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Abstract 

The intensification of droughts in Alberta presents growing challenges, particularly regarding the 

availability of high-quality freshwater for various uses across the province. With surface water sources 

frequently affected by drought conditions, the reliance on groundwater becomes increasingly crucial to 

fulfilling essential needs such as drinking and domestic usage. However, an increasing reliance on 

groundwater underscores the importance of understanding and managing groundwater quality, 

particularly in light of potential contamination risks from agricultural activities, urban development, and 

natural geogenic influences. This thesis focused on the occurrence, distribution, potential sources, and 

fate of contaminants of health relevance, including nitrate (NO3), at a regional scale, while selenium (Se), 

manganese (Mn), arsenic (As), and iron (Fe) were evaluated at the provincial scale in groundwater in 

Alberta, Canada. 

A comprehensive groundwater quality dataset composed of chemical analyses of over 131,000 

groundwater samples collected from wells completed in bedrock and surficial sediments from landowner 

and monitoring wells at depths commonly shallower than 250 m across Alberta provided the base for 

this study. For each redox-sensitive parameter, a subset of data was selected based on the availability of 

water quality data because some of the parameters, such as Mn, As, and Se, are not routinely analyzed. 

The analysis of the available data, including samples below detection limits, indicated that 10%, 22%, 

and 16% of the groundwater samples exceeded the Canadian drinking water guidelines for NO3, Mn, and 

As, respectively. In contrast, 1% of the samples exceeded the Canadian drinking water guideline for Se.  

Elevated concentrations of NO3, Mn, and Fe in groundwater were associated with Ca(Mg)-HCO3 

and mix cation-HCO3 hydrochemical facies. In contrast, lower concentrations were noted in more 

geochemically evolved Na-HCO3 and Na-Cl water types, particularly in groundwater from surficial 

sediments. Arsenic displayed a more complex distribution, with elevated concentrations observed across 

various water types in groundwater from surficial sediments and bedrock associated with coal. In 

contrast, elevated dissolved selenium concentrations were primarily associated with the more chemically 

evolved Na-HCO3 and Na-Cl water types and groundwater from marine bedrock. Primary sources of 

dissolved Mn, As, Fe, and Se are geogenic, while elevated NO3 concentrations result from agricultural 

activities, particularly the application of synthetic fertilizers and manure, in part due to the management 

of livestock through CFOs in southern Alberta. This study identifies areas more susceptible to 

groundwater containing elevated concentrations of these potential contaminants that may not be suitable 

or require pre-treatments before groundwater can be used for drinking.  
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1 Chapter 1: Introduction 

1.1 Research Background and Motivation 

Groundwater is a crucial source of freshwater across the globe, typically providing reliable 

drinking water for over two billion people worldwide (Clarke et al., 1996; Alley et al., 2002; Guppy 

et al., 2018). In Canada, over 30% of the population relies on groundwater to meet their drinking 

water demands (Government of Canada, 2013). More specifically, in the province of Alberta, 

groundwater provides drinking water to more than 90% of the rural population (Government of 

Alberta, 2021b). Moreover, groundwater plays an important role in sustaining various industries 

in Alberta, particularly oil sand projects, which rely on groundwater for approximately 40% of 

their freshwater needs (AER, 2023a). Although the quality of groundwater is paramount as it 

directly affects human health if used for drinking water purposes, geogenic contaminants such as 

arsenic, manganese, and fluoride can naturally occur in geological formations and enter 

groundwater, posing serious health risks if consumed above certain thresholds (Ng et al., 2003; 

Bouchard et al., 2011; Menezes-Filho et al., 2009; Schullehner et al., 2020). Additionally, human 

activities such as industrial discharge, agricultural runoff, and improper waste disposal can 

introduce an excess of pollutants into groundwater (e.g., nitrate), further compromising its quality 

(Galloway et al., 1995; Kim et al., 2019). 

Groundwater quality assessment in Alberta, particularly at shallow depths (<150 m), has 

primarily focused on parameters such as total dissolved solids (TDS) and major ions, including 

Na, SO4, Cl, Ca, Mg, and HCO3. These assessments have been conducted predominantly in 

specific areas of the province, including central regions in Alberta known as the Edmonton-

Calgary Corridor (ECC), which has the highest density of water wells (Barker et al., 2011; 

Atkinson et al., 2017; Grasby et al., 2008). The Lower Athabasca Basin in the northeastern part of 

the province, known for oil sand deposits, has also been extensively studied concerning major ions, 

salinity, and arsenic in shallow groundwater, primarily from aquifers in sediments above bedrock 

(AESRD, 2013a; 2013b; Lemay et al., 2005; Andriashek, 2000; Moncur et al., 2015; Birks et al., 

2017). Due to the high production of oil and gas from conventional and unconventional deposits 

in Alberta, methane (CH4) has also been the focus of several studies at regional and provincial 

scales (Humez et al., 2016a; 2016b; 2019). In southern Alberta, research efforts have primarily 
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focused on understanding the sources of nutrients (e.g., nitrate, phosphate) in localized regions, 

especially in areas with extensive beef cattle herds potentially impacted by related manure use and 

storage, including confined feeding operations (CFO) (Hendry et al., 1984; Rodvang et al., 2004; 

Bourke et al., 2015; Kohn et al., 2016; Kyte et al., 2023). However, despite the extensive 

agricultural activities in southern Alberta, more comprehensive studies on nitrate occurrence and 

fate in groundwater across larger regions are still missing.  

At the provincial scale, few reports have explored the occurrence of redox-sensitive 

constituents, including nitrate (NO3), manganese (Mn), and iron (Fe), or trace elements such as 

arsenic (As) and selenium (Se) in shallow groundwater. Health agencies and independent studies 

have conducted provincial studies on groundwater quality in domestic well waters (Alberta Health, 

2014a; 2014b; Fitzgerald et al., 2001; Wilson, 2019). Some of the few referenced reports did not 

consider the role of the geological sources or geochemical conditions in which contaminants, 

mainly Mn, Fe, As, and Se, can be mobilized, factors crucial for understanding the controls and 

natural variability of groundwater contaminant concentrations, which present considerable risks to 

human health. For instance, chronic exposure to As above drinking water guidelines and a 

maximum acceptable concentration (MAC) of 0.01 mg/L (Table 1.1) can cause various types of 

cancer, cardiovascular problems, and lung disease (Bates et al., 1992; Acharyya et al., 2000; 

Ravenscroft et al., 2009). Selenium is another inorganic element that, if present in groundwater 

above drinking water guidelines of 0.05 mg/L (Table 1.1), can cause adverse health effects, e.g., 

hair loss, neurological damage, and cirrhosis (Fairweather-Tait et al., 2011; Rayman, 2000; Bailey, 

2017). Mn is an emerging contaminant widespread in groundwater and has been linked to 

neurological impairments in adults, especially in children (Bouchard et al., 2011; He et al., 1994). 

Therefore, a drinking water guideline, also referred to as a MAC of 0.12 mg/L, was established by 

Health Canada in 2019 (Table 1.1), and more recently, a drinking water guideline of 0.08 mg/L 

was adopted by the World Health Organization (WHO, 2022). Nitrate, another significant 

contaminant, is known to cause methemoglobinemia, congenital disabilities, thyroid disease, and 

certain cancers when present at high concentrations in drinking water sources (Ward et al., 2018), 

where current MAC and drinking water guidelines for NO3-N are 10 and 11 mg/L (Table 1.1), 

according to Health Canada (2013) and the WHO (2022). Despite this, there remains a gap in 

studies addressing groundwater contamination at regional and provincial scales in Alberta, 

underscoring the need for comprehensive assessments to safeguard public health. A comparison 
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subsequent potential formation of mixed carbonate with Ca and Fe, MnCO3, or MnS precipitates 

(Hem, 1963). Conversely, under oxidizing conditions, Mn(II) may oxidize to insoluble 

Mn(III)/(IV) oxides, resulting in the precipitation and removal of manganese from groundwater. 

The solubility of Mn is also influenced by pH levels with lower solubility at pH values >7 (Hem, 

1963; Howe et al., 2004).  

Arsenic occurs in solution as oxyanions or neutral species and is present in groundwater 

primarily in two oxidation states depending on the redox conditions. Under oxidizing conditions, 

arsenate, As(V), is the dominant form, while under reducing conditions, arsenite, As(III), becomes 

more prevalent (Drever, 1997). In reducing conditions, reductive dissolution of Fe, Mn, and Al 

oxyhydroxides can lead to the release of co-precipitated and adsorbed As, mainly as arsenate that 

may be reduced to arsenite, which is more toxic due to higher solubility than arsenate (Ravenscroft 

et al., 2009). Conversely, arsenite may oxidize to arsenate under oxidizing conditions, leading to 

its immobilization by co-precipitation or adsorption onto Fe, Mn, or Al oxyhydroxides (Smedley 

and Kinniburgh, 2002). The pH of the environment also influences the mobility of arsenic because 

sorption mechanisms become weaker in alkaline waters (pH >8) and due to competition for 

sorption sites with other ions such as bicarbonate, silica, and phosphate, and dissolved organic 

carbon (Dzombak and Morel, 1990; Ravenscroft et al., 2009). 

Iron has a chemical behavior similar to Mn, occurring in two oxidation states in the aquatic 

environment, including ferrous iron, Fe(II), and ferric iron, Fe(III). Under moderate reducing 

conditions, Fe(III) present in minerals may be reduced to soluble Fe(II) at circum-neutral pH, 

leading to its release into groundwater. In highly reducing conditions and in the presence of 

bicarbonate or sulfides, Fe(II) can form precipitates (e.g., FeCO3, FeS2) with low solubilities (Hem, 

1972). Conversely, under oxidizing conditions, Fe(II) may oxidize to insoluble Fe(III) oxides, 

resulting in the precipitation and removal of iron from groundwater. At oxidizing and low pH 

conditions, the solubility of iron can increase where Fe(III) can be transformed into Fe(II) or 

stabilized as Fe(III) at acidic conditions (pH~2) (Drever, 1997). 
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Figure 1.1. Typical redox ladder showing the position of Se and As redox couples with respect to 
predominant redox-sensitive species in groundwater systems (adapted from Appelo and Postma, 2005; 
Bailey, 2017). 

Overall, pH conditions and redox processes exert significant control over the occurrence, 

solubility, mobility, fate, and distribution of nitrate, selenium, manganese, arsenic, and iron in 

groundwater, highlighting the importance of understanding redox processes for effective 

groundwater management and remediation strategies. 

1.3 Research Objectives 

The overall objective of this thesis was to advance the current knowledge and provide 

insights into the state and quality of groundwater in Alberta on a province-wide scale. This research 

is particularly relevant as the province faces the challenges of major droughts and population 

growth, intensifying the need to secure an adequate supply of high-quality freshwater. In this 

context, groundwater emerges as the most viable source of freshwater. 

This study specifically aimed to address critical knowledge gaps related to the potential 

contamination of shallow groundwater from arsenic (As), selenium (Se), manganese (Mn), and 

iron (Fe) in groundwater at a provincial level. Additionally, it focused on nitrate (NO3) 

contamination at a regional scale in southern Alberta. The focus was particularly on groundwater 

from depths <250 m, which serves as an essential source for domestic and drinking water purposes 

across rural communities in the province. 
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 The specific goals of this thesis include: 

1. Investigating the spatial and depth variations of concentrations of dissolved As, NO3, Mn, 

Se, and Fe in groundwater, with a particular emphasis on understanding how these 

variations correlate with geological settings and redox conditions. 

2. Assessing the geochemical factors influencing the mobility and fate of As, NO3, Mn, Se, 

and Fe concentrations in groundwater to gain insights into their behavior and potential risks 

in case of use for drinking water purposes. 

3. Identifying potential natural and anthropogenic sources contributing to the presence of 

these contaminants in groundwater and elucidating potential pathways into the shallow 

aquifer systems. 

1.4 Thesis Format 

This thesis is organized into three main research chapters (chapters 2 to 4), presented as 

individual manuscripts to be submitted to peer-reviewed international scientific journals. The final 

chapter (chapter 5) presents the main findings of this thesis and provides some recommendations 

for future work. The methodology described for each chapter may have some overlap and 

similitudes.  

Chapter Two, Distribution, Sources, and Fate of Nitrate in Groundwater in Agricultural 

Areas of Southern Alberta, Canada, investigates the sources and mechanisms governing nitrate 

concentrations in groundwater samples across southern Alberta. This study integrates chemical 

and isotopic data to identify the influence of agricultural activities on nitrate levels in shallow 

groundwater, distinguishing between natural and anthropogenic sources. This chapter provides a 

comprehensive evaluation of the impacts of agricultural practices on water quality in shallow 

aquifers with a dataset comprising more than 3,500 groundwater samples. 

Chapter Three, Selenium in Alberta Groundwater:  Geochemical Processes Influencing 

Occurrence and Distribution, evaluates the occurrence and distribution of dissolved selenium in 

Alberta groundwater, providing insights into the different geochemical controls and processes 

influencing the mobilization of Se in groundwater in the province. Despite the limitation of the 

dataset to less than 1,700 groundwater samples collected between 1960 and 2020, this provincial 

study sheds light on the geochemical controls influencing Se concentrations in shallow 

groundwater while highlighting the historical lack of comprehensive selenium concentration 

measurements across aquifers in the province. 
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Chapter Four, Occurrence and geochemical controls on manganese, arsenic, and iron in 

groundwater in Alberta, Canada, examines the occurrence of As, Mn, and Fe in groundwater in 

Alberta using a comprehensive groundwater quality dataset to explain the variability in 

groundwater contaminant concentrations and the hydrogeochemical controls influencing their 

transport. Archived and current geochemical data obtained from multiple databases, including 

samples from monitoring and domestic wells, provided the base for this study. Due to the large 

number of groundwater samples (>8,000) used in this study, exploratory statistical tools were 

implemented to explain the diverse processes affecting As, Mn, and Fe in shallow groundwater. 

Chapter Five summarizes the key findings of this research project, outlines the major 

advancements regarding select groundwater constituents in Alberta, and recommends future 

research.  

 

The new groundwater insights produced in this thesis were primarily written by me, Isabel Plata. 

However, the final manuscript-style chapters were the result of a collaborative effort involving 

multiple institutions, including the Department of Earth, Energy and Environment (University of 

Calgary), the Alberta Environment and Protected Areas (EPA), the Alberta Geological Survey 

(AGS), and the Alberta Biodiversity Monitoring Institute (ABMI). Co-authors, including Dr. 

Bernhard Mayer, Dr. Cynthia McClain, and Dr. Pauline Humez, provided invaluable reviews, 

edits, and guidance throughout the development of all thesis chapters. Additionally, Dr. Raphael 

Bondu contributed the R code necessary for conducting bivariate Spearman correlations on the 

Mn-As-Fe dataset and offered technical feedback on Chapter Four. Dr. Pauline Humez, in 

collaboration with EPA and the AGS, facilitated the compilation of a unified dataset comprising 

over 131,000 groundwater samples from monitoring and domestic wells from five different 

databases. Chapter 2 has been submitted to the Biogeochemistry journal. Chapter 3 is ready for 

submission potentially to Science of the Total Environment journal. Chapter 4 will be submitted 

to Environmental Science and Pollution Research.    
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2 Chapter 2: Distribution, Sources, and Fate of Nitrate in Groundwater in Agricultural 

Areas of Southern Alberta, Canada 

 

Abstract 

Nitrate pollution constitutes a widespread challenge to groundwater quality globally, particularly 

in agricultural regions. The extensive use of nitrogen-containing fertilizers, surpassing crop 

requirements, and livestock management practices can lead to the accumulation and transport of 

nitrate into groundwater, potentially affecting drinking water sources. This study investigated the 

occurrence and distribution of nitrate in groundwater in southern Alberta, Canada, a region 

characterized by intensive crop cultivation and livestock industry. Over 3,500 samples from a 

provincial database, mostly collected from domestic wells, coupled with newly obtained sampling 

from monitoring wells, provided comprehensive geochemical insights into groundwater quality. 

While nitrate isotopic compositions were exclusively available for groundwater samples obtained 

from monitoring wells, the stable isotope data were instrumental in constraining nitrate sources 

and transformation processes within the aquifers of the study region. Among all samples, 49% (n= 

1,746) had nitrate-N concentrations below the detection limits. The fraction of groundwater 

samples, including samples below detection limits, exceeding the Canadian maximum acceptable 

concentration (MAC) of 10 mg/L for nitrate-N was 10% (n=369). Elevated nitrate concentrations 

(>10 mg/L as NO3-N) in groundwater were prevalent at shallow depths (<30 m) in surficial and 

bedrock aquifers, with select samples exhibiting high nitrate concentrations at greater depths, up 

to 150 m, specifically in bedrock aquifers. The aqueous geochemistry correlations were consistent 

with the influence of fertilizer use in groundwater through positive associations between nitrate-

N, K, Cl, and SO4. Isotopic analyses revealed at least three nitrate sources in groundwater, 

including nitrification of soil organic matter, nitrification of ammonium or urea-based synthetic 

fertilizers, and manure, where manure was the dominant source for samples with nitrate-N 

concentrations between 1.4 and 300 mg/L. Denitrification was evident in groundwater samples, 

playing a prominent role in controlling nitrate concentrations in aquifers of the study region. This 

research highlights the complexity of nitrate pollution dynamics in aquifers in an area dominated 
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by agricultural activities. It also emphasizes the need to establish robust and strategic monitoring 

well networks to protect groundwater quality and drinking water sources. 

2.1 Introduction 

The global population relies on clean, fresh water not only for drinking purposes but also to 

sustain agricultural and industrial activities and maintain ecological balance. Groundwater, as one 

of the primary sources, provides millions worldwide access to safe drinking water (Smith et al., 

2016). Despite its fundamental importance and limited availability, groundwater continues to face 

environmental challenges due to widespread nitrate pollution, particularly from agricultural 

activities and urban discharges, which have the potential to significantly alter the quality of 

groundwater, affecting not only individual communities but also entire regions and nations 

worldwide that depend on groundwater to supply basic needs (Galloway et al., 1995; Kim et al., 

2019; Yu et al., 2020; Harris et al., 2022). 

Nitrate (NO3
-), the most oxidized dissolved species of nitrogen (+V), commonly constitutes 

over 80% of dissolved inorganic nitrogen (DIN) in surface waters as it is the most stable form 

under oxidizing conditions (Meybeck, 1982). Nitrate is also very soluble and mobile in the soil, 

and hence, seepage waters containing nitrate can readily enter surface waters or leach into 

groundwater (Carpenter et al., 1998). Elevated concentrations of nitrate in drinking water obtained 

either from surface water or groundwater have been shown to adversely affect human health, 

causing methemoglobinemia in infants under six months old, birth defects, thyroid disease, and 

some types of cancer (Ward et al., 2018). The World Health Organization (WHO) established a 

drinking water guideline of 50 mg NO3
-/L  (WHO, 2022). In Canada, the drinking water guideline, 

also referred to as the maximum acceptable concentration (MAC), of nitrate was set at 45 mg/L as 

NO3
- or 10 mg/L as nitrate-nitrogen (Health Canada, 2013). 

While nitrate release into water sources can result from natural processes, human activities 

are mainly responsible for the occurrence of elevated nitrate concentrations in surface waters and 

shallow groundwater. Major natural inputs of NO3
- to surface water and groundwater include plant 

and soil organic matter mineralization and atmospheric deposition (Nordin and Pommen, 1986; 

Holloway et al., 1998; Kendall, 1998). In Alberta, Canada, Hendry et al. (1986) suggested that 

elevated nitrate concentrations in groundwater can also result from the natural oxidation of 

ammonium in glacial deposits primarily composed of tills. Anthropogenic sources of nitrate 
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include the application of synthetic fertilizers and manure from livestock production on 

agricultural lands and lawns, runoff or seepage from land affected by these non-point sources, and 

effluents from point sources such as municipal and industrial wastewater treatment plants, septic 

systems, and landfill leachate  (Nordin and Pommen, 1986; Xia et al., 2018). Agricultural practices 

are often a key factor causing nitrate input to freshwater resources (Moss, 2008). An extensive 

assessment of surface water and groundwater quality in the United States reported that nitrate-N 

concentrations exceeding background levels of 1 mg/L were commonly associated with 

agricultural and urban land use (Dubrovsky et al., 2010). In China, rivers affected by elevated 

nitrate concentrations were positively correlated with the widespread use of nitrogen fertilizers, 

manure, and wastewater discharges from urban centers (Xin Zhang et al., 2021). Harris et al. 

(2022) and Racchetti et al. (2019) demonstrated the influence of nitrate derived from fertilizer 

applications on irrigated land and the interaction with groundwater in Australia and Italy, 

respectively, resulting in nitrate-contaminated waters. 

In Canada, agriculture is one of the primary contributors to the economy, ranking as the fifth-

largest exporter of agri-food products globally (Government of Canada, 2023). This robust 

agricultural sector has led to a considerable surge in the use of nitrogen-containing commercial 

fertilizers, with approximately a 2.5-fold increase from 800,000 metric tonnes in 1980 to 2,000,000 

metric tonnes in 2010 (Dorff and Beaulieu, 2014). The province of Alberta is one of the leaders in 

grain cultivation and livestock production in Canada, ranking as the second-highest user of 

commercial fertilizers in Canada, applying them to approximately 73% of the total cropland (Dorff 

and Beaulieu, 2014). Similarly, Alberta ranks as the second-highest user of manure as a fertilizer 

on farmland (Dorff and Beaulieu, 2014) as a result of the extensive cattle industry in the province. 

Particularly in the southern region of Alberta, there is a distinct landscape characterized by 

concentrated cropland (e.g., wheat, barley, canola) and a large cattle industry supported by 

confined feeding operations (CFO) due to the availability of irrigation water (ABMI, 2019; 

ORRSC, 2022). In particular, southern Alberta has the largest irrigation infrastructure in Canada, 

with approximately 6,000 km2 of land irrigated within 13 irrigation districts (AMEC, 2009).  

Groundwater in the province of Alberta plays a crucial role in providing drinking water to 

more than 90% (approximately 600,000 people) of the rural population (Government of Alberta, 

2021b). The intensive agricultural activities, particularly prevalent in southern Alberta, may affect 

the quality of this resource due to the high use of fertilizers (Kohn et al., 2021; Kyte et al., 2023). 
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Although several studies at regional or local scales have investigated the sources and potential 

controls on nitrate, they have mainly focused on surface waters (Rock and Mayer, 2004a; Kruk et 

al., 2020; Kobryn and Villeneuve, 2021). In groundwater, studies by Rodvang et al. (2004; 2014), 

Olson et al. (2009), Bourke et al. (2015; 2019), Kohn et al. (2016), and most recently (Kyte et al., 

2023) have focused on understanding nitrate sources at local scales, primarily in areas known to 

be affected by agricultural activities, especially from manure application or storage. Most of those 

studies have shown nitrate concentrations at variable ranges in surface waters and groundwater, 

revealing increasing nitrate concentrations in areas with intensive livestock operations and manure 

storage facilities that have leached nitrate into shallow groundwater, particularly in coarse-textured 

aquifers. Other regional to province-wide groundwater studies (Fitzgerald et al., 2001; Forrest et 

al., 2006; Wilson, 2019; Kohn et al., 2020) have focused on reporting spatial variations of nitrate 

concentrations in groundwater, but a comprehensive assessment of the geochemical and redox 

conditions of groundwater is still missing across regional aquifers below cropland with a mix of 

intensive agricultural activities. 

 The objective of this study was to comprehensively investigate the occurrence and 

distribution of dissolved nitrate in groundwater across southern Alberta, Canada while identifying 

the sources and elucidating the fate of nitrate in aquifers of this region. In contrast to previous 

efforts, this study aims to encompass a broader regional area, utilizing data for groundwater 

obtained from domestic and monitoring wells to evaluate the extent of nitrate contamination. To 

achieve this, the study used an extensive groundwater quality dataset sourced from diverse archival 

databases supplemented by newly acquired groundwater samples from monitoring wells. By 

integrating aqueous geochemical analyses, stable isotope compositions of nitrate, and 

consideration of land use patterns, this study represents the first regional attempt to understand the 

intricate factors contributing to the variability of nitrate concentrations in groundwater across 

southern Alberta. 

2.2 Study Area  

The study area (Figure 2.1) is located in southern Alberta, Canada, southeast of the city of 

Calgary and east of the Rocky Mountains. To the east, the limit of the study area is the border with 

the province of Saskatchewan, and to the south, the border with the State of Montana (United 

States of America, USA). The study area is approximately 48,900 km2, which is >100 times larger 
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located in southern Alberta that provide water to farmers and rural residents (Government of 

Alberta, 2023). Most of the irrigation districts (8.5 of 11) are located within the study area (Figure 

2.1), including major districts such as the Bow River Irrigation District (BRID), the Lethbridge 

Northern Irrigation District (LNID), the St. Mary River Irrigation District (SMRID), and part of 

the Eastern Irrigation District (EID). Smaller districts include the Raymond Irrigation District 

(RID), the Magrath Irrigation District (MID), the Ross Creek Irrigation District (RCID), the South 

West Irrigation District (SWID), and the United Irrigation District (UID). Irrigation canal water 

originates from dams and reservoirs of rivers that are mostly fed by headwater streams in the 

forested areas of the eastern slopes of the Rocky Mountains (AMEC, 2009), which experience 

limited anthropogenic N inputs (Rock and Mayer, 2004b). The irrigation system most commonly 

used in southern Alberta is the center pivot sprinkler, while a small percentage (<30%) use side-

roll sprinklers or surface irrigation (Alberta Agriculture and Irrigation, 2023). In 2022, 1.6 billion 

cubic meters of irrigation water were used in Alberta, almost 75% of the national irrigation water 

applied to crops in Canada (Statistics Canada, 2023c).  

The intensive agricultural land use in southern Alberta relies on applying synthetic fertilizers 

and manure to the fields to facilitate the growth of several types of crops. The most common types 

of synthetic fertilizers used in field and forage crops as well as in fruit and vegetable production 

are urea-based products, custom or standard blends containing nitrogen and phosphorus, followed 

by ammonium sulfate and ammonia or anhydrous ammonia, among others (Statistics Canada, 

2022). Manure is also a significant source of nutrients commonly applied to the land as an organic 

fertilizer in southern Alberta (due to the large cattle inventory) to improve crop yield (Statistics 

Canada, 2017). Figure 2.1B shows the relative amount of manure production represented by an 

index between 0 (lowest) and 1 (highest) in the study area (AAFRD, 2005).  

In addition to the potential agricultural influence on nitrate in groundwater, effluents from 

rural septic systems and wastewater treatment plants can also contribute to elevated nitrate 

concentrations in aquatic systems, as suggested by Kruk et al. (2020) for surface water of the Bow 

River. However, the population of southern Alberta, southern Calgary, comprises only 7% of the 

total population of the province, with a considerable portion concentrated in urban centers, 

including Lethbridge and Medicine Hat (Statistics Canada, 2023b). Therefore, the total population 

covers less than 1% of the land in the study area, resulting in a population density of <10 

persons/km2 (AMEC, 2009; ABMI, 2019). 
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2.2.2 Geology and Hydrogeology  

The sedimentary succession in the study area is part of the Western Canadian Sedimentary 

Basin (WCSB). Bedrock aquifers are found in formations of Late Cretaceous to Paleocene in age 

(Figures 2.1c and 2.2) and consist primarily of non-marine to shallow marine sediments (Atkinson 

et al., 2017; Dawson et al., 1994a). The more sandy intervals represent aquifers or a mix of 

aquifer/aquitards and include, in chronological order, the Milk River Formation (lower 

Campanian), composed of shallow marine sandstones and shales (Hendry et al., 1991); the Belly 

River Group (middle to upper Campanian), which is further divided into the Foremost, Oldman, 

and Dinosaur Park formations composed of medium- to fine-grained sandstones and siltstones with 

minor mudstones and coal of fluvial and shallow marine origin (Eberth and Hamblin, 1993). The 

Horseshoe Canyon/St. Mary River formations (upper Campanian to lower Maastrichtian) consist 

of interbedded sandstones, siltstones, mudstones, coal seams, and thin bentonite beds, representing 

a transition from shallow marine to fluvial and lacustrine environments (Eberth and Braman, 

2012). The Scollard/Willow Creek formations (upper to lower Paleogene) comprise thick 

sandstones and siltstones interbedded with mudstones and coal seams deposited in fluvial and 

floodplain environments (Dawson et al., 1994a). The Paskapoo/Porcupine Hills formations 

(Paleogene) consist of thick sandstone beds and interbedded siltstones and mudstones deposited 

in fluvial environments (Grasby et al., 2008). 

 Aquitards include the marine Pakowki/upper Lea Park formations (lower to late Campanian) 

composed primarily of mudstone; the marine Bearpaw Formation (middle Campanian), which 

consists mainly of laminated shales and siltstones with minor sandstone and bentonite beds; and 

the marine Battle Formation (Maastrichtian), composed mainly of mudstone with minor siltstone 

and tuffaceous beds (Dawson et al., 1994a; Atkinson et al., 2017). 

 



 29 

 
Figure 2.1. Location map of southern Alberta showing (A) cultivation area in the study area (ABMI, 2019) 
and the location of the different water sample types; (B) manure production index (AAFRD, 2005) and 
location of confined feeding operations (CFOs, shown as black dots) (ABMI, 2019); (C) bedrock geology 
modified from Prior et al. (2013); and (D) thickness of surficial sediments modified from Atkinson et al. 
(2020). In all four panels, the irrigation districts are labeled as follows: #1) Mountain View Irrigation 
District (MVID), #2) Southwest Irrigation District (SWID), #3) United Irrigation District (UID), #4) 
Magrath Irrigation District (MID), #5) Raymond Irrigation District (RID), #6) Northern Lethbridge 
Irrigation District (LNID), #7) St. Mary Irrigation District (SMRID), #8) Ross Creek Irrigation District 
(RCID), #9) Bow River Irrigation District (BRID), #10) Eastern Irrigation District, and #11) Western 
Irrigation District (WID). 

Most of the Upper Cretaceous-Paleogene clastic wedge of bedrock formations is covered by 

heterogeneous sediments of fluvial, lacustrine, and glacial origin deposited during the Neogene 

and Quaternary (Figure 2.1d) (Fenton et al., 1994; Atkinson et al., 2020). These surficial sediments 

are predominantly tills deposited from the Laurentide Ice Sheet and are commonly considered 

aquitards overlying coarse-grained Quaternary fluvial sediments designated as aquifers (Fenton et 

al., 1994). The thickness of surficial sediments can vary across the study area, ranging from an 

absent cover, especially in topographic hills, to about 120 m in some preglacial valleys (Atkinson 
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Figure 2.2. Stratigraphic column and hydrostratigraphy of southern Alberta. Modified after Atkinson et al. 
(2017).  

2.3 Materials and Methods 

2.3.1 Groundwater Geochemistry Data  

This study is based on water quality data from four archived sources, with samples collected 

mainly from domestic wells and newly obtained groundwater samples from monitoring wells. 

Groundwater hydrogeochemical data were compiled by the Applied Geochemistry Group (AGg, 

University of Calgary) with support from researchers at the Alberta Geological Survey (AGS) and 

Alberta Environment and Protected Areas (EPA). Source data included the Alberta Water Well 

Information Database (AWWID), a publicly available database with water well records from the 

early 1900s to 2013. This database contains information about domestic and monitoring water 

wells across the province and associated aqueous geochemical data (Government of Alberta, 

2021a). A dedicated monitoring water well network, the Groundwater Observation Well Network 

(GOWN), owned by the Government of Alberta, contains records from approximately 1159 wells 

installed since the 1950s. Over 200 GOWN wells are continuously monitored for water levels 

(hourly), of which 50 to 100 are sampled annually for water quality parameters (Government of 

Alberta, 2023b). The Alberta Health Services (AHS) dataset contains water quality information 
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Figure 2.3. Number of samples with nitrate-N measurements for the overall dataset. 

 

Data for groundwater sampled at springs was obtained from a compilation of different 

reports and datasets by the AGS (Stewart, 2014). In the study area (Figure 2.1A), there are about 

400 reported springwater samples, but only 203 were analyzed for nitrate concentrations. Some 

springs were sampled multiple times, making it difficult to accurately estimate the total number of 

springs. The 203 spring samples were considered in this study as individual samples. The database 

includes major ion geochemistry (Ca, Na, Mg, K, Cl, SO4, HCO3, Fe, NO3) and pH. No isotope 

data are available for any of the spring samples containing nitrate. No details about sampling 

protocols are available for the spring database. 

2.3.2 Data Analysis  

The spatial distribution of nitrate-N concentrations in groundwater was evaluated by creating 

maps of the median concentration in mg/L per Alberta Township System (ATS) that contains at 

least one water well using ArcGIS Pro 3.1.1. The ATS divides the province into squares of equal 

size. Each township has a size of ~9.6 by 9.6 km (Government of Alberta, 2023a). Separate maps 

were created using samples from wells completed in surficial sediments and bedrock formations 

to investigate patterns based on the aquifer type. A representativity index (RI) was established for 

each township to determine the spread of nitrate concentrations around the median based on 

sample size and descriptive statistics (e.g., interquartile range, median). The coefficient of 
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Figure 2.4. Spatial distribution of median nitrate-N concentrations in groundwater samples per township a) 
for wells completed in surficial sediments and b) in bedrock formations in southern Alberta. Spring samples 
are represented by the green star symbols. The Representativity Index (RI) of the median nitrate-N 
concentration per township is indicated by the hashed area (low RI), bold square (high RI), and unchanged 
township (medium RI). A histogram of nitrate-N concentrations for individual groundwater samples 
analyzed in this study is shown to the right of the map. 

Descriptive statistics were also calculated for nitrate-N concentrations of groundwater 

samples below irrigated and non-irrigated land based on groundwater samples from surficial 

sediments and bedrock formations (Table A.4). The results indicate statistically higher median 

nitrate-N concentrations in groundwater samples under non-irrigated land relative to land under 

major irrigation districts (p<0.005) for both groundwater samples from surficial sediment and 

bedrock formations. The results also show that a smaller proportion of samples (<20%, n=677) 

were collected under irrigated land compared to non-irrigated land (>80%, n=2,900). Median 

nitrate-N concentrations per township for groundwater samples in surficial sediments and bedrock 
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frequent pyrite content (Yang et al., 2022) favoring autotrophic denitrification in aquifer/aquitard 

systems (Korom, 1992; Robertson et al., 1996; Jørgensen et al., 2009), supported by the positive 

spearman correlation between NO3-N and SO4.  

The spatial distribution of elevated nitrate-N concentrations in spring samples and observed 

groundwater well concentration hotspots in the western part of the study area (near Lethbridge, 

Figure 2.4) coincide with regions characterized by a dense presence of confined feeding operations 

(CFOs) (Figure 2.1B), suggesting that elevated nitrate could partially originate from these 

activities. Although there was no statistical correlation between the median nitrate-N 

concentrations in groundwater and the median manure index per township (Figure A.2), in areas 

with CFOs, intensive manure applications are common to minimize transportation costs (Kohn et 

al., 2020). Additionally, the spatial distribution of spring samples with nitrate-N above 10 mg/L 

near townships with elevated median groundwater nitrate-N concentrations in surficial sediments 

suggests possible local flow systems between springs and these particular surficial sediment 

aquifers (Figure 2.4). 

The absence of significant correlations between median groundwater nitrate-N concentrations and 

average manure production per township (Figure A.2) implies that while manure production and 

its subsequent spreading may contribute to the elevated groundwater nitrate concentrations of the 

study area (Kohn et al., 2016; Kyte et al., 2023), other factors, including soil and aquifer materials, 

and groundwater flow, likely play an important role in explaining the variability of nitrate 

concentrations in both groundwater and spring samples. Moreover, the statistically higher nitrate-

N concentrations in groundwater samples from areas outside major irrigation districts, compared 

to samples under irrigation districts (Table A.4), indicate a potential dilution effect resulting from 

the use of irrigation water sourced from rivers with relatively low nitrate concentrations, as 

indicated by Dubrovsky et al. (2010) in some areas of the USA. For instance, some rivers used as 

irrigation water sources in southern Alberta commonly exhibit nitrate-N concentrations below 1 

mg/L (Rock and Mayer, 2004b; Kruk et al., 2020), which supports this hypothesis. Nonetheless, 

the results contrast the findings by Kyte et al. (2023), who observed higher nitrate concentrations 

in groundwater under irrigated land than in non-irrigated land at an experimental site in southern 

Alberta. The authors focused their analysis on shallow groundwater, typically at depths <6 m, 

whereas the median depths in this regional study exceeded 10 m, with < 7% (n= 258) of the total 

samples having depths of less than 6 m. This discrepancy suggests that the influence of irrigation 
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on groundwater nitrate concentrations may be localized in very shallow aquifers, although further 

data from shallow wells would be necessary to compare better the findings of Kyte et al. (2023). 

Analysis of nitrate-N concentrations relative to depth revealed that the majority of samples 

(74%, n= 274) exceeding the MAC threshold for nitrate-N (10 mg/L) were found at depths 

shallower than 30 m (Figure 2.5). This finding is consistent with similar studies conducted in the 

USA (Dubrovsky et al., 2010; Burow et al., 2010) and southern Alberta (Hendry et al., 1984; 

Rodvang et al., 2004; 2014; Kohn et al., 2020). However, a considerable proportion of 

groundwater samples (26%, n= 95) with nitrate-N concentrations >10 mg/L were also identified 

at greater depths (up to 150 m), particularly in samples associated with bedrock formations. This 

contrasts previous observations in southern Alberta, where elevated nitrate concentrations were 

restricted to surficial sediments, including tills (Hendry et al., 1984; Kohn et al., 2020). Therefore, 

this broader study shows that nitrate contamination may extend deeper into the aquifers than 

previously recognized, highlighting the potential for more widespread and complex groundwater 

contamination in some regions.  

 

2.5.2 Geochemical Indicators Associated with Nitrate in Groundwater 

Geochemical indicators provide crucial insights into the underlying processes driving nitrate 

variability in groundwater (Menció et al., 2016). Spearman correlation analysis (Figure A.1) 

reveals a positive association between elevated nitrate-N and concentrations of Ca and Mg. 

However, no significant correlation emerges between nitrate-N and Na concentrations across 

groundwater samples from both surficial sediments and bedrock aquifers. These patterns suggest 

that hydrochemical facies characterized by Ca-Mg-HCO3 are often associated with elevated nitrate 

concentrations, whereas Na-HCO3-Cl facies tend to exhibit lower nitrate concentrations, as 

confirmed by Figure 2.6.  

Nitrate concentrations are generally high above a Ca+Mg/Na ratio of 1 and at depths 

shallower than 30 m (Figure 2.6), consistent with observations from the Spearman correlations 

(Figure A.1). Conversely, lower Ca+Mg/Na ratios are associated with lower nitrate concentrations, 

predominantly at depths greater than 50 m in groundwater sourced from bedrock compared to 

surficial sediments. This implies conditions favorable for nitrate removal or limited impact of 

anthropogenic nitrate on chemically evolved groundwater (Na-HCO3-Cl). Previous studies in 
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3 Chapter Three: Selenium in Alberta Groundwater:  Geochemical Processes 

Influencing Mobilization and Distribution 

 

Abstract 

Groundwater is an important source of drinking water in rural Alberta, Canada, yet water 

quality assessments do not always consider the influence of trace elements on drinking water 

conditions. Selenium (Se) contamination in groundwater can pose significant challenges to public 

health due to its potential adverse effects on human health. This study investigated the occurrence, 

speciation, mobilization, and potential sources of Se in groundwater across the province of Alberta 

using an integrated groundwater chemistry dataset compiled from several publicly available 

databases. A total of 1,626 groundwater samples were analyzed for total dissolved Se 

concentrations and interpreted in combination with information on geological formations and 

inorganic water chemistry. Groundwater samples were obtained from monitoring and domestic 

wells. The dataset revealed that 68% of the groundwater samples have selenium concentrations 

below detection limits, which ranged from 0.0036 to 0.00004 mg/L. Dissolved selenium was 

detected in 32% of the samples, with only 14 samples exceeding the current Canadian drinking 

water guideline of 0.05 mg/L for selenium, indicating that dissolved selenium does not represent 

a considerable threat to drinking water quality in groundwater in Alberta. Statistical analysis and 

assessment of the spatial occurrence of Se in groundwater indicated that Se is primarily derived 

from natural sources, predominantly from Cretaceous marine sedimentary bedrock formations, 

potentially containing Se associated with sulfide minerals or organic matter. Geochemical 

speciation conducted by geochemical modeling for samples obtained from monitoring wells, 

accounting for less than 10% of the dataset, revealed that reduced Se species, specifically selenide 

as HSe-, predominate in samples with elevated total dissolved Se concentrations while slightly 

more oxidizing conditions favor the persistence of selenite species. Correlation analysis and 

interpretation of Ca/Na ratios demonstrated that elevated dissolved Se was mainly associated with 

geochemically evolved groundwaters characterized by Na-HCO3 and Na-Cl facies and with 

elevated dissolved methane (CH4) concentrations. Cl/Br ratios indicated the potential mixing of 
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corresponds to the rural population in Alberta, which relies primarily on groundwater for drinking 

water and domestic purposes.  

Geologically, Alberta lies within the Western Canadian Sedimentary Basin (WCSB). The 

base of the basin comprises Middle Cambrian to Middle Jurassic sedimentary rocks overlaying a 

crystalline Precambrian basement (Porter and Price, 1982; Mossop and Shetsen, 1994). Folding of 

sedimentary strata occurred during the Laramide and Cordilleran orogenies, resulting in the 

formation of the Rocky Mountains (Mossop and Shetsen, 1994). To the east of this mountain belt, 

a foreland basin developed during the Late Jurassic to the early Paleogene, characterized by 

sediment thicknesses from approximately 6 km in the west to about 500 m near the Alberta-

Saskatchewan border (Price, 1994). During the Middle and Late Cretaceous, the Western Interior 

Seaway facilitated the deposition of marine sedimentary units across central North America, 

including Alberta (Schröder-Adams, 2014). The subsequent retreat of this seaway during the Late 

Cretaceous/Early Paleocene led to the deposition of primarily nonmarine sediments in floodplains 

and sporadic shoreline deposits (Porter and Price, 1982; Price, 1994). Notably, prolific oil and gas 

reservoirs, including the oil sands, are found within Devonian and Lower Cretaceous-aged 

formations such as the Elk Point, Woodbend, Mannville, Cardium, and McMurray formations 

(Hay, 1994). Additionally, shallower sedimentary units of Late Cretaceous/Early Paleocene age 

host coal and coal-bed-methane (CBM) resources, such as the Belly River Group, Horseshoe 

Canyon, Scollard, and Paskapoo formations (Dawson et al., 1994b; Hamblin, 2004; Grasby et al., 

2008). Quaternary sediments, resulting from retreating ice sheets, cover much of the WCSB, 

characterized by deposits from the Laurentide and Cordilleran glaciers and ice sheets, alongside 

fluvial, lacustrine, aeolian, and organic-rich deposits (Atkinson et al., 2020). These sediments vary 

greatly in lithology, ranging from tills to stratified gravels, sands, silts, and clays, with thicknesses 

of surficial sediments fluctuating between 0 and 300 m across the province (Fenton et al., 1994). 

Bedrock aquifers in the Milk River Formation, Belly River Group, Horseshoe Canyon, 

Scollard, and Paskapoo formations serve as primary sources of water produced from domestic 

wells for rural populations across the study area (Figure B.1). The Paskapoo Formation, in 

particular, exhibits the highest hydraulic conductivity (K), ranging from 10-8 to 10-4 m/s, making 

it a preferred aquifer for water extraction (Grasby et al., 2008; Barker et al., 2011). Regional 

groundwater flow predominantly occurs towards the east and northeast of the province (Alberta 

Geological Survey, 2021; Bachu, 1999).  
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In addition to bedrock aquifers, surficial sediments above bedrock formations also serve as 

groundwater sources in localized areas. Coarse-grained sediments associated with buried valleys 

from previous river channels form aquifers, particularly in the east and central regions of the 

province (Hartman et al., 2023). Groundwater extracted from surficial sediments generally exhibits 

lower quality, with elevated total dissolved solids (TDS) concentrations compared to water from 

bedrock aquifers (Fenton et al., 1994; Ridell and Lyster, 2017; Barker et al., 2011).  

3.3 Material and Methods 

3.3.1 Data Collection  

Five major datasets containing groundwater quality information were compiled by the Applied 

Geochemistry Group (AGg) at the University of Calgary, the Alberta Geological Survey (AGS), 

and Alberta Environment and Protected Areas (EPA). The unified dataset, comprised of over 

131,000 groundwater samples, contains information about well completion, geological formations 

in which wells are completed, and the inorganic chemistry of groundwater. Although four of the 

five datasets contained concentrations of total dissolved selenium, one did not have major ion 

concentrations associated with the selenium concentrations and thus was not included in this study. 

Therefore, only three datasets with complete information about dissolved selenium and major ion 

concentrations in groundwater were used to investigate Se occurrence in shallow aquifers in 

Alberta. The subset of data included groundwater samples from the following datasets: 

1. The Groundwater Observation Well Network (GOWN), owned by the Government of 

Alberta and managed by Alberta Environment and Protected Areas (EPA), has been recording data 

since the 1950s from monitoring wells screened in surficial sediments and bedrock formations and 

provides a lithostratigraphic description of the sampled wells. Currently, GOWN continuously 

monitors over 200 groundwater wells across the province, but only a fraction (<40%) are sampled 

annually for chemical and isotopic analyses (Government of Alberta, 2023b). However, dissolved 

selenium concentrations have not been measured consistently, and reports only show selenium 

concentrations in 521 groundwater samples (including replicates) obtained from GOWN wells 

between 2006 and 2020.  

2. The Alberta Water Well Information Database (AWWID) is a dataset maintained by the 

Government of Alberta, which contains records from landowner wells dating from 1901 to 2014 
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(Government of Alberta, 2021). However, only a few groundwater samples (n= 362) have 

information about dissolved selenium concentrations analyzed between 1962 and 1992. 

3. Another dataset from Alberta Agriculture and Irrigation (AGI) consists of 816 groundwater 

samples collected from domestic water wells across Alberta between 1995 and 1996 (Fitzgerald, 

1999). The percentage of samples with dissolved selenium concentrations in groundwater reported 

in this study is higher (93%, n= 743) than for the other two datasets.  

Therefore, the subset of groundwater data used for this study was composed of 1,626 samples 

with available reports of concentrations of total dissolved selenium, including concentrations 

below detection limits (ranging from 0.0036 to 0.00004 mg/L) and complete analyses of major 

ions (Ca, Mg, K, Na, Cl, SO4, HCO3) with a charge balance of < ±10%, which were used as 

parameter in the QA/QC test. The sampling dates for groundwater samples ranged from 1970 to 

2020 (Figure 3.1). In total, 600 (37%) groundwater samples with Se concentration measurements 

were obtained from wells completed in surficial sediments and 1,026 (63%) groundwater samples 

from wells completed in bedrock aquifers.  

 
Figure 3.1. Number of samples with total dissolved selenium analysis in each year for the overall dataset. 

 

3.3.2 Groundwater Sampling and Analytical Techniques 

Groundwater samples from the GOWN monitoring wells were collected from the wellhead 

after purging and after field parameters had stabilized. Field parameters, including pH, electrical 
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conductivity, temperature, dissolved oxygen, and redox potential, were measured using a 

multiparameter sonde. Groundwater samples were collected with a Solinst Bladder Pump, filtered, 

and acidified with nitric acid for analysis of major cations, minor and trace elements, and without 

any preservatives for analysis of major anions. Concentrations of major ions, as well as minor and 

trace elements, were analyzed in accredited laboratories, including ALS Global and InnoTech 

Alberta. Generally, major anions were measured using ion chromatography (IC), while major 

cations and minor and trace elements were determined by inductively coupled plasma mass 

spectrometry (ICP-MS). Detailed field and laboratory protocols for the aqueous samples are 

described in other publications (Humez et al., 2016a; 2019). The GOWN dataset is the only one 

that includes redox potential (Eh) measurements in a select number of samples (n=111). The 

detection limits for total dissolved Se in the GOWN dataset ranged from 0.0036 to 0.00004 mg/L. 

Sampling protocols for the AGI dataset are reported by Fitzgerald (1999). In summary, 

groundwater sampling consisted of collecting samples from the kitchen tap after running water for 

3 to 5 minutes to decrease potential contamination from the pipes and other connections in the 

distribution system. Samples were analyzed for the concentrations of major ions, and minor and 

trace elements at the Provincial Laboratory of Public Health at the University of Alberta Hospital 

in Edmonton, Alberta. Cation analyses were conducted with a Perkin Elmer Flame Atomic 

Absorption Spectrophotometer, while anions were analyzed on a Roche COBAS FARA 

autoanalyzer. Trace element analyses, including selenium, were usually performed using an 

inductively coupled plasma-mass spectrometer (ICP-MS). The reported detection limit for total 

dissolved Se in this dataset was 0.001 mg/L. Protocols related to the AWWID sampling are not 

documented but are expected to be similar to procedures used for the GOWN and the AGI datasets. 

Detection limits for total dissolved Se in the AWWID dataset ranged from 0.001 to 0.0001 mg/L. 

3.3.3 Data Analysis 

Concentrations below the detection limit were excluded from statistical analysis for trace 

elements, including Se. Half the detection limit was set for major ions and minor elements for 

statistical analysis if concentrations were below the detection limit. Descriptive statistics, including 

median, mean, and standard deviation, were determined using R Version 4.1.2 (R Core Team, 

2021). Rstudio and ggplot2 (Wickham, 2016) were employed to create scatter and box plots, where 

boxes represent 25th, 50th, and 75th percentile values, and minimum and maximum whisker values 
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Table 3.2. Summary statistics of groundwater parameters for samples with selenium above detection limits 
of the overall dataset. All units are in mg/L except for pH (unitless) and well depth (m).  

Parameter Min Q1 Median Q3 Max Mean SD IQR n 

Se  0.0001 0.0005 0.002 0.005 0.094 0.006 0.013 0.005 514 

Ca  0.5 5.0 36.7 88.0 497 60.2 75.3 83.0 514 

Mg  0.05 0.6 13.5 34.1 619 26.6 51.0 33.5 514 

Na  2.0 83.6 245 430 4300 318 401 346 514 

K  0.05 1.4 2.9 5.0 39.9 3.9 4.0 3.6 514 

HCO3  8.2 414 561 712 1980 587 277 298 514 

SO4  0.03 15.8 81.3 257 10200 281 798 241 514 

Cl  0.2 3.9 14.6 64.9 3200 99.0 278 60.9 514 

NO3-N  0.002 0.01 0.03 0.4 78.0 1.9 7.1 0.4 514 

F  0.01 0.18 0.3 0.9 4.6 0.7 0.9 0.7 511 

Fe  0.0003 0.02 0.1 0.8 26.5 1.0 2.8 0.7 509 

Mn  0.0001 0.004 0.02 0.1 5.3 0.2 0.4 0.1 411 

pH 5.6 7.8 8.2 8.6 11.4 8.2 0.6 0.8 514 

Well Depth 0.6 21.3 45.7 73.7 259 55.7 45.4 52.4 514 

 

Summary statistics of major ions, total dissolved Se, Fe, Br, and CH4 concentrations, as well as pH 

and redox potentials when available, were calculated from each of the three data sources and are 

presented in Table B.1. Generally, the three datasets had similar maximum concentrations of 

dissolved Se of up to 0.09 mg/L. However, median Se concentrations differ between the three 

datasets, with higher median Se concentrations observed predominantly in domestic wells, with 

the AWWID having the highest median (0.022 mg/L), followed by the AGI dataset (median = 

0.0040 mg/L) and the lowest median Se concentration (0.00076 mg/L) for groundwater from 

GOWN monitoring wells. Similarly, a large proportion of samples exceeding the Canadian 

drinking water guideline of 0.05 mg/L were mainly observed in groundwater obtained from 

domestic wells, with nine samples from the AWWID, four from the AGI, and only one from the 

GOWN monitoring wells. Selenium concentrations exceeding 0.01 mg/L were predominantly 

observed in groundwater samples from two distinct regions (Figure 3.2). One group of 

groundwater samples was obtained from wells located in east-central Alberta (east of Red Deer), 
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and the second group of samples was observed in groundwater from wells located towards the 

southeast corner of the province, south of Medicine Hat and Lethbridge (Figure 3.2). 

 
Figure 3.2. Selenium concentration ranges in groundwater samples from monitoring and domestic wells 
completed in bedrock formations (circles) and surficial sediments (triangles). The bedrock geology of 
Alberta is also shown (Prior et al., 2013) with active coal mines (black crosses) and oil sands projects (dark 
grey polygons) (ABMI, 2019). 
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Figure 3.3 illustrates the distribution of Se concentrations in groundwater samples from 

various geological formations, most of which serve as important sources of drinking water in 

Alberta (Figure B.1). Elevated median dissolved Se concentrations above 0.002 mg/L (green 

dashed line in Figure 3.3) were observed predominantly in groundwater samples from marine 

Upper Cretaceous rocks, including the Milk River, Foremost (the lowermost part of the Belly River 

Group), and the Bearpaw (Lower Bearpaw) formations, as also noted in Table 3.3. Groundwater 

from the nonmarine Horseshoe Canyon and Scollard formations also had median Se concentrations 

equal to or slightly above 0.002 mg/L.  Lower median Se concentrations of <0.002 mg/L were 

predominantly found in groundwater samples from nonmarine Paleocene rocks and Quaternary 

sediments characterized by alluvial deposits, such as the Paskapoo/Porcupine formations, as well 

as surficial sediments (Table 3.3). 

Table 3.3. Lithological characteristics, environment, and age of geological formations in which water wells 
have been completed (Prior et al., 2013). The median concentration of dissolved selenium observed in 
groundwater samples from each formation is also shown. 

Unit Lithology Environment Age Median Selenium 

concentration in 

groundwater (mg/L) 

Milk River Sandstone, shale Offshore marine to 

fluvial 

Upper 

Cretaceous 

0.005 (n=13) 

Wapiti Sandstone, 

siltstone, mudstone 

Coastal plain to fluvial Upper 

Cretaceous 

0.0032 (n=16) 

Foremost Sandstone, 

siltstone, mudstone, 

coal seams near the 

top of the formation 

Shallow marine to 

coastal plain 

Upper 

Cretaceous 

0.020 (n=22) 

Oldman Sandstone, 

siltstone, mudstone 

Fluvial to estuarine Upper 

Cretaceous 

0.0065 (n=10) 

Dinosaur Park Sandstone, 

siltstone, mudstone, 

coal in upper part of 

the formation 

Coastal plain to alluvial Upper 

Cretaceous 

0.006 (n=15) 

Belly River 

Group_Und 

Sandstone, 

siltstone, mudstone 

Shallow marine to non-

marine 

Upper 

Cretaceous 

0.002 (n=17) 
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Lower 

Bearpaw 

Shale Marine Upper 

Cretaceous 

0.014 (n=10) 

Upper 

Bearpaw 

Shale Marine Upper 

Cretaceous 

0.0013 (n=6) 

Horseshoe 

Canyon 

Sandstone, 

siltstone, mudstone, 

coal 

Shallow marine to non-

marine 

Upper 

Cretaceous 

0.002 (n=55) 

Scollard Sandstone, 

siltstone, mudstone, 

coal 

Alluvial Upper 

Cretaceous to 

Paleogene 

0.002 (n=14) 

Paskapoo-

Porcupine 

Sandstone, 

siltstone, mudstone 

Alluvial Paleogene 0.0015 (n=94) 

Sediment Gravel, sand, tills Glacial and fluvial Quaternary 0.0015 (n=238) 

Belly River Group_Und = undifferentiated Belly River Group 

 

3.4.3 Selenium Speciation Modeling 

The subset of GOWN samples used for modeling Se speciation in groundwater had measured 

redox potentials (Eh) ranging from -297 to 285 mV (Table B.1). Groundwater had a circumneutral 

to alkaline pH with values ranging from 6.7 to 9.3. Major ion and TDS concentrations had a wide 

variability with more than three orders of magnitude difference. Total dissolved selenium 

concentrations in this subset of samples ranged from below detection limits (<0.0002) to 0.042 

mg/L.  

The geochemical model of Se speciation (Figure 3.4) revealed that the dominant Se species 

were usually the reduced species Se(-II), as HSe-, related to negative Eh values below -0.04 V, 

observed in 70 groundwater samples with detectable Se. When Eh values were positive, the 

predominant Se species was Se(IV) as SeO3
2-. Selenite, Se(IV), was mainly observed in 

groundwater from surficial sediment aquifers, with minor occurrence in samples from bedrock 

formations. In contrast, selenide species, Se(-II), were common in groundwater samples from wells 

completed in surficial sediments and bedrock formations. Elevated Se concentrations were 

commonly associated with negative Eh values. According to the geochemical modeling, none of 

the samples were associated with the most oxidizing species of Se, Se(VI) as SeO4
2-.  
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(Alberta Health, 2014b). Most of the samples had Se concentrations below 0.005 mg/L (75th 

percentile, Table 3.2) at the provincial scale, which aligns with the general trend of selenium 

concentrations in natural waters, often falling below 0.01 mg/L (Fordyce, 2013). However, 

localized hotspots with elevated selenium concentrations (>0.01 mg/L) in groundwater were 

identified, particularly in east-central Alberta and the southeast corner of the province (Figure 3.2).  

The median Se concentration of 0.002 mg/L observed in this study (Table 3.2) deviates from 

findings in previous reports that stated a median Se concentration below 0.001 mg/L in 

groundwater from domestic wells at the provincial scale (Alberta Health, 2014b; Fitzgerald et al., 

2001). The discrepancy may be explained by variations in sampling locations, including 

differences in the types of aquifers sampled and the depths of the wells, as noted in Table B.1. For 

instance, the median depth for domestic wells in the AGI dataset (30.5 m) was significantly lower 

(p<0.05) than the median depth for monitoring wells in the GOWN dataset (52.7 m). Additionally, 

differences in sampling techniques and analytical constraints between monitoring and domestic 

wells, noted in section 3.3.2, could contribute to variations in Se concentrations across datasets. 

Specifically, sampling from domestic wells, particularly at the kitchen tap, could influence redox 

conditions, affecting the geochemistry of certain groundwater constituents, including dissolved Fe 

and Se. 

In addition, the median groundwater Se concentration in Alberta was slightly elevated 

compared to Se concentrations previously measured in surface waters across the province (Donner 

et al., 2018; Casey and Siwik, 2000). Although surface waters generally exhibit Se concentrations 

below 0.002 mg/L, exceptions occur in areas near coal mines, such as in the vicinity of Grande 

Prairie, where Se concentrations in surface waters can reach up to 0.047 mg/L (Casey and Siwik, 

2000). However, even these elevated Se concentrations in surface water are lower than the 

maximum concentrations observed in groundwater of 0.09 mg/L (Table 3.2), suggesting a different 

Se source influencing groundwater concentration above 0.05 mg/L. 

3.5.2 Geological Constraints on Dissolved Selenium in Groundwater 

Significant variations in dissolved Se concentrations in groundwater were observed across 

different geologic formations (Figure 3.3 and Table 3.3), reflecting the diverse depositional 

environments and lithological characteristics that influence selenium occurrence in aquifers. It has 

been previously suggested that the composition and mineralogy of geological formations serve in 
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part as critical determinants of Se sources and availability in groundwater. For instance, selenium 

may be released into groundwater through the weathering, dissolution, or oxidation of selenium-

rich minerals found in bedrock formations, such as pyrite, seleno-pyrite, Se-containing clays, or 

organic-rich fractions like coal beds (Fernández-Martínez and Charlet, 2009; Bailey, 2017). 

Bedrock aquifers, particularly those associated with marine formations, exhibited notably 

higher concentrations of dissolved selenium (median above 0.002 mg/L) compared to nonmarine 

bedrock and surficial sediment aquifers (median below 0.002 mg/L), as shown in Figure 3.3. These 

Upper Cretaceous marine sedimentary formations, including the Milk River, Foremost, and 

Bearpaw formations, are prevalent in the east-central and southern regions of the province and 

coincide with areas showing elevated dissolved selenium, as illustrated in Figure 3.2. The Milk 

River Formation is characterized by three distinct members, including two shale members at the 

bottom and top and a middle sandstone member constituting an aquifer (Hendry and Schwartz, 

1990). The Foremost Formation consists of interbedded sandstones, mudstones, coals, and shales 

(Eberth and Hamblin, 1993; Eberth et al., 2023), while the Bearpaw Formation is dominated by 

shales, mudstones, and bentonites with sporadic sandstone lenses toward the Upper Bearpaw 

Formation (Russell and Landes, 1940). These fine-grained lithological features in all three 

formations represent potential sources of Se, especially from the shales of the Bearpaw Formation, 

as reported in the USA  (Engberg and Sylvester, 1993). 

 Another potential source of Se from marine shales in eastern Alberta is the Colorado Group. 

Studies conducted in the western USA (Deverel and Millard, 1988; Engberg and Sylvester, 1993; 

Nimick et al., 1996) have revealed that marine Cretaceous shales of the Colorado Group, which 

are heavily influenced by volcanic activity, are primary sources of selenium to groundwater. 

Analysis of whole-rock geochemistry for marine geological formations in Alberta measured 

selenium concentrations ranging from below detection limits (<2 ppm) to 21 ppm in shales of the 

Colorado Group, <2 to 44 ppm in the Second White Specks Formation (part of the Colorado Group 

in east-central Alberta), 3 to 11 ppm in shales of the Milk River Formation, and <2 to 4 ppm in the 

marine shales of the Lea Park Formation (Meek et al., 2023). This suggests that dissolved selenium 

in groundwater may originate in situ from marine to shallow marine bedrock formations, 

potentially being derived from the oxidation of Se-bearing sulfide minerals or Se-hosting organic 

matter (Deverel and Fujii, 1988; Fernández-Martínez and Charlet, 2009; Bailey, 2017).  
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Additionally, selenium concentrations above 0.002 mg/L observed in some groundwater samples 

of the Horseshoe Canyon and Scollard formations may potentially occur due to the common coal 

seams present in these two formations. Coal seams are also known to contain selenium-rich pyrite 

that, when oxidized, can release the Se content into groundwater (Bailey, 2017). However, most 

Se concentrations in groundwater from these two units remain below 0.01 mg/L, indicative of the 

low Se content in the rocks and coals of these formations. For instance, selenium content in some 

Alberta coals was reported to be low or within the natural average, ranging between 0.6 and 5.4 

mg/kg but usually below 2.5 mg/kg (Gentzis and Goodarzi, 1998). 

3.5.3 Geochemical Conditions Favorable for Selenium Occurrence and Mobilization in 

Groundwater Systems 

3.5.3.1 Assessment of Selenium Occurrence Using Cl/Br Ratios  

The Cl/Br ratio has been used to identify groundwater mixing and detect anthropogenic 

effects due to the conservative behavior of Cl and Br in natural waters (Davies et al., 1998). Cross-

plots of Cl/Br ratios and Cl concentrations can reveal distinct mixing trends, e.g., waters affected 

by halite dissolution, including road salt, exhibit Cl/Br ratios >1,000 and Cl concentrations >100 

mg/L, while seawater typically shows a Cl/Br ratio of approximately 290 (Davies et al., 1998). In 

Alberta, Cl/Br ratios and Se concentrations of groundwater samples from GOWN monitoring wells 

increase alongside chloride concentrations (Figure 3.6). 

Three main groups of Se-containing groundwater samples were identified in the Cl/Br ratio 

vs Cl concentration plot (Figure 3.6). Group A, characterized by low Cl concentrations of <15 

mg/L and Cl/Br ratios ranging from 10 to 196, aligns with shallow background groundwater Cl/Br 

ratios between 87 and 167 in southwestern and central Alberta, as Freeman (2007) reported. The 

low Cl/Br ratios in this group suggest atmospheric deposition as the primary source of recharging 

groundwater, typically with Cl/Br below 150 (Katz et al., 2011). Selenium concentrations in group 

A ranged from below detection limits to 0.0034 mg/L with a very low median concentration of 

0.0005 mg/L (n=49), indicating minimal Se occurrence in groundwater. Most groundwater 

samples in this group were associated with surficial sediment and the Paskapoo/Porcupine Hills 

aquifers (n=38).  

Group B groundwaters were characterized by high Cl concentrations ranging from 16 to 

1,500 mg/L and Cl/Br ratios ranging from 17 to 255, where the highest Cl/Br ratios tend to 
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approach seawater values of 290, indicating potential mixing with higher salinity formation waters. 

Selenium concentrations in this group ranged from 0.0002 to 0.042 mg/L with a significantly 

higher (p<0.05) median concentration of 0.0023 mg/L (n=65) compared to group A, suggesting 

that Se is linked to a marine source, consistent with geological observations. About half of the 

samples in this group were associated with surficial sediments aquifers (n=30), while the 

remaining samples (n=35) were associated with groundwater from various formations, including 

the Milk River, Foremost, Oldman, Dinosaur Park, Bearpaw, and Horseshoe Canyon formations.  

In Alberta, reports have indicated groundwater mixing primarily from shallow geological 

formations with saline water from underlying Cretaceous formations, including the Colorado 

Group in the Cold Lake and regions near oil sand operations, leading to elevated Na and Cl 

concentrations (Birks et al., 2022). This is consistent with the observed trend of increasing Cl/Br 

ratios with rising Cl concentrations towards a seawater end member, which is evident in some 

samples of Group B. In addition, Freeman (2007) reported spills of saline formation water from 

oil and gas operations focused on the Upper Cretaceous Manville Group located in east-central 

Alberta, characterized by a Cl/Br ratio of 300 and Cl concentrations >10,000 mg/L. This could 

also contribute to the higher Cl/Br ratios and Cl concentrations in groundwater samples from 

Group B. Cheung et al. (2009) reported Se concentrations ranging from 0.38 to 1.3 mg/L in 

Mannville brines, supporting the potential influence of saline waters from the Mannville Formation 

contributing to elevated Se in groundwater samples from Group B.  

Group C comprises only five groundwater samples with Cl concentrations ranging from 8 to 

83 mg/L and Cl/Br ratios from 196 to 1,293, suggesting input from potential anthropogenic sources 

such as wastewater from septic systems or manure affecting these groundwater samples. 

Groundwater impacted by septic systems and manure have typical Cl/Br ratios ranging from 200 

to 1,000 and Cl concentrations above 10 mg/L (Panno et al., 2006; Alcalá and Custodio, 2008; 

Katz et al., 2011). Selenium concentrations in this group ranged from 0.0002 to 0.0023 mg/L, with 

a median of 0.0009 mg/L, which is significantly lower (p<0.05) than Group B but similar to Group 

A (p>0.05), suggesting a limited agricultural and urban discharge effect on elevated dissolved Se 

concentrations. Groundwater samples from this group are predominantly associated with the 

Paskapoo/Porcupine Hills and surficial sediments aquifers. 
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Figure 3.6. Cl/Br ratios vs. chloride concentrations in a subset of groundwater samples from the GOWN 
monitoring wells (n=130).  

3.5.3.2 Selenium Speciation and Redox Conditions  

The redox conditions prevailing within various aquifers play a crucial role in influencing 

selenium speciation, occurrence, and mobility (Bailey et al., 2012). The results from the speciation 

modeling (Figure 3.4) provide evidence for two distinct redox environments that enhance the 

mobilization of dissolved Se species. One redox environment, characterized by negative redox 

potentials, reflected reducing conditions in the obtained groundwater samples. These conditions 

promote the dominance of reduced selenium species, particularly selenide (HSe-), resulting in 

elevated Se concentrations that were observed in bedrock aquifers, such as the Milk River, 

Foremost, and Horseshoe Canyon formations and the Bearpaw aquitard (Figure 3.4). In these 

conditions, elevated Se concentrations are more likely to occur under SO4
2--reducing environments 

or in conditions favorable for methanogenesis, as evidenced by some samples exhibiting high 

dissolved methane concentrations above 1 mg/L along with elevated Se concentrations (Figure 

B.3). These findings are unexpected because elevated dissolved Se concentrations are typically 

associated with oxidizing conditions, favoring the occurrence of oxidized species of Se including 

Se(VI) and Se(IV) (Kent et al., 1994; Meixner et al., 2004; Bailey et al., 2012; Leybourne et al., 

2022). In contrast, reducing conditions are expected to decrease dissolved selenium concentrations 

and mobility due to Se co-precipitation in sulfide minerals and sequestration in minerals and 

sediment materials in the aquifers (Bailey, 2017; White et al., 1991b). A possible explanation for 
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the prevalence of high dissolved selenide in groundwater in Alberta is the dissimilatory reduction 

of oxidized Se species or elemental Se(0) to Se(-II), as it has been suggested in a sand aquifer with 

analogous reducing conditions and high selenide Se(-II) in Florida, USA (Basu et al., 2007).  

The second redox environment, associated with the oxidized species selenite (SeO3
2-) and 

positive redox potentials, suggests slightly oxidizing conditions predominantly observed in 

groundwater samples from the Paskapoo and surficial sediment aquifers. Groundwater samples 

with dominant selenite species usually had low CH4 concentrations below 0.15 mg/L and higher 

nitrate-N concentrations ranging from 0.003 to 18 mg/L (median= 0.5 mg/L) compared to samples 

associated with selenide species. Oxidizing conditions favor the persistence of Se(VI) and Se(IV), 

potentially facilitating their migration in groundwater, particularly in the presence of nitrate, as 

microorganisms preferentially utilize nitrate as an electron acceptor, hindering microbial reduction 

of oxidized Se to less soluble Se(0) (Oremland et al., 1989; White et al., 1991a; Fernández-

Martínez and Charlet, 2009).  

 

3.5.3.3 Selenium Association with Hydrochemical Facies 

The positive correlations observed between Na and Cl, as well as Na and HCO3 in shallow 

groundwater (Figure 3.5), suggest the presence of typical hydrochemical facies in Alberta, 

including Na-HCO3, Na-HCO3-Cl, and Na-Cl water types, often coinciding with elevated 

concentrations of Se (Figure 3.5). The Na-HCO3 and Na-Cl water types are typically associated 

with geochemically evolved conditions characterized by reducing conditions in groundwater in 

Alberta (Humez et al., 2016b; Ruff et al., 2023). This is evident in the relationship between the 

Ca/Na mass ratio and Eh values in groundwater samples from the GOWN wells (Figure 3.7), 

illustrating the chemical evolution of groundwater from Ca-rich oxidized waters to Na-rich waters 

as conditions become increasingly reducing at negative Eh values (Humez et al., 2016b; Birks et 

al., 2022).  

In Figure 3.7, the majority of the samples with the highest Se concentrations (>0.0043 mg/L) 

were associated with groundwater exhibiting a low Ca/Na mass ratio of <0.1 and Eh values <-100 

mV. However, there is also a smaller group of samples with Se concentrations above 0.002 mg/L 

in more oxidizing conditions with an intermediate Ca/Na mass ratio, indicating that different 

processes control the occurrence of Se in Alberta groundwater. In contrast, Na-HCO3-SO4 or Na-

SO4 hydrochemical facies are commonly associated with low Se concentrations in groundwaters, 
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as indicated by the poor correlations between Se and SO4 concentrations (Figure 3.5) and the 

association of high Se with high CH4 concentrations (Figure B.3). 

 

 
Figure 3.7. Ca/Na mass ratio vs. Eh plot showing dissolved selenium concentration ranges. The grey arrow 
indicates the direction of the evolution of redox conditions from oxidizing to anoxic conditions.  

 

3.6 Conclusions 

This study provided novel insights into the spatial distribution, speciation, and controlling 

factors of selenium occurrence in Alberta groundwater. At the provincial scale, groundwater 

selenium concentrations in 99% of all samples were below drinking water guidelines of 0.05 mg/L. 

However, localized hotspots with elevated selenium concentrations in groundwater were 

identified, particularly in the east-central and southern areas of the province, while lower dissolved 

selenium concentrations were observed in the western and northern areas.  

Geological factors significantly influence dissolved selenium concentrations in groundwater, 

with groundwater in marine bedrock formations exhibiting notably higher Se concentrations 

compared to nonmarine and surficial sediment aquifers. Marine formations, including the 

Bearpaw, Milk River, Foremost formations, and the Colorado Group, are primary sources of 

selenium to groundwater in eastern-central and southern Alberta. Cl/Br ratios evidenced potential 

mixing processes between deeper saline formation waters with groundwater from shallow 
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formations and were postulated as one of the mechanisms contributing Se to groundwater in the 

east-central region of the province. Spills of brines from the Manville Formation, which are 

mobilized by oil and gas activities, may also affect Se concentrations in groundwater. 

Moreover, geochemical conditions, particularly redox conditions, significantly influence 

dissolved selenium occurrence in groundwater systems in Alberta. Groundwater samples with 

dissolved selenium occurred in two distinct redox environments, one characterized by low nitrate-

N concentrations, elevated CH4 concentrations, low Ca/Na ratios, Na-HCO3 and Na-Cl water 

types, and reducing conditions promoting the mobilization and occurrence of reduced selenide 

species (HSe-). The second environment was characterized by elevated nitrate-N concentrations, 

low CH4 concentrations, and oxidizing conditions facilitating the occurrence of oxidized selenite 

species such as SeO3
2-.  

Further research is needed to elucidate the specific mechanisms driving Se release and 

transport in groundwater through speciation analysis, selenium content measurements in different 

geological formations, and hydrogeological models to evaluate vertical gradients and groundwater 

connectivity where elevated Se concentrations are observed in shallow groundwater. Therefore, 

continued efforts to integrate different groundwater databases and expand the scope of 

groundwater monitoring programs can complement the understanding water quality, including 

trace elements, enabling an improved risk assessment and facilitating sustainable groundwater 

management in Alberta. 
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4 Chapter Four: Occurrence and Geochemical Controls of Manganese, Arsenic, and 

Iron in Groundwater in Alberta, Canada 

 

Abstract 

Groundwater quality is influenced by various aqueous parameters, including the presence of 

manganese, arsenic, and iron, which can have potential adverse health effects when present at 

elevated concentrations in drinking sources. Understanding the hydrogeochemical controls 

influencing the occurrence and distribution of these elements in groundwater is essential for 

detecting areas susceptible to contamination and protecting ecosystems and human health. This 

study investigated the spatial distribution and mobilization mechanisms of Mn, As, and Fe in 

groundwater across Alberta, Canada, to elucidate the sources and geochemical processes 

controlling their release into groundwater systems. 

A comprehensive groundwater dataset was compiled from 5 different databases, which 

provided the basis for this study. A subset of water quality data of more than 9,500 samples 

containing chemical and physical parameters for groundwater obtained from domestic and 

monitoring wells at depths commonly shallower than 250 m provided insights into the distribution 

and geochemical controls of dissolved Mn and Fe in shallow aquifers. Additionally, the aqueous 

geochemistry of over 3,000 groundwater samples was investigated to assess arsenic occurrence in 

shallow groundwater across Alberta. Twenty-two percent and 16% of the groundwater samples 

exceeded Canadian drinking water guidelines for Mn and As, respectively, with 28% of the 

samples exceeding the aesthetic objective for Fe. Elevated concentrations of Mn, As, and Fe were 

predominantly found in groundwater samples from wells completed in surficial sediments and 

samples associated with marine bedrock formations in the province's eastern region. Correlation 

analysis and spatial distribution revealed potential geogenic sources and mineral phases associated 

with elevated concentrations of dissolved Mn in shallow groundwater, including carbonates and 

iron oxides.  

Similarly, iron oxides are important in controlling As concentrations in groundwater. The 

data evaluation revealed that a sequence of post-oxic redox reactions, including Mn and Fe 

reduction, controls the occurrence of elevated dissolved Mn and Fe concentrations in groundwater. 
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The reductive dissolution of iron oxides plays a crucial role in the release of As and, to a lesser 

extent, of Mn oxides into groundwater under the appropriate post-oxic redox conditions. 

Additionally, the pH of groundwater samples influenced the precipitation of carbonates and 

associated Mn at pH levels above 7 while enabling the desorption of As from iron oxides at pH 

above 8. By integrating geochemical analyses, redox assessments, spatial mapping of constituent 

concentrations, and statistical techniques, this study provides valuable insights into the complex 

interactions between geological and hydrogeochemical factors affecting groundwater quality in 

Alberta.  

4.1 Introduction 

Groundwater serves as a vital source of freshwater to maintain healthy ecosystems and to 

provide drinking water in numerous regions of the world, particularly in areas with poor surface 

water quality and limited access to surface water sources (Guppy et al., 2018). Contamination of 

groundwater due to inorganic constituents is a continuous concern for governments and 

communities relying on this resource. Arsenic (As) is a common groundwater contaminant widely 

studied across the world due to serious human health effects that can come from long-term 

exposure to As-contaminated drinking water, including but not limited to cancer, respiratory 

complications, cardiovascular diseases, neurological disorders, and other health concerns (Mandal 

and Suzuki, 2002; Shankar et al., 2014; Ng et al., 2003). Manganese (Mn) is also a common 

contaminant in groundwater but has received comparatively little attention despite the potential 

health and developmental effects on infants and children from Mn-contaminated drinking water 

(Bouchard et al., 2011; Menezes-Filho et al., 2009; Schullehner et al., 2020; Wasserman et al., 

2006). Although iron is not commonly associated with severe human health problems, it can 

influence the presence of other problematic pollutants, including As and Mn, in aquifer systems 

(Egirani et al., 2018; Edwards, 1994; Moncur et al., 2015).  

The World Health Organization (WHO) has recently established a provisional drinking water 

guideline for Mn of 0.08 mg/L based on a reassessment of current scientific data (WHO, 2021). In 

a recent update, the WHO maintained a provisional drinking water guideline of 0.01 mg/L (10 

µg/L) for arsenic (WHO, 2022). There is no health guideline for iron, but an aesthetic objective 

(AO) of 0.5 mg/L is usually recommended to avoid unpleasant odors, stains, and taste in drinking 

water (WHO, 2022). However, country-specific health guidelines for some elements in drinking 
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water can deviate from those of the WHO. In Canada, the drinking water guideline, also called the 

maximum acceptable concentration (MAC) of 0.12 mg/L for Mn, was established by Health 

Canada in 2019 (Health Canada, 2019a), which is higher than the WHO guideline value. Health 

Canada (2019) also set a recommended aesthetic objective of 0.02 mg/L for Mn to prevent the 

build-up of Mn oxides in water pipes. In Canada, an established MAC of 0.01 mg/L for As in 

drinking water (Health Canada, 2006) corresponds to the WHO guideline value. For iron, an AO 

of 0.3 mg/L has been implemented in Canada for more than five decades to avoid unpleasant taste 

and staining (Health Canada, 1987), a value that is lower than that recommended by WHO.  

Major sources of dissolved Mn, As, and Fe in groundwater include natural weathering of 

geologic materials and anthropogenic activities associated with the combustion of fossil fuels, 

agricultural activities, discharge of sewage and wastewater, and improper disposal of electronic 

devices, among others (Barringer and Reilly, 2013; Smedley and Kinniburgh, 2002; McMahon et 

al., 2019). In addition, spills of hydrocarbons or other organic solutes can create redox conditions 

capable of indirectly mobilizing Mn, As, and Fe in groundwater (Christensen et al., 2000). The 

presence of dissolved Mn, As, and Fe in groundwater is controlled by many factors, including the 

type of aquifer materials, groundwater flow, pH, and redox conditions (Bondu et al., 2018; 

McMahon et al., 2019; Smedley and Kinniburgh, 2002; Nickson et al., 2000).  

Mn in the environment usually exists in three oxidation states: Mn(II), Mn(III), and Mn(IV) 

(Cannon et al., 2017; Health Canada, 1987). In silicates, carbonates, clays, and less commonly 

sulfide minerals, Mn occurs in the reduced form (II) (Hem, 1963; Cannon et al., 2017). In contrast, 

the oxidized species, Mn(III) and Mn(IV) tend to form insoluble hydroxides (e.g., pyrolusite, 

birnessite) or co-precipitate with iron oxides at circumneutral pH and oxidizing conditions (Hem, 

1963; Cannon et al., 2017). In aqueous environments and under reducing conditions, reductive 

dissolution of Mn and Fe oxides is promoted by microorganisms that oxidize dissolved organic 

carbon (DOC), releasing Mn(II) into solution (Hem, 1963). Similarly, Fe in the environment 

occurs as Fe(II) and Fe(III) with the reduced form, Fe(II), present in silicates, carbonates, clays, 

and commonly as part of sulfide minerals (e.g., pyrite) (Hem, 1972; Health Canada, 1987). The 

oxidized form, Fe(III), tends to form (hydro)oxides (e.g., goethite, hematite) that are insoluble 

under near-neutral pH and oxic conditions (Kappler et al., 2021; Health Canada, 1987). Under 

acidic conditions (pH <5), the solubility of Mn and Fe in aqueous solutions increases and 

potentially influences the mobility of trace elements (e.g., As, Cu) (Hem, 1972). 
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 Arsenic occurs in several oxidation states (-3, -1, 0, +3, +5) and is found mainly in sulfide and 

oxide minerals (Ravenscroft et al., 2009). Arsenic-containing sulfide minerals include arsenopyrite 

(FeAsS) and arsenian pyrite (Fe(S, As)2, where As has an oxidation state of As(-I) (Simon et al., 

1999; Smedley and Kinniburgh, 2002). Iron oxide and, on some occasions, Mn oxide minerals are 

important sources of arsenic, which are usually found sorbed onto the oxide mineral surfaces 

(Ravenscroft et al., 2009). In aqueous environments, inorganic arsenic occurs as oxyanions in two 

main forms: the reduced form arsenite, As(III), and the oxidized arsenate, As(V) (Ravenscroft et 

al., 2009; Smedley and Kinniburgh, 2002). Solubility of As-containing minerals depends on pH 

and redox conditions. In oxic conditions, oxidation of arsenopyrite and arsenian pyrite may release 

Fe and As present in the mineral structure, while in reducing and alkaline conditions, As is mainly 

released from the desorption or reductive dissolution of iron oxide minerals (Appelo and Postma, 

2005; Myers and Nealson, 1988; Cannon et al., 2017). 

In Alberta, Canada, groundwater constitutes a critical domestic, industrial, and agricultural 

water supply. Approximately 90% of the rural population depends primarily on domestic water 

wells for household and agricultural use (Alberta Health, 2014a). Despite the considerable and 

increasing use of groundwater in the province, only a few regional studies have investigated 

inorganic contaminants in groundwater, with previous studies focussing primarily on the 

occurrence of methane (Humez et al., 2016a, 2016b, 2019) and salinity (Banks and Banks, 2019). 

In particular, no studies have been published at the provincial scale on the geochemical controls 

of Mn, As, and Fe in groundwater in Alberta, although some reports have summarized the 

occurrence of these elements in groundwater from domestic wells, providing some context about 

the percentage of samples exceeding drinking water guidelines or aesthetic objectives (Fitzgerald 

et al., 2001; Alberta Health, 2014a; Thistle et al., 2022). However, these reports do not provide 

detailed insights regarding the geochemical processes that control the occurrence of groundwater 

constituents such as Mn, As, and Fe, including the influence of groundwater depth or the 

association with water types, redox conditions, or aquifer geology. Some detailed investigations 

have been conducted on As in groundwater on a smaller scale in the northeastern part of the 

province of Alberta, in the Cold Lake region (Moncur et al., 2015; Javed and Siddique, 2016; 

Fennell, 2008), which is an important area for in-situ oil sand recovery. These local studies 

examined the occurrence of As in groundwater and possible sources while investigating the 

influence of temperature changes in sediments adjacent to thermal in-situ oil sands operations, 
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cities in the province include Calgary, Edmonton, Red Deer, and Lethbridge, which comprise 62% 

(~2,717,000) of Alberta's total population (4,371,000) in 2019.  

4.2.2 Geological Setting 

The province of Alberta is situated in the western margin of the Western Canadian 

Sedimentary Basin (WCSB). The base of the basin consists of a succession of Middle Cambrian 

to Middle Jurassic sedimentary rocks composed of shales, carbonates, and evaporites that overly 

a crystalline Precambrian basement (Porter and Price, 1982; Mossop and Shetsen, 1994). 

Sedimentary strata were folded during the Laramide and Cordilleran orogenies (late Jurassic to 

early Tertiary), producing the deformed belt of the Rocky Mountains (Mossop and Shetsen, 1994). 

East of this belt, a foreland basin of relatively undeformed sediments developed with a thickness 

of about 6 km in the west, decreasing eastward to approximately 500 m at the Alberta-

Saskatchewan border (Price, 1994). During the mid and late Cretaceous, the Western Interior 

Seaway connected the Arctic Ocean and the Gulf of Mexico, enabling the deposition of marine 

sedimentary units throughout the central part of North America, including the province of Alberta 

(Schröder-Adams, 2014). The last retreat of the Interior Sea and the termination of the Laramide 

Orogeny during the Late Cretaceous/Early Paleocene allowed the deposition of primarily 

nonmarine sediments in floodplains, floodplain channels, and sporadic shoreline deposits (Porter 

and Price, 1982; Price, 1994). Some of the most prolific oil and gas reservoirs, including the oil 

sands in Alberta, are found in Devonian and Lower Cretaceous-aged units such as the Elk Point, 

Woodbend, Mannville, Cardium, and McMurray formations (Hay, 1994). In the interior plains, 

shallower sedimentary units of the Late Cretaceous/Early Paleocene age contain coal and coal-

bed-methane (CBM) resources, including the Belly River Group, the Horseshoe Canyon, Scollard, 

and Paskapoo formations (Figure 4.1) (Smith et al., 1994).  

Quaternary sediments covered much of the WCSB and are characterized by deposits from 

retreating ice sheets, predominantly tills from the Laurentide and Cordilleran glaciers and ice 

sheets, as well as fluvial, lacustrine, aeolian, and organic-rich deposits (Atkinson et al., 2020). The 

lithology of these Quaternary sediments is highly heterogeneous, ranging from tills to nonglacial 

intervals of stratified gravels, sands, silts, and clays present mainly in buried valleys (Fenton et al., 

1994). The thickness of the surficial sediments (Figure C.1A, Appendix C) varies considerably 
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from 0 m up to 300 m in areas of preglacial valleys, predominantly in the northeast of the province 

(Fenton et al., 1994).  

 

Figure 4.1. Location of wells from which groundwater samples were obtained to generate the unified 
database used in this study on the Alberta bedrock formations map (Prior et al., 2013). The stratigraphic 
and hydrostratigraphic columns for bedrock formations from the Cretaceous to the Quaternary are also 
shown to the right (modified from Bachu, 1999; Atkinson et al., 2017; AGS, 2019). 

4.2.3 Hydrogeology 

4.2.3.1 Bedrock Aquifers 

Most domestic groundwater wells are completed in bedrock formations, a reliable water source 

in most of the study area. Major bedrock aquifers in the province occur in the Paskapoo, Horseshoe 

Canyon, Scollard, Milk River formations, and the Belly River Group (Figure 4.1). These Upper 

Cretaceous to Early Paleocene formations comprise sandstone beds with numerous siltstones and 

mudstone lenses (Grasby et al., 2008). The Paskapoo Formation has the highest hydraulic 

conductivity (K), ranging from 10-8 to 10-4 m/s, and the highest numbers of domestic water wells 

(>60,000), compared to other aquifers with K values between 10-8 and 10-5 m/s (Grasby et al., 

2008; Barker et al., 2011). Changes in topography and geology in the province are major controls 
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of groundwater recharge occurring typically in uplands, with estimated rates varying considerably 

between 2-14 mm/yr (Hayashi et al., 1998b; Pavlovskii et al., 2019) and discharge (common in 

lowlands) as well as regional groundwater flow directions that are predominantly towards the east 

and north-east of the province (Alberta Geological Survey, 2021; Bachu, 1999).  

4.2.3.2  Surficial Sediment Above Bedrock Aquifers 

Sediments above bedrock can also be an essential groundwater source in more localized areas. 

Coarse-grained sediments (gravel and sand) associated with buried valleys from previous river 

channels form aquifers of varying thicknesses, some located in the east and central regions of the 

province (Hartman et al., 2023). In the western part of the province east of the Rocky Mountains, 

the overlying tills are often thin and rarely represent a significant groundwater source (Atkinson 

et al., 2017). Groundwater from surficial sediments can have lower quality with higher total 

dissolved solids (TDS) concentrations than that obtained from underlying bedrock aquifers 

(Fenton et al., 1994; Ridell and Lyster, 2017; Barker et al., 2011). Some Quaternary units used for 

domestic water supply in the Cold Lake region in east-central Alberta include the Grand Centre, 

Sand River, Marie Creek, Ethel Lake, Bonnyville, Muriel Lake, and Empress formations (Parks et 

al., 2005). 

4.3 Materials and Methods 

4.3.1 Groundwater Data 

The hydrogeochemical data used for this provincial-scale study were compiled by the Applied 

Geochemistry Group (AGg, University of Calgary), Alberta Geological Survey (AGS), and 

Alberta Environment and Protected Areas (EPA) from existing water well records supplemented 

with water chemistry data from some newly obtained groundwater samples from monitoring wells. 

Five major datasets were retrieved from different provincial data archives, including water quality 

information for groundwater samples obtained from monitoring and domestic water wells. A brief 

description of each dataset is given as follows: 

The Groundwater Observation Well Network (GOWN) is a monitoring program from the 

Government of Alberta that has been recording groundwater data since the 1950s from wells 

completed in surficial sediments and bedrock formations. Currently, highly qualified personnel 

from the EPA collect groundwater samples for chemical and isotopic analyses from approximately 

50-100 active monitoring wells throughout Alberta every year (Government of Alberta, 2021a; 







 86 

data on minor ions (including Fe, Mn) and trace elements such as As and Se. Therefore, this study 

selected a subset of 8,309 groundwater samples from the UD based on the availability of complete 

total dissolved Mn and Fe concentration analyses and major cation and anion concentrations. 

Despite some wells being sampled multiple times, all samples were incorporated into the unified 

dataset as unique entries due to variations in coordinate systems among the databases. It is assumed 

that this inclusion does not significantly impact the results of the data analysis. 

From the subset of 8,309 samples, 12.5% (n=1,036) of groundwater samples were assigned to 

aquifers in sediments above bedrock (surficial sediments, Figure C.1A), 86.5% (n=7,194) to 

bedrock aquifers (Figure C.1B), and 1% (n=79) of the samples did not have a geological 

assignment. The depth of wells completed in surficial sediments ranged between 0.10 and 310 m 

with a median of 23 m below ground surface (mbgs), and wells completed in bedrock units ranged 

between 2.5 and 580 m with a median of 45 mbgs. Most groundwater samples (98%) were 

collected from depths <250 m. Therefore, this study primarily investigated the quality and 

geochemical controls of Mn, As, and Fe in shallow groundwater at depths <250 m. The sampling 

dates and subsequent chemical analysis ranged from 1970 to 2020 (Figure 4.2), with most of the 

sampling and analyses (82%) performed between 2000 and 2020. The investigation of As 

occurrence in Alberta groundwater was based on a subset of 3,045 groundwater samples from the 

UD for which concentration data for total dissolved arsenic were available. For the As subset, 67% 

(n=2,050) of the samples were assigned to bedrock aquifers and 33% (n=995) to surficial sediment 

aquifers. The depth of groundwater wells associated with total dissolved As had similar ranges 

compared to the subset of samples for the Mn and Fe data, with slightly lower median depths for 

surficial sediments of 30.5 m compared to 49.4 m for bedrock aquifers, respectively. 
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Figure 4.2. Number of samples for a) manganese and b) arsenic analyses each year. 

4.3.3 Spatial Analysis 

The spatial distribution of dissolved Mn and Fe concentrations in groundwater in the province of 

Alberta was mapped and interpreted as the median concentrations of groundwater samples from 

surficial sediments and bedrock aquifers at the township level based on the Alberta Township Survey 

(ATS) due to the large number of samples (> 8,000) for these two constituents. The ATS system divides 

the province into a grid of equal-sized squares formed by Ranges and Townships. Ranges represent 

9.6-km-wide columns and townships 9.6-km-wide rows. The intersection between ranges and 

townships forms 9.6 km x 9.6 km squares of land and are termed townships (Government of Alberta, 

2022). ArcGIS Pro was used to create maps of the median Mn and Fe concentrations in groundwater 

based on data from all available water wells per township for groundwater samples obtained from 

aquifers in bedrock and surficial sediments, respectively. For arsenic, all groundwater samples are 

shown as individual data points on the maps because of the lower number of samples with 

concentrations above the detection limits (n= 689). 

4.3.4 Hydrochemical Facies and Redox Analysis 

Water types were determined using the concentrations of major cations, including Ca2+, Mg2+, 

Na+, K+, and anions such as CO3
2-, HCO3

-, SO4
2-, NO3

-, and Cl- for each groundwater sample. The 

HCO3
- and CO3

2- concentrations were calculated using the measured alkalinity and pH values 

using Phreeqc software and the lldat database (Parkhurst and Appelo, 2013). 
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where zi is the ilr coordinates, ri, and si are the number of constituents coded with + and -, 

respectively, in the SBP; and xj and xl are the constituents coded + and - in the SBP (Egozcue et 

al., 2003; A. Buccianti and Grunsky, 2014). 

4.4 Results 

Descriptive statistics of chemical parameters evaluated in this study, including Mn, As, and 

Fe concentrations, are presented for groundwater samples collected from wells completed in 

surficial sediments and bedrock formations separately in Table 4.2. 

4.4.1 Concentration Ranges of Total Dissolved Mn, As, and Fe in Alberta Groundwater 

The concentrations of target elements in groundwater samples exhibit wide variations, ranging 

from below detection limit (<0.0001) to 16.5 mg/L for manganese, <0.0001 to 0.12 mg/L for 

arsenic, and <0.001 to 182 mg/L for iron across the entire dataset. Twenty-two percent (n=1,792) 

of the groundwater samples exceeded the Canadian drinking water guideline for Mn (>0.12 mg/L), 

while 16% (n=470) surpassed the guideline for As (>0.01 mg/L) for the overall dataset (3,045) or 

31% for arsenic above detection limits. Additionally, approximately 56% (n=4,627) of the 

groundwater samples exceeded the Canadian aesthetic objective (AO) of 0.02 mg/L for Mn, 

whereas the AO for Fe (>0.3 mg/L) was exceeded in 28% (n=2,368) of the groundwater samples. 

Consistently higher median concentrations of 0.12, 0.004, and 0.61 mg/L for Mn, As, and 

Fe, respectively, were observed in groundwater samples collected from surficial sediments 

compared to lower median concentrations of 0.022, 0.002, and 0.10 mg/L for total dissolved Mn, 

As, and Fe, respectively, in groundwater samples from bedrock formations (Table 4.2). 

Additionally, 29% (n= 518) of groundwater samples from surficial sediments and 68% (n= 1,232) 

from bedrock formations exceeded the drinking water guideline of Mn, while 64% (n= 299) of 

groundwater samples from surficial sediments and 36% (n= 171) from bedrock formations 

surpassed the MAC of 0.01 mg/L for As. For total dissolved Fe, the percentage of samples 

exceeding the AO of 0.3 mg/L in groundwater samples from surficial sediments was 25% (n=602), 

compared to 73% (n=1,739) from bedrock formations. 
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Figure 4.3. Boxplots showing the total dissolved Mn, As, and Fe concentrations at different depths for 
groundwater samples obtained from aquifers in surficial sediments and bedrock. The red dashed lines 
represent the drinking water maximum acceptable concentrations (MAC) for Mn of 0.12 mg/L and As of 
0.010 mg/L according to Canadian regulations (Health Canada, 2006; 2019b). The orange dashed line 
represents the aesthetic objective (AO) of 0.3 mg/L for Fe. The star symbols represent significant 
differences between groundwater samples obtained from wells completed in surficial sediments and 
bedrock formations at every depth interval. 
 

4.4.3 Spatial Distribution of Total Dissolved Mn, As, and Fe Concentrations in Alberta 

Groundwater and their Relation to Geological Formations 

In groundwater from surficial sediments, elevated median Mn concentrations above the MAC 

threshold (>0.12 mg/L) were observed in 51% (n= 240) of townships throughout the province, 

displaying no clear geographic preference (Figure 4.4a). In contrast, townships with elevated 

median Fe concentrations (>0.3 mg/L) in groundwater from surficial sediments were 

predominantly concentrated in the Cold Lake and Edmonton areas (Figure 4.5a). Specifically, 

areas with low median Fe concentrations per township were predominantly observed in 

groundwater from surficial sediments obtained within a corridor between Lethbridge and south of 

Edmonton. A similar spatial distribution was observed for dissolved As, with high concentrations 

above the MAC (>0.01 mg/L) prevalent in groundwater samples from surficial sediments near 

Cold Lake and Edmonton, with sporadic occurrences in the northwest (Peace River area) and in 

the southeastern corner of the province (Figure 4.6a). Analysis revealed no significant correlation 

(p>0.05) between the thickness of surficial sediments and dissolved Mn concentrations in 

groundwater. However, a weak positive correlation (rho= 0.29, p<0.05) was identified between 

the thickness of surficial sediments and dissolved Fe concentrations in groundwater. Additionally, 
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a weak positive correlation (rho= 0.23, p<0.05) was observed between the thickness of surficial 

sediments and groundwater As concentrations.  

In groundwater samples from bedrock aquifers, only 20% of the townships had median Mn 

concentrations above the MAC of >0.12 mg/L and were predominantly located in the eastern parts 

of the province between Cold Lake and Medicine Hat, and in the Grande Prairie area (Figure 4.4b). 

The highest Mn concentrations for individual samples were observed in groundwater from aquifers 

associated with marine sedimentary shales of the Lea Park, Pakowki, and Bearpaw formations and 

the transitional Belly River Group (Table 4.3). It is important to note that although townships 

within a corridor between Lethbridge and Edmonton, associated with major aquifers like the 

Paskapoo, Scollard, and Horseshoe Canyon formations, exhibit the lowest median Mn 

concentrations, there is still a considerable subset of samples (14-18%) with Mn concentrations 

exceeding 0.12 mg/L (Table 4.3). A similar spatial pattern was evident for townships with median 

Fe concentrations above 0.3 mg/L, primarily observed towards the eastern parts of the province, 

associated with aquifers in contact with marine sedimentary rocks (Figure 4.5b and Table 4.3). 

High arsenic concentrations above the MAC (>0.01 mg/L) in groundwater samples from bedrock 

aquifers were preferentially observed between Cold Lake and Edmonton, particularly in aquifers 

associated with the marine Lea Park Formation (Figure 4.6b and Table 4.3). Other bedrock 

formations yielding groundwater with elevated As concentrations include the Scollard Formation, 

the Belly River Group, and the Horseshoe Canyon Formation (Table 4.3).    
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Figure 4.4. Map showing the spatial distribution of median manganese concentrations in groundwater per 
township from (A) surficial sediments and (B) bedrock aquifers in Alberta. Sediment above bedrock 
thickness map adapted from Atkinson et al. (2020), and bedrock geology of Alberta map adapted from Prior 
et al. (2013). 
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Figure 4.5. Spatial distribution of median Fe concentrations (A) in groundwater from surficial sediments 
and (B) in groundwater from bedrock aquifers. Sediment above bedrock thickness map adapted from 
Atkinson et al. (2020), and bedrock geology of Alberta map adapted from Prior et al. (2013). 
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Figure 4.6. Spatial distribution of arsenic concentrations in groundwater from (A) surficial sediments and 
(B) bedrock aquifers. Sediment above bedrock thickness map adapted from Atkinson et al. (2020), and 
bedrock geology of Alberta map adapted from Prior et al. (2013). 
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Table 4.3. Percent of groundwater samples with concentrations of Mn and As (mg/L) above the MAC 
threshold and Fe above the AO by geologic unit. Dark red highlights indicate percentages above 30, and 
orange refers to percentages between 20 and 30. The values in the table are percentages, and the value in 
parenthesis represents the number of groundwater samples for each element from relevant aquifers. Und = 
undifferentiated. 

Geologic Unit Depositional 
Environment 

Mn>0.12 
%(n) 

As>0.01 
%(n) 

Fe>0.3 
%(n) 

Sediment above bedrock Nonmarine 51 (722) 43 (299) 
62 

(875) 
Paskapoo/Porcupine 
Fms. Nonmarine 17 (466) 11 (23) 

27 
(745) 

Scollard/Willow Creek 
Fms. Nonmarine 19 (356) 10 (5) 

20 
(391) 

Battle Fm. Marine 18 (15) 50 (1) 20 (17) 

Horseshoe Canyon Fm. Nonmarine 14 (310) 28 (71) 
24 

(538) 

Wapiti/Brazeau Fms. Nonmarine 22 (87) 24 (21) 
41 

(164) 
Upper Bearpaw Fm. Marine 20 (8) 6 (1) 24 (10) 
Lower Bearpaw Fm. Marine 37 (27) 22 (4) 44 (32) 
Dinosaur Park Fm. Nonmarine 28 (23) 11 (2) 48 (39) 
Oldman Fm. Nonmarine 16 (9) 14 (1) 48 (28) 
Foremost Fm. Nonmarine 18 (19) 16 (6) 28 (29) 
Und. Belly River Group Transitional 35 (38) 25 (7) 53 (57) 
Lea Park/Pakowki Fms. Marine 39 (39) 60 (34) 72 (72) 
Milk River Fm. Marine 18 (9) 0 (11) 22 (11) 

 

4.4.4 Major Ion Composition and Hydrochemical Water Types Associated with Elevated 

Mn, As, and Fe Concentrations 

The major ion compositions of the more than 8,000 groundwater samples investigated exhibit 

high variability across samples collected from surficial sediments and bedrock units, as shown in 

Table 4.2. Considering the wide range of chemical compositions, a classification of predominant 

water types for groundwater samples obtained from surficial sediments and bedrock was 

conducted. This classification revealed Na-HCO3 (~38%), Na-HCO3-SO4 (~18%), Na-SO4 

(~11%), CaMg-HCO3 (~8%), mixed cations-HCO3-SO4 (~8%), and NaCl (~3%) as the primary 

hydrochemical facies. 

Figure 4.7 shows Mn, As, and Fe concentrations in groundwater samples from wells 

completed in surficial sediments and bedrock units and their association with relevant 

hydrochemical facies. Elevated median Mn concentrations above the MAC (>0.12 mg/L) in 
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groundwater from bedrock units were mainly observed in the Ca-Mg-HCO3 and Ca-(Mg-Na)-

HCO3-SO4 hydrochemical facies. In contrast, the lowest median Mn concentrations were 

associated with more chemically evolved water types such as Na-HCO3 and Na-Cl, as shown in 

Figure 4.7a. Median arsenic concentrations in groundwater from bedrock typically remained below 

the MAC threshold of 0.010 mg/L. However, the highest median As concentrations of 0.004 and 

0.003 mg/L were found in the cation mixed-HCO3-SO4 and Na-Cl water types, respectively, while 

low median As concentrations were observed in the Ca-Mg-HCO3 and Na-HCO3 water types 

(Figure 4.7b). The highest median Fe concentration (0.55 mg/L, exceeding the AO) in groundwater 

from bedrock units was observed in the mixed cations-HCO3-SO4 water type (Figure 4.7c), while 

median Fe concentrations in Ca-Mg-HCO3 and more chemically evolved hydrochemical facies 

(Na-HCO3 and NaCl) were all below the AO of 0.3 mg/L. 

In groundwater samples from surficial sediments, median Mn concentrations above the MAC 

of 0.12 mg/L were associated with a broader range of water types, from less evolved (Ca-Mg-

HCO3) to intermediate chemically evolved (Na-SO4) water types (Figure 4.7a). A decreasing trend 

of median Mn concentrations was observed towards the more chemically evolved groundwaters, 

with the lowest median concentrations of 0.05 mg/L found in the Na-HCO3 and NaCl water types. 

More complex trends were observed for As concentrations in groundwater samples from surficial 

sediments (Figure 4.7b). The highest median As concentrations of 0.0107 and 0.0084 mg/L occur 

in Na-HCO3 and Na-Cl groundwater types, respectively, while the lowest median As 

concentrations of 0.0022 and 0.0015 mg/L were observed in the Ca-Mg-HCO3 and Na-HCO3-SO4 

water types, respectively. Median Fe concentrations above 0.40 mg/L were associated with almost 

all water types (Ca-Mg-HCO3, Na-SO4, and Na-HCO3) except for Na-HCO3-SO4 and the more 

saline Na-Cl water type, which had the lowest median Fe concentration. 
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Figure 4.7. Boxplots displaying variations of concentrations of a) Mn, b) As, and c) Fe in groundwater 
associated with bedrock units and surficial sediment aquifers as groundwater becomes more chemically 
evolved. 
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locations in which elevated As concentrations (>0.010 mg/L) are found in aquifers in the province 

(Figure 4.6 and Table 4.3). Mineralogical investigations, particularly in the Cold Lake area, have 

identified pyrite, arsenopyrite, iron oxides, and carbonates as major components associated with 

As in core samples from glacial deposits (Andriashek, 2000; Lemay, 2003; Moncur et al., 2015; 

Javed and Siddique, 2016). In bedrock formations such as the Upper Cretaceous shales of the Lea 

Park Formation, which underlies glacial deposits in the northeast of the province, Leckie et al. 

(1994) reported a high occurrence of pyrite, while sporadic presence of pyrite has been observed 

in the Lower Bearpaw Formation in east-central Alberta (Forman and Rice, 1959). Both formations 

may contribute to As occurrence in groundwater. Ironstones, reported in formations such as the 

Lea Park and the Bearpaw (Glombick, 2014), are also known to contain elevated As 

concentrations, which may constitute an additional source of As in groundwater (Smedley and 

Kinniburgh, 2002). Pyritic shales have also been documented in Cretaceous marine formations 

(Kaskapau Formation, equivalent to the Colorado Group in eastern Alberta) in northwestern 

Alberta, forming acid sulfate soils with As reaching up to 450 mg/kg in areas with segregated iron 

oxyhydroxides (Dudas, 1987). The author suggested that the oxidation of pyrite explains the 

accumulation of arsenic. Therefore, pyrite occurrences in surficial sediments and shales from 

marine formations appear to constitute the major sources of arsenic in groundwater in Alberta. In 

addition, Moncur et al. (2015) reported a high proportion of iron oxides, likely the product of pyrite 

oxidation, in weathered tills that can influence the As concentrations in groundwater from surficial 

sediments in the Cold Lake region. 

In central Alberta and west of Edmonton, a relatively high proportion of groundwater samples 

(10-30%) with arsenic concentrations above 0.01 mg/L were primarily associated with shallow 

marine to nonmarine bedrock formations such as the Horseshoe Canyon, Scollard, and Paskapoo 

formations, as well as the Belly River Group. These formations are known to host coal beds (Smith 

et al., 1994), which can contain variable amounts of pyrite that frequently contains As (Smedley 

and Kinniburgh, 2002). Specifically, in central Alberta, coal seams of the Scollard Formation can 

have As contents ranging from 0.6 to 5.4 ppm (Pollock et al., 2000). Similarly, in the Horseshoe 

Canyon Formation, coal seams exhibit arsenic concentrations ranging from 3.2 to 38 ppm, with 

elevated As levels often correlated with high total sulfur content (~1.6%), suggesting pyrite as a 

primary source of As (Gentzis and Goodarzi, 1998).  
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Although there is abundant evidence that geology, including the types of rocks and minerals 

present, markedly affects the occurrence of dissolved Mn, As, and Fe in Alberta groundwater, the 

overall data distribution indicates that geochemical conditions also play an additional key role in 

determining whether elevated concentrations of the redox-sensitive elements Mn, As, and Fe are 

observed in groundwater. Notably, there is a substantial range of variability in Mn, As, and Fe 

concentrations within the aquifers in surficial sediments and various bedrock units, where redox 

conditions may explain the variability in the observed concentrations of dissolved Mn, As, and Fe 

in groundwater. It is important to note that although the sources of Mn, As, and Fe are primarily 

geogenic, anthropogenic activities can also impact the natural environment and affect the 

occurrence and enhance the mobility of these elements in groundwater. In the Cold Lake region, 

for instance, it has been reported that heat generated from steam injection for thermal recovery of 

oilsands deposits (e.g., via steam-assisted gravity drainage) can enhance the mobility of As in 

shallow groundwater, resulting in elevated concentrations above drinking water guidelines 

(Fennell, 2008; Javed and Siddique, 2016). 

 

4.5.2 Biogeochemical Factors Controlling Mn, As, and Fe Concentrations in 

Groundwater 

The release of Mn, As, and Fe is closely linked to the redox conditions of groundwater 

systems, a relationship that can be directly explored through measurements of redox potential (Eh) 

and dissolved oxygen (DO) concentrations in groundwater (Langmuir, 1997; Appelo and Postma, 

2005). In this study, the lack of Eh measurements and dissolved oxygen concentrations for almost 

all (99%) of the groundwater samples precluded the use of Eh and DO to evaluate redox conditions 

prevalent in groundwater in Alberta. Therefore, redox conditions were determined based on the 

occurrence of nitrate, manganese, iron, and sulfate concentrations, as shown in Table 4.1, 

indicating the evolution of groundwater from oxic to post-oxic, sulfidic, and eventually methanic 

redox zones (Appelo and Postma, 2005; McMahon and Chapelle, 2008). This enabled the 

assessment of the occurrence of dissolved Mn, As, and Fe in dependence on redox groundwater 

conditions.  

Elevated concentrations of Mn and As above the MAC and the AO for Fe were mainly 

observed in groundwater with post-oxic conditions (Figure 4.9). This observation is in agreement 
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Figure 4.10. Box plots showing concentrations of dissolved a) Mn, b) As, and c) Fe in groundwater 
belonging to different redox zones. Blue numbers indicate the number of samples for each redox category. 

 

Median As and Fe concentrations were low in the oxic zone and increased in the upper portion 

of the post-oxic zone where peak Mn concentrations were observed, but the highest median As 

and Fe concentrations, reaching 0.005 and 1.1 mg/L, respectively, were observed in the Fe(III) 

reduction zone in the lower portion of the post-oxic zone (Figures 4.10b and 4.10c). More reducing 
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2015). Under post-oxic Fe(III) reducing conditions, dissolved As(V) species are reduced to 

dissolved As(III) species such as H3AsO3 and H2AsO3
-, which are less strongly sorbed to iron 

oxides compared to As(V) species under circumneutral pH conditions (Acharyya et al., 2000).  

In post-oxic redox environments, reductive dissolution of sedimentary iron oxides frequently 

occurs, potentially releasing adsorbed As (Ying et al., 2017; Nickson et al., 2000). This process, 

illustrated by equation 2, involves the release of Fe(II) into solution and, if present, the release of 

sorbed As, while the oxidation of organic matter generates CO2, which dissociates to HCO3
-. This 

process likely explains the positive correlation between As and HCO3
- concentrations in 

groundwater samples from wells completed in surficial sediments and bedrock formations and the 

weak positive correlation between As and Fe concentrations in groundwater from surficial 

sediments (Figure 4.9). Samples with As concentrations >0.01 mg/L in Alberta groundwater 

commonly have HCO3
- concentrations exceeding 400 mg/L and elevated Fe concentrations 

ranging from 0.1 to 26.5 mg/L. Some authors have suggested that a poor correlation between 

dissolved As and Fe concentrations in groundwater can result from the precipitation of Fe(II) as a 

carbonate mineral (siderite, FeCO3) or sulfides (Bhattacharya et al., 2002). The mineral saturation 

results (Figure C.2b) indicate that siderite precipitation is limited and may not be relevant in most 

of the study area. However, the potential for iron sulfide precipitation may likely explain the poor 

correlations.  

The positive correlation observed between As and HCO3
- concentrations (Figure 4.9) may also 

reflect the desorption of As from iron oxides by HCO3
- ions present in groundwater, as documented 

in previous studies (Smedley and Kinniburgh, 2002; Anawar et al., 2004; Appelo et al., 2002). 

Anawar et al. (2004) demonstrated the leaching effect of NaHCO3 solutions in core sediments of 

Bangladesh aquifers, which mobilized As sorbed on iron oxide surfaces under both oxic and anoxic 

conditions. This mechanism may partly explain the occurrence of dissolved As in groundwater in 

Alberta, particularly in samples with relatively high pH (>8), as evidenced by 59% (n= 565) of the 

samples with detectable arsenic levels. Figure 4.7b also illustrates a high median As concentration 

(0.010 mg/L) in Na-HCO3 water types in groundwater samples from surficial sediments, further 

supporting this process. HCO3
- and CO3

2- ions can compete with As for adsorption sites, reducing 

the binding capacity of As to Fe oxides (Smedley and Kinniburgh, 2002; Anawar et al., 2004; 

Appelo et al., 2002).  
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Formation, especially in central Alberta, were identified as additional potential sources of 

dissolved As in groundwater. In addition to geologic sources, the establishment of suitable redox 

conditions was recognized as the key driver for controlling the concentrations of Mn, As, and Fe 

in Alberta groundwater. Elevated concentrations of dissolved Mn above Canadian drinking water 

guidelines and standards require the establishment of post-oxic conditions in the Mn-reducing 

redox window often encountered at depths <50 m. In comparison, high concentrations of dissolved 

As above drinking water guidelines required slightly more reducing conditions and were 

frequently observed at depths between >30 and <100 m. Similarly, elevated iron concentrations 

require reducing post-oxic conditions in the Fe-reducing redox window that were often 

encountered at depths >20 m. In addition, processes including the reductive dissolution of iron 

oxyhydroxides coupled with oxidation of DOC were identified as key processes mobilizing Fe and 

As, while dissolution of carbonates appears to also contribute to the release of Mn in groundwater.  

Therefore, geological sources and establishing suitable post-oxic redox conditions in groundwater, 

dependent on depth, are the key drivers controlling the regional and depth distribution of 

concentrations of Mn, As, and Fe in Alberta groundwater. 
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In addition, variations in groundwater constituent concentrations were noted with depth, 

suggesting that changes in redox conditions may influence the occurrence of nitrate-N, Mn, As, 

Fe, and Se in groundwater in Alberta. Specifically, elevated nitrate concentrations were 

predominantly found at shallow depths, typically less than 30 m. Elevated Mn concentrations were 

observed at slightly greater depths, commonly <50 m. In contrast, arsenic and iron concentrations 

in groundwater were low at very shallow depths (< 30 m), increased at depths >30 m, and then 

decreased again at depths greater than 100 m, particularly for arsenic. However, iron 

concentrations remained relatively stable across almost all depth intervals evaluated, ranging from 

<10 to 250 m. Elevated concentrations of dissolved selenium were observed at all depths, but 

GOWN samples with elevated concentrations were often observed at depths exceeding 50 m. 

Therefore, the observed redox sequence of groundwater constituents with depth aligns with 

the concept of a redox ladder (Appelo and Postma, 2005). As depth increases, progressively 

reducing conditions result in nitrate removal through denitrification processes in environments 

with low dissolved oxygen and iron levels (Figure 5.1). At specific sequences, elevated 

concentrations of Mn, As, and Fe are more prevalent in post-oxic environments. Conversely, 

elevated Se concentrations appear preferentially in environments characterized by low sulfate and 

measurable methane concentrations. This pattern indicating a strong redox control on the 

investigated groundwater constituents is supported by measured speciation for dissolved As and 

calculated speciation for dissolved Se in groundwater samples from the GOWN monitoring wells, 

characterized by the reduced As(III) and Se(-II) species. 

The hydrochemical facies associated with each groundwater constituent reflect their 

prevalence within specific water types, intrinsically linked with the redox environment and depth. 

Mainly, elevated concentrations of nitrate-N, Mn, and Fe were observed in Ca(Mg)-HCO3 and mix 

cation-HCO3 water types, whereas lower concentrations were noted in more chemically evolved 

Na-HCO3 and Na-Cl water types. Arsenic displayed a more complex distribution, with elevated 

concentrations observed across various water types. In contrast, dissolved selenium concentrations 

were primarily associated with the more chemically evolved Na-HCO3 and Na-Cl water types 

(Figure 5.1). 
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Figure 5.1. Schematic of groundwater redox changes along with hydrochemical facies and associated 
distribution of groundwater contaminants. 

 

The elevated concentrations of dissolved organic carbon (DOC) in groundwater, often 

exceeding 2.5 mg/L, were found to play a significant role in specific redox processes. For instance, 

the reductive dissolution of iron oxyhydroxides and organic matter oxidation was identified as one 

of the processes mobilizing Fe and As in groundwater. Additionally, pyrite oxidation emerged as 

an additional mechanism that, coupled with denitrification, releases Fe and other associated trace 

elements such as arsenic and selenium in groundwater systems while nitrate concentrations 

decrease. 

These findings have significant implications for public health, particularly for communities 

dependent on groundwater resources for drinking water. Contaminants such as nitrate, selenium, 

manganese, and arsenic can pose severe health risks, especially in areas where the population 

depends on individual wells drilled into surficial sediment aquifers. Understanding the 

mobilization and distribution of these contaminants across various geological formations can help 

protect populations from exposure to harmful levels of these contaminants. Monitoring and 

managing these groundwater constituents are essential for safeguarding public health in regions 

dependent on these water sources. 

Future research should focus on complementing speciation analysis for trace elements 

investigated in this study, arsenic and selenium, and on including measurements of DO and Eh for 

all groundwater sampling campaigns to improve redox analysis and enhance our understanding of 
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groundwater quality and its management in Alberta. There is a need for continued monitoring and 

assessment of groundwater quality, particularly in shallow groundwater and the vadose zone from 

anthropogenic activities, including agriculture and oil and gas processing. Future studies should 

also incorporate temporal trends to help identify emerging contaminants or changing patterns of 

groundwater contamination over time. Furthermore, investigation is needed in irrigated areas to 

evaluate the role of land use practices on hydrogeological conditions and geochemical processes 

at various depths and across multiple crop types and fertilizers, including manure applications at 

regional scales. Additionally, there is a need for more comprehensive isotopic analyses to 

understand better the sources and transformation pathways of contaminants, particularly nitrate 

and selenium. Moreover, integrating advanced modeling and machine learning techniques with 

field observations could help predict the fate and transport of contaminants in groundwater systems 

in light of extreme weather changes, aiding in risk assessment and decision-making. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
















































































