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Abstract 

Ammonium and nitrate concentrations in an alluvial aquifer adjacent to the Bow River, 

beneath and downgradient of a fertilizer plant have largely decrease over the past decade 

suggesting the plume is being ‘flushed’ likely by upgradient N-poor groundwater. Possible 

biochemical nitrogen processes were evaluated which might be influencing these 

concentrations including denitrification, dissimilatory nitrate reduction to ammonium 

(DNRA), nitrification and anaerobic ammonium oxidation (anammox). Different 

biochemical and isotopic signatures contribute to an understanding of the behaviour of the 

various N compounds. The decreasing groundwater ammonium and nitrate concentrations 

are attributed in part to the anammox process through several lines of evidence: (1) elevated 


15

NNO3 and 
15

NNH4 with decreasing nitrate and ammonium concentrations, (2) higher 


15

NNO3 values than 
15

NNH4 values, (3) N2 production with concentrations above 

atmospheric levels (4) 
15

NN2 in 
15

N depleted in the downgradient groundwater relative to 

the source groundwater and (5) the presence of the required anammox bacteria. 
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CHAPTER ONE: INTRODUCTION 

1.1 Background  

     Elevated inorganic nitrate and ammonium concentrations in surface water and 

groundwater can cause significant impacts on aquatic ecosystems and human health. The 

presence of elevated nitrate concentrations in groundwater has been recognized worldwide 

since the 1970s (Spalding and Exner, 1993; Rivett et al., 2008). Nitrate is the most 

common pollutant found in shallow aquifers due to both point and non-point (i.e. 

dispersed) sources (Hallberg, 1989; Mueller et al., 1995). Elevated nitrate concentrations in 

drinking water are linked to health problems such as methaemoglobinaemia in human 

infants (baby blue disease), stomach cancer and hypertension both in adults (Cecen and 

Orak, 1996; Almasri and Kaluarachchi, 2004). The WHO (1993) drinking water quality 

guideline for nitrate is 10 mg-N/L. 

     While groundwater nitrate has been extensively studied, there are relatively few field 

studies of ammonium transport and reaction processes in shallow groundwater (Ceazan, 

1989; Buss et al., 2004; Bölhke, 2006). This may be because high ammonium 

concentrations are not frequently found in groundwater since it can be nitrified in the 

unsaturated zone to nitrate, and its transport can be attenuated by sorption (primarily by 

cation exchange) and biological uptake (Freeze and Cherry, 1979; DeSimone and Howes, 

1998; Schilling 2002). For instance, although raw sewage often has initially high 

ammonium concentrations, they are often not present in shallow groundwater plumes that 

emanate from septic systems (Aravena and Robertson, 1998; DeSimone et al., 1996).   
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     In drinking water systems, ammonium can reduce disinfection efficiency, leading to 

nitrite formation causing taste and odour problems (Canter, 1996). The Canadian water 

quality guideline for aquatic life has been established as 2.608 mg-N/L for total ammonia 

(i.e. the sum of ammonia and ammonium) at an average pH of 7.5 and temperature of 10ºC 

(CCME, 2009). There is no WHO (1993) drinking water guideline for ammonia or 

ammonium. Total ammonia concentrations in natural waters are generally less than 0.1 

mg-N/L; higher concentrations can indicate pollution (LeBlanc, 1984). The primary 

concern regarding high ammonium concentration in groundwater is its discharge to surface 

water where it can contribute to eutrophication (i.e. an increase in the concentration of 

nutrients in an ecosystem) and hypoxia (i.e. oxygen depletion) which can alter the 

chemistry and biology of the water (Vitousek et al., 1997). Although elevated ammonium 

concentrations in groundwater have been reported in the literature, for example due to 

wastewater in an anoxic plume (Böhlke et al., 2006) and manure (Krapac et al., 2002), it is 

apparently much less commonly found than groundwater nitrate.  

     Elevated nitrate concentrations are found mostly in agricultural areas (e.g. Fraters et al., 

1998; Buss et al., 2004; Böhlke, 2006; Rivett et al., 2008). Hallberg (1989) reported 

agriculture as the most extensive anthropogenic source for nitrate in groundwater. Hence, 

the most common source for elevated nitrate and ammonium in groundwater may be 

agricultural practices, which also contribute to emissions of greenhouse gases such as N2O 

(Cho et al., 2000; Foster, 2000; Almasri and Kaluarachchi, 2004). Many other sources can 

also contribute to nitrate and ammonium contamination, such as landfill leachate, 

municipal wastewater (LeBlanc, 1984; Christensen et al., 2000; Cozzarelli et al., 2000), 
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discharge from septic systems (Aravena et al., 1993; Aravena and Robertson, 1998), 

atmospheric deposition and spreading of manure and sewage (Wakida and Lerner, 2005).  

     Compared to the studies on agricultural nitrogen sources and effects, there are relatively 

few reports in the literature of groundwater contamination below munition manufacturing 

facilities (DiGnazio, 1998; Beller et al., 2004; Clausen et al., 2004). It has been suggested 

that high nitrate concentrations (up to 45 mg-N/L) in groundwater at these facilities were 

thought to be due to the improper disposal of nitrogen-containing compounds during the 

regular operations of the munitions plant (DiGinazio et al., 1998). Denitrification process 

was thought to be occurring in one of these studies on the fate of nitrate from munitions 

manufacturing.  

     Similar to munitions manufacturing, there are few studies of groundwater 

contamination by fertilizer manufacturing (Hazen and Esch, 1983; Widory et al., 2004; 

Clark et al., 2008), but in each case elevated nitrate and ammonium concentrations were 

found in groundwater in the Caribbean, Europe and North America, respectively. In each 

of these three studies, ammonium and nitrate concentrations decreased over time for 

periods of one year (Hazen and Esch, 1983; Widory et al., 2004) to thirty years (Clark et 

al., 2008). Two of the studies were unable to identify the physical and/or geochemical 

processes responsible for the concentration declines. Multiple lines of evidence were used 

to identify anaerobic ammonium oxidation (anammox) as a major process involved in the 

removal of these N-compounds (Clark et al., 2008).  These lines of evidence included (1) a 

progressive enrichment of 
15

N of ammonium and 
15

N of nitrate; (2) 
15

N of nitrate 
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values greater than coexisting 
15

N of ammonium and, (3) significant N2 overpressuring 

with increasing 
15

N of ammonium values.  

     The isotopic composition of nitrate has been well studied and utilized in the 

identification of many sources (such as fertilizers usage, soils, atmospheric deposition, 

spreading of manure, and sewage) as well as the influence of chemical processes on 

isotopic compositions (Kendall, 1998; Aravena et al., 1998; Clark and Fritz 1997).  Only 

one study was found that reported the isotopic composition of groundwater nitrate 

impacted by munitions manufacturing. In this study (Beller et al., 2004) barium nitrate and 

nitric acid which were historically used as mock explosives were dissolved in reagent 

water for isotopic analysis. The isotopic composition of groundwater nitrate underlying the 

high-explosives (munitions) test facility from potential anthropogenic sources was 
18

O = 

5.8 ‰ and 
15

N = 17.5 ‰ for Ba(NO3)2; and 
18

O = 4.2 ‰ and 
15

N = 23.3 ‰ for  HNO3
-
 

(Beller et al., 2004). The isotopic composition of groundwater nitrate and ammonium 

impacted by fertilizers manufacturing was found only in one study (Clark et al., 2008).  

The isotopic values of groundwater nitrate were 
15

N = 15.0 to 23.1‰ and 
18

O = 1.5 to 

10.5‰ and for ammonium 
15

N = 5.0 to 14.5‰.  

1.2 Nitrogen cycle 

     Nitrogen is found in organic matter, in dissolved species and in various gases such as 

nitric oxide, nitrogen dioxide and nitrous oxide (Appelo and Postma, 1994). Minerals 

containing nitrogen in general are very soluble and therefore are rarely found in shallow 

aquifers. Nitrogen is found in nature in valences from +5 (i.e. nitrate) to -3 (i.e. 
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ammonium). Dinitrogen gas, with valence 0 is an inert gas that comprises 78 % of the 

atmosphere (Appelo and Postma, 1994).  

     A number of processes drive the nitrogen cycle (Figure 1). Biological processes release 

gases (i.e. nitric oxide, nitrogen dioxide, and nitrous oxide) in soils, as do lightning and 

biomass burning. Biologically-mediated groundwater redox reactions include: nitrification, 

dissimilatory nitrate reduction to ammonium (DNRA), denitrification, and anaerobic 

ammonium oxidation (anammox) can control nitrogen dynamics. These reactions, which 

are discussed below in the groundwater context, derive metabolic energy or 

microorganisms (Appelo and Postma, 1994). 

 

 

 

 

 

 

 

 

 

 

 

  
 

                     Figure 1: Nitrogen cycle with major biochemical processes. 

 



    6 

1.3 Transport of nitrate and ammonium in groundwater 

     The processes that may induce mass transport of nitrate and ammonium in groundwater 

are advection, diffusion and mechanical dispersion. Advection is the process in which 

solutes are transported by the bulk motion of groundwater flow, assuming contaminants 

neither decay nor interact with other aqueous species (Freeze and Cherry, 1979; Domenico 

& Schwartz, 1998). Diffusion is the molecular transport due to solute concentration 

gradients (i.e. from high to low concentrations, with no water movement). Mechanical 

dispersion is the spreading of solute mass due to groundwater velocity variations. 

Attenuation processes may slow the transport of nitrate and ammonium in the subsurface. 

These processes include sorption (i.e. retardation, particularly for ammonium) and 

bacterially mediated redox reactions (e.g. denitrification, dissimilatory nitrate reduction to 

ammonium (DNRA), nitrification and anammox). 

     Nitrate is stable under oxidizing conditions (Stumm and Morgan, 2005; Hook, 1983) 

which are often found in surface waters and shallow groundwater. Under the anaerobic 

conditions typical of deeper groundwaters or wetlands, nitrate can be microbiologically 

transformed to other nitrogen species (which are discussed below). Nitrate retardation by 

sorption in groundwater is unusual, though the process has been observed in some soils 

with amorphous surfaces that carry variable surface charges, and therefore absorb mobile 

anions such as nitrate and chloride (Ryan et al., 2000; Clay et al., 2004). 

     Ammonium transport may be attenuated by sorption, and/or by several microbiologic 

processes (discussed below). Sorption is the process by which a contaminant partitions 

between the solid and aqueous phases in a porous media, removing the solute from 

solution. Sorption includes surface-related reactions such as adsorption, absorption, and 
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ion exchange (Böhlke et al., 2006). Cation sorption is an equilibrium exchange process that 

is affected by sorbed and aqueous concentrations of cations competing for sorption. The 

relative strength of cation bonds to a charged mineral is determined by its selectivity 

coefficients which are a function of both mineral surface and solution composition (Appelo 

& Postma, 1994). Cations retained electrostatically are readily exchangeable with other 

cations in groundwater with higher selectivity coefficients.  

     Sorption of ammonium is mostly controlled by cation exchange capacity, and is more 

common in clays, which tend to be negatively charged (Buss et al., 2004). It has been 

found that clay mixed-layers (e.g. montmorillonite-smectite, including bentonite, 

commonly used in well construction) adsorb ammonium more strongly than two-layer 

clays such as illite (Stumm, 1992; Buss et al., 2004). Hence, partition coefficients of 

ammonium to aquifer materials are related to their lithology and/or mineralogy 

composition.   

     Ammonium sorption has also been observed in coarse-grained sand and gravel aquifers 

(Ceazan, 1989; Böhlke et al., 2006). Sorption affected ammonium
  

movement was 

observed in a wastewater plume, with a retardation factor of 4 to 6 estimated from sorption 

isotherms and field data (Böhlke et al., 2006). Similar groundwater ammonium retardation 

factors are reported elsewhere (Ceazan et al., 1989). Ammonium competes with Al
3+

, Ca
2+

, 

and Mg
2+ 

for exchange sites and will tend to occupy a site before any other monovalent 

metal. A series of relative selectivity coefficients in order of decreasing affinity for cation 

exchange sites (which is also concentration dependant) was presented by Buss et al. 

(2004):               Al
3+ >> Ca

2+ > Mg
2+ >>NH4

+ > K+ > H+ > Na
+ 
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1.3.1 Microbially mediated redox processes affecting groundwater nitrogen   

concentrations 

     Redox reactions involve the transfer of electrons (since electrons are not present in a 

free state in a solution) between molecules and a change in the oxidation state of the 

molecule. Oxidation and reduction reactions are coupled such that the electron transfer is 

balanced (Stumm and Morgan, 2005). Almost all of the important redox reactions in 

groundwater are facilitated by microorganisms. There is a sequence of microbial redox 

reactions which is related to the amount of energy liberated in each reaction, with the most 

energetically favourable reactions proceeding first if the appropriate microorganisms are 

present. The presence of the appropriate microorganisms can depend on appropriate 

environmental conditions (e.g. pH, temperature, nutrients, and redox conditions (e.g. 

presence of DO for aerobic microorganisms, or lack of DO for anaerobic microorganisms; 

Madigam, 2000).   

      Typically the sequence of redox reactions proceeds from those that require more 

oxidizing to those that require more reducing conditions. For example, if an abundant 

supply of electron donor is present, the reaction sequence can include reduction of 

dissolved oxygen, denitrification, nitrate reduction, manganese reduction, iron reduction, 

and sulphate reduction (Korom, 1992; Figure 2). The redox reaction sequence is typically 

accompanied by an ecological succession of microorganisms (i.e. from aerobic 

heterotrophs, to denitrifiers, sulphate reducers, and fermenters; Stumm and Morgan, 2005).  

    Although these different microorganisms require differing redox conditions, they all 

require similar temperature, pH, and low to moderate salinity (Madigam, 2000). The order 
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of redox reactions in a given aquifer is a function of a combination of the i) presence of 

appropriate electron donors and acceptors, ii) the appropriate oxidizing or reducing (redox) 

conditions, and iii) appropriate bacteria (which, of course, is related to ii). The sequences 

of reactions that are related to nitrogen transformations include nitrification, denitrification, 

DNRA, and anammox (Figure 2). 
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Figure 2: Modified thermodynamic sequence of microbially mediated redox processes 

related to groundwater at CCNO site, and including new process of ammonia oxidation 
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(Stumm and Morgan, 2005). Note that nitrification and reduction of O2 only proceed under 

aerobic conditions (Russow et al., 2009), while other reactions and proceed under oxygen 

limited and anaerobic conditions.  

 

1.3.1.1 Nitrification 

     Nitrification is the biological oxidation of ammonium to nitrate (Table 1); this process 

was discovered by Sergei Winogradsky in 1888 and has been widely studied (Finnson, 

1993; Sumner et al., 1998). Nitrate is not the only product of nitrification; different 

reaction pathways produce various nitrogen oxides as intermediate species (e.g., NO2
-
, NO, 

N2O; Kendall, 1998). It commonly occurs in the unsaturated zone where organic matter 

and oxygen are abundant, and is logically part of the reason that ammonium is not often 

transported to groundwater from surfaces resources.  

     Two partial oxidation reactions proceed in nitrification; first ammonium is converted to 

nitrite by Nitrosomonas and Nitrosococcus bacteria followed by oxidation of nitrite to 

nitrate by Nitrobacter bacteria (Revesz et al., 1997; Clark et al., 2008). Ammonium 

oxidation to nitrite is usually the rate limiting step in nitrification. Nitrite is an intermediate 

compound in the reaction, and rarely found in solution since the second reaction is 

generally rapid in natural systems (Table 1). Nitrifying organisms (e.g. Nitrosomas and 

Nitrobacter agilis) are chemoautotrophic, and use carbon dioxide as a carbon source for 

growth.  

1.3.1.2 Denitrification 

     Denitrification is thought to be the most significant process to cause nitrate mass 

removal by converting nitrate concentrations to dinitrogen gas (Korom, 1992; Aravena and 
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Robertson, 1998; Burt et al., 1999).  The denitrification process has been studied in soils 

for more than a century, but only for decades in groundwater (Firestone, 1982; Postma, 

1991; Korom, 1992). The requirements for denitrification are: (1) nitrogen oxides (i.e. 

nitrate, nitrite) as terminal electron acceptors, (2) appropriate bacteria (Gallionella 

ferruginea; Gouy et al., 1984; Thiobacillus denitrificans, Kölle et al., 1983), (3) suitable 

electron donors (e.g. organic carbon, sulphide, reduced iron or manganese), and (4) limited 

oxygen availability (Table 2; Korom, 1992). Although the denitrifying bacteria are 

facultative anaerobes (they require low dissolved oxygen conditions), denitrification is 

typically observed to proceed when field measured dissolved oxygen concentrations are 

less than 2 mg/L (Spalding et al., 1993). 

 1.3.1.3 Dissimilatory nitrate reduction to ammonium (DNRA) 

     Dissimilatory reduction processes involve the reduction of a compound (i.e. nitrate;    

Table 1) for its energy yield to a different inorganic compound (i.e. ammonium), as 

opposed to “assimilatory” reduction where a compound is incorporated into organic 

material as part of its reduction (Korom, 1992). Excluding groundwater discharge to 

surface water and active groundwater remediation, DNRA has only been reported in 

groundwater once (Bulger et al., 1989), and is used as some evidence for decreasing nitrate 

concentrations in groundwater in one other instance (Smith et al., 1991). In the latter case, 

industrially impacted groundwater had decreasing nitrate concentrations (to values near 

zero), increasing ammonium concentrations, and decreasing dissolved organic carbon 

concentrations along a flow path. DNRA apparently proceeds in an organic carbon (or 

electron donor) rich environment (Caskey and Tiedje, 1979; Bulger et al., 1989) in the 
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presence of appropriate microorganisms (Aeromonas /Vibrio and Enterobacteriaceae; 

Bonin, 1996).  

     The lack of studies reporting DNRA in groundwater suggests these conditions are 

unusual, and nitrate reduction in groundwater typically occurs by denitrification rather than 

DNRA. From a remediation perspective, denitrification is the preferred reaction over 

DNRA because it results in the loss of nitrogen to the innocuous gaseous form (N2) 

whereas DNRA conserves the system‟s ammonium (Korom, 1992). Groundwater 

ammonium produced from the DNRA reaction can be transported as ammonium, and/or 

subsequently nitrified to nitrate. 

    1.3.1.4 Anammox 

     Anammox is a process in which ammonium as an electron donor and nitrite (through 

partial reduction of nitrate) as an electron acceptor are paired and will produce dinitrogen 

gas in an anaerobic environment (Table 1). The anammox process has two complementary 

reactions which are:    

3NO3
-
 + 2NH4

+
 → 3NO2

-
 + 3H2O + 2H

+    
(1) 

NO2
-
 + NH4

+
 → N2 + 2H2O                      (2) 

     Anammox was first identified in the 1970s in ocean water, and was initially based on 

thermodynamic calculations that predicted the existence of microorganisms able to oxidize 

ammonium to dinitrogen gas with nitrate as an electron acceptor (Broda, 1977). It was 

subsequently observed (and patented) in 1994 in waste water treatment reactors (Mulder et 

al., 1995). Subsequent work in wastewater treatment used microsensors to observe 
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decreasing nitrite and ammonium concentrations occurred in the absence of oxygen at 

oxic/anoxic interfaces of several ecosystems as evidence of anammox (Jetten et al., 1999). 

     This process is now known to occur in soils (Jetten, 1999), waste water streams (Strous 

et al., 1999) and in oceans, where is responsible for approximately 50% of dinitrogen gas 

production (Dalsgaard et al., 2003; Kuypers et al., 2003; Devol, 2003). Most studies 

identified the presence of anammox using the following tools: the presence of anammox-

microorganisms, the observation of concurrently decreasing ammonium and nitrate 

concentrations, stable isotopes tools, and the observation of appropriate redox conditions. 

Multiple ammonium and nitrate sources, combined with the difficulty in understanding 

aquifer architecture and groundwater recharge and flow paths, can complicate the 

observation of anammox in groundwater (Clark et al., 2008). To date the anammox process 

has only been identified in groundwater downgradient a fertilizer facility in Ontario, 

Canada (Clark et al., 2008). This study was based on multiple lines of evidence, including 

1) decreasing nitrate and ammonium concentrations, 2) a progressive enrichment of 


15

NNH4 and 
15

NNO3 3) 
15

NNO3 values greater than coexisting 
15

NNH4, and 4) significant 

N2 overpressuring with increasing 
15

NNH4. 

     Anammox bacteria have been classified in two distinct subgroups and these subgroups 

have been divided into four distinct genera. The first subgroup includes mostly enriched-

cultured species from freshwater such as Candidatus "Brocadia", "Kuenenia" and 

"Anammoxoglobus" (Strous et al., 1999; Schmidt et al., 2001), and the second subgroup 

from marine species includes Candidatus Scalindua (Kuypers et al., 2003). A striking 

feature of these bacteria is the extremely slow growth rate of 0.4 kg-N/m
3
/day

 
(Mulder et 
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al., 1995), compared, for example, to denitrification rates greater than 1.5 kg-N/m
3
/day 

(Korom, 1992). 
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1.4 The use of stable isotopes in understanding redox reactions involving nitrogen 

compounds 

     While stochiometrically-related chemical concentrations of reactants and products are a 

tool that can be used to identify processes, they are not always sufficient, nor do they 

provide insight into the source of pollution. Isotopic analyses can help distinguish nitrate 

and ammonium sources because the biological cycling of nitrate
 
often transforms isotope 

ratios in predictable ways; hence the fate of nitrate and ammonium can be tracked even 

after it has undergone different transformations (Kendall and Aravena, 2000). However, 

tracing nitrogen compounds in groundwater by using (only) their 
15

N content (in the case 

of nitrate) is difficult because the 
15

N values of synthetic fertilizers, atmospheric 

deposition of nitrates and nitrate present in soil are similar to nitrogen compounds in the 

aquatic ecosystems. The dual isotope method has provided quite useful information for the 

nitrate source identification since it includes the combination of 
15

N and 
18

O analyses 

(Kendall, 1998).  

     Isotopic composition can also help identify processes due to the rate of change in 

isotopic composition occurring in different processes (Hübner, 1986). Nitrogen isotope 

fractionation of some processes in the nitrogen cycle such as nitrogen fixation, assimilation 

and mineralization is small. Nitrogen fixation results in 
15

N values of -2 to 0‰. 

Assimilation or the incorporation of N-bearing compounds (i.e. ammonium, nitrate and 

nitrite) into organisms results in the 
15

N values ranging from -6 to 3‰ (Hübner, 1986). 

Mineralization is usually defined as the production of ammonium from organic matter, 

with resulting 
15

N values that are less than -5‰ (Hübner, 1986). 
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     There is a systematic relationship between nitrate and/or ammonium concentrations and 

their 
15

N content during each of the microbial redox reactions discussed above (Kendall, 

1998). For example as nitrate concentrations increase and ammonium concentrations 

decrease in nitrification, the remaining ammonium will have an increasingly greater 

fraction of  the heavier isotopes (
15

N), and the nitrate product will have increasingly more 

of the lighter isotopes (
14

N) with 
15

N values more than 10‰ lower than the ammonium 

values (Mayer et al., 2001). The 
18

O values of nitrate during nitrification process will 

have more of the lighter isotopes (
16

O) than the heavier isotopes (
18

O; Kendall, 1998). 

During denitrification, in which nitrate is being reduced to dinitrogen gas; the remaining 

nitrate will be enriched in the heavier isotopes of nitrogen and oxygen, and the lighter 

isotopes will be in the dinitrogen gas product (Korom, 1992; Clark and Fritz, 1997). The 

enrichment factors range between less than -10‰ to -25‰ (Wada et al., 1975; Böettcher et 

al., 1990). During anammox, where both nitrate and ammonium concentrations are 

decreasing it is expected that ammonium will be enriched in the heavier isotope of nitrogen 

and nitrate will be enriched in the heavier isotopes of nitrogen and oxygen and the lighter 

isotopes will be in the dinitrogen gas product (Clark et al., 2008).  

1.5 Objective of this study  

    The goal of this study is to evaluate whether there are natural biochemical processes 

causing decreasing nitrate and ammonium groundwater concentrations since 

decommissioning in the downgradient portion of the Cominco Calgary Nitrogen 

Operations (CCNO) site in 1992. This site was historically used as a munitions facility and 

then a fertilizer plant (Bel, 1996; Savage, 2006). Geochemical and stable isotopic data 
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were coupled in order to evaluate the behaviour of nitrogen compounds, including 
15

N in 

ammonium, nitrate, and dinitrogen gas and 
18

O in nitrate. Groundwater samples along 

with surface water samples were taken in order to evaluate a likely interaction between 

groundwater and a river adjacent to the CCNO site. 
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CHAPTER TWO: SITE DESCRIPTION 

2.1 Study area 

     The study area is located on an alluvial aquifer adjacent to the Bow River in south-west 

Calgary, Alberta (Figure 3). The Bow River flows east from the continental divide in the 

Rocky Mountains, through the foothills, and into the prairies in southern Alberta. The 

study area is located approximately 2.2 km downstream of one of Calgary‟s major waste 

water treatment plants (Bonnybrook), which discharges ≈ 400 ML/day of treated effluent 

into the Bow River, with ammonium concentrations that are typically less than 5 mg-N/L 

in the summer and 10 mg-N/L in the winter, and nitrate concentrations of less than 25 mg-

N/L (Vandenberg et al., 2005).   

     Groundwater impacts from the site affect an area of 4.8 km
2
. The groundwater 

contamination originated from an industrial site located at the northern portion of the site, 

currently used for commercial operations. The southern portion is primarily parkland and a 

gravel pit. The study area is located between a major traffic artery (the Deerfoot trail) and 

the Bow River. 

     Calgary has a semiarid climate with an annual average precipitation of 412.6 mm 

(Environment Canada, 2007). Approximately 70% of the annual precipitation occurs 

during spring and summer with June having the highest average values of 74 mm. The 

Bow River has a discharge average flow of 90 m
3
/s (Environment Canada, 2007). Its peak 

flow generally occurs in mid-June (i.e. in response to snowmelt in the mountains), 

followed by a significant hydrologic recession curve with increasing groundwater baseflow 

accounting for the river flow until the following spring (Environment Canada, 2007). 
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Figure 3: Cross section indicated in the site plan showing MW-29 and MW-29A, 

elevations of the ground surface and the Bow River stage average from August 2008 to 

June 2009.  

     

2.2 Regional geology 

     The regional geology is comprised by sediments of complex Pleistocene glacial 

lacustrine and alluvial deposits overlying Tertiary age continental fluvial sandstone 

(Paskapoo Formation; Meyboom, 1961; Moran, 1986). Locally, the site has about one 

meter of silty-sand overlying an alluvial sandy-gravel aquifer (with minor silt lenses) to a 

total depth ranging between 6 to 11 m. The alluvial aquifer is derived from ancient and 

current river system sediments that are hydraulically well connected with the Bow River 

(Meyboom, 1961; Woessner, 2000). The alluvial aquifer extends laterally to the west to a 

steep slope (Figure 3) which primarily consists of clay tills (approximately 2 to 5 m thick) 

that overlay the Paskapoo formation (Moran, 1986). The underlying Tertiary bedrock has 
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significantly lower hydraulic conductivity than the alluvial aquifer, thus acting as a flow 

boundary (Meyboom, 1961; Bel, 1998).  

     The Bow River connected alluvial aquifer in the Calgary region is permeable, capable 

of producing large quantities of water (i.e. ≥ 2.83 x 10
 3

 m
3
/s; Meyboom, 1961). The 

average horizontal hydraulic conductivity of the alluvial aquifer measured in six pumping 

tests with four observation wells was 2.1 x 10
-3

 m/s (stdev. = 6.3 x 10
-3 

m/s, n = 6; Bel, 

2000). The average horizontal hydraulic gradient within the unconsolidated material at the 

site averages to 0.0029 (stdev. = 0.0004, n = 6; Bel, 2002). When combined with an 

estimated effective porosity of 0.30 the estimated average linear groundwater velocity is 

about 650 m/yr (2.06 x 10
-5

 m/s; Bel, 2002). 

       Groundwater flow at the site is generally southward and sub-parallel to the river      

(Figure 3) with local ammonium and nitrate rich groundwater discharges to the Bow River 

(Bel, 2000). The discharge is likely occurring over a number of kilometres resulting in 

dispersed impact to the Bow River during the period of low river flow (when groundwater 

is discharged to the river; Winter et al., 1998). The groundwater nitrate plume entering the 

Bow River is thus much larger than found at the source area (Bel, 2000).   

     The water table in the alluvial aquifer varies between 1.5 to 5.5 meters below ground 

surface (mbgs) along the studied area, and fluctuates from 0.5 to 0.7 mbgs below annually 

(Figure 4). The highest water table levels are found in spring and early summer during the 

period of high precipitation and river flow, increasing the river stage and causing bank 

storage where river water flows into the adjacent groundwater zone (i.e. losing stream; 

Meyboom, 1961; Winter et al., 1998). The lowest water table levels occur in the winter 

when groundwater is released from bank storage into the river (i.e. gaining stream). 
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Fluctuations in the river stage can cause changes in magnitude and/or direction of the 

groundwater flow in the river connected alluvial aquifer (Manwell and Ryan, 2006).  

 

Figure 4: Site plan of the studied area indicating the alluvial aquifer limit, five monitoring 

wells studied in the southern area, MW-18 at Teare Lake representing one of the major 

contaminant sources, the monitoring well „BG‟ representing the background chemistry 

above the fertilizer plant, the flow direction of the groundwater, the two locations at the 



    25 

edge of the Bow River where samples were taken and the area where the fertilizer plant 

was located. The l-l‟ line indicated where the schematic cross section is located. 

 

2.3 Plant background 

     The former industrial site CCNO covered an area of approximately 35,000 m
2
 and it 

was constructed between 1940 and 1941, with operations commencing in 1942 (Bel, 1996). 

Initially the site produced World War II munitions (i.e. primarily ammonium and nitrate), 

switching to a fertilizer manufacture in the late 1940s. The latter facility consisted of 

ammonium-nitrate, steam and gas, ammonium, and a urea plant which was added in the 

1970s. These plants produced anhydrous ammonia, aqua ammonia, sulphur, urea fertilizer, 

ammonium-nitrate fertilizer, and urea-nitrate solution fertilizer among others (Bel, 1996).  

      After approximately 50 years of operation, the plant was shut-down in stages that 

began in 1987 and were completed in 1992 (Bel, 1996). Dismantling of the surface 

facilities started in 1992 and was completed in 1994. Although this study specifically 

considers ammonium and nitrate groundwater, contamination caused by the industrial 

activities at the site also includes ammonia, nitrite, and metals (Savage, 2006). 

     Background groundwater information available for this study includes a network of 40 

monitoring wells (fully screened across the entire aquifer) installed in the alluvial aquifer 

between 1994 and 2008 to assess the extent and nature of the groundwater contamination, 

aquifer parameters and groundwater flow (Bel, 2000). Although a number of these wells 

have been damaged or lost due to road and other development, some are frequently 

sampled on a quarterly interval for the last decade.   
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     A plume of contaminated groundwater with elevated nitrate and ammonium 

concentrations extends over most of the 4.8 km
2
 site area (Savage, 2006). The plume is 

largely anoxic, and was delineated by elevated values of electrical conductivity (between 

4.46 to 8.29 mS/cm) compared to background groundwater values (between 1.12 to 1.19 

mS/cm) and the Bow River (between 0.36 to 0.42 mS/cm) indicating high concentrations 

of ions (Table 2). Although the nitrate (up to 38 mg-N/L) and ammonium (up to 75mg-

N/L) concentrations are high enough to be clearly major ions (Figure 5), the concentrations 

have been mainly decreasing trend over the last decade or so (Figure 6).  

 

Figure 5: Modified piper plot (including NH4
+
 and NO3

-
) showing groundwater average 

concentrations of major ions (Table 2) in MW-18 proximal to the source(s) (i.e. Teare 

Lake), MW-25 to 29, and MW-BG in the unimpacted zone all of them for the period of 

1998 to 2008. 
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     This study is focused in the south-eastern region of the plume area where significant 

groundwater discharge into the Bow River occurs (approximately 2.2 km downgradient 

from the source). Five monitoring wells are located in this portion of the site and were 

called MW-25, 26, 27, 28, and 29. There is some evidence that ammonium sorption is 

occurring at CCNO site (Bel, 2000). Soil analyses from drill cuttings (e.g. poorly clay 

content) in some of the CCNO site wells several years ago reported an average of 

ammonium adsorption of 250 mg/g (stdev. = 23, n = 30; Bel, 1996). 
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  CHAPTER THREE: MATERIALS AND METHODS 

     This chapter describes the materials and methods used in this study. Overall, the field 

work included the drilling and installation of a multilevel monitoring well (MW-29A) to 

provide information on the vertical distribution of ammonium and nitrate concentrations in 

groundwater. Monthly to bi-monthly groundwater and surface water sampling was 

conducted (August 2008 to June 2009) with analyses as described below. Groundwater and 

surface water levels were used to define seasonal fluctuations caused by recharge (from 

direct infiltration and increased flow in the Bow River). Historic groundwater monitoring 

data, including ammonium and nitrate as well as other major ions taken from seven 

monitoring wells (MW-BG (unimpacted groundwater), MW-18 (one of major sources) and 

MW-25 to 29), between 1997 and 2009 were also reviewed. 

3.1 Drilling and installation of a multilevel piezometer 

     A multilevel piezometer (MW-29A) was constructed and installed 2 m upgradient of 

existing monitoring well MW-29 in July 2008. This location was chosen as MW-29 has 

high seasonal water table variations (data not shown), and historically high concentrations 

of ammonium and nitrate in the last decade (Bel, 2007). Beck Drilling was contracted for 

drilling services and a Becker Hammer drill rig was used. One borehole was advanced to a 

depth of 5.5 mbgs, which was the depth at which the top of the bedrock (i.e. sandstone of 

Paskapoo Formation) was encountered. 

     The borehole geology was logged by describing borehole cuttings every 0.9 m. 

Lithologic log information included soil type, texture (i.e. shape and size), moisture 

content, color, and odour, all of which were recorded while drilling in order to define the 
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local stratigraphy (Appendix A). Soil samples were collected in pans during drilling, stored 

in plastic bags and transported to the laboratory.  

     A multilevel bundle-type piezometer (McFarlane et al., 1983) with eleven points (each 

2.5 cm diameter) was constructed. Screens were set at 0.5 m intervals from the ground 

surface to the bottom of the borehole. The piezometer screens were cut with a hacksaw, 

with several slots cut over a 5 cm length. The end of the tubing was left open, and the 

tubing end and slots were covered with 210 µm mesh size Nytex nylon cloth.  

     The piezometer was installed by lowering it into the hollow drill stem once the hole was 

drilled to the appropriate depth (i.e. to the top of bedrock). The drill bit and stem was 

pulled up until 2 mbgs, allowing natural filter pack to formed unconsolidated soils 

collapsed (McFarlane et al., 1983) between the depths of 2 to 5.5 mbgs. Between 0.6 and 2 

m depths, the annulus of the well was filled with bentonite chips in order to prevent surface 

water from entering the annulus of the well. A larger steel pipe was installed to 0.6m to 

protect the multilevel piezometer. 

     A digital global positioning system (DGPS) was used to measure the ground surface       

(i.e. well) and surface water (i.e. from the edge of the river at two location points) 

elevations. Each piezometer point was developed to ensure accurate water table 

measurements and representative water samples (Sanders, 1998) by pumping with a 

peristaltic pump (Masterflex E/S portable sampler). Pumping was continued until the water 

was clear; confirming that the fine-grained sediments near the screen had been removed.  

 

 



    31 

3.2 Field sample collection and field measurements 

     Monthly to bi-monthly water sampling was conducted using a peristaltic pump at MW-

29A, a low flow submersible pump at MW-29, and from the edge of the Bow River at two 

locations. During May and June sample collection frequency was increased in order to 

observe if there was any incursion of river water during the period of rising groundwater 

levels resulting from high stage in the Bow River due to spring runoff. Water levels were 

measured prior to purging each piezometer in order to assess the volume of water needed 

to purge three pore volumes prior to sampling, and also to ensure the static water levels 

were obtained. Water samples could only be taken from depths above 3 mbgs during two 

sampling events (i.e. August and June) due to seasonally low water table elevations during 

much of the year. 

     Field measurements consisted of Eh, temperature, dissolved oxygen (DO), electrical 

conductivity (EC), and pΗ. The equipment used for these measurements included a YSI 85 

portable DO meter for DO and temperature (with an error of ± 5%, for both), a VWR 2052 

EC meter (with an error of 0.5 mg/L), and an Orion 250A+ pΗ meter (with an error of ± 

0.02 pΗ units). All pumping was conducted at low rates using a flow through an enclosed 

flow cell to ensure minimal sample alteration during field parameters measurement. 

     Water samples were collected after pumping at least three standing pore volumes (or 

more if needed to ensure field parameters were stable within two decimal places and the 

water sample was clear confirming the water samples were representative of the aquifer). 

Samples for major ions, alkalinity, total nitrogen, and DOC were taken in 500 mL 

Nalgene plastic bottles. Duplicates were collected arbitrarily from selected points in 
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MW-29A during each sampling event for QA/QC purposes. Water samples from MW-

29A, MW-29 wells and the Bow River were collected in 1L Nalgene plastic bottles for 

analysis of 
15

N of ammonium, 
15

N and 
18

O of nitrate,  
2
H and 

18
O of water, 

34
S and 

18
O of 

sulphate. Samples for analysis of 
13

C (DIC) were collected in 125 mL glass bottle to 

prevent atmospheric interaction. 

     Samples for gas analyses were collected in 40 mL glass vials by introducing the tubing 

to the bottom of the vial while the vial was placed in the bottom of a 1L wide-mouth 

beaker in the field. At least two liters of water were allowed to overflow from the vial and 

out of the beaker. The screw-top vial was tightly capped (with a screw-top and septa) under 

water without allowing the water in the vial to come in contact with air. The capped vial 

was then removed from the beaker, and electrical tape was wrapped around the cap to 

prevent it from loosening, and possible atmosphere contact. The vial was inverted, and 

resampling was conducted if air bubbles were observed. Vials were stored upside down 

and submerged in water at 4˚C.   

     Samples for carbonaceous biochemical oxygen demand (cBOD) and chemical oxygen 

demand (COD) were also collected in 300 mL glass bottles by introducing the tubing to the 

bottom of the vial. At least three bottle volumes were allowed to overflow in order to 

obtain representative dissolved oxygen water samples. The bottle was immediately capped 

with a glass and a plastic cap to prevent it from contacting the atmosphere. 

     Samples for microbial analyses were collected by filling a small sterile bucket with 

groundwater to overflowing in order to have a representative groundwater sample. A 50 

mL plastic syringe was rinsed three times with groundwater, and filled six times (i.e. 300 
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mL) with groundwater from the exit tube of the peristaltic under water in the bucket which 

was injected through 0.22 μm Sterivex filter cartridges in duplicate samples from three 

different depths (3.0, 4.0 and  5.0 mbgs). Filters were stored in individual ziploc bags on 

dry ice during transport to the University of Calgary, where they were frozen. Frozen 

samples were transported to the University of Waterloo on dry ice where clone libraries 

were constructed (Leigh et al., 2009).  

3.3 Laboratory analyses 

     Exchangeable soil ammonium as nitrogen was analysed using a 2 M calcium chloride 

(CaCl2) soil extraction with 10 g of dry sediment from drill cuttings in 50 mL of CaCl2 

solution (Maynard et al., 2007), for each of six selected depths.  The samples were shaken 

on a wrist action shaker overnight and then centrifuged for two hours at 15,000 rpm before 

filtering. Water extractable NH4
+ 

was estimated by conducting extractions using the same 

method, but using distilled water instead of CaCl2.  The total of ammonia and ammonium 

concentrations was estimated (Yavuz et al., 2002) and a HACH DR/2010 

spectrophotometer.  

     All water samples were filtered (except those for alkalinity) in the laboratory through 

0.45µm cellulose nitrate membrane filters within 24 hours of collection. Water samples for 

major ions were diluted ten-fold with deionised water. Cations (including NH4
+
-N, Mg

2+
, 

K
+
, Ca

2+
, Fe

2+
, Mn

2+
, and Na

+
) from surface and groundwater were analyzed within 48 

hours of collection. Anions (including NO3
-
-N, SO4

2-
, NO2-N, and Cl

-
) were analyzed after 

cations. All major ions were analyzed using an ICS-1000 Dionex Ion chromatograph (± 
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5% accuracy). Five standards with appropriate concentrations, and blanks were analyzed in 

each run. 

     Alkalinity titrations were conducted to estimate bicarbonate concentrations using 

unfiltered water samples. Two sets of filtered water samples were poured into 40 mL glass 

vials for total dissolved nitrogen analyses conducted for the first five months and were 

discontinued because results indicate significant concentrations of other nitrogen 

compounds other than ammonium and nitrate were not present in the groundwater. The 

total dissolved nitrogen and dissolved organic carbon were analyzed using a Dohrman 

TOC-V analyser, with a 1 mg/L detection limit for both analytes.  

     Stable isotope of nitrate, ammonium, deuterium, oxygen, carbon, and sulphate were 

measured; values are reported in delta notation relative to internal laboratory standards 

which were periodically calibrated with international standards. All samples were filtered 

through 0.45 µm cellulose nitrate membrane filters within 24 hours prior any preparation 

and delivery to the Isotope Science Laboratory at the University of Calgary. The 
2
H/

1
H and 

18
O/

16
O ratios were analysed using laser spectrometry (Los Gatos Research, (LGR)) and a 

VG602, results were normalized using internal laboratory water standards which have been 

calibrated against international reference materials VSMOW (0‰ by definition), VSLAP    

(-428 ‰ for 
2
H, -55 ‰ for 

18
O) & VGISP (-189.5 ‰ for 

2
H, -24.8 ‰ for 

18
O). 

     Filtered water samples were poured into 30 mL plastic vials for 
15

N and 
18

O of nitrate 

analyses and submitted to the isotope laboratory where they were analyzed using the 

denitrifier method (raw data were corrected to the N2 and VSMOW scales to normalize the 

data using the method; Silva et al., 2000). Water samples for 
15

N of ammonium analyses 
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were prepared using the diffusion method (Sebilo et al., 2004) prior to delivery to the 

isotope laboratory where a continuous flow-elemental analysis-isotope ratio mass 

spectrometry (CF-EA-IRMS) technology was used (Werner et al., 2001). Seven internal 

laboratory standards were used at the beginning of a tray, one between each sample and 

seven at the end with a total of 15 samples in each tray to correct for instrument drift and to 

normalize the data to internationally accepted standards (
15

N-N2 and 
18

O-SMOW).  

     Water samples for 
13

C of DIC analyses were precipitated to SrCO3 prior to submission 

to the isotope laboratory; 
13

C values were determined using the Atekwana and 

Krishnamurthy (2004) method. The data were normalized to assure accuracy to the VPDB 

scale. Water samples for 
34

S and 
18

O of sulphate were submitted to the Isotope laboratory 

in the form of pure BaSO4 and analyzed using a continuous flow-isotope ratio mass 

spectrometry (CF-EA-IRMS; Preston et al., 1983), with results normalized to VCDT and 

V-SMOW scale. The precision from laboratory analyses is as follows: ± 0.2 ‰ for 


18

OH2O, 
13

CDIC, 
18

ODIC, 
15

NN2
15

NNO3and
15

NNH4; ±0.3 ‰ for 
34

SSO4; ± 0.5 ‰ for 


18

ONO3, 
18

OSO4 and ± 2 ‰ for 
2
HH2O. 

      A gas chromatograph (GC) with a pulse discharge helium ionization detector (PD HID) 

was used for dissolved gas analysis. The GC was calibrated prior analyses with air (0.93% 

Ar, O2: 20.95%, N2: 78.08%, and CO2: 0.038%) and a commercial gas standard (CH4: 

9.87%, O2: 4.91%, N2: 70.13%, and CO2: 15%) by direct injections at various dilutions 

(10, 25, 50, and 75%). Analyses were conducted following the method as described in 

McLeish et al. (2007), and gas concentrations were calculated using calibration curves 

(Kampbell et al., 1998; Walsh et al., 1999). The ratios of N2/Ar were calculated to report 
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whether dinitrogen gas concentrations exceeded those expected in water equilibrated with 

the atmosphere (Wilson, 1994; Kendall, 1998). Water equilibrated with the atmosphere 

samples were conducted by pouring tap water into a beaker. The water was left in the 

beaker overnight in order for gases to reach equilibrium with the atmosphere. The same 

analyses and procedures were conducted as the groundwater samples. 

     The cBOD test is a chemical procedure for determining the rate of uptake of dissolved 

oxygen in which neither nitrate nor ammonium are involved (i.e. oxidation of nitrogen is 

inhibited). The test (ISO 5815) was carried out by diluting the samples, adding 0.16g of 

nitrification inhibitor (in order to hinder nitrogen oxidation), and using a dissolved oxygen 

meter (Model 9200; Eaton, 1995) to measure the oxygen demand during seven days. The 

COD test was conducted with a HACH method (TNT 821, 3-150 mg/L COD, low range; 

Madigam, 1995). The COD test is used to measure the equivalent concentration (in mg/L 

COD) of organic compounds in the water that are not readily susceptible to be attacked by 

biological microorganisms. The COD test does not measure oxidation of ammonium 

instead it measures all the other oxidations. 

     Groundwater samples were sent to the University of Waterloo to identify whether 

anammox bacteria were present. The procedure extracted the 16S rDNA of potential 

anammox sequences, which were PCR-amplified (using primers An7F and An1388R; 

Leigh et al., 2009) from filtered groundwater samples from three depths. Inserts were 

cloned into E. coli using a TOPO-TA cloning kit (Invitrogen). Fifteen clones from each 

depth were selected and PCR (using primers M13F and M13R) was performed to ensure 

that the inserts were of the correct size. Ten samples from each depth were sequenced 

using the University of Waterloo in-house sequencer (AB3130xl Genetic Analyzer). 
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Sequences were manually repaired and were aligned using ClustalX. TreeCon was used to 

create a phylogenetic tree using confirmed anammox sequences from GenBank as 

reference points (GenBank identifiers are provided in the tree), and using a non-anammox 

Planctomycete (Pirellula) as an outgroup. Some clones were excluded from the analysis 

due to failed or incomplete sequencing. The extraction of DNA from groundwater bacteria 

was conducted and PCR used to amplify the16S rRNA genes from anammox bacteria. 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

     The overall objective of this thesis has been to use geochemical and isotopic data to 

identify any biochemical process(es) affecting the long-term decline of ammonium and 

nitrate concentrations (Figure 6 and Appendix B) since the plant shutdown and source 

removal beneath and downgradient of the former industrial site.  Long-term groundwater 

data were also used in the study.  

4.1 Overall geochemistry and carbon, sulphate, oxygen and hydrogen isotopic values 

     Groundwater in the unimpacted alluvial aquifer typically has Ca-HCO3 type 

(Meyboom, 1961), consistent with calcareous aquifers and with slightly basic pΗ values. 

Most of the inorganic carbon in the aquifer is present as bicarbonate. The 
13

C values 

ranging between    -14.4 to -10.1 ‰ (Appendices C and D) are consistent with bicarbonate 

due mainly to dissolution of calcite.  

     Elevated sulphate concentrations relative to unimpacted (i.e. not impacted by the CCNO 

facility) groundwater vary slightly with depth (Table 2) and are thought to be from 

sulphate fertilizer production and disposal of plant operations (Bel, 1996). These variations 

in concentration are consistent with the small changes in 
34

S values, ranging between 0.3 

to 0.9 ‰ (Appendices C and D) which are typical values for anthropogenic inputs (i.e. 

synthetic fertilizer ranging between -4 to 2 ‰; Pearson and Rightmire, 1986). If sulphate 

was been produced through pyrite oxidation expected values would be greater than the 

range of -4 to 2 ‰ (synthetic fertilizer). There is no indication that the sulphate 

concentrations are decreasing with time (data not shown).  
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     The 
18

O and 
2
H values in groundwater (from 2005 and in this study) range between       

-20.2 to -16.1 ‰ and -159.2 to -131.7‰, respectively (Appendices, C and D). These values 

are close to the local meteoric water line (LMWL) and consistent with precipitation and 

Bow River values (Figure 7), which are likely groundwater sources. The negative 
18

O 

values are also consistent with the altitude and latitude effect of Calgary region (higher 

latitudes and altitudes more depleted values; Clark and Fritz, 1997).Groundwater and 

surface water samples had different 
18

O and 
2
H values confirming no interaction 

between surface water and groundwater from MW-29A during the period of sampling 

(Table 3). Chloride and sodium concentrations (Table 2) are similar to unimpacted 

groundwater, consistent with NaCl and CaCl2 application on adjacent roadways.  

 

 

 

 

 

 

 

 

 

 

 

Figure 7: 
18

O and 
15

N in the site groundwater from the present study (MW-29A), from  
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nine monitoring wells sampled in December 2005 (including MW-29; Savage, 2006), 

Bow River 2008-2009 (this study), Calgary precipitation from 1994 to 2001 (Peng, 

2004), and volume weighted average annual Calgary precipitation for 2004 (Katvala, 

2008). 

4.2 Nitrate and ammonium concentrations 

     The past industrial activities have resulted in major contributions of NO3
-
 and NH4

+
 to 

the ion balance (Table 2). Nitrate and ammonium concentrations in MW-29A varied over 

the period of investigation, with a tendency towards slightly decreasing nitrate and 

slightly increasing ammonium concentrations with depth and time (Figures 8 and 9). This 

is likely due to differing sources, flow, and/or transport between the shallower and the 

deeper groundwater. Since variations are small, the overall similar N compounds 

concentrations with depth are consistent with a plume of impacted groundwater (i.e. 

elevated nitrate and ammonium concentrations) that is dominantly travelling 

horizontally. This is consistent with the conceptual model for physical hydrogeology of 

the site. 
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Figure 8: Bi-monthly NO3-N (1) and NH4
+
-N (2), concentrations with depth, illustrating 

the difference in ammonium and nitrate concentrations between the shallowest points and 

the deeper points (3.0 to 5.5mbgs) and temporal variability of concentrations. 

 

     

 

 

 

 

 

 

 

Figure 9: Average NH4
+
-N and NO3

-
-N concentrations with depth, for MW-29A 

multilevel  
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sampling points (filled symbols) and MW-29. The error bars indicate 95% confidence 

intervals, (confidence intervals are not shown for the 2.5 mbgs point since there are only 

two data points). 

 

    The shallowest piezometer (usually 3.0 mbgs) has a distinct geochemistry with higher 

concentrations of nitrate, dissolved oxygen, and dissolved organic carbon and lower 

concentrations of ammonium, alkalinity, and dissolved organic carbon compared to the 

deepest piezometers (Table 2 and Figure 8). Isotopic values from this shallowest 

piezometer are also different compared to the deepest piezometers (mostly higher values; 

Table 3 and Figures 10).These variations may be due to exposure to dissolved oxygen 

(DO) in the unsaturated zone since the shallowest piezometer point is near the water table, 

and/or differing composition of groundwater directly recharged locally to the aquifer (i.e. 

as opposed to being transported horizontally from upgradient). Observations of 

fluctuations in nitrate and ammonium concentrations are consistent with a higher 
15

N of 

both of them (Figure 9 and 10). The 
15

N values of nitrate and ammonium are higher as 

compared to the 
15

N of atmospheric N2 (Hübner, 1986; Kendall, 1998). This behaviour is 

similar to that observed in the groundwater anammox study by Clark et al. (2008). 
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Figure 10: The comparison between 
15

NNH4 and 
15

NNO3 (‰) in the MW-29A multilevel 

sampling points showing an overall higher nitrate over ammonium values. 

  

  

     The 
18

O and 
15

N values of nitrate from the site groundwater are not consistent with 

the range of expected values for fertilizer-impacted groundwater (Figure 11). Fertilizer 

nitrate has fairly constant 
18

O values of + 22 ± 3 ‰ (Wassenaar, 1995; Kendall, 1998). 

This suggests that the isotopic composition of the CCNO nitrate waste is different from the 

fertilizer products that would have been produced at the facility.  
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Figure 11: 
15

N and 
18

O values of nitrate in site groundwater (this study and Savage, 

(2006)), the Bow River (sewage effluent impacted), one other study of groundwater 

impacted by a fertilizer plant (Clark et al., 2008) and munitions sources from groundwater 

impacted from a military equipment (Beller et al., 2004) study. Boxes indicate the expected 

isotopic composition for major nitrate sources (modified from Kendall, 1998). 
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     Although the 
15

N values of nitrate are consistent with those found in similar studies in 

Waterloo, Ontario (Clark et al., 2008), they are not consistent with those expected in 

fertilizer nitrate. This is presumably because the nitrate has undergone an unidentified 

pathway before (or after) reaching the groundwater. The expected lower 
18

O values of 

nitrate in groundwater from the Calgary region relative to those found in groundwater in 

the Waterloo region (Clark et al., 2008) are consistent with relative difference in 
18

O 

found in precipitation and shallow groundwater (Clark and Fritz, 1997) suggesting 

nitrification occurred in the ground or surface water in the region. The 
15

N values of 

ammonium (average = 7.1 ‰; stdev. = 1.3 ‰, n = 42; Table 3) were likely influenced by 

volatilization process which could have had happened in the past at Teare Lake (where 

plant effluent was disposed). High pΗ values (i.e. up to 9.7) measured in Teare Lake (Bel, 

1998) suggest ammonia volatilization was likely leaving the remaining ammonium 

enriched in the heavier isotope (Heaton, 1986) prior to infiltration into the groundwater 

under the source zone. 

     Over the years the N-rich groundwater plume has moved from the source area in a 

south-easterly direction, with evidence that it discharges to the Bow River in the southern 

part of the impacted area (Bel, 2000). Groundwater nitrate and ammonium concentrations 

have largely decreased in most of the 21 groundwater wells monitored over the past decade 

(Savage, 2006), suggesting the plume is being „flushed‟ by upgradient, N-poor 

groundwater. Given an estimated groundwater velocity of 650 m/yr (2.06 x 10
-5

 m/s; Bel, 

2000) and an approximate flow length from the source area(s) to the downgradient edge of  
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the study area and adjacent to the Bow River of 2100 m, groundwater should take about 

3.2 years to travel from the upgradient to the downgradient site boundaries. Since the 

major source removal effort was completed in 1994, about five equivalent pore volumes 

should have flushed through the site since source area removal. This means that the aquifer 

has been well-flushed by relatively clean groundwater since source removal. If the 

contaminants were contained only within the dissolved phase of actively flow groundwater 

zone, and was actively flushed with no additional sources and/or processes occurring, the 

relative concentration in a well located in the southern part of the site should start 

decreasing before the first equivalent pore volume had passed through the aquifer, and 

decrease with time to below detection limits, as schematically shown in Figure 12. 

 

Figure 12: Estimated relative concentrations for a conservative solute in a monitoring well 

located 2100m downgradient, with an average linear groundwater flow velocity of 650 

m/yr, and a range of diversity values where a long time source is assumed to be „shut off‟ 

in 1994. The dispersivity value used in the conceptual diagram was 100m. Varying the 
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dispersivity value, cannot, however, because enough tailing to account for continued 

elevated solute concentrations in 2009. 

 

     Groundwater ammonium and nitrate concentrations in the southern area studied (MW-

25 to MW-29) have also mainly decreased over the past decade which is similar to the 

overall site. The concentrations decrease fits equivalent zero (ko) or first order (k) decay 

rates (Fetter, 1999) reasonably well for all five wells (R
2
 > 0.4; Table 4). Some wells 

already have groundwater nitrogen concentrations that are below regulatory criteria, and 

others will take up to about 30 years to reach criteria if the concentration declines continue 

at the same rate (Table 4).  Since the nitrate concentrations in the alluvial aquifer prior to 

the source being discontinued (e.g. Co in Figure 12) are not known, it is difficult to assess 

the actual change in concentrations in the aquifer since source removal. Nonetheless, given 

the fast groundwater flow velocity, it seems nitrate flushing should be complete after five 

pore volumes unless there are extenuating circumstances. 

     The apparent persistence of elevated groundwater nitrate and ammonium concentrations 

suggests there is either:  

a) A continued source that contributes „new‟ nitrogen to the groundwater on an ongoing 

basis (i.e. the N source removal was not complete, as suggested in Savage, 2006),  

b) Ammonium sorption, causing retardation of ammonium transport is slowing the flushing 

of ammonium suggesting sorbed ammonium may be acting as a long-term source at the 

site. Ammonium retardation due to cation exchange has been observed in several studies 

(Brady and Weil, 2002; Böhlke et al., 2006) including a study of the Cape Cod (Boston 

MA) sand and gravel aquifer (with < 0.1% clay content) where sorbed ammonium acted as 
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a long-term ammonium source (with a retardation factor of about 4.0; Ceazan, 1989). Soil 

ammonium concentrations at the study site (Table 5) were similar to those measured in the 

Cape Cod aquifer; and/or 

c) Nitrate and ammonium were transported into lower hydraulic conductivity lenses (or 

low flow zones) during the period of ongoing groundwater contamination (e.g. between 

about 1945 and 1992). The flushing through of groundwater with lower concentrations 

(after source removal) results in a reversal of the nitrate and ammonium concentration 

gradient with, diffusion out of lower hydraulic conductivity zones occurring. This 

phenomenon has also been commonly observed in pump and treat approaches to 

groundwater remediation (Fetter, 1999). 
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Table 5: Exchangeable ammonium concentrations in aquifer materials collected during 

drilling as estimated from CaCl2 extraction. 

 

 

 

4.3 Possible biochemical processes decreasing nitrate and ammonium concentrations 

     In the absence of effective flushing, other possible attenuation mechanisms are 

evaluated in the context of understanding the site prognosis. There are four biochemical 

processes that could affect groundwater ammonium and/or nitrate concentrations with 

time: nitrification, denitrification, DNRA, and anammox. The groundwater geochemistry, 

isotopic composition, and thermodynamics of relevant parameters are used to evaluate 

whether or not these processes might be occurring in groundwater at the site (Tables 2 and 

3 and Figure 2).  

4.3.1 Nitrification 

     The groundwater conditions around MW-29A are unfavourable for the nitrification 

process since most of the requirements for nitrification are not found in the groundwater 

site such as:  1) aerobic conditions (i.e. DO  2 mg/l), 2) increasing nitrate concentrations, 

and 3) appropriate redox conditions (Korom, 1992). Although the observed decreasing 

ammonium concentrations at the groundwater site are consistent with nitrification, it is 

Depth (mbgs) (mg/g) 

0-0.9 7.88 

0.9-1.8 1.31 

1.8-2.7 0.00 

2.7-3.6 0.45 

3.6-4.5 0.10 

4.5-5.4 63.28 
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unlikely to be occurring. In addition to the inappropriate conditions listed above, higher 


15

N values of nitrate (product) compared to ammonium (reactant) suggest nitrification is 

not a major process influencing nitrate and ammonium behaviour at the site groundwater 

(Table 1).  

     It is possible that nitrification is occurring continually at the upgradient edge of the 

plume, where unimpacted aerobic groundwater provides dissolved oxygen that can 

facilitate nitrification (Table 1), but there is no evidence of nitrification in the groundwater 

in the plume area studied here. The nitrification process at the upgradient edge of the 

source (where dissolved oxygen concentrations in incoming groundwater are likely to be 

appreciable) is likely responsible for the low dissolved oxygen concentrations that are 

measured over the impacted groundwater area (Bel, 2000; Table 2). Although these data 

are not shown in this thesis, nitrification in the upgradient edge of the plume may be the 

reason that nitrate concentrations are higher than ammonium in the upgradient sections 

(which has received more dissolved oxygen and experienced more denitrification), while 

ammonium concentrations remain higher in the downgradient part of the plume studied 

here (which has not had as much dissolved oxygen input).  

4.3.2 Denitrification 

     Some denitrification requirements are consistent with the groundwater site including: 1) 

the presence of nitrogen oxides (NO3
-
, NO2

-
, NO, and N2O) as electron acceptors, 2) low 

dissolved oxygen concentrations, and 3) appropriate redox conditions. However the 

groundwater site does not likely have necessary electron donors for denitrification, such as 

DOC, or sulphide, iron, or manganese that can be found in reduced aquifer sediments 
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(Korom, 1992; Kendall, 1998; Rivett et al., 2008; Tables 1 and 2). The DOC 

concentrations (3.8 to 4.3 mg/L; Table 2) are much lower than the nitrate concentrations 

(28.9 to 70.8 mg-N/L; Table 2) and unlikely to facilitate significant heterotrophic 

denitrification (Starr and Gillham, 1993). The cBOD and COD are also inconsistent with 

the presence of an organic carbon electron donor available to facilitate denitrification 

process. Since cBOD and COD analyses do not include the oxidation capacity of 

ammonium (Eaton et al., 1995), the low cBOD and COD results are not related to nitrate 

and/or ammonium concentrations. 

     Further, it is unlikely that there are reduced sediments (e.g. sulphide, iron, or 

manganese) available for oxidation in the alluvial aquifer given that the aquifer is a 

carbonate aquifer with high dissolved oxygen concentrations in natural (unimpacted) 

groundwater (Meyboom, 1961, and unpublished data; Table 2). Iron and manganese 

concentrations measured at the groundwater site were below detection limits (data not 

shown). Furthermore, there is no observed increase in sulphate concentrations with time in 

the historic data record (like that observed for ammonium and nitrate; Figure 6) to suggest 

that denitrification by pyrite oxidation is occurring (data not shown). The 
34

S values of 

SO4
2- 

(0.3 to 0.9 ‰) are also inconsistent with those expected for denitrification with pyrite 

oxidation (-30 to -2 ‰, Aravena and Robertson, 1998). 

     Dinitrogen gas (N2) is a product of denitrification. Dinitrogen gas concentrations are not 

often reported as absolute concentrations. They are typically reported relative to argon gas 

since argon behaves conservatively and does not have significant sources in shallow 

groundwater (Kendall, 1998). The N2/Ar ratios from water equilibrated with the 
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atmosphere (WEA) samples vary slightly with temperature (37.3 at 5 °C to 38.3 at 20 °C; 

Wilson et al., 1994), and ratios that are higher than those found in WEA are taken to 

indicate N2 is being produced in groundwater (Vogel et al., 1981). High N2/Ar ratios (46 to 

54) compared to WEA N2/Ar ratios (35 to 37) were found in the groundwater site (Table 3) 

which is consistent with dinitrogen gas production during denitrification process. The 
15

N 

values of dinitrogen gas produced by denitrification are expected to be lower than those of 

nitrate during denitrification process, with fractionation factors of 0.984 typically observed 

(Clark and Fritz, 1997). This is consistent with dinitrogen and nitrate isotopic values at the 

groundwater site (Table 3). The enrichment of 
15

N relative to 
18

O during denitrification 

results in ratios of 
15

N to 
18

O values between 1.5 and 2.1 (Böttcher et al., 1990; Aravena 

and Robertson, 1998; Cey et al., 1999; McCallum et al., 2008). However, the slope in the 

plot of 
15

N vs. 
18

O values at the CCNO site (Figure 13) is 0.54 (r
2
 = 0.68) which is lower 

than those previously reported for denitrification. There is also a correlation between 

decreasing nitrate concentrations and increasing values of 
18

O and 
15

N in the site 

groundwater (Figures 14a and 14b).  

     Overall, although a number of criteria consistent with denitrification are present 

(decreasing nitrate concentrations, N2/Ar ratios higher than WEA, 
15

N values of nitrate 

higher than 
15

N values of dinitrogen gas, higher 
18

O values of nitrate occurring with 

lower nitrate concentrations (Figure 14b), appropriate redox conditions (< 231), and low 

dissolved oxygen concentrations), the lack of available electron donors to facilitate the 

process suggest denitrification is not likely occurring in the groundwater studied. Also, the 
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ratio of 
15

N to 
18

O in groundwater nitrate is lower than those observed in previous 

studies. 

4.3.3 DNRA   

     Requirements for DNRA, such as anaerobic conditions and elevated nitrate 

concentrations, occur in the groundwater at the site (Bulger et al., 1989; Table 1). The low 

DOC concentrations, non-detectable nitrite concentrations, and higher redox conditions 

(than the ones expected for DNRA process, Table 1) observed at the groundwater site are 

not consistent with the DNRA process, however (Table 1). The relationship between 
15

N 

of nitrate and ammonium (higher values for the nitrate reactant relative to the ammonium 

product) are consistent with the 
15

N values at the study site (Table 3). However, 

decreasing ammonium concentrations with time are inconsistent with DNRA (Figure 6). 

Finally, nitrate concentrations at the groundwater site exceed the dissolved organic carbon 

concentrations (DOC < 4.3 mg/L). It thus seems unlikely that the organic carbon 

concentrations are sufficient to provide the „electron rich‟ environment required for 

dissimilatory nitrate reduction to ammonium (Bulger et al., 1989; Korom, 1992).  

4.3.4 Anammox 

     Anammox (i.e. coupled nitrification-denitrification) has the following requirements: 1) 

low dissolved oxygen concentrations (i.e. < 2 mg/L), 2) anammox bacteria, 3) appropriate 

redox conditions, and 4) significant ammonium and nitrate concentrations (Mulder et al., 

1995; Clark et al., 2008). Low dissolved oxygen concentrations, appropriate redox 

conditions, and significant ammonium and nitrate concentrations are met at the site there is 

also evidence for anammox bacteria in the groundwater tested in the MW-29A. Decreasing 
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ammonium and nitrate concentrations in the groundwater at the site (Figure 6) are 

consistent with the anammox process since during this process both N compounds are 

transformed to dinitrogen gas (although it is likely that the decrease is also occurring due to 

flushing). Decreasing nitrate concentrations observed at the site occur with increasing 
15

N 

and 
18

O values of the remaining nitrate (Figures 13, 14a, and 14b), this behaviour is 

expected during anammox process. A correlation between increasing 
15

N values of 

ammonium and decreasing ammonium concentrations (i.e. same behaviour as nitrate 

concentrations) would be expected for groundwater undergoing anammox, but not clearly 

observed at the CCNO site (Figure 15). This may be due to the desorption of ammonium 

when aqueous concentrations are decreased by anammox.  In other words, the residual 

ammonium (which would have a heavier 
15

N value) mat be being diluted by desorbed 

ammonium that reflects the original ammonium source. Groundwater samples from     

MW-29A provided biomarker-based evidence for the presence of anammox bacteria at the 

site groundwater.  
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Figure 13: 
18

O and 
15

N values of nitrate for groundwater in this study (values from a 

previous study (Clark et al., 2008) are included for comparison). The slope of the data from 

the sampling points located 3.5 to 5.5 mbgs is 0.54 (r
2
 = 0.68). 
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Figure 14: Nitrate concentrations vs. a) 
15

N and b) 
18

O values for groundwater 

showing a negative trend consistent with nitrate loss in the lower sampling points (3.5 to 

5.5 mbgs; r
2
 = 0.75 for 

15
N and r

2
 = 0.43 for 

18
O).  

 

 

 

 

 

 

 

 

Figure 15: Ammonium concentrations vs. 
15

N values of nitrate. The lack of a clear 

relationship may be due to the dilution of the aqueous ammonium by ammonium being 

desorbed due to decreasing aqueous concentrations caused by anammox. 
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4.4 Proposed sequence of microbially mediated redox processes in the CCNO 

groundwater  

     Given the possible identification of anammox as a viable process that could be 

contributing to decreasing ammonium and nitrate concentrations with time in the 

groundwater, the sequence of microbially mediated redox processes is proposed (in their 

thermodynamic sequence; Figure 2) that could be responsible for the current redox status 

and be contributing to the changing ammonium and nitrate concentrations with time.    

     Before the groundwater in the alluvial aquifer was impacted with effluents from the 

CCNO, dissolved oxygen was likely consistently high in the absence of electron donors. 

Elevated ammonium (and likely nitrate, perhaps produced by unsaturated zone 

nitrification) concentrations in the groundwater were likely transported to the alluvial 

aquifer. In the absence of significant concentrations of organic carbon, the first redox 

reaction that would be likely to proceed would be nitrification (Figure 1). Nitrification 

would proceed despite the fact that it is not the most favourable reaction 

thermodynamically (Figure 1), but rather because the bacteria that are required by the other 

oxidations require low dissolved oxygen (Appelo and Postma, 1994). Nitrification would 

proceed in the presence of ammonium until the dissolved oxygen was depleted. After the 

dissolved oxygen was reduced to low concentrations by the nitrification process, 

moderately reducing conditions would have been present in the alluvial aquifer, and 

nitrification would have ceased due to the lack of an electron donor. The redox reaction for 

nitrification is:  

                                   NH4
+
 + 2O2 → NO3

-
 + H2O + 2H

+
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     At this point if organic carbon or sulphide had been present in the aquifer, 

denitrification would have proceeded with organic carbon (Figure 1). In the absence of 

significant organic carbon (see discussion above) or other available electron donors (as 

indicated by low cBOD and COD values; Table 2), denitrification did not proceed (Korom, 

1992). It is also unlikely that sulphide, reduced iron and manganese are present in the 

aquifer (as discussed above) to facilitate denitrification.   

     Thus, anammox would be the next reaction that would be expected thermodynamically 

in the absence of organic carbon. The anammox redox reaction is: 3NO3
-
 + 5NH4

+
 → 4N2 

+ 9H2O + 2H
+
. Given the conceptual model for groundwater flow, the geochemistry and 

stable isotopic composition of the groundwater, and the thermodynamically expected 

sequence of redox reactions, it thus appears that anammox may be occurring in the 

groundwater sampled in MW-29 and MW-29A.  

 4.5 Lines of evidence consistent with anammox 

      The first study that reported anammox in groundwater also involved groundwater N 

impact by a fertilizer plant (Clark et al., 2008). The criteria (i.e. lines of evidence) 

evaluated in Clark‟s study to prove the anammox process was occurring in groundwater are 

considered here due to the similarity of the environmental conditions. Additional criteria 

considered here include evidence of anammox bacteria and 
15

N values of dinitrogen gas. 

     The following lines of evidence are consistent with anammox being the dominant 

chemical process responsible for the conversion of nitrate and ammonium to dinitrogen gas 

at the study site: 
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1. The concurrent decrease of both ammonium and nitrate concentrations in an anoxic 

environment is evident in the 10 year record of groundwater monitoring (Figure 6). 

Ammonium and nitrate concentrations are both diminished by the anammox process as 

electron donor and electron acceptor, respectively. Since it is difficult to separate the effect 

of groundwater flushing from potential anammox at the CCNO site, additional lines of 

evidence are required to assess whether anammox is, in fact, occurring. 

2. Nitrate in the anammox process is first reduced to nitrite and then to dinitrogen gas. The 

remaining nitrate becomes enriched in 
15

N and 
18

O, as nitrate concentrations decrease 

(Wassenaar, 1995; Clark and Fritz, 1997). Decreasing nitrate concentrations and increasing 

values of both 
15

NNO3 and 
18

ONO3 were observed at the site (Figures 14a and 14b). 

A clear relationship between increasing 
15

N values and decreasing ammonium 

concentrations, which would be consistent with anammox, is not observed. This may be 

due to the dilution of residual ammonium by recently desorbed ammonium.  

3. There is a strong positive correlation between increasing 
15

N values of ammonium and 

nitrate at the study site (r
2 

= 0.76; Figure 16). The 
15

NNO3 is consistently 5.9 ‰ to 7.6 ‰ 

higher than 
15

NNH4 consistent with Clark et al. (2008) which found this difference to be 

5‰ to 10 ‰. This enrichment of 
15

N demonstrates ammonium loss is not due to the 

nitrification process where 
15

N values of ammonium should be higher than 
15

N values of 

nitrate (Mayer et al., 2001).  

 

 

 



    62 

 

 

 

 

 

 

 

 

Figure 16:  
15

N of nitrate vs. 
15

N of ammonium in groundwater at the site (values from a 

previous study (Clark et al., 2008) are included). 

 

4. Groundwater at the site has N2 gas concentrations in excess of what would be expected 

in groundwater without nitrogen gas production. The dominant product of anammox is 

dinitrogen gas (Mulder et al., 1995). The total dissolved dinitrogen gas in groundwater 

consists of: (1) air dissolved during near-surface equilibration of the infiltrating water with 

the atmosphere (i.e. water in equilibrium with the atmosphere, WEA), (2) additional air 

during infiltration, and (3) likely production due to biochemical processes (e.g. 

denitrification or anammox; Vogel et al., 1981; Wilson et al., 1990; Böhlke and Denver, 

1995). The addition of dinitrogen gas to groundwater is typically attributed to the 

dissolution of small air bubbles due to increments in hydrostatic pressure as water migrates 

downward and/or trapped during water table fluctuations (Vogel et al., 1981; Wilson et al., 

1990; Kendall, 1998). The N2 gas produced by a biochemical process is commonly known  
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as the "excess N2" in groundwater (Vogel et al., 1981; Kendall, 1998) since this N2 is in 

excess of atmospheric sources of N2 in groundwater.  

     Ratios of N2/Ar values higher than 44 are evidence of dinitrogen gas production 

(Wilson et al., 1994). Although the difference between N2 production due to anammox and 

air entrainment was not differentiated, the values (46 to 54) the values observed in this 

study are consistent with those observed due to denitrification in a sandstone aquifer 

(Wilson et al., 1994), suggesting dinitrogen gas is being produced (Figure 17). 

Groundwater N2/Ar ratios are greater compared to N2/Ar ratios for WEA samples. 

 

 

 

 

 

 

 

 

Figure 17: N2/Ar ratios for groundwater from the different depths sampled during June 

2009 and N2/Ar ratios for a study in which N2 production was analysed (Wilson et al., 

1994). 

 

5. As an additional tool, dissolved N2 in WEA and in groundwater samples were analysed 

for 
15

N. Dinitrogen gas isotopic composition will likely result in lower 
15

N values of N2 
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produced in groundwater than nitrate and ammonium compounds due to biochemical 

processes. Groundwater sample results range between -1.5 to 0.2 ‰ (Table 3) which, 

suggest the N2 is being produced since it has lower 
15

N values than the residual nitrate 

(12.8 to 15.1 ‰) and ammonium (5.7 to 8.9 ‰) compounds. The lighter isotope (
14

N) is 

being liberated to the product (i.e. N2) hence, the heavier isotope (
15

N) will accumulate in 

the reactant (i.e. NO3
-
 and NH4

+
; Hübner, 1986; Kendall, 1998). The 

15
N values in the 

residual ammonium and nitrate reactants should be higher relative to 
15

N of N2 evolved in 

anammox. The 
15

N values of N2 measured at the study site (Figure 17) are consistent with 

the denitrification study conducted by Vogel et al. (1981) which measured 
15

N values of -

3.1 to -0.3 ‰. The 
15

N value of N2 in WEA is 0.68 ‰ (Klots and Benson, 1963) and in air 

by definition is 0 ‰ (Hübner, 1986). The 
15

N of the dissolved N2 in the CCNO 

groundwater is lighter than that in water equilibrated with the atmosphere (Figure 17) 

suggesting the addition of N2 with relatively low values of 
15

N. Given the possibility of 

degassing by bubble formation in the shallow aquifer (e.g. Blicher-Mathiesen et al., 1998), 

it was not possible to estimate the fraction of N2 contributed from anammox vs. the sources 

described above. 

6. Isotopic fractionation factors estimated for anammox process between N2 and NO3
-
 

using the formula  = (1000 + 
15

NN2))/(1000 + 
15

NNO3)) resulted in an average of 0.987 

(stdev = 0.0015, n = 6) and between N2 and NH4
+
 using the formula  = (1000 + 


15

NN2))/(1000 + 
15

NNH4)) resulted in an average of 0.994 (stdev = 0.016, n = 6), 

respectively. Isotopic enrichment factors of -6.3 ‰ for ammonium and -13.0 ‰ for nitrate 

were calculated using the following formula:  = ( - 1)*1000. The ammonium enrichment 
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factor is consistent with the value (6 ‰) estimated by Clark et al. (2008). These enrichment 

factors are considered to be minimum factors since they are influenced by atmospheric N2 

which have higher 
15

N values compared to the expected values at the groundwater site. 

7. The DNA extracts from three groundwater samples provided additional biomarker-based 

evidence for the presence of anaerobic ammonia-oxidizing Planctomycetes at the site 

groundwater. The genetic analyses of groundwater bacteria (attached to solid particles) are 

consistent with anammox bacteria. The DNA extracts from three groundwater samples all 

produced 16S rRNA gene sequences with a high similarity to a clade of putative anammox 

bacteria (Figure 18).  

     Based on the criteria mentioned above there is convincing evidence for anammox in the 

groundwater sampled from MW-29 and MW-29A. Since there is only one other report of 

groundwater anammox I am aware of, this is an important finding. The data collected at 

this site does not permit the estimation of the rate at which anammox is occurring. The rate 

might be measurable by the rate of N2 production, but this would need to be studied at a 

future time. 
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Figure 18: Dendogram from bacteria analyses from (MW-29A). 
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CHAPTER FIVE: CONCLUSIONS AND FUTURE RESEARCH 

      Given the fast groundwater flow velocity at the CCNO site, about five pore volumes of 

groundwater should have flowed through the site since a complete source removal of the 

ammonia and nitrate in 1994. If all of source material was removed and nitrate and 

ammonia transported conservatively (without retardation or uncounted for sources) in 

groundwater then one would have expected ammonium and nitrate levels to have 

decreased to background groundwater levels some time ago. However, the relatively slow 

and gradual decline of groundwater nitrate and ammonium concentrations at the study site 

suggests: (1) the original source was not entirely removed, (2) another source of ammonia 

and nitrate exists that was not previously identified and thus not removed, (3) ammonium 

is sorbed to aquifer materials, retarding ammonium transport and/or (4) ammonium and 

nitrate are being diffused into lower hydraulic conductivities zones.   

     Although flushing must be contributing to the gradual decline in ammonium and nitrate 

concentrations there is also evidence for the anammox reaction in the groundwater.  

     The concurrent decrease of both ammonium and nitrate concentrations in an anoxic 

environment is consistent with the anammox process. Other lines of evidence supporting 

the anammox process at the study site include the following: 1) low concentrations of DOC 

and other electron donors (relative to nitrate) to support denitrification, 2) a correlation 

between 
15

NNO3 and 
18

ONO3 consistent with its reduction to N2 3) minimum estimated 

isotopic enrichment factors of -6.3‰ for ammonium and -13‰ for nitrate indicating that 

both nitrate and ammonium are enriched in the heavier isotope 
15

N, which is consistent 

with both of them are being converted to N2, 4) N2/Ar ratios which exceeded WEA 
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samples suggesting nitrogen production, 5) 
15

N values of N2 are lower than the source 

(atmospheric N2 with 
15

N of 0‰) which is consistent with anammox (dinitrogen gas 

production), and 6) biomarker-based evidence for the presence of ammonia-oxidizing 

Planctomycetes.  

     Although there is evidence that anammox is occurring, the data do not provide 

insight into its reaction rate. 

     Further research to estimate the rate of the anammox reaction and an extensive gas 

sampling would be beneficial to understand its contribution to the long term declines in 

ammonium and nitrate concentrations. Determination of the fraction of dinitrogen gas 

produced in the groundwater samples should be calculated in order to estimate both the 

rate of anammox and more accurate anammox isotope enrichment factors.  
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