appendix F1) across the Cross River watershed indicate this lack of 

upgradient nitrate source. Appendix E7 shows a laterally high clay content layer in the natural gamma 

profile extending across all 3 deep boreholes at the Souris site. It is unknown if this geologic layer is 

continuous past the confines of the study site, but could have a significant influence in the source water 

divide that was evident in the isotope and groundwater chemistry profiles. The Souris site is also located 

along a discharge zone and as a result, nitrate concentrations have less potential to migrate deeper in 

the groundwater system due to the influence of upward hydraulic gradients. The combined effects of 
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lithology and upward hydraulic gradients seem to create a strong barrier which prevents downward 

migration of nitrate. 

 

  

 

 

 

 

 

 

Figure 31. Souris site samples (P1D, P2I, P3I, and P3D) isotopic composition of water 
(δ2H and δ18O) plotted with the Charlottetown meteoric water line (CMWL: δ2H = 6.86 
δ18O+6.23; Francis, 1989). 
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Figure 32. Souris site samples (P1D, P2I, P3I, and P3D) isotopic composition of water δ2H (blue) and δ18O (orange) plotted in depth profile with 
groundwater nitrate (black) concentrations from respective sampling ports. 
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 Tritium samples revealed a similar trend to the water isotopes. Tritium samples were only 

processed for 8 Souris samples (P1D-6, 8 and P3D-2,3,4,6,7,9) that spanned 35.9 to 55.8 m bgs at the 

upgradient P1D location and 25.2 to 61.0 m bgs at the downgradient P3D location. Tritium results 

indicate that at the downgradient location P3D, there is older water (<0.8 T.U.s) below 34.6 m bgs that 

may have originated prior to 1953. Tritium values between 29.5-26.3 m bgs were 1.5-1.1 T.U.s 

suggesting that this is a mix of modern to sub-modern water. At the P1D location, the deeper 

monitoring port (54.7 m bgs) had a concentration of 1.1 T.U. and the shallower port (36.7 m bgs) had 

<0.8 T.U.s. The explanation is uncertain of why there would be older water shallower in the system at 

P1D, other than perhaps as previously described, port 8 is highly transmissive and groundwater 

residence time is low or the deeper port is intersecting a differently oriented flow path. Additional sets 

of tritium samples would have to be collected to confirm such trends. This is an example of why it is 

critical to have an understanding of the site flow system in its entirety. Even small inflections along flow 

paths can cause chemistries to differ.  

 Through groundwater sampling and analysis of mineralogy and TOC at the Souris site it is 

understood that there is a lack of an abundant electron donor source to drive denitrification within the 

system and consume elevated oxygen levels. At the Harrington site, the deeper water table (19-20 m 

bgs) situated well into bedrock creates only partially saturated conditions deeper in the system, perhaps 

increasing nitrate residence time in the vadose zone, and localized lower permeability mudstone layers, 

where O2 levels decrease are limited environments where denitrification could occur. The lateral extent 

of some of these finer grained deposits and their effect on groundwater and porewater nitrate 

concentrations should be investigated. Both sites show an increased groundwater nitrate concentration 

in the general downgradient direction showing the significant lateral transport of nitrate.
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4.5.2 General Conceptual Model 

There is a need for a general conceptual model (GCM) for PEI that considers that although each 

SCM is unique, there are unifying parameters and processes that are applicable across the province. A 

GCM was developed amalgamating the data collected from both study sites. In order to understand 

nitrate occurrence, transport and fate, the dynamics of the flow system must be considered. Towards 

this goal, flow nets were created along transects through each site’s watershed, in the general direction 

of groundwater flow, as well as more local site-scale flow nets (Figures 29 and 30, Appendix F1 and F2). 

Recharge areas are largely dependent upon topography, where topographic highs and watershed 

divides are recharge capture zones for deep groundwater flow paths due to increased downward 

gradients (Freeze and Cherry, 1989; Toth, 2009). These areas could be a potential input of long term 

nitrate into the subsurface ultimately impacting deeper groundwater.  Lower elevations are capture 

zones for shallow local flow paths that recharge or discharge to surface water bodies (e.g. ponds and 

local streams). These flow paths usually have a relatively shorter groundwater age and nitrate 

concentrations can compound by gradual influx of nitrate to tributaries before reaching a larger body of 

water like an estuary. Length of flow paths dictate groundwater age and affect nitrate 

reaction/interaction occurrences and times which will ultimately determine the amount of attenuation 

along a specific flow path – or not. In this study, core and corehole datasets were used to vertically 

intersect varying flowpaths and hydrogeologic conditions with varying age and zone of contribution to 

inform the site conceptual understanding, leading to development of a generalized conceptual model 

for nitrate transport and fate in PEI (Figure 33).  

Inset plots summarizing diffusion into fractures, and diffusion and back-diffusion profiles are 

depicted in Figure 33. Over time, nitrate increases in concentration and distance from the fracture 

surface within the matrix and when a reverse gradient occurs (ie. lower concentrations in the 

groundwater) nitrate mass will migrate back into the fracture. The distance to which nitrate mass will 
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extend or migrate into the matrix is highly dependent on lithology, degree of saturation, and redox 

parameters. Diffusion processes can also occur through discontinuous mudstone beds or low 

permeability layers providing localized areas of reducing conditions allowing denitrification to occur. 

Nitrate mass distribution calculations discussed earlier provide evidence that these fine grained units 

strongly influence nitrate storage. High dissolved oxygen levels combined with a lack of electron donor 

to drive denitrification reactions causes nitrate to be recalcitrant in the groundwater flow system.  Both 

porewater and groundwater nitrate is elevated in the unsaturated and partially to fully saturated zones. 

Continual nitrate inputs, from agricultural practices, in combination with influences of local recharge can 

cause leaching of nitrate deeper into the groundwater system. In areas of regional recharge, the 

potential for deep nitrate input is increased due to the increased length of flow paths in the 

groundwater system.  
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Figure 33. Generalized site conceptual model (SCM) for PEI. The diagram depicts 3 variable zones of saturation, various hydrochemical 
reactions within the system influenced by variable oxygenated conditions, geologic and other physical conditions. A buffer zone of regulated 
10-20 m width is indicated to show relatively shallow influence of reducing nutrient and toxin loading to surface water bodies.  Inset diagram 
shows diffusion and back diffusion processes influenced by concentration gradients between the fracture and porous matrix.  
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5 Summary of Conclusions 

This study investigated high-resolution profiles of the vertical distribution of nitrate in both 

mobile groundwater in fractures, where the majority of groundwater flow and nitrate flux occurs, and in 

the relatively immobile porewater of the rock matrix, which comprises the bulk of the storage capacity 

in the dual porosity system. Nitrate porewater and groundwater profiles allowed for a detailed 

quantification and comparison of nitrate mass between the immobile and mobile zones, respectively, 

and in tandem with supporting geophysical, geologic, hydraulic, and geochemical data sets, it provided 

much insight into key physical and chemical controls on nitrate distribution, transport and fate including 

advective transport, diffusion, denitrification and matrix storage and release processes.  

Nearly all the nitrate mass was detected and heterogeneously distributed in the rock matrix, but 

were generally found in higher concentrations within the overburden and highly fractured shallow 

bedrock. Deeper nitrate detections in bedrock at the Harrington site may be caused by nitrate entering 

the flow system from other agricultural fields, upgradient of the monitored location, whereas at the 

Souris site (Appendix F3) there are no other upgradient fields causing deeper nitrate occurrence along 

deeper, more regional flow paths.  Lithological controls, such as the heterogeneously dispersed thick 

mudstone beds within the sandstone bedrock, were found to locally impede downward migration of 

nitrate. The highest nitrate concentrations were primarily restricted to the overburden and vadose zone 

and shallow saturated bedrock zone.  Migration in overburden seemed to be limited more by degree of 

compactness rather than particle size, which is reflected in hydraulic conductivity values with depth. The 

heterogeneity of sediment layering at the Harrington site was evident in the data collected by Zebarth et 

al. (2014) and Danielescu et al. (2014a), showing varying anisotropy ratios ranging 1.8 to 7.7 in the 

overburden, suggesting higher lateral hydraulic conductivity than vertical. Blow counts from split spoon 

sampling show the presence of soft layers between more compact and resistant layers (Zebarth et al., 
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2014) and a discontinuous presence of a perched water table at ~1 m depth, that could divert 

recharging groundwater laterally and limit vertical infiltration deeper into the system, increasing its 

residence time in the unsaturated zone (Danielescu et al., 2014a). Heterogeneous lithologies and 

hydraulic conductivities can significantly influence nitrate movement in the unsaturated overburden. 

Strong anisotropy can restrict movement and store a considerable amount of nitrate in the overburden, 

as it has been found at the Souris and Harrington study sites. The highly fractured shallow bedrock can 

also act as a preferential pathway for nitrate migration, producing more lateral movement than vertical. 

Temporal variability is also expected with respect to nitrate distribution and migration within the 

subsurface given seasonal variation in nitrogen inputs, usage by crops, and infiltration. The porewater 

profile data was collected in the winter, where seasonal conditions can affect aquifer recharge rates, 

and any recent nitrogen application will remain shallow until it is transported with infiltrating melt water 

later in the spring.  

A number of lines of evidence showed that denitrification is not a dominant process at the 

Souris and Harrington sites, indicating that PEI’s aquifer system does not have a strong capacity for 

denitrification, especially in the shallow subsurface. High dissolved oxygen levels combined with lack of 

a sufficient substrate to act as an electron donor (organic carbon or other mineral) are not conducive to 

facilitate bacterial mediated denitrification.  Although further investigation is needed to confirm, it is 

expected that denitrifying bacterial populations would be restricted to the overburden, where plant 

material (organic carbon source) is abundant and more likely in areas where perched water table 

conditions minimize oxygenated conditions (as seen at Harrington). At the Souris site, groundwater 

nitrate persisted well into the saturated zone to depths up to 30 m bgs, suggesting that there is a critical 

zone of nitrate above this depth. This was further supported by isotopic indicators indicating a lack of 

denitrification occurring in the shallow zone, and a clear divide between shallow and deep groundwater 

as well as tritium data indicating pre-1953 water below 30 m depth. These two distinct groundwater 
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types suggest varying lateral flow paths, showing need to put the profile results into a flow system 

context to understand different groundwater origins and as a fingerprint of past nitrate input trends.  

Such differentiation can have important implications, for example in the construction of water supply 

wells so that wells can be screened to avoid the shallower higher nitrate zones. 

Valuable insights can be gained from the datasets collected at these two unique study sites, 

located in two distinctly different agriculturally intensive watersheds. The Harrington and Souris sites 

have strong differences concerning nitrate concentrations in the matrix (storage zone) versus in the 

groundwater in fractures (mobile zone). At the Souris site, groundwater and porewater nitrate 

concentrations are generally in the same range with depth, whereas at the Harrington site, porewater 

concentrations in the matrix exceed groundwater concentrations. This can be directly linked to the 

relative inputs of nitrate to the groundwater system at the immediate study site and at the watershed 

scale.  For example the Bell’s Creek watershed in which the Harrington site is situated is nearly entirely 

in agricultural land use and near the Harrington site, at a topographic high (~45-50 m asl).  Longer and 

deeper flow paths originating from upgradient fields would therefore transport nitrate deeper in the 

system, while shallow flow paths discharge locally. The Cross River watershed in which the Souris site is 

situated is perhaps 15-20% in agricultural use and at a lower elevation (~30 m asl).  Both shallow and 

deep (~60 m) flow paths at the site converge and discharge to a local pond / stream that eventually 

drains out to the ocean. Both study sites are located near and discharge locally to small surface water 

bodies. Mixed levels of groundwater nitrate concentrations are expected to discharge depending on the 

discharging flow path interception and transport of nitrate. The Bell’s Creek watershed would be 

expected to release higher levels of groundwater nitrate to surface water bodies due to the land use and 

greater input of nitrogen to the system. These surface water bodies can have compounding deleterious 

effects when discharging to estuaries. As a result, decreased nitrate concentrations in surface water 

bodies may not be realized for some time.  
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This thesis has contributed to the science with the addition of high-resolution depth discrete 

data sets with the primary objective of increasing our understanding of the parameters and processes 

controlling nitrate distribution, transport and fate in PEI’s fractured sedimentary bedrock aquifer, 

informing site specific and general conceptual models. The ultimate goal is to use this high-resolution 

information to quantitatively inform numerical models to develop a 3-dimensional understanding of 

heterogeneous conditions and processes that control nitrate transport and fate that are widely 

applicable to PEI, and that can be used in a decision making context.  

5.1 Limitations, Implications and Future Work 

 This study has incorporated many hydrophysical, hydrogeological and hydrochemical data sets, 

that when combined creates a robust and reinforced interpretation of hydrogeologic processes. Despite 

the rigorous and detailed nature of the combined data sets, they are not without limitations. This study 

has been able to quantify nitrate mass in porewater and groundwater and develop a general 

understanding of hydrochemical conditions influencing N-compound occurrence and distribution. 

Refinement of some parameters is warranted, for example only 6 samples have been analyzed for 

mudstone porosity, it would be advantageous to increase this sample size and potentially compare to 

another method to validate porosity values. Porosity values were represented by a total of 41 samples 

which does not represent conditions for sample variability and the spatial variability along every 

corehole. Groundwater parameters and hydrochemical data at the Harrington site still need to be 

collected, but due to the limitations of the sampling equipment and site conditions this has not yet been 

possible. Collection of data such as DO, ORP and iron would be useful to assess the redox conditions as 

well as continual collection of temporal data in order to refine the SCM. Spatial and temporal variability 

between sites and boreholes/coreholes will always be a limitation. The Souris site was investigated using 

a combination of 3 boreholes and 2 core holes and the Harrington site with 2 coreholes. Inferring 

relationships and correlations between various measured parameters will be limited due to the 
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heterogeneous nature of these environments. Regardless of some uncertainties or limitations, the data 

presented is still robust enough to draw fairly confident conclusions regarding parameters and 

processes affecting nitrate in the subsurface. 

  There are many implications that have been realized from the collected data sets and inferred 

conceptual models. There needs to be a better understanding of the effectiveness of BMPs and to what 

time scales one can realistically expect changes. Changing BMPs to influence groundwater quality will 

have an appreciable lag time due to nitrate stored within the rock matrix that will eventually back 

diffuse into the fractures. As a result, positive influences in surface waters and estuaries can be delayed. 

Zebarth et al. (2014) shows that there have been small recent improvements to stream nitrate 

concentrations potentially a result of declining potato production in the late-1990’s to early-2000’s. 

Estuaries with proximal agricultural areas are most vulnerable due to short flow paths and travel time 

from recharge, through the agricultural field, to discharge. Adequate time and appropriate environment 

for denitrification is not always available. Longer flow paths may allow for some denitrification or at the 

very least dilution and attenuation of the nitrate concentrations before reaching a discharging water 

body. Runoff is, of course, another significant contributing factor to nutrient loading when discussing 

agricultural land’s proximity to estuaries and other surface water bodies. In order to further understand 

the relationship between the role of matrix storage effects and the lag time realization of BMPs, 

groundwater monitoring at appropriate depth resolution and temporal frequency is necessary. Such 

monitoring will provide insights into importance (magnitude and longevity) of back-diffusion of nitrate. 

These high-resolution data sets can also be used to inform models to better predict lag time effects and 

perhaps, with some additional hydrogeological information, be applied at other sites across the island. 

Additional work is needed to assess the degradation and denitrification processes and rates at various 

depths across the island, specifically looking at the availability of potential electron donors (i.e. reduced 

iron, other elements and TOC) as well as a more detailed mapping of dissolved oxygen concentrations 
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and microbial analysis. This would be especially interesting to investigate at the Souris site under the 

decommissioned field to ultimately determine the time lag for BMP realization as a significant decrease 

in groundwater nitrate was not seen in this study. It would also be interesting to investigate, at least on 

a single farm field scale, the introduction of a substrate to remediate nitrate similar to the study 

completed by Robertson et al. (2000). It would be interesting to see the effect of these technologies and 

perhaps they may not be feasible island-wide, but could be implemented at vulnerable areas (near 

sensitive estuaries or municipal well fields). 

 The porewater and groundwater data sets are also useful in the advisement of water well 

construction. The results revealed that there is a critical shallow nitrate impacted zone that is strongly 

influenced by physical parameters such as geology and water table depth as well as position in the flow 

system and upgradient inputs. A more comprehensive study of depth variability of groundwater nitrate 

concentrations and putting this understanding into a flow system context could help identify this critical 

zone across the island. Water well drillers could then target specific depth intervals with lower nitrate 

but still adequate well yields, and case above and/or below this impacted zone in order to better 

manage drinking water quality. 
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Appendix A: Core Logging and Sample Collection 
 

Rock and Overburden Core Logging and Sampling Procedure 

1) Photographing the Core 
a) The first step after each core run comes out of the ground is to obtain a photo of the entire 

length of core. Zoomed-in photos of segments of the core are also useful when referencing 
and comparing to data at a later date. 

b) Photos should be taken in good light; a blue tarp placed underneath the core tray gives a 
good contrast. 

c) In the photo there should be a scale (measuring tape) and card with the following 
information: core location (ID), run #, date, top and bottom depths, and recovery length. 

d) The core is then placed in a foil lined core tray with a length of tape measure attached at 
either end. 

 

2) Logging the Core 
a) Run Form: top and bottom depths should be noted as well as drilling and retrieval times 

i) Overburden: Blow counts are recorded (number of hits to advance split spoon sampler 
0.5 ft, should be 4 numbers for typical 2 ft runs) 

ii) Rock Core: Lengths equal to or greater than 0.3 ft are recorded under RQD. These are 
summed and divided by the run length to obtain RDQ. 

b) Lithology form logs core for the following parameters:  
i) Overburden: Major lithology, secondary material, colour, matrix grain size, matrix 

roundness, field strength, average clast size, average clast roundness, sorting. 
ii) Rock: Major lithology, secondary material, colour, grain size, sorting, roundness, primary 

sedimentary structures, ichnofabric index, cementation index, bedding 
c) Feature form logs rock core for: feature type, approximate orientation, mechanical 

fractures, intact/healed features, roughness of fracture face, and fit of fractured pieces, is 
the feature with bedding? At lithology change? Mud or clay filled? Is there evidence of 
mineral precipitate? Oxidation? Is the feature continuous across the core? 

 

3) Overburden Sample Collection 
a) Nitrile gloves are worn when handling the core and samples. 
b) Overburden samples are chosen from the core: 

i) A minimum of 2 samples should be taken from each 2 ft overburden core run 
(approximately 1 ft spacing, generally at 0.5 and 1.5 ft from top of the run); however 
colour changes, coatings, and other indicators of geochemical changes should also be 
targeted along with any lithology changes. 

ii) Stainless steel soil sub samplers are used to collect soil from the core (avoiding the outer 
edge) to fill 4 glass 40 mL VOA sample vials (plastic caps, no septum). 

iii) An adjacent sample (or remnant material between samples) may be collected in a 
plastic specimen cup if grain size analysis is desired. 

iv) Sample Form: information should be recorded in the respective columns of the 
Overburden sampling sheet.  Empty glass VOA vial weights is recorded before sampling 
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and labeled clearly with the sample ID. Samples are weighed again with wet soil shortly 
after collection to allow determination of moisture content. 

c) Once the samples are taken from the core and bottled, they are kept together in a Ziploc 
bag until they can be vacuum sealed (all 4 vials in one pouch) 
i) The samples are kept in a cooler on ice until ready to be vacuum sealed. 

(1) Once evacuated and sealed, a second (duplicate) sample ID label is applied to the 
outside of the foil bag for easy scanning during packaging 

d) The vacuum sealed bags are stored in a freezer (-20˚C) until they are ready for processing. 
 

4) Rock Sample Collection 
a) Nitrile gloves should be worn when handling the samples. 
b) Rock core NO3 samples are chosen from the core:  

i) Samples adjacent to the fracture plane and in the unfractured matrix between fractures 
are selected with a target frequency of 1-2 samples per foot of core 
(1) Color changes, coatings, mineral veins, etc. are indicators of geochemical changes 

that should be targeted with the sampling 
ii) A hammer and chisel are used to break each sample, 2-3 inches in length, out of the 

core 
(1) Chisel is decontaminated between samples with a scrub brush and DI water rinse. 

iii) Sample Form: information should be recorded in the respective columns of the Rock 
sampling sheet.  

iv) Styrofoam block are placed in the core boxes where samples were collected labeled 
with a corresponding sequence of numbers (or letters – for example A-Z, then AA, AB, 
etc.) that are noted in the sample sheet. 

c) Once the samples are broken out of the core they are packaged using a pseudo anoxic 
procedure: 
i) The sample is removed from the core, and immediately wrapped in aluminum foil.  The 

site, corehole, and sample ID are recorded in the sample log. 
ii) The sample is then wrapped in parafilm to prevent water evaporation. 
iii) A sample ID label is applied to the parafilm. 
iv) The wrapped sample is place in a Ziploc bag and put in a cooler on ice until ready to be 

vacuum sealed. 
v) The wrapped sample is then taken out of the Ziploc bag and placed in a foil vacuum 

sealable bag. 
vi) The bag is then placed in the vacuum sealer for air evacuation, and sealing. 

(1) Once evacuated and sealed, a second (duplicate) sample ID label should be applied 
to the outside of the foil bag for easy scanning during packaging. 

d) The vacuum sealed bags should be stored in a freezer until they are packaged for shipment 
to the University of Guelph. 
i) The chain of custody is added, and the cooler is packed with icepacks, and taped shut 

for shipping. 
 

e) Core Boxes 
i) At the end of each run, logging and sampling, core is placed in clearly labeled core boxes 

(provided by driller). 
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ii) Core box information should include: Top and Bottom of each run marked inside core 
box, Top/bottom depths, run numbers, date, site location, well ID and box number of 
boxes in total on top (inside and outside) and end. 

 

 

 

 

A1. Flow chart of field methods. 
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Appendix B: Sample Processing and Analysis 
1) Rock Crushing 

a) Pre-weigh an empty 125 mL Nalgene bottle, empty aluminum pie tray and the sample (in pie 
tray) before crushing  

b) Remove rock sample from freezer and process from frozen to minimize water loss.  
c) Carefully unwrap rock samples, split sample into quarters. Take diagonally opposite pieces 

and immediately re-vacuum seal the sample and freeze. 
d)  Trim the remaining opposite pieces of sample to eliminate portions in contact with drilling 

fluid and only the center portion is to be crushed. Retrieval of a large sub sample is ideal.  
e)  Rock samples are crushed into aluminum tray (portion transferred into bottles after 

crushing) 
i) information about the samples (time unwrapped, time bottled, sample ID, foil  letter, 

etc.) should be recorded on a separate crushing sheet 

f) Weigh the sample that was transferred into Nalgene bottle after crushing and record 
g) Weigh the sample remaining in pie tray and place tray in oven pre-heated to minimum 40C 

(3-4 weeks) or 60C (2-3 weeks) 
h) Clean the crushing equipment and tools in contact with sample between samples with 3 

stage decon: DI water and alconox, DI water and MQ water  
 

2) Drying Sample/Water Content 

a) Each sample should have a representative water content (min 10g od sample) to be used in 
the calculation of pore water concentration  

b) Weigh the wet sample (this is important information in order to obtain gravimetric water 
content and the concentration of the analyte per mass of dry sample) just before of putting 
into the drying oven.  

c) Dry at 40-60C for 2-4 weeks. 
d) Weigh sample weekly and record weights until there is less than 0.003 g change in weight  
 

3) Leaching and Filtering (wear nitrile gloves through entire process to prevent contamination of 
samples) 
a) Weigh solid sample in Nalgene bottle and determine mass of sample by subtracting weight 

of empty bottle 

b) Then add, in a 1:1 ratio, MQ ultra-pure water to the Nalgene bottle (ie. 25g sample: 25mL 

water) 

c) Label each bottle with date, sample ID and coding 

d) Carry an equipment blank through the procedure as well 

e) Shake bottles for 24 hrs at 2-4hr intervals (3 cycles minimum) 

f) After shaking, remove bottles and, using vaccum filtration system, filter through Whatman 

No. 42 filter paper in to labelled 50 mL centrifuge tube. If sample is cloudy, centrifuge for 10 

min and re-filter. 

g) Then with sterile syringe filter liquid through 0.2 micron syringe filter into labelled 30 mL 

Nalgene bottle 

h) Freeze this extract until analysis 
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4) Analysis: 

a) Analysis will be completed at the University of Calgary by Farzin Malekani (Technician in the 

Department of Geoscience) using a Dionex ICS-1000 with AG-14 guard column and AS-14 

analytical column for anions. Cations are analyzed on a Dionex DX-120 with a CG-12A guard 

and CS-12A column. 

 

5) Calculations 

B1. Laboratory split sample. 

 

a) Reported results from lab are in mg/L (or μg/mL) of extract, results are expressed on a mass 

basis calculated as follows: 

 

𝐻2O𝑠 (g)

wet weight𝑠 (g)
                           =                                

[wet weightds(g) – dry weight𝑑𝑠(𝑔)]

wet weight𝑑𝑠(g)
 

                          s = “sample” in bottle for extraction     

    ds = “dried sample” placed in oven. 

Water Content Ratio (ds) = 
[wet weightds(g) – dry weight𝑑𝑠(𝑔)]

wet weight𝑑𝑠(g)
 

H2O(s) (g) = 𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡(𝑠)(g) × 𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜(𝑑𝑠) 

H2O(s) (L) = H2O(s) (g) ÷  𝜌𝑤𝑎𝑡𝑒𝑟 

𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑠)(𝑔) =  𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡(𝑠)(𝑔) −  𝐻2𝑂(𝑠)(𝑔) 

𝑇𝑜𝑡𝑎𝑙 𝐻2𝑂(𝑠)(𝐿) = [𝐻2𝑂(𝑠)(𝑔)/𝜌𝑤] + (𝐻2𝑂𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑛𝑡(𝑚𝐿) ÷ 1000) 

𝐴𝑛𝑎𝑙𝑦𝑡𝑒 (𝑚𝑔) = [𝐿𝑎𝑏 𝑟𝑒𝑝𝑜𝑟𝑡𝑒𝑑 𝑎𝑛𝑎𝑙𝑦𝑡𝑒] (
𝑚𝑔

𝐿
) × 𝑇𝑜𝑡𝑎𝑙 𝐻2𝑂(𝑠)(𝐿) 

[𝑃𝑜𝑟𝑒𝑤𝑎𝑡𝑒𝑟] (
𝑚𝑔

𝐿
) = 𝐴𝑛𝑎𝑙𝑦𝑡𝑒 (𝑚𝑔) ÷ 𝐻2𝑂(𝑠)(𝐿) 

[𝑎𝑛𝑎𝑙𝑦𝑡𝑒] (
𝑚𝑔

𝐾𝑔
) = [𝐴𝑛𝑎𝑙𝑦𝑡𝑒 (𝑚𝑔) ÷ 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑠)(𝑔)] × 1000 
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Appendix C: Multilevel System Groundwater Sampling Procedure 
 

Supplies: 

 125mL HDPE Nalgene bottles – with pre-printed bottle labels 
o 3 bottles per port  
o 1 bottle Equipment blank (just run DI through pump and tubing to fill bottle, following 

standard purge volume used for sampling) 

o 1 bottle Trip blank (fill with DI water before going to the field and leave in the cooler the 

whole time) 

 Waterra inline filters (0.45 microns) 

 Cooler with ice packs 

 Dropper bottle with 95% concentrated nitric acid 

 YSI Multiparameter Probe 

 Peristaltic Pump(s) + power supply (batteries, generator) 

 DI water – for rinsing tubes and taking equipment blanks 

 0.25-in Teflon Tubing to feed down piezometers 

 Extra Peristaltic Pump tubing 

 Port connector adapters (if they don’t work use rigid tubing to feed down port tubes) 

 Shop towels (to wipe tubing/general purpose) 

 Water level meter (small diameter, for MLS ports and piezometers) 

 Nitrile gloves, canopy, table, chairs, etc. 

Procedure: 

1. Sample bottles can be labeled prior to going out into the field with the following naming 

convention: SOURIS-Date-Port ID- (filtered/acidified). Here is an example of one port: 

a. Bottle 1: SOURIS-04-2014-P1D-1-STRAIGHT FILL 

b. Bottle 2: SOURIS-04-2014-P1D-1-FILTERED  

c. Bottle 3: SOURIS-04-2014-P1D-1-ACIDIFIED/FILTERED 

 

2. Trip Blank is placed in cooler at the start of first day in the field (ie. SOURIS-04-2014-TB) 

 

3. Set up to begin sampling (tubing connected to pump, pump outflow connected to flow through 

cell – input is the bottom of cell, output is the top, flow through cell outflow to bucket). 
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C1. Field set up of groundwater sampling and YSI measurement. 

 

4. Turn pump on, and purge ~6L volume of water. 

 

5. Wait for YSI field parameter readings to stabilize while purging and right before sampling record 

values for pH, Temperature, DO, EC and ORP. 

6. Sample collection: 

a. All sample bottles should be filled right to the top with no head space. 

b. Fill one Nalgene bottle – straight fill, no acid, no filter 

c. Fill second Nalgene bottle FILTERED: attach Waterra inline filter (you can disconnect the 

input line from the flow through cell to attach filter) filter attaches best with a piece of 

flex tubing connecting rigid tubing to filter (see figure below) 

d. Fill third Nalgene bottle FILTERED (same as before). This bottle is the only one acid 

should be added to (approximately 2-3 drops, or enough to bring pH <2, can check with 

litmus paper). If acidification is done back in the lab it must be done on the same day as 

sampling 

 

C2. Diagram of Waterra inline filter. 

7. Place all three bottles in a cooler with ice packs (may be useful to put bottles from each port 

into Ziplocs, to avoid these getting wet to preserve labels). 
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8. Empty water from flow through cell. 

 

9. Run DI water through tubing to rinse (approx. 10-15 seconds) 

 

10. Move to next port and repeat steps 3-9. 

 

11. Field Equipment blank: stick end of sample tubing in jug of DI water, pump typical purge volume 

used while sampling each port through the tube (minimum 2 L) and then fill one sample bottle 

labeled: SOURIS-04-2014-EB (does not have to go through flow cell). 

 

12. Sample should be stored on ice or in 4˚C fridge until shipment (should be shipped within 7 days 

of sampling, ideally within 1-2 days but avoiding samples arriving at lab end of week, where they 

may be left out over a weekend). 
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Appendix D: Supplementary Information on Laboratory QA/QC 
 

i) Ion Chromatography 

All porewater and groundwater samples were analyzed at the University of Calgary by Farzin Malekani 

(Lab Technician, Department of Geoscience) using a Dionex ICS-1000 with AG-14 guard column  and AS-

14 analytical column for anions. Cations are analyzed on a Dionex DX-120 with a CG-12A guard and CS-

12A column. Analysis by ion chromatography was conducted adhering to the approved Standard 

Methods for Examination of Water and Wastewater (21st edition, 2005) method 4110 B-2000.  

Samples were run with a set of 7 working calibration standards for each sequence file (stock standard 

solutions are purchased from SCP Science, Quebec. The standard range is from 0.10 to 50 mg/L for both 

anions and cations. These standards are made monthly from stock standard solution of 1000 mg/L for 

each respective analyte (bromide is made from 10 000 mg/L standard solution). Laboratory blanks and 

equipment blanks were included with each sample run to ensure instrument and sample processing 

quality control (see table below). 
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ii) Equipment and Laboratory Blanks 

D1. Full list of equipment and laboratory blanks. 

 

 

 

 

 

 

 

 

 

 

Sample ID Batch #
Cl   

(mg/L) 

Br   

(mg/L) 

NO3-N 

(mg/L) 

SO4 

(mg/L) 

Na    

(mg/L)  

NH3-N 

(mg/L) 

K     

(mg/L)  

Mg  

(mg/L) 

Ca   

(mg/L)  

EB 2 0.312 <0.1 <0.1 <0.1

EB 3 0.2668 0.4334 <0.1 <0.1

EB 3 0.3941 0.1705 <0.1 <0.1

EB 4 0.45 <0.1 0.12 0.35 <0.1 <0.1 <0.1 0.51

EB 4 0.21 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

EB 5 0.17 <0.1 <0.1 <0.1 0.28 0.15 <0.1 <0.1

EB 6 0.15 0.22 <0.1 <0.1

EB 7 0.31 <0.1 <0.1 <0.1 0.14 <0.1 <0.1 <0.1

EB 7 0.33 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

EB 8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.32

EB 8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.50

EB 9 0.41 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.20

rinse 9 0.15 0.35 <0.1 <0.1

Max: 0.4455 0.4334 <0.1 0.1207 0.3532 <0.1 0.2185 <0.1 0.5055

Min: <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Average: 0.29924 0.316933 <0.1 0.1207 0.23135 <0.1 0.18415 <0.1 0.3814

Lab Blank 2 <0.1 0.1369 n.a. <0.1

Lab Blank 3 <0.1 0.2156 n.a. n.a.

Lab Blank 3 <0.1 0.1424 n.a. n.a.

Lab Blank 4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Lab Blank 4 0.17 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Lab Blank 5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Lab Blank 6 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Lab Blank 7

Lab Blank 7

Lab Blank 8 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.36
Lab Blank 9 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Max: 0.172 0.216 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.360

Min: <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Average: 0.172 0.165 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.360
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iii) Duplicate Analysis 

 

Duplicate samples were taken for every 10 samples analyzed. Relative percent differences were 

calculated from duplicate reported results using the following formula:  

 

𝑅𝑃𝐷 =  
|𝐶 − 𝐷|

(𝐶 + 𝐷)/2
× 100 

Where,  

 

RPD = Relative percent difference 

C = Initial analyte concentration 

D = Duplicate concentration 

D2. Criteria for analysis (EPA Method 300.1). 

Concentration Range RPD Limits Calculated Range 

MRL to 10xMRL ±20% 0.1 to 1.0 mg/L 

10xMRL to highest calibration 
level 

±10% 1.0 to 50 mg/L 

 

Please see Table below for RPD values. Samples that exceeded the RPD limits, based on the criteria, 

were mostly the bromide samples. The bromide concentrations we all below the MRL and therefore 

allowed to have an RPD value of ±20%. Minimum, maximum and average RPD values are reported in the 

final three rows of the table. 
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D3. Full list of RPD values 

 

 

 

 

 

 

 

Sample	ID Batch	# Site
Chloride	

(mg/L)	
RPD

Bromide	

(mg/L)	
RPD

Nitrate	

(mg/L)	
RPD

Sulphate	

(mg/L)	
RPD

Na				

(mg/L)	
RPD

NH4-N	

(mg/L)	
RPD

K					

(mg/L)		
RPD

Mg		

(mg/L)	
RPD

Ca			

(mg/L)		
RPD

SOU-OB-7 3 SOU-P2I 4.9637 0.1805 3.3287 9.8688

SOU-OB-7	(Dup) 3 SOU-P2I 5.1026 n.a. 3.4274 9.789

SOU-BR-1 3 SOU-P2I 17.578 n.a. <0.1 n.a.

SOU-BR-1	(Dup) 3 SOU-P2I 16.5298 0.1793 0.3133 2.0472

SOU-BR-4 3 SOU-P2I 2.3897 <0.1 0.3764 2.2491

SOU-BR-4	(Dup) 3 SOU-P2I 2.2587 0.2421 0.3804 2.1396

SOU-BR-5 4 SOU-P2I 89.05 0.18 3.32 16.74 <0.1 7.12 16.52 22.82

SOU-BR-5	(Dup) 4 SOU-P2I 89.03 0.20 3.50 16.72 <0.1 7.10 16.50 23.70

SOU-BR-8 3 SOU-P2I 3.2488 <0.1 0.346 2.423

SOU-BR-8	(Dup) 3 SOU-P2I 3.3802 0.2094 0.3641 2.4714

SOU-BR-27 3 SOU-P2I 62.2994 0.6218 0.2637 2.3272

SOU-BR-27	(Dup) 3 SOU-P2I 63.764 0.3185 0.257 2.4349

SOU-BR-37 3 SOU-P2I 16.9443 0.1822 0.1902 1.6093

SOU-BR-37	(Dup) 3 SOU-P2I 17.1516 <0.1 0.1843 1.6415

SOU-BR-48 4 SOU-P2I 85.27 0.11 2.64 16.02 <0.1 6.26 15.97 22.30

SOU-BR-48	(Dup) 4 SOU-P2I 83.31 0.12 2.73 16.08 <0.1 6.26 15.96 23.73

SOU-BR-60 3 SOU-P2I 3.7845 0.2041 <0.1 1.4674

SOU-BR-60	(Dup) 3 SOU-P2I 3.6912 <0.1 <0.1 1.4218

SOU-BR-65 8 SOU-P2I 3.1436 <0.1 1.25 3.30 <0.1 2.44 3.22 7.42

SOU-BR-65	(Dup) 8 SOU-P2I 3.5537 <0.1 1.48 3.33 <0.1 2.21 3.41 8.05

SOU-BR-90 3 SOU-P2I 9.5504 0.1753 0.1682 1.7701

SOU-BR-90	(Dup) 3 SOU-P2I 9.9798 0.2556 0.1707 2.2426

SOU-BR-92 4 SOU-P2I 2.65 0.16 3.24 5.86 <0.1 2.38 3.79 8.33

SOU-BR-92	(Dup) 4 SOU-P2I 2.69 0.15 3.30 5.67 <0.1 2.31 3.78 8.25

SOU-OB-27 3 SOU-P3I 5.8406 <0.1 0.1058 11.4142

SOU-OB-27	(Dup) 3 SOU-P3I 6.0333 0.3293 0.1041 11.731

SOU-OB-38 3 SOU-P3I 2.6883 0.1453 <0.1 0.7798

SOU-OB-38	(Dup) 3 SOU-P3I 2.7411 0.1411 <0.1 0.8265

SOU-OB-40 4 SOU-P3I 2.98 <0.1 1.50 4.69 0.23 1.52 3.92 8.35

SOU-OB-40	(Dup) 4 SOU-P3I 3.22 <0.1 1.62 4.87 0.25 1.59 4.01 8.62

SOU-OB-41 3 SOU-P3I 5.3682 0.2985 0.1563 3.1517

SOU-OB-41	(Dup) 3 SOU-P3I 5.6613 0.2558 0.153 3.2248

SOU-BR-96 3 SOU-P3I 2.863 0.1043 0.1805 1.5305

SOU-BR-96	(Dup) 3 SOU-P3I 3.055 <0.1 0.191 1.5408

SOU-BR-100 3 SOU-P3I 16.9921 0.1591 0.3757 2.0822

SOU-BR-100	(Dup) 3 SOU-P3I 17.6811 0.2141 0.4239 2.1156

SOU-BR-104 3 SOU-P3I 2.9478 0.2252 0.4722 5.3517

SOU-BR-104	(Dup) 3 SOU-P3I 3.1116 0.3556 0.4814 5.4528

SOU-BR-140 5 SOU-P3I 2.72 <0.1 0.26 2.03 3.40 2.07 2.60 6.76

SOU-BR-140	(Dup) 5 SOU-P3I 2.92 <0.1 0.26 2.12 3.22 2.09 2.41

SOU-BR-180 3 SOU-P3I 5.39 0.2647 <0.1 0.8337

SOU-BR-180	(Dup) 3 SOU-P3I 5.4182 0.3168 <0.1 0.83

SOU-BR-206 5 SOU-P3I 1.74 <0.1 <0.1 1.56 5.85 3.37 1.91 5.178 2.79 6.54

SOU-BR-206	(Dup) 5 SOU-P3I 1.75 <0.1 <0.1 1.66 3.05 2.01 2.46

HAR-BR-213 7 UG-A 11.6098 0.1905 0.2822 0.7955 2.1397 2.1808 3.9101 8.2923

HAR-BR-213	(Dup) 7 UG-A 11.6806 0.1741 0.2768 0.7401 2.1275 2.2569 3.8944 8.3441

HAR-BR-220 6 UG-A 3.50 0.18 0.40 2.83 5.61 3.21 6.14 12.43

HAR-BR-220	(Dup) 6 UG-A 3.75 0.19 0.41 3.87 4.80 2.27 4.72

HAR-BR-280 6 UG-A 5.93 0.19 0.26 1.40 4.45 3.06 3.17 10.42

HAR-BR-280	(Dup) 6 UG-A 5.97 0.20 0.26 1.45 4.77 3.34 3.72

HAR-BR-292 7 UG-A 26.4484 0.1644 0.143 0.9794 7.8521 4.8768 7.7161 14.5608

HAR-BR-292	(Dup) 7 UG-A 26.2679 0.2551 0.133 0.9653 8.038 4.9991 8.1004 14.4135

HAR-BR-357 7 UG-A 14.2565 0.9429 0.3779 0.9926 3.9225 2.7896 4.2173 9.7175

HAR-BR-357	(Dup) 7 UG-A 13.9118 0.8098 0.3725 1.0189 4.0281 2.9767 4.3652 10.2115

HAR-BR-397 8 UG-A 3.1006 0.17 0.41 2.90 <0.1 2.99 3.65 7.24

HAR-BR-397	(Dup) 8 UG-A 3.0078 0.16 0.44 3.08 <0.1 3.21 3.82 7.60

HAR-BR-9 8 UG-C 14.318 0.65 1.06 5.45 <0.1 7.42 5.91 11.04

HAR-BR-9	(Dup) 8 UG-C 14.5715 0.65 1.10 4.86 <0.1 6.97 5.70 10.60

HAR-BR-36 9 UG-C 2.47 0.25 0.43 0.65 3.15 2.76 2.67 6.02

HAR-BR-36	(Dup) 9 UG-C 2.58 0.69 0.46 0.71 3.18 2.61 2.76 6.04

HAR-BR-60 7 UG-C 11.4084 <0.1 0.2028 0.9199 4.8448 3.1541 3.8888 7.0323

HAR-BR-60	(Dup) 7 UG-C 11.7138 <0.1 0.1876 0.9543 4.6879 3.0385 3.7433 7.8406

HAR-BR-126 9 UG-C 16.48 0.13 0.22 1.06 5.32 4.65 5.49 10.61

HAR-BR-126	(Dup) 9 UG-C 16.77 0.14 0.23 1.06 5.26 4.46 5.59 10.70

Average	RPD: 3.521 27.883 4.438 5.542 4.378 10.531 6.237 5.695 3.840

Min	RPD: 0.022 2.933 0.262 0.445 0.116 10.531 0.064 0.021 0.390

Max	RPD: 12.247 93.917 12.056 31.220 15.716 10.531 34.217 26.044 10.869

2.760 2.922 0.81

5.636 1.057 4.99

6.146

3.8050.022 8.445 5.28 0.116 0.305 0.169

2.324 64.511 2.573 4.52

3.964 5.098 1.98

1.216 3.151 1.98

2.325 5.660 3.38 0.398 0.064 0.021 6.188

12.247 16.77 0.829 9.883

2.496 3.16

5.879 8.118

4.397 37.271 1.475 23.55

1.327 8.368 1.85 3.352 2.912 0.457 0.902

1.945 2.933 5.81

3.246 1.620 2.74

7.516 7.82 3.762 10.531 4.499 2.383 3.200

6.489 5.653 0.67

5.315 15.407 2.134 2.29

3.974 29.475 12.056 1.59

5.406 44.904 1.930 1.87

7.612

0.522 17.919 0.44

7.070 2.534 4.01 5.417 0.918

0.608 8.996 1.932 7.22 0.572 3.430 0.402 0.623

34.217 26.0447.069 7.200 2.740 31.22 15.716

0.685 43.242 7.246 1.45 2.340 2.477 4.859 1.017

0.711 6.095 0.974 3.72 6.824 8.759 16.174

4.884

3.447 4.958

3.038 9.684 6.41 5.908 7.157 4.329

2.447 15.188 1.439 2.61 2.656 6.489

6.316 3.597 4.0711.755 0.262 4.02 11.399

0.3904.617 93.917 8.134 9.32 0.720 5.461 3.485

1.009 9.960 12.426

1.722 0.892

3.733 3.813 10.869

1.756 3.305 6.085 0.80 1.158 4.226

2.642 7.787 3.67 3.292
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iv) Porewater Calculation Comparison 

 

Standard porewater calculations (Carter and Gregorich, 2008): 

 

𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒊𝒏 𝒎𝒐𝒊𝒔𝒕 𝒔𝒐𝒊𝒍 (
𝑢𝑔

𝑔
) =

[𝑎𝑛𝑎𝑙𝑦𝑡𝑒] (
𝑚𝑔

𝐿
) ×  𝐻2𝑂𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑎𝑛𝑡(𝑚𝐿)

𝑆𝑜𝑙𝑖𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖𝑛 𝑏𝑜𝑡𝑡𝑙𝑒 (𝑔)
 

𝑴𝒐𝒊𝒔𝒕𝒖𝒓𝒆 𝑭𝒂𝒄𝒕𝒐𝒓 =  
𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡(𝑑𝑠)(𝑔)

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡(𝑑𝑠)(𝑔)
 

𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒊𝒏 𝒐𝒗𝒆𝒏 𝒅𝒓𝒊𝒆𝒅 𝒔𝒂𝒎𝒑𝒍𝒆 (
𝑢𝑔

𝑔
) = [𝑚𝑜𝑖𝑠𝑡 𝑠𝑜𝑖𝑙] (

𝑢𝑔

𝑔
) × 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 

 

Porewater can then be calculated from an assumed bulk density and porosity using the following 

equation assuming no sorption and no partitioning to gas: 

 

𝑷𝒐𝒓𝒆𝒘𝒂𝒕𝒆𝒓 (
𝑚𝑔

𝐿
) = (𝑜𝑣𝑒𝑛 𝑑𝑟𝑖𝑒𝑑 (

𝑢𝑔

𝑔
) × 𝑑𝑟𝑦 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦) ÷ 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

 

 

To see calculations based on the moisture content method, please refer to Appendix B.  
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v) Measure Porosity vs. Back Calculated Porosity 

Porosity values were measured for a select set of samples at the Harrington and Souris study sites. 

Porosities were also back-calculated from individual sample concentrations using assumed bulk 

densities. 

 

D4. Histograms of measured and calculated porosities for both study sites. 
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Appendix E: Additional Rock Core Porewater and Groundwater 

Montages 
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E1. Souris P2I and P3I porewater and groundwater concentrations. 



139 
 

 

 

E2. Harrington UG-A and UG-C porewater and groundwater concentrations. 
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E3. Souris P2I. Geophysical and hydraulic parameter data includes natural gamma, ATV and fracture interpretation, ALS cooling and 
interpretation profiles from the adjacent deep borehole P3D. Core data includes lithology and fracture data from P3I along with fracture intensity 
and RQD. Porewater data of nitrate, ammonium, chloride and sulfate are plotted in vertical profile in units of mg/L. 
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E4. Montage of P3I from the Souris Site. Geophysical and hydraulic parameter data includes natural gamma, ATV and fracture interpretation, ALS 
cooling and interpretation profiles from the adjacent deep borehole P3D. Core data includes lithology and fracture data from P3I along with 
fracture intensity and RQD. Porewater data of nitrate, ammonium, chloride and sulfate are plotted in vertical profile in units of mg/L. 
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E5. Harrington UG-A montage. Geophysical and hydraulic parameter data includes gamma, ATV, ALS temperature profiling, and FLUTe 
Transmissivity profiling along with their respective interpretations. Core data includes lithology and fracture data logged in field along with 
fracture intensity and RQD. Porewater data of nitrate, ammonium, chloride and sulfate are plotted in vertical profile in units of mg/L. 
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E6. Montage of UG-C from the Harrington Site. Geophysical and hydraulic parameter data includes gamma, ATV, ALS temperature profiling, and 
FLUTe Transmissivity profiling along with their respective interpretations. Core data includes lithology and fracture data logged in field along 
with fracture intensity and RQD. Porewater data of nitrate, ammonium, chloride and sulfate are plotted in vertical profile in units of mg/L. 
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E7. Souris site cross section depicting Natural gamma, hydraulic head profiles and groundwater nitrate concentrations for P1D, 
P2I, P3D and P3I. 
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E8. Souris site hydrographs from 4 multi-level systems P1D, P2I, P3D, and P3I. Pumping test period indicated by orange square in P1D and P3D. 
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Appendix F: Flow Nets and Plan View Maps
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F1. Cross River watershed flow net. 
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F2. Bell's Creek watershed flow net. 
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F3.Plan view topographic map of Cross River watershed. 
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F4. Plan view topographic map of Bell's Creek watershed. 


