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ABSTRACT 

Chromophoric dissolved organic matter in the Athabasca Oil Sands Region, Alberta, 

Canada 

Dane Blanchard 

Chromophoric dissolved organic matter (CDOM), a chemically diverse family of organic 

compounds defined by their ability to absorb ultraviolet and visible light, is a critical 

constituent of numerous environmental systems, including freshwater lakes. Industrial 

operations in the Athabasca Oil Sands Region (AOSR, Alberta, Canada) are major sources 

of acidic inorganic gases and organic contaminants to the atmosphere, the subsequent 

deposition of which posed the potential to alter the composition of natural CDOM within 

surrounding lake surface-waters. The objective of this thesis was to determine if OS sources 

measurably impacted CDOM quality within 50 regionally monitored acid sensitive lakes 

by means of a) altered acid-base chemical processes or b) industrial atmospheric CDOM 

inputs. Ultraviolet-visible light spectroscopy and excitation emission matrix (EEM) 

fluorescence spectroscopy were applied to characterize CDOM within regional lake 

surface-waters to identify the primary sources (e.g., natural, anthropogenic) and process 

(e.g., acid-base chemistry) influencing chromophoric organic matter quality. These 

spectroscopic techniques were further used to evaluate industrial CDOM within 

atmospheric aerosols and deposition to assist with the identification of industrial CDOM 

within lake waters. Spectroscopic analysis of regional lake surface-water found weak 

associations between CDOM and acid-base variables, suggesting that acid inputs from OS 

sources would have limited influence over surface-water chromophoric organic matter. A 
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distinct fluorescent component (i.e., fluorophore) measured within the lake samples (C3) 

displayed decreasing emission intensity as a function of distance from OS sources and 

positive correlations with surface-water polycyclic aromatic compounds, implying 

industrial influence. Spectral similarity between C3 and industrial fluorophores observed 

from regional aerosol and atmospheric deposition samples further confirmed the lake 

fluorophore was linked to OS sources. This research suggests that EEM fluorescence 

spectroscopy could be used as a cost-effective technique to detect industrial pollution 

within lake surface-waters throughout the AOSR. 

Keywords: Dissolved organic matter; lake chemistry; atmospheric deposition; atmospheric 

pollution; atmospheric brown carbon; oil and gas industry; fluorescence spectroscopy; 

Parallel Factor Analysis 
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1. Chapter One: General Introduction  

1.1 Chromophoric dissolved organic matter in the aquatic environment  

Dissolved organic matter (DOM) consists of a complex mixture of carbon (C) rich 

molecules that are abundant throughout the natural world. Water-soluble organic matter is 

a major constituent of the global C cycle (Battin et al., 2009) and moderates numerous 

processes critical to the function of aquatic environments, including freshwater lake 

systems (Creed et al., 2018; Solomon et al., 2015). A major fraction of environmental DOM 

is comprised of chromophoric dissolved organic matter (CDOM), a broad class of 

molecules that absorb light in the visible and ultraviolet wavelength range (100 – 800 nm) 

(Del Vecchio and Blough, 2004). The CDOM fraction is ubiquitous throughout freshwater 

and marine environments and plays a critical role in the transport of nutrients and trace 

elements, acts as a medium for biological activity, and can limit the primary productivity 

of autotrophs (Dodds and Whiles, 2010; Fisher and Likens, 1973). Chromophoric organic 

matter is introduced to aquatic environments through sources located outside 

(allochthonous) or within (autochthonous) the system (Coble, 2007). Organic matter 

originating from allochthonous or terrestrial sources is typically composed of large, highly 

polymerized aromatic molecules often classified as humic substances (HS), which broadly 

consist of humic acids (HA) and fulvic acids (FA) (Thurman, 1985). Organic matter 

originating from in-lake materials and processes often consist of smaller, less aromatic 

compounds, such as amino acids and proteins (Zhang et al., 2011).  

The initial composition of aquatic CDOM is determined by the primary allochthonous and 

autochthonous sources (e.g., foliage, soil, macrophyte, microbial metabolism) contributing 
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to the system; however, numerous other environmental processes can subsequently alter 

organic matter composition (Huang et al., 2022; Olefeldt et al., 2013). Biological and 

photochemical reactions fundamentally alter CDOM quality within natural waters through 

degradation, mineralization, and sedimentation (Olefeldt et al., 2013). Hydrological 

conditions such as catchment runoff and residence times play a key role in organic matter 

transport and within lake processing waters (Kellerman et al., 2014; Kothawala et al., 

2013).  

The abundance and quality of surface-water CDOM is inexorably linked to the acid-base 

conditions of the surrounding environment. Shifting surface-water pH can directly alter the 

protonation state of humic and fulvic acids, which further impacts species’ physical 

properties and reaction chemistry (Lan et al., 2022). Various environmental processes 

responsible for the production and transport of allochthonous and autochthonous CDOM 

are similarly sensitive to pH; for instance, pH-sensitive autochthonous processes can alter 

the in-situ production and removal of CDOM within surface-waters (Anesio & Granéli, 

2003; Dillon & Molot, 1997; Gu et al., 2017), and catchment acidification can inhibit DOM 

flux to aqueous systems (Schindler, 1998). Owing to their abundance of carboxyl and 

phenolic functional groups, chromophoric humic and fulvic acids can conversely influence 

the acid-base chemistry of the aquatic environment (Oliver et al., 1983), which depending 

on organic acid strength can contribute to pH and acid neutralization capacity (Castrillon-

Munoz et al., 2022; Driscoll et al., 1994; Munson & Gherini, 1993).  
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1.2 Chromophoric dissolved organic matter in the atmospheric environment 

Many studies have focused on CDOM within aquatic systems (Del Vecchio and Blough, 

2004; Kothawala et al 2014); however, coloured organic matter is also recognized as an 

important chemical constituent of the atmospheric environment (Chakrabarty et al., 2016; 

Facchini et al., 1999). Atmospehric CDOM is highly diverse and can consist of 

polymerized aromatic structures similar to humic acids, as well as relatively low molecular 

weight compounds such as nitrocatechols, aromatic acids, and polycyclic aromatic 

hydrocarbons (PAHs) (Claeys et al., 2012). These chemical species can persist within both 

the gas and aerosol-phase (Chen et al., 2021); however, most research to date has focused 

on the latter, which is conventionally referred to as water-soluble brown carbon (WS-BrC) 

(Fuzzi et al., 2002; Lin et al., 2012; Stone et al., 2009).   

Given that the chromophoric fraction can contain environmentally toxic compounds like 

heterocyclic PAHs, previous analysis has suggested that atmospheric CDOM and WS-BrC 

can be harmful to human and environmental health (Ma et al., 2019; Maulderly and Chow, 

2008). Owing to their light absorbing properties and capacity as cloud condensation nuclei, 

gas and aerosol phase CDOM can directly and indirectly influence planetary albedo and 

solar radiation budgets (Facchini et al., 1999). Specifically, WS-BrC has been increasingly 

recognized as an important factor contributing to regional and global climate change 

(Chakrabarty et al., 2016; Gustafsson et al., 2009). The environmental sources of 

atmospheric CDOM and WS-BrC are diverse: fungi, plant debris, soil erosion (Andreae et 

al., 1997; Rizzo et al., 2013), biomass burning (Ramanathan et al., 2007), and fossil fuel 

combustion (Bond, 2001; Shen et al., 2023; Yan et al., 2017) can all influence the 

concentration and composition of CDOM in the ambient atmosphere. 
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Atmospheric CDOM eventually re-enter the planetary surface through wet and dry 

deposition. This process can impact the surrounding environment. Atmospheric inputs have 

been found to measurably alter the composition of natural CDOM within aquatic systems; 

for example, dry deposition of BrC to alpine lakes near the Mediterranean Sea significantly 

altered surface-water optical properties and light penetration (Mladenov et al., 2011; Zang 

et al., 2013). Moreover, WS-BrC deposition onto snow- and ice-covered surfaces can 

enhance warming and thaw rates (Zhou et al., 2022).  

1.3 Ultraviolet – visible light spectroscopy 

Optical evaluation techniques including ultraviolet-visible (UV-Vis) and fluorescence 

spectroscopy are widely applied in the study of environmental DOM and CDOM given 

their analytical versatility, chemical sensitivity, and low operational costs. Ultraviolet-

visible light spectroscopy relies upon the interaction of incoming (incident) light radiation 

(𝑙𝑜) and molecules within a sample, which temporarily increases the orbital, vibrational, 

and rotational energy state of electrons within sample compounds (Schulman et al., 2017). 

These three states exist as a discrete series of energy levels, where the kinetic input required 

for an orbital transition is comparably larger than jumps in vibrational and rotational state. 

Moreover, each orbital state has its own set of vibrational and rotational energy levels. 

Owing to the discrete number of available energy states within a molecule, 𝑙𝑜 of a specific 

wavelength (λ, nm) is required for any possible energy transition (Akash & Rehman, 2020). 

Incident photons with high-enough kinetic energy (hvA), including light in the UV and 

visible wavelength range (100–800 nm), can promote an electron from its ground-state (S0) 

to a vibrational sublevel of a new excited orbital state (e.g., S1). This excited electron 
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conserves the spin orientation from its initial ground orbit (which spins antiparallel to a 

second-paired ground-state electron) and as such is considered part of a singlet system 

(Akash & Rehman, 2020). The wavelength of light absorbed by a molecule in the UV-Vis 

range is largely dependent upon the type of electronic transitions between molecular 

orbitals, the most important being: 

a) bonding pi to antibonding pi (π → π*) 

b) non-bonding to antibonding pi (n → π*)  

Where the hvA required to promote an electron from its highest occupied molecular orbital 

(HOMO) in the ground-state to the lowest un-occupied molecular orbital (LUMO) 

corresponds to the wavelength of light absorbed by a molecule (Schulman et al., 2017). The 

distance between the HOMO and LUMO is determined by a molecule’s resonance structure 

configuration, where enhanced stability via electron delocalization reduces the energy gap 

between molecular orbitals. Both π → π* and n → π* transitions occur in stable, conjugated 

systems such as carbon-carbon (C = C) and carbon-oxygen (C = O) double bonds (Akash 

& Rehman, 2020). Higher degrees of conjugation (alternating single and double C bonds) 

increase the stability of a molecule, which in turn reduces the HOMO – LUMO energy 

difference. Due to the lower hvA required for electronic transitions, increasingly conjugated 

molecules absorb lo at progressively longer wavelengths (Schulman et al., 2017). As such, 

aromatic compounds like HA, FA, and PAHs are effective at absorbing light in the UV-Vis 

range. The addition of functional groups to an aromatic structure typically decreases the 

HOMO – LUMO energy gap; as such, substituted aromatic molecules absorb at longer 

wavelengths than their unsubstituted counterparts. 
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Singlet state transitions produce primary absorption bands while lower/higher lo 

wavelengths can excite electrons to adjacent vibrational and rotational sub-states, 

broadening the initial absorption bands. In spectroscopy analysis, absorbance (A) is 

reported as the log transformed fraction of light radiation transmitted through (l), and the lo 

directed into the sample. In accordance with the Beer-Lambert law, measured A is directly 

proportional to the concentration of the absorbing molecule and sample path length (Akash 

& Rehman, 2020). Although spectroscopic analysis of individual molecules may produce 

distinct absorbance peaks, chemically heterogeneous environmental samples present a 

broadened spectrum reflecting the combined absorbance bands of all chromophoric 

compounds. Through the application of UV-Vis spectrophotometers, absorbance measured 

as a function of λ (100–800 nm) can provide valuable insights regarding the bulk properties 

of CDOM within a sample. For example, absorbance at 254 nm (A254) is frequently used 

as a general proxy for DOM in terrestrial and aquatic environments (Brandstetter et al., 

1996). Additional diagnostic metrics derived from the absorbance spectra can provide 

further information regarding the compositional structure of environmental DOM. Specific 

UV absorbance at 254 nm (SUVA254), derived via normalizing A254 by DOC concentration 

(mgC L-1), generally represents the degree of aromaticity within a sample (Weishaar et al., 

2003).  

1.4 Fluorescence spectroscopy 

Following initial lo absorption, an excited electron rapidly returns to the lowest vibrational 

state of S1 via processes of non-radiative decay, including vibrational heat transfer 

(vibrational relaxation) and energy transfers between excited singlet states (internal 

conversion) (Valeur & Berberan-Santos, 2013). Upon reaching S1 the electron can continue 
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to decay to S0 through non-radiative energy transfer, or it can jump to a vibrational sub-

level of S0 by emitting a photon in a process identified as fluorescence (Figure 1.1). Owing 

to the energy lost through non-radiative decay, the singlet system emits a photon of a 

wavelength longer than the excitation light; this difference in wavelength is termed the 

Stokes shift (Wolfbeis, 1985). The degree of Stokes shift is dictated by the competition 

between non-radiative and radiative decay processes, which in turn is determined by 

solvent conditions and the vibrational freedom of a molecule. As a rule of thumb, molecules 

of increased conjugation (such as HA and FA) display absorbance and fluorescence peaks 

at correspondingly longer wavelengths, while higher solvent polarity increases Stokes shift.  

 

Figure 1.1. Perrin-Jablonski diagram illustrating the energy transitions between electronic 

singlet states and vibrational levels that occur during the processes of molecular absorbance 
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and fluorescence. Non-radiative energy transitions, including internal conversion and 

vibrational relaxation are shown. 

The wavelength coordinates and intensity of the excitation (λEx, absorbance) and emission 

(λEm, fluorescence) spectra can offer insights to the chemical structure and concentration of  

one or multiple fluorescent molecules (fluorophores) (Valeur & Berberan-Santos, 2013). 

Spectrofluorometers are capable of excitation emission matrix (EEM) measurements, a 

three-dimensional scan that plots fluorescence intensity against a range of excitation and 

emission wavelengths (Figure 1.2). These contour plots enable direct comparison of the 

excitation and emission spectra, where identifiable peaks can represent individual, or 

spectrally overlapping groups of fluorophores within the sample. Fluorescence EEM 

analysis is a relatively sensitive technique and can detect fluorophores in the parts-per-

billion (ppb) range (Jiji et al., 2000). 
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Figure 1.2 Example of an excitation emission matrix (EEM) scan of an environmental 

sample (lake surface-water from northern Alberta, Canada). Example fluorophore species 

responsible for the primary fluorescent peaks are illustrated. 

1.5 Processing and interpretation of EEM data 

The compilation of multiple EEM scans produces a three-way array (X) with dimensions 𝑖, 

𝑗, 𝑘; 𝑖 represents the number of EEM samples, while 𝑗 and 𝑘 reflect the number of emission 

and excitation wavelengths, respectively. One of the earliest methods employed to identify 

and evaluate fluorophore species from EEM scans relied upon manual “peak-picking” 

techniques (Sgroi et al., 2017); however, visual identification is generally inadequate when 

processing large EEM arrays containing spectrally complex information. Multivariable 

decomposition techniques such as principal component analysis (PCA) and PARAllel 

FACtor analysis (PARAFAC) have been widely adopted to evaluate expansive EEM data 

arrays.   
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Dimension reduction methods are intended to simplify complex multivariable datasets into 

a reduced set of components. Principal component analysis calculates linear combinations 

of the original variables to generate new orthogonal variables (C1, …, CN) called principal 

components (PC). Each PC represents an eigenvector from the covariance matrix, where 

each corresponding eigenvalue represents the dataset variance explained by the respective 

PC (Miller & Miller, 2002). The bilinear nature of PCA models results in the loss of 

dimensionality from the three-way EEM array, which limits chemical interpretation of 

fluorescent species within the samples. Alternatively, PARAFAC offers a multi-way 

method that conserves the dimensions of the original data array. The resulting model 

decomposes EEM arrays (𝑥𝑖𝑗𝑘) into a score matrix (A) and two loadings’ matrices (B and 

C) with corresponding trilinear elements 𝑎𝑖𝑓, 𝑏𝑖𝑓, and 𝑐𝑘𝑓:  

𝑥𝑖𝑗𝑘 = ∑ 𝑎𝑖𝑓𝑏𝑗𝑓𝑐𝑘𝑓 + 𝑒𝑖𝑗𝑘
𝐹
𝑓=1                                      Eq. 1.1) 

Score values in 𝑎𝑖𝑓  represent the relative fluorescence intensity of analyte 𝑓 in sample 𝑖. 

Given that emission intensity is proportional to fluorophore abundance (Valeur, 2002), A 

scores can be interpreted as concentration data. The elements 𝑏𝑖𝑓 and 𝑐𝑘𝑓 represent the 

modelled emission (𝑗) and excitation (𝑘) spectrum of analyte 𝑓, while 𝐹 is the total number 

of modelled chemical components. Each modelled component represents the distinct 

spectra of an individual or a group of similar fluorescent molecules (Figure 1.3). Utilizing 

the residual element eijk, the PARAFAC model applies an alternating least-squares 

optimization technique to find the function that best approximates the dataset (Bro, 1997).  
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Figure 1.3 Conceptual diagram illustrating the key steps involved in the PARAFAC 

modelling process. 
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It is imperative that the operator selects the appropriate number of fluorescent components 

(also identified as model rank) included in the PARAFAC model, as an insufficient or 

excess number of components risks under or overfitting the EEM dataset, respectively. 

Several accepted validation techniques can be applied to assist with model rank selection, 

including: 1) visual peak inspection, 2) EEM residual plots, 3) split-half analysis, and 4) 

core consistency (CC). These validation tools and their corresponding procedures are 

described in detail in Chapter 3, section 2.4. Due to its analytical advantages, the 

PARAFAC technique has been widely adopted as a tool to evaluate EEM fluorescence 

data. The development of user-friendly software packages, such as the MATLAB toolbox 

“drEEM” (Murphy et al., 2013) and R package “staRdom” (Pucher et al., 2021) has 

improved the accessibility of the PARAFAC method to the broader scientific community. 

The combined EEM-PARAFAC method is frequently utilized to evaluate naturally 

occurring CDOM within aquatic and terrestrial systems, where multi-way modelling can 

aid in the identification of distinct fluorophores such as HA, FA, protein, and amino acid 

like compounds (Coble, 1996). The λEx and λEm spectra of each modelled component can 

be manually compared to EEM data in the literature to assist with fluorophore 

characterization.  

Numerous studies have applied EEM-PARAFAC analysis across a wide range of 

environmental mediums and regions (Fu et al., 2015; Sgroi et al., 2017); further, a selection 

of studies have successfully identified the fluorescent constituents of anthropogenic organic 

pollutants of pyrogenic and petrogenic origin (Mendoza et al., 2013). For example, EEM 

analysis of aquatic samples have identified a variety of fluorescent peaks associated with 
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PAHs, PACs, and naphthenic acids (Kaur et al., 2014; Mahamuni et al., 2019). Further, 

fluorescence spectroscopy has been used to evaluate the composition of WS-BrC extracted 

from active sampler mediums. The resulting analysis of these samples, accompanied by 

external pollutant and meteorological variables, successfully identified several fluorescent  

Although EEM-PARAFAC offers useful information regarding the optical structure of 

organic matter within a sample, complimentary environmental data is frequently used to 

further characterize CDOM. A variety of statistical techniques are applied for such analysis, 

one of the most common is partial least squares regression (PLS-R). Partial least squares 

regression is a multivariable technique effective at decomposing large numbers of colinear 

predictor variables (X) into a smaller set of uncorrelated orthogonal components (Eriksson 

et al., 2013). The PLS-R model attempts to explain the maximum variability between X 

and response variables (Y) through a least-squares regression method. By assigning EEM-

PARAFAC fluorescent components as the Y variables and supplementary environmental 

data as X, PLS-R can help identify the primary sources and processes influencing CDOM 

structure and variation within an environment (Kothawala et al., 2014).  

1.6 Athabasca Oil Sands Region  

The Athabasca Oil Sands Region (AOSR) is a boreal landscape in northern Alberta, 

Canada, where peatlands and boreal forests are the dominant landscape features. Largely 

because of its northern – inland geographical location, the region typically experiences 

warm summers and cold, dry winters (ECCC, 2024). Beneath the boreal landscape lies the 

Athabasca oil sands deposit, the world’s largest known bitumen reserve which covers a 

surface area of ~ 140,200 km2. Beginning in the mid-20th century, oil and gas companies 
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such as Syncrude, Suncor, and Imperial Oil have established industrial facilities over these 

deposits to extract and upgrade crude oil material. Industrial production has expanded 

continuously; for example, between 2013 and 2023, crude oil production from the AOSR 

increased from 2.1 to 3.4 million barrels per day (data available via the Canadian 

Association of Petroleum Producers and Canada Energy Regulator). The major oil sands 

(OS) facilities are located along the east and western banks of the Athabasca River, which 

flows north through the AOSR. The largest municipalities in the region are Fort McMurray 

and Fort McKay; the former is located ~50 km south of OS operations while Fort McKay 

sits along the western bank of the Athabasca River, situated between several major 

industrial facilities (Figure 1.4).  

Oil sands mining and upgrading processes are a major source of sulphur dioxide (SO2) and 

oxidized nitrogen species (NOx) (ECCC & AEP, 2016). Due to the acidic potential of these 

inorganic species, atmospheric deposition of sulphur and nitrogen has been the focus of 

extensive regional evaluations (Bennet et al., 2008; Cathcart et al., 2016). Past studies have 

highlighted the prevalence of acid-sensitive soils throughout the AOSR, raising concerns 

regarding the impact of acidic inputs to surrounding ecosystems, including lakes (Cathcart 

et al., 2016).  
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Figure 1.4 Overview of the Athabasca Oil Sands Region (AOSR) identifying local municipalities 

(Fort McMurray and McKay) and the location and scale of the major oil sands industrial facilities. 

The inset map displays the broader geographical location of the AOSR study area. 

The AOSR contains an abundance of boreal lake systems, which owing to the prominence 

of organic soils and peatlands throughout the landscape, possess surface-waters uniquely 

high in DOC. Between 2015 and 2017, the median DOC concentration among a selection 

of 50 annually monitored acid sensitive lakes (ASL; www.ramp.org) throughout the AOSR 

was 22.0 mg C L-1, considerably higher than globally reported values (median = 5.7 mg C 

L-1, n ≈ 7500) (Sobek et al., 2007). Moreover, lake surface-waters throughout the AOSR 
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often display a high degree of colouration, which indicates the presence of CDOM within 

the water column. There is limited data describing the composition of lake CDOM 

throughout the AOSR; further, the sources and environmental processes influencing the 

organic matter fraction within regional surface-waters are not well understood. Given the 

established link between CDOM and acid-base chemistry it is expected that acidification 

will alter the organic matter fraction within regional lake surface-waters; this process could 

substantially impact numerous aquatic system functions.  

Industrial operations in the AOSR are a major source of organic emissions to the 

atmosphere. Exposed bitumen, tailings ponds, petroleum coke (petcoke) stockpiles, and 

upgrading facilities emit gaseous polycyclic aromatic compounds (PAC) (Jariyasopit et al., 

2018; Qiu et al., 2018), while open pit mines, mining fleet emissions, and petcoke generate 

organic-rich particulate matter containing high PAC loadings (Jariyasopit et al., 2021; 

Landis et al., 2019a). Oil sands emissions subsequently contribute to high organic 

deposition flux to the surrounding surface-environment, this process has been shown 

capable of impacting surface-water quality throughout the region (Kelly et al., 2009). Using 

the Global Environmental Multiscale–Modelling Air-quality and Chemistry model, Liggio 

et al. (2025) found that annual gas-phase organic carbon deposition from OS emissions 

theoretically exceeded the DOC catchment flux (excluding gas-phase DOC) of lakes within 

200 km of major OS facilities. The OS-sourced organic matter entering aquatic systems in 

the AOSR is chemically diverse and largely undefined, which in turn presents a challenge 

to environmental monitoring efforts, given conventional forms of mass spectrometry 

analysis are limited by high operational costs (Frysinger et al., 2003) 
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A substantial portion of organic emissions and deposition from the OS industry likely 

possess light-absorbing and fluorescing properties, generally due to the presence of 

conjugated aromatic structures (Yamaguchi et al., 2008). As such, OS operations likely 

contributed to the emission and subsequent deposition of CDOM and WS-BrC throughout 

the AOSR. Owing to its light absorbing properties, CDOM aerosols and deposition could 

measurably impact radiative forcing within the regional atmospheric and surface 

environment. However, no studies have evaluated atmospheric CDOM throughout the 

AOSR.  

Considering that industrial pollutants are observable within AOSR surface-waters (Kelly 

et al., 2009) and that atmospheric inputs are capable of influencing lake CDOM (Mladenov 

et al., 2011; Zang et al., 2014), it was suspected that atmospheric CDOM deposition from 

OS industry could alter the chromophoric fraction within regional lake surface-waters. 

Altered surface water CDOM quality due to OS inputs could have real-world implications 

for lake functions, as variable light absorbance could directly impact aquatic system energy 

budgets and productivity. Moreover, a clearly observable link between industrial operations 

and lake CDOM would demonstrate that relatively accessible spectroscopy techniques 

(UV-Vis, EEM-PARAFAC) equipped to measure CDOM could provide a cost-effective 

means to detect industrial pollution within regional surface-waters. 

1.7 Research objectives and study design 

The first overarching objective of this thesis was to determine if acidic atmospheric input 

from OS emissions could impact CDOM within regional lake surface-waters by altering 

acid-base and CDOM interactions. However, to approach this question, it was first 
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necessary to confirm that acid-base chemistry and CDOM shared an influential link within 

regional waters. Given the bidirectional associations between freshwater CDOM and acid-

base chemistry established in the literature, the first hypothesis (H1: a) predicted that 

variables reflective of chromophoric organic matter would be statistically associated with 

variables reflective of acid-base chemistry (e.g., pH and alkalinity). The corresponding null 

hypothesis (H0: a) was: “CDOM and acid-base variables are not significantly associated”. 

The second objective was to establish whether organic inputs from OS emissions 

contributed to surface-water CDOM within lakes throughout the AOSR. Aerosol, 

snowpack, and precipitation samples collected throughout the AOSR were analyzed using 

spectroscopy techniques to characterize the optical properties of industrial CDOM, the 

resulting knowledge was then applied to search for similar spectral signals within regional 

lakes. The observations produced from this work were then used to answer the second 

hypothesis (H1: b), which predicted that local industry would measurably alter CDOM 

quality within lake surface-waters. The corresponding null hypothesis (H0: b) was: 

“Industrial emissions do not measurably contribute to CDOM within regional lake surface-

waters” 

Five complimentary studies were conducted to fulfill both research objectives, the contents 

of each are presented as standalone chapters written in the style of a peer-reviewed journal 

article (Figure 1.5):  

a) The first research chapter (Chapter 2) was intended to provide a preliminary assessment 

of DOM spatiotemporal variation among regional lake surface-waters. This work involved 

the analysis of historical water quality data (1999–2017) available through the ASL 
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monitoring program, which represented 50 boreal lakes throughout the broader AOSR. 

Variables known to be associated with DOM and CDOM variation were the focus of 

analysis, while Lagrangian trajectory modelling was applied to explore the potential link 

of OS emissions with lake DOM and acid sensitivity. In 2021, the study corresponding to 

this chapter was published as a scientific paper in the journal of Environmental Science and 

Technology (Blanchard et al., 2021).  

b) The objective of Chapter 3 was to characterize CDOM within ASL surface-waters 

(collected during the summer of 2021) through the application of UV-Vis and EEM 

fluorescence spectroscopy, paired with PARAFAC modelling. This analysis offered the 

first evaluation of CDOM composition and further explored the environmental sources and 

processes influencing the organic matter fraction within the regional lakes, including the 

potential relationship between CDOM and acid-base chemistry. Absorbance and 

fluorescence variables (including fluorophores identified via EEM-PARAFAC) were 

compared against corresponding lake water quality, morphological, and hydrological data 

for the purpose of CDOM characterization. At the time of completing this thesis (2025), 

this work was submitted to the journal, Science of the Total Environment, for peer review. 

c) Chapter 4 was designed to evaluate the composition and spatial variation of atmospheric 

WS-BrC in the AOSR airshed, ultimately to determine how OS operations contributed to 

aerosol - phase CDOM. During the summer of 2021 active filter-pack samplers were 

deployed throughout the AOSR to collect total suspended particulate samples, which were 

subsequently submitted for absorbance and fluorescence spectroscopy analysis to 

characterize CDOM and identify fluorophore signals linked to OS operations. 

Supplementary filter-pack elemental analysis, continuous air quality data, and back-
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trajectory modelling were employed to characterize the primary WS-BrC sources. This 

investigation was published as a scientific article in the journal of Atmospheric Chemistry 

and Physics February 2025 (Blanchard et al., 2025a). 

d) Chapter 5 explored the spatial and temporal variation of CDOM within atmospheric 

deposition in the AOSR through the optical analysis of regional snowpack (Spring 2023) 

and weekly precipitation (2021 meteorological year) samples. Absorbance and EEM 

fluorescence spectroscopy analysis, complemented by elemental and continuous air quality 

variables were applied to characterize CDOM deposition and identify fluorophores 

specifically linked to OS sources. The study corresponding to this chapter was published 

(February 2025) in the journal, Environmental Pollution (Blanchard et al., 2025b).  

e) The purpose of the final chapter (6) was to determine if OS emissions and deposition 

contributed to surface-water CDOM within regional lakes in the AOSR. This work 

involved a reanalysis of the EEM – PARAFAC dataset from the 2021 ASL samples, where 

the modelled fluorescent components were evaluated against surface-water PACs to assist 

with characterization. Moreover, the fluorescent spectra were compared against the 

petrogenic fluorophores observed within regional WS-BrC (Chapter 4) and deposition 

(Chapter 5) to determine if industrial CDOM in the atmosphere was observable within lake 

surface-waters. Following completion of this thesis, the findings from Chapter 6 will be 

submitted to a scientific journal.  
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Figure 1.5 Conceptual diagram illustrating the key processes corresponding to each 

research chapter within the thesis. 
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2. Chapter Two: Dissolved Organic Carbon in lakes of the 

Athabasca Oil Sands Region: Is colour an indicator of acid 

sensitivity?1 

2.1 Introduction  

Dissolved Organic Carbon (DOC) consists of a complex mixture of carbon-rich compounds 

suspended in aqueous solution, which can pass through a 0.45 µm filter. This organic 

fraction is prevalent throughout the natural world and acts as a significant carbon (C) 

reservoir for numerous aquatic environmental systems (Hansel et al., 2009), including 

freshwater lakes. Dissolved organic carbon has a limiting influence over lake productivity 

partially owing to its UV-absorptive properties, which can inhibit photosynthesis (Jones, 

1998; Snucins and Gunn, 2000; Toming et al., 2020). Depending on chemical composition 

and concentration, DOC can alter lake chemistry through the introduction of weak or strong 

organic acids (Köhler et al., 1999; Mattsson et al., 1995; Oliver et al., 1983). Organic 

compounds can complex with metals and nutrients including iron (Fe), copper (Cu), and 

phosphate (PO4
3–), which in addition to altering the solubility and transport of organic 

species (Maranger and Pullin, 2003; Mierle and Ingram, 1991) can also influence the 

optical properties of DOC (Maloney et al., 2005; Xiao et al., 2013). 

Optical properties of water samples are often analyzed to characterize the chromophoric 

fraction of DOC (CDOC). Humic substances are the most common constituents of CDOC 

in freshwater lakes (Thurman, 1985), however, they present a high degree of complexity in 

 

1 Blanchard, D., Aherne, J., Makar, P. (2021). Dissolved Organic Carbon in Lakes of the Athabasca Oil Sands 

Region: Is Color an Indicator of Acid Sensitivity?. Environmental Science and Technology, 55(10), 

6791-6803, https://doi.org/10.1021/acs.est.1c00507 
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their chemical speciation. The optical metric, ‘true colour’ (TC) is a standard–calibrated 

measure of UV-absorbance often used to evaluate CDOC in aquatic systems. Owing to the 

prominence of the CDOC fraction within organic pools, TC is often employed as a proxy 

for DOC within aqueous samples. Previous research in Canada has found that TC is 

correlated with average DOC over extended periods in lakes (Molot, 2009; Molot and 

Dillion, 1997). However, this TC–DOC relationship often becomes more complicated in 

the presence of dissolved (d)-Fe owing to the formation of coloured Fe-DOC complexes 

(Heikkinen, 1990; Kutser et al., 2015). An extensive evaluation of freshwater systems 

throughout boreal regions in Canada and Sweden by Weyhenmeyer et al. (2014) observed 

that the relative fraction of absorptive DOC increased in response to elevated Fe 

concentrations, indicating a biogeochemical coupling between the two. 

Biological decomposition is the primary known contributor to lake DOC, which is 

introduced via sources located outside (allochthonous) or within (autochthonous) the 

aquatic system. Anthropogenic sources (such as fossil fuel combustion and the processing 

or municipal wastewater) are known to contribute to freshwater DOC via both atmospheric 

and aquatic transport (Kritzberg et al., 2017; Pemberton et al., 2019; Siudek et al., 2015). 

Acidification of aquatic systems influences the concentration and composition of organic 

matter through altering in-situ removal and autochthonous production mechanisms (Anesio 

and Granéli, 2003; Dillion and Molot. 1997), allochthonous flux (Schindler, 1998), and the 

abundance of metals available for complexation (Schindler et al., 1992). Furthermore, 

processes of acidification (including acid deposition) can have substantial influence over 

ecosystem chemistry and function (Holt et al., 2003; Koptsik et al., 2001; Likens et al., 

1998). North America and Europe have experienced a gradual increase in lake organic 
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content over recent decades, which is thought to be the combined result of decreasing 

mineral acidic deposition and the ongoing influence of climate change (Kritzberg et al., 

2020; Meyer-Jacob et al., 2019). These trends are concerning as the acidic constituents of 

DOC can depress the acid neutralizing capacity (ANC) of poorly buffered lakes, retarding 

pH recovery from previous mineral acidification (Erlandsson et al., 2010).  

The Athabasca Oil Sands Region (AOSR) in north-eastern Alberta, Canada, contains the 

world’s third largest known bitumen deposit. Oil sands (OS) industrial processes are a 

major source of oxidized sulphur (SOx) and nitrogen (NOx) species, which have been the 

focus of previous evaluations owing to their acidifying potential through atmospheric 

deposition (Bennett et al., 2008; Carou et al., 2008; Cathcart et al., 2016; Hazewinkel et al., 

2008). These studies have highlighted the prevalence of acid-sensitive soils throughout the 

AOSR, raising concerns regarding the sensitivity of surrounding lakes to acidifying inputs. 

There is limited evidence to suggest that OS-sourced deposition is acidifying lakes in the 

region, but there is suspicion this is partially due to the unique biogeochemistry of the lakes 

in question – convoluting any comparison against the thoroughly-studied acid-sensitive 

lakes of northern Europe and Eastern North America (Hazewinkel et al., 2008). 

Furthermore, these assessments largely discounted the influence of organic deposition over 

environmental chemistry. The Athabasca Oil Sands have been frequently identified as a 

significant source of gaseous volatile organic compounds (VOC) (Bari et al., 2018), organic 

species known to contribute to secondary organic aerosol (SOA) and secondary organic 

acid formation downwind of OS operations (Liggio et al., 2016; 2017). These findings, 

further supplemented by numerous prior studies (Cho et al., 2014; Kurek et al., 2013; 

Landis et al., 2019c), indicate the OS as a major source of organic deposition to the AOSR, 
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which raises concern regarding the combined impact of inorganic and organic acid inputs 

on freshwater acid-base chemistry and DOC variability. Despite this possibility, there are 

limited studies that have evaluated the characteristics and variability of DOC throughout 

the AOSR.  

Beginning in 1999, the Acid Sensitive Lakes (ASL) program (operated through the 

Regional Aquatic Monitoring Program [RAMP]) has conducted annual monitoring of 

surface water chemistry for approximately 50 lakes throughout the AOSR. Here, we 

analyzed this historical (1999–2017) dataset to assess the spatial and temporal variation of 

lake DOC in the AOSR, and to investigate the potential influence of OS atmospheric 

deposition on lake chemical characteristics. Select water-quality variables known to be 

associated with freshwater CDOC (including TC, pH, alkalinity, major ions and select 

metals) were evaluated to interpret DOC variability among lakes throughout the study 

region. Dissociated organic anions (Oa), estimated via ion balance deficit were included in 

the dataset analysis. The Lagrangian trajectory model, HYSPLIT was employed to 

investigate the potential linkages between OS emissions and lake acid sensitivity. 

2.2 Methods  

2.2.1 Study region 

The AOSR is located within the broader Wood Buffalo municipal region, which is in north-

eastern Alberta, Canada (Figure 2.1). Primary oil sands operations (owned by Syncrude, 

Suncor Energy, Imperial Oil, etc.), consisting of open pit/in-situ excavation, upgraders, and 

steam-assisted gravity drainage have been established over major bitumen deposits, which 

combined cover a surface area of 140,200 km2. Oil sands operations have been growing 
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steadily; between 1999 and 2017, production increased from 32.9 to 155.2 million m3 of 

crude oil per year (CAPP, 2019; Natural Resources Canada, 2020).  

The ASL program conducts annual monitoring of approximately 50 lakes throughout the 

AOSR, which are categorized according to their approximate geographical subregion, 

including: North-east of Fort McMurray (NE), West of Fort McMurray (WF), Birch 

Mountains (BM), Canadian Shield (CS), Caribou Mountains (CM), and Stoney Mountains 

(SM). The majority of ASL lakes (including subregions NE, WF, SM, BM) are located 

within a ~200 km radius surrounding the general epicenter of OS operations (north of the 

town of Fort McMurray), named AR6 (Figure 2.1). The remaining lakes are in the further-

distant subregions CM and CS, which are located north-east and north-west of AR6, 

respectively (Figure 2.1). Samples were collected once a year during late summer–autumn 

(August–October) via float plane or helicopter. The ASL program was implemented via 

RAMP to monitor the long-term variation of surface-water chemistry among lakes 

throughout the AOSR, with specific interest in evaluating the potential influence of OS 

operations over surrounding lakes encompassing variable levels of acid sensitivity. 

Bedrock geology is heterogeneous throughout the AOSR; most formations surrounding the 

OS and southern/central AOSR originate from the cretaceous period. The dominant 

formations throughout the SM and NE subregions contain shales and sandstones with 

variable moderate calcareous content. Bedrock underlying the lakes throughout the BM 

region consisted of a mixture of non- to variably calcareous mudstone and shale layers. The 

Cretaceous and Paleogene formations throughout the CM region consisted of sandstone, 

mudstone, shale, and upland gravel, while the bedrock above Lake Athabasca (CS region) 

is dominated by exposed granite (Prior et al., 2013). Located beneath the WF subregion are 
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the highly bituminous and calcareous McMurray and Waterways formations known to be 

associated with carbonate-rich groundwaters (Cowie et al., 2015). Surface materials 

throughout the region are primarily comprised of tills, and till veneers, while soils are 

classified as organics (primarily mesisols), luvisols, brunisols, and cryosols (Fulton et al., 

1996; Agriculture and Agri-food Canada, 2005). 

The AOSR is situated primarily within the Boreal Plains ecozone, which is composed of 

muskeg peatlands, poor fens, and forested ecosystems. Approximately 54% of total land 

cover in the AOSR consists of wetlands, the most prominent of which are fens (AEP, 2018). 

Poor fens, characterized by low ion concentrations and depressed pH are common among 

elevated headwater areas (including SM, BM, and CM) in addition to regions with acidic 

bedrock/surficial deposits (CS). Poor fens can become further acidified from surface inputs 

from surrounding bogs (ESRD, 2015), which are prominent within the BM and CM 

watershed (44% and 76% of median lake catchment area, respectively) (Gibson et al., 

2020). Medium to rich fens, characterized by elevated ion and pH levels, are more abundant 

along low-elevation areas, including the WF subregion (ERSD, 2015). Owing to the 

prevalence of organic rich soils and extensive wetland complexes, lakes throughout the 

AOSR often present high DOC concentrations.  

The AOSR experiences cold winters and warm summers, owing to its northern continental 

climate. The monthly climate normals (1981–2010) for Fort McMurray indicate that daily 

average temperature ranges from –17.4°C (January) to 17.1°C (July) while monthly 

precipitation varies between 13.2 mm (February) to 80.7 mm (July) (ECCC, 2020). 

Permafrost is prevalent throughout mid to high-altitude sub-regions, where 44, 76, and 7% 

of the median lake watershed is affected within the BM, CM, and NE subregions, 
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respectively. The remaining watersheds throughout the study region experience minimal 

permafrost (median watershed coverage <1%) (Gibson et al., 2020). 

 

Figure 2.1  Overview of the ASOR study region and ASL lakes; coloured points identify 

the six geographical lake regions. Inset map displays the broader geographical location of 

the AOSR study area while the red triangle and black circle indicate the location of AR6 

and the surrounding 200 km radius (source: Google Maps). 

2.2.2 Dataset analysis 

The ASL provided a long-term (1999–2017) dataset of annually monitored water-quality 

variables including: pH, TC, total and gran alkalinity, conductivity, chlorophyll-a, major 
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ions, nutrients, and metal species (dataset access: www.ramp-alberta.org). Additional 

information detailing the physical characteristics of individual ASL lakes (including lake 

depth, volume, surface area, and watershed area) was available through the program 

(Bennett et al., 2008). Past studies investigating the role of organic acids over lake acid-

base chemistry have estimated the concentration of organic anions (Oa) in solution based 

on the discrepancy of a solution’s charge balance (Driscoll et al., 1989; Hruška et al., 2001). 

Following the methods outlined in these studies, Oa (µeq L-1) was estimated for each 

available surface-water observation within the dataset. Given the retroactive nature of this 

analysis, samples were unavailable to determine the average charge of monomeric Al. 

Therefore, it was assumed Al had a valence charge of +3, error associated with this 

generalization was likely minor considering Al concentrations are relatively low (Table 

2.1). To evaluate the contribution of Oa to total ion abundance, the relative concentration 

of Oa in each sample was calculated as: 

𝑂𝑎𝑅 = 100 ∗
𝑂𝑎

[𝐶+𝐴]
                                             Eq. 2.1) 

Where OaR is the Oa fraction (%), C and A are sum concentrations (µeq L-1) of cation and 

anion species (including Oa).  

The available water-quality and physical variables for the ASL lakes were non-normal in 

distribution, as determined via Shapiro-Wilk test (α < 0.05), thus non-parametric statistical 

tests were employed for analysis. Median observations were used as a measure of central 

tendency. The variability of median lake data was evaluated using the normalized median 

absolute deviation (NMAD). Spearman’s Rank Order correlation tests were applied to 

assess bivariate associations between ASL physical and chemical variables, and the Mann-
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Whitney U test was used to determine significant differences between subpopulations. 

Generalized least-squares models were employed to test significant differences between 

regression slopes (of similar variables) by comparing respective residual error values. 

Principal component analysis (PCA) was employed for exploratory evaluation of the large 

multivariable dataset. The resulting analysis generated linear combinations of select 

variables, identified as principal components (PC), which explained a portion of the total 

variance within the dataset. Our initial analysis primarily focused on the three most-recent 

years of ASL observations, which spanned from 2015–2017. Further, the Mann-Kendall 

test was applied to detect significant historical trends (1999–2017) in water-quality 

variables for individual lakes (Libiseller and Grimvall, 2002). 

Potential correlations between DOC and TC were evaluated to reclassify lakes into 

subpopulations according to their shared chromophoric properties. These populations 

underwent independent evaluation (as described above), with focused interest in variables 

associated with the CDOC fraction (including DOC, TC, d-Fe, Fe, and PO4
3–).  

The atmospheric transport model, HYSPLIT was applied to predict the movement of OS 

emissions (AR6 was assigned as the central source of emissions) using the National Centers 

for Environmental Prediction / National Center for Atmospheric Research global reanalysis 

data archive (2.5 × 2.5-degree resolution) from 2005. Archived data from 2005 was selected 

for analysis as it was found to be representative of median-meteorological variation for the 

region during the 1999–2017 study period. Twenty-four-hour forward trajectories 

(operating at a 6-hour frequency) were projected from AR6 (with a starting elevation of 1 

km above sea level) for the entirety of the 2005 meteorological year. Using the geographic 

information system (GIS) based software, TrajStat (Wang et al., 2009), the study region 
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was divided into grid cells identified by the variables 𝑖 (latitude) and 𝑗 (longitude). TrajStat 

recorded the frequency at which trajectory endpoints passed through each cell, denoted by 

𝑛𝑖𝑗. The resulting values were assigned a corresponding weighting function 𝑤(𝑛𝑖𝑗) (here 

on referred to as a weighted potential source contribution function [WPSCF]), that 

represented the deviation of individual 𝑛𝑖𝑗  estimates from the average number of endpoints 

(nmean) intersecting each cell: (Polissar et al., 2001)56   

                            Eq. 2.2)  

Each lake was assigned a WPSCF class corresponding to the nearest 𝑛𝑖𝑗 cell value, 

effectively classifying individual ASL sites according to their likelihood of receiving OS 

emissions. Refer to Wang and Polissar for further details regarding TrajStat analysis (Wang 

et al., 2009; Polissar et al., 2001). The ASL dataset was subsequently assessed to evaluate 

the variability of water-quality variables between ASL sites assigned to different WPSCF 

classes. These variable trends were visualized via box-plots charts proceeded by stepwise 

Mann-Whitney U tests to determine significant differences between lakes of differing 

WPSCF class.  

The resulting WPSCF ASL classifications were compared against corresponding annual 

estimates of total S deposition previously generated via the GEM-MACH model provided 

by Environment and Climate Change Canada (ECCC). The model estimated total annual S 

and nitrogen (N) deposition (µeq m-2 yr) on a 2.5 × 2.5 km regional grid between August 

1, 2013 – July 31, 2014 (Makar et al., 2018). The deposition model provided independent 

𝑊(𝑛𝑖𝑗 ) =

 
 
 

 
 1.00, 3𝑛𝑚𝑒𝑎𝑛 <  𝑛𝑖𝑗

0.70, 1.5𝑛𝑚𝑒𝑎𝑛 <  𝑛𝑖𝑗 ≤ 3𝑛𝑖𝑗
0.40,𝑛𝑚𝑒𝑎𝑛 <  𝑛𝑖𝑗 ≤ 1.5𝑛𝑖𝑗

0.20,𝑛𝑖𝑗 <  𝑛𝑚𝑒𝑎𝑛
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data to determine if the HYSPLIT trajectories were representative of atmospheric transport 

and deposition variability in the AOSR. Mann-Whitney U tests were employed to assess 

significant differences between modelled S deposition and ASL WPSCF classification 

groups.  

2.3 Results  

2.3.1 Lake subregion summary  

Lake physical/hydrological characteristics, including max depth, surface area, and 

catchment area, were comparatively low in lakes located within the SM and WF subregions 

(Table 2.1); median-lake observations ranged from 1.5–1.9 m, 1.1–1.4 km2, and 10.8–12.8 

km2, respectively. The CS region displayed the highest median maximum lake depth and 

catchment area, while BM and CM lakes had the highest median volume and surface area. 

In general, the deepest ASL sites (ranging from 6.0–27.4 m) were located among the 

subregions furthest from primary OS operations, including CS and CM (Table 2.1).  

Median inter-regional observations or estimates of surface water pH, DOC, Oa, TC, d-Fe, 

and PO4
3–, from the recent sampling periods (2015–2017) ranged from 6.0–7.5 pH, 12.8–

31.9 mg L-1, 117.2–263.9 µeq L-1, 54.4–218.9 mg L-1 Pt, 31.5–648.0 µg L-1, and 0.1–1.1 

µeq L-1, respectively. The WF subregion presented the highest median DOC (Figure 2.2) 

and Oa, while the CM and BM subregions displayed the highest TC and d-Fe (Table 2.1). 

It should be noted that the observed water quality parameters experienced a high degree of 

variability among lakes within each geographical subregion, as indicated by the respective 

NMAD values. Future regional monitoring efforts should be cognizant of this heterogeneity 

if the ASL sites are categorized according to these established subregions.  
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Figure 2.2 Average DOC (mgC L-1) measured at individual ASL lakes during the 2015–

2017 sampling period. The red outlined triangle indicates the location of the primary OS 

operations (AR6). The dotted-vertical line indicates the Alberta-Saskatchewan border 

(source: Google Maps). 

 

.  
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Table 2.1 Median measured surface water variables among the ASL sampling regions (see 

Figure 2.1) during the recent (2015–2017) sampling periods. Values in parenthesis display 

normalized median absolute deviation (NMAD) between lakes within each subregion. 

Regiona BM CS CM NE SM WF 

# of lakes 11 5 5 11 10 8 

DOC (mgC L-1) 19.5 (47.7) 12.8 (31.3) 22.4 (12.9) 22.5 (21.3) 16.9 (30.2) 31.9 (19.1) 

DIC (µeq L-1) 205.4 (114.2) 377.4 (24.0) 188.7 (73.0) 263.7 (158.5) 41.6 (107.5) 360.8 (58.2) 

Oa (µeq L-1) 142.0 (59.0) 117.2 (36.7) 163.5 (14.2) 196.5 (18.7) 128.4 (137.5) 263.9 (23.1) 

OaR (%) 14.6 (29.4) 12.0 (31.8)  17.8 (16.7) 13.8 (55.3) 29.6 (18.6)  17.1 (20.7) 

SO4
2– (µeq L-1) 119.7 (65.4) 12.6 (32.5) 39.6 (61.6) 9.2 (102.2) 19.2 (53.2) 33.8 (43.8) 

PO4
3– (µeq L-1) 4.3 (81.7) 0.5 (34.8) 2.0 (32.9) 1.0 (37.4) 1.6 (70.0) 1.9 (66.9) 

NO3
– (µeq L-1) < 0.1 (0.3) < 0.1 (< 0.1) < 0.1 (0.1) 0.1 (0.0) < 0.1 (0.1) < 0.1 (0.3) 

Cl– (µeq L-1) 2.6 (65.4) 32.5 (36.6) 2.4 (16.7) 4.0 (162.5) 2.9 (34.5) 5.3 (41.5) 

Ca2+ (µeq L-1) 349.0 (43.5) 329.4 (19.7) 282.3 (43.4) 337.0 (81.6) 116.9 (171.1) 454.1 (37.0) 

Na+ (µeq L-1) 134.7 (59.4) 88.3 (28.7) 27.4 (69.7) 63.2 (126.1) 38.7 (30.5) 70.3 (82.9) 

K+ (µeq L-1) 20.3 (43.4) 16.5 (35.8) 8.0 (37.5) 5.8 (131.0) 8.1 (72.8) 24.0 (57.9) 

Mg2+ (µeq L-1) 170.1 (58.8) 142.4 (19.7) 118.8 (43.1) 138.0 (90.2) 46.5 (57.9) 251.3 (49.9) 

Al3+ (µeq L-1) 3.6 (98.5) 0.7 (44.6) 7.9 (27.5) 1.9 (93.5) 6.1 (73.6) 1.2 (36.9) 

NH4
+ (µeq L-1) 0.6 (166.7) 0.15 (66.7) 0.8 (25.0) 0.5 (40.0) 0.6 (66.7) 0.6 (283.3) 

Anion sum (µeq 

L-1) 
487.2 (54.9) 510.8 (19.1) 268.8 (62.8) 417.2 (111.7) 74.6 (82.0) 525.8 (56.3) 

Cation sum (µeq 

L-1) 
723.6 (41.4) 636.4 (10.0) 432.3 (41.4) 659.0 (73.6) 254.8 (88.3) 830.9 (37.8) 

Alkalinity (µeq L-

1) 
268.5 (95.9) 449.8 (19.0) 226.5 (63.8) 405.3 (113.1) 58.4 (108.7) 472.9 (55.8) 

pH (pH units) 7.1 (11.3) 7.5 (2.7) 7.1 (2.8) 7.3 (9.6) 6.0 (11.7) 7.3 (6.9) 

Fe (µg L-1) 400.0 (97.5) 60.0 (83.3) 648.0 (29.1) 165.0 (93.9) 135.0 (61.1) 31.5 (134.9) 

Conductivity (µs 
cm-1) 

67.1 (37.6) 57.9 (15.9) 34.7 (48.1) 49.2 (85.4) 16.3 (34.4) 62.6 (43.3) 

TC (mg L-1 pt) 139.1 (75.2) 54.4 (54.0) 218.5 (25.1) 87.8 (89.9) 90.3 (61.7) 120.6 (44.6) 

Max depth (m) 6.4 (89.1) 13.6 (40.4) 6.7 (65.7) 2.0 (20.0) 1.9 (31.6) 1.5 (13.3) 

Lake area (km2) 8.9 (112.4) 1.5 (53.3) 3.3 (75.8) 2.2 (77.3) 1.4 (35.7) 1.1 (100.0) 

Catchment area 
(km2)  

6.4 (104.7)  56.8 (80.6)  28.0 (41.4)  21.5 (67.4)  10.8 (31.5)  12.8 (96.1)  

aBM – Birch Mountains; CS – Canadian Shield; CM – Caribou Mountains; NE – Northeast of Fort 

McMurray; SM – Stoney Mountains; WF – West of Fort McMurray. 
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2.3.2 DOC and TC analysis 

Annual measured DOC presented relatively weak and insignificant correlations with the 

other available water quality variables among the ASL lakes. However, comparison of 

median lake DOC and TC (including both 2015–2017 and 1999–2017) revealed two 

visually distinct data groupings in relation to linear fit (Figure 2.3), which were re-classified 

as ‘High’ (H; n = 35) and ‘Low’ (L; n = 15), indicative of the relative difference in TC. The 

H and L subpopulations had significantly different slope coefficients (Generalized least-

squares model analysis; α < 0.5). Further comparison of lake populations revealed a 

significant difference in multiple water quality variables (Mann-Whitney; α < 0.05), where 

the H group presented notably higher TC, SO4
2–, dissolved PO4

3–, and total/dissolved 

fractions of Al, and Fe. Lakes in the L group displayed significantly higher DOC, DIC, 

total alkalinity, major ions (with exception of SO4
2–), and conductivity (Table 2.2). No 

significant differences in physical characteristics were detected between the two 

subpopulations.  

All but one of the ASL sites assigned to the L subpopulation were located within the 200 

km perimeter surrounding OS operations (Figure 2.1). Nonetheless, each subregion 

consisted of a mixture of H and L lakes, except for CM (Figure 2.4).  

 

 



36 

 

 

Figure 2.3 Median DOC (mg L-1) and TC (mg L-1 Pt) measured at individual ASL sites 

(2015-2017). The black and white circles indicate lakes corresponding with the H and L 

sub-populations, respectively. The line of best fit and corresponding regression equations 

with coefficient of determination are displayed for each ASL cohort. 
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Table 2.2 Summary comparison of H and L ASL cohorts (see Figure 2.3), displaying the 

cross-population median of recent (2015–2017) lake observations. The normalized median 

absolute deviation (NMAD; %) is displayed for each cohort, while significant (α < 0.05) 

Mann–Whitney U test results (comparing H and L subpopulations) are indicated for each 

variable (“Yes” indicates significant difference). 

 High (n = 186) Low (n = 74)  

 Median NMAD Median NMAD α < 0.05 

DOC (mg L-1
) 18.5 32.4 26.3 21.9 Yes 

DIC (µeq L-1
) 141.5 64.7 441.3 54.7 Yes 

TC (mg L-1 
Pt) 134.7 65.9 60.8 64.5 Yes 

pH 7.0 9.3 7.5 5.6 Yes 

Gran Alkalinity (µeq L-1) 197.2 65.7 586.2 57.4 Yes 

Conductivity (µS/cm) 30.6 47.1 73.4 46.5 Yes 

NH4
+ (µeq L-1

) 0.4 50.0 0.4 25.0 - 

Ca2+ (µeq L-1
) 219.6 49.6 503.0 44.8 Yes 

Cl– (µeq L-1
) 2.8 40.0 5.6 50.0 Yes 

Mg2+ (µeq L-1
) 114.4 43.9 297.9 51.9 Yes 

NO3
– (µeq L-1

) < 0.1 < 0.1 < 0.1 < 0.1 - 

K+ (µeq L-1
) 11.3 56.8 19.7 59.7 Yes 

Na+ (µeq L-1
) 50.0 60.0 84.4 66.0 Yes 

SO4
2– (µeq L-1

) 23.9 52.2 11.7 92.9 Yes 

d-P (µeq L-1
) 1.1 62.3 0.8 25.1 - 

Total P (µeq L-1
) 3.5 15.9 3.8 17.2 - 

d-Al (µg L-1
) 54.1 140.9 10.9 12.8 Yes 

Total Al (µg L-1
) 83.0 740.3 28.3 34.7 Yes 

d-Cu (µg L-1
) 0.3 0.4 0.2 0.4 - 

Total Cu (µg L-1
) 0.4 0.8 0.2 1.9 - 

d-Fe (µg L-1
) 252.0 213.6 15.7 6.2 Yes 

Total Fe (µg L-1
) 334.5 249.5 29.0 14.0 Yes 

Oa (µeq L-1
) 141.6 30.8 243.7 28.6 Yes 

OaR (%) 17.8 42.3 14.6 35.2 Yes 

Max depth (m) 1.9 6.9 1.5 1.9 - 

Lake volume (m3) 1277.0 76506.3 1292.0 2065.3 - 

Lake area (km2) 1.3 7.6 1.9 1.8 - 

Catchment area (km2) 16.0 35.6 8.5 19.3 - 
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Figure 2.4 Reclassification of Acid Sensitive Lakes (n = 50) into “Low” (black; n = 15) 

and “High” (White; n = 35) true colour lake subpopulations, as displayed in Figure 2.3. 

Red outlined regions identify the boundaries of major oil sands facilities (ESRI 1995-2024). 

The majority of variation within the complete ASL dataset (1999–2015) was explained by 

two principal components (PC), which combined represented 61.4% of total variance. The 
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first PC (explaining 34.1% variation) was characterized by positively correlated variables 

including: dissolved fractions of Fe, Al, V, PO4
3–, and TC; possibly representing high 

colour surface waters associated with CDOC. PC2 (27.3%) consisted of positively 

correlated variables including: Ca2+, Mg2+, Na2+, K+, DIC, conductivity, alkalinity, and pH, 

which indicate well-buffered lakes with abundant groundwater and/or atmospheric alkaline 

inputs. A third PC (representing 5.9% total variance) was characterized by positively 

correlated total nitrogen (TN) and DOC. Two distinct data clusters consistent with the two 

subpopulations were observed within the PCA biplot (Figure 2.5), where the H and L 

clusters appeared consistent with PC1 and PC2, independently. Previous modelling work 

has suggested that atmospheric alkaline deposition is strongly dependent on distance, with 

most of the deposition of base cations occurring close to OS sources (Makar et al., 2018). 

Bivariate comparison of log-transformed d-Fe and TC among TC–DOC subpopulations 

revealed a moderate correlation within the H cohort (R2 = 0.62) only. Dissolved PO4
3– was 

a comparatively weaker linear predictor of TC owing to high data scatter at high 

concentration (High R2 = 0.48; Low R2 = 0.49). Dissolved Fe and PO4
3– fractions displayed 

stronger correlations with TC compared to their respective total concentrations. Both total 

and dissolved Cu displayed insignificant or weak correlations with DOC and TC. 
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Figure 2.5 Biplot of PC1 and PC2 from PCA of the complete ASL dataset, including all 

available water-quality variables. Datapoints have been categorized according to their H 

(red) and L (blue) lake subpopulation; the coloured ovals highlight these respective data 

clusters. 

Total and d-Fe presented associations with few additional variables, including select trace 

metals, including V and Al. Irrespective of lake TC–DOC class, neither total nor d-Fe were 

significantly correlated with surface water pH (Figure A1 and A2). At low pH (~ 4.0–6.5, 

predominantly H lakes), a large portion of Fe (~ 60–90%) persisted as a dissolved fraction, 
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while at high pH ranges (~ 7.5–9.0, predominantly L lakes), d-Fe fell to a relative fraction 

ranging between 5–30%. Dissolved Fe fractions were highly variable near circumneutral 

lake pH levels, ranging between ~ 5 to 90 % of total Fe (Figure 2.6).  

 

Figure 2.6 Annual-observed pH plotted against the relative fraction of d-Fe (%) at H (black 

points) and L (white points) ASL sites. 

Annual estimated Oa presented a moderate positive correlation with DOC (R2 = 0.51), with 

increased scattering at higher values. Estimated Oa presented relatively weak and/or 

insignificant correlations with the remaining water quality variables (Figure A1 and A2). 

However, OaR presented a strong negative correlation with annual lake pH (R2 = 0.83). 

Similar evaluation of the remaining measured ion species (including SO4
2– and Cl–) 

revealed comparatively weaker correlations with the aforementioned variables (Table A1). 

Few significant correlations were observed between ASL physical and chemical variables; 

however, the deepest ASL sites (> 3 m) were predominantly circumneutral (Figure A3), 
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possibly owing to mineral-rich ground water inputs (and/or increased lake mixing) to 

deeper water bodies. 

2.3.3 Atmospheric transport 

Comparison of annual trajectory estimates with corresponding GEM-MACH deposition 

outputs revealed ASL sites that were assigned higher WPSCF values (1 – 0.7) experienced 

significantly higher (α < 0.05) total S deposition relative to low WPSCF lakes (0.4 – 0.2) 

(Figure A4). The subregions NE, SM, and WF displayed the highest WPSCF values per 

lake (the majority receiving values 1.0–0.7), while the remaining regions were assigned 

comparatively lower weightings (Figure A5). Higher transport probability generally 

increased relative to lake proximity to the OS operation. The most predominant trends 

between transport probability and surface water variables were apparent within the separate 

H and L lake subpopulations. Among ASL sites within the H cohort, significantly (α < 

0.05) lower pH corresponded with greater WPSCF values – the inverse of which was 

observed for L lakes. This is consistent with differences in modelled deposition rates of 

anion source gases (SO2, NOx) and base cations emitted by OS sources (Makar et al., 2018).  

Within the H subpopulation, OaR fractions were significantly larger among lakes with high 

WPSCF scores, the opposite occurred for the L subpopulation (Figure 2.7). Among H lakes, 

the most prominent stepwise differences in pH and OaR were observed between lakes with 

WPCSF scores of 0.7 and 0.4. Exclusion of ASL lakes with maximum depth > 3 m (to 

remove possible disproportionate influence of ground-water inputs / lake mixing) resulted 

in only minor deviations from the above trends.  
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Figure 2.7 Boxplot comparing the distribution of annual pH and OaR in relation to lake 

WPSCF categories (1.0, 0.7, 0.4, and 0.2) among H lakes (a & c) and complete ASL dataset 

(b & d). Mann-Whitney U test p-values are presented for significantly different samples. 

2.3.4 Long-term trend analysis  

There were few significant long-term trends in DOC, Oa, and TC among the ASL sites 

(Table 2.3). The majority of lakes among the BM, CS, CM, and NE subregions presented 

significant – positive temporal trends in surface water alkalinity and pH. Anion species 

including SO4
2–, Cl–, NO3

– presented a notable frequency of significantly decreasing trends 

(12-38% of total dataset), while DIC and anion sum displayed several positive trends. 

Select subregions presented an elevated frequency of significantly decreasing Cl– and PO4
3– 
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concentrations. The Birch Mountains were the only subregion which presented 

significantly increasing DOC. Positive long-term trends in pH (69%) and alkalinity (58%) 

were most prevalent among H lakes, while decreasing trends in DOC (29%), SO4
2– (50%), 

and PO4
3– (79%) were prominent among the L subgroup (Table A2). Among the H 

classified lakes, high WPSCF rated lakes (0.7-1.0) expressed a lower frequency of 

increasing pH trends (57% of lake subset) relative to low transport probability lakes 

(WPSCF 0.0-0.4) (81% of lake subset) (Table A2).   
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Table 2.3 Summary of Mann-Kendal monotonic trend analysis (1999–2017) for individual 

lakes within primary ASL subregions (see Figure 2.1). The number lakes presenting 

significant positive (+) and negative (–) Z test statistic values are presented for each 

variable and subregion. The total proportion (%) of lakes experiencing significant trends is 

displayed for each variable. 

Regiona BM CS CM NE SM WF 
% -

Significant 

# of lakes 11 5 5 11 10 8 N = 50 

TC (mg L-1
 Pt) +2  -1 -1   8 

DOC (µmol L-1
) +1 -2  -2 -2 -1 16 

DIC (µeq L-1
) +1 +1 +3 +2-1 -2 +2 24 

Oa (µeq L-1
)     -1 +1 4 

OaR -3  -3 -2 -1 -1 20 

SO4
2– (µeq L-1

) -2  +2-1 -4 -4 +1-1 30 

PO4
3– (µeq L-1

)  -1 -4 -3 -5 -5 36 

NO3
– (µeq L-1

) -1 -1 -1 -1 -1 -1 12 

Cl– (µeq L-1
) -4 -1 -2 +1-4 -7 -1 40 

Ca2+ (µeq L-1
) +1  +3  +1-1 +2 16 

Na+ (µeq L-1
) +3  +1 +1-2 -1 +1 18 

K+ (µeq L-1
) +2 +1 +1 +2-1 -2 +1 20 

Mg2+ (µeq L-1
) +1  +3 +3-1 -1 +3 24 

Al3+ (µeq L-1
)    +1 +1  4 

Anion sum (µeq L-1
) +4 +3 +3 +2-1 +3-1 +4 42 

Cation sum (µeq L-1
) +3-1  +3 +1-1 -2 +3 28 

d-Fe (µg L-1
) +2  -1 +1 +1 +1 12 

Alkalinity (µeq L-1
) +6 +5 +5 +8-1 +3 +2 60 

pH (pH units) +6 +5 +5 +8-1 +3 +5 66 

Conductivity (µs/cm) +2  -1 -1  +2 12 
aBM – Birch Mountains; CS – Canadian Shield; CM – Caribou Mountains; NE – 

Northeast of Fort McMurray; SM – Stoney Mountains; WF – West of Fort McMurray.    

2.4 Discussion 

2.4.1 Evaluation of ASL surface-water characteristics  

Metadata analysis of ~7,500 lakes from across the globe (Sobek et al., 2005) has previously 

reported a median DOC concentration of 5.7 mg L-1 while recent modelling efforts 
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predicted that global and North American lakes experience an average DOC of 3.8 mg L-1 

and 3.3 mg L-1, respectively (Toming et al., 2020). In contrast, average and median DOC 

concentrations among ASL sites during the 2015–2017 period was 20.8 and 22.0 mg L-1, 

with a NMAD of 30%. Lakes with the highest DOC were generally located close to AR6 

(relative to the remaining ASL sites). The observed spatial variability of lake DOC is likely 

the combined result of multiple environmental factors, including soil composition, lake 

physical characteristics, wetland inputs, and surrounding topography.  

The weak linear correlation between surface water DOC and TC across the ASL dataset 

was inconsistent with the findings of previous studies (Molot et al., 1997). However, the 

significant correlations observed within separate H and L subpopulations suggested these 

lakes possessed unique chomophoric properties. It was uncertain what mechanisms were 

responsible for this divergence, and/or whether these lakes possessed CDOC of unique 

quality and source. Considering the majority of ASL geographical subregions contained a 

mixture of H and L classified lakes, the regional groupings were not representative of the 

two chromophoric populations. Subsequent evaluation via Mann-Whitney U test and PCA 

revealed distinct characteristics unique to each of the two ASL cohorts. Namely, H-lakes 

appeared to experience significantly higher levels of TC, d-Fe, PO4
3–, V, and Al (Table 

2.2). Many of these variables are known to be associated with CDOC complexation in 

boreal lakes (Maloney et al., 2005; Weyhenmeyer et al., 2014).  

The significant correlation observed between d-Fe and TC (among H-lakes) was similar to 

previous studies, which found Fe-DOC complexation exaggerated the absorptive properties 

of organic matter within boreal lakes (Maloney et al., 2005; Weyhenmeyer et al., 2014). 

Iron exhibits an affinity to bind with organic matter owing to its high valence, and often 
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outcompetes other potential binding species (i.e., Al, Cu, and Mn) (Maloney et al., 2005).10 

Competitive Fe-DOC complexation may explain the limited associations between DOC 

and other metal species throughout the ASL dataset. The lack of significant d-Fe-TC 

correlation among L lakes suggested that similar processes of complexation was limited.  

The observed relationship between the relative fraction of d-Fe (%) and lake pH suggested 

that surface water acidity impacted d-Fe-availability and subsequently Fe-DOC 

complexation. The oxidation state of Fe in natural waters is influenced in-part by pH, where 

Fe2+ to Fe3+ oxidation rates increase with rising pH (Ilbert and Bonnefoy, 2013). Compared 

to its reduced state, Fe3+ is highly insoluble in water, and often precipitates out of solution 

as an inorganic or organic complex (Nierop et al., 2002). The larger relative fraction of 

insoluble Fe among L lakes with elevated pH (Figure 2.6) may represent a higher 

abundance of Fe3+, where rapid complexation and subsequent flocculation may explain the 

low concentrations of total Fe among these lakes. Lake pH was likely not the sole factor 

influencing d-Fe availability, as indicated by the high variability of d-Fe fractions among 

circumneutral lakes. The availability and composition of Fe-enriched soils, bedrock, and 

groundwater may play a role in determining the availability of Fe within lake systems.    

As highlighted above, lake pH appeared to play a substantial role in defining the 

chromophoric properties of H and L classified lakes. Furthermore, it was suspected that 

local environmental factors have a large influence over lake acid-base chemistry. The 

McMurray and Waterways formations are associated with carbonate-rich ground water that 

encompasses a region largely populated by L lakes (Cooke et al., 2017; Cowie et al., 2015); 

given such a correspondence, these sources are likely first-order determinants of H and L 

classification. Many sites within the L subpopulation were in near-field regions (< 50 km 
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from AR6) known to receive S and nitrogen (N) deposition, in addition to elevated base 

cation (BC) inputs linked to short-range dust emissions from OS operations (Edgerton et 

al., 2020; Makar et al., 2018). Disproportionately alkaline deposition (associated with BC-

rich particulate matter [PM]) could further compound the influence of enriched ground-

water inputs to L classified lakes (Cowie et al., 2015; Watmough et al., 2014). In contrast, 

the magnitude of BC deposition was likely too low to notably influence the chemistry of H 

lakes, which do not receive the enriched groundwater of the McMurray and Waterways 

formations.   

Estimated OaR increased relative to declining pH among ASL sites, which suggest an 

association between organic matter and acid/base chemistry. Extensive wetlands and 

organic-rich soils contribute to the large DOC pool within lake systems throughout the 

AOSR, while an unknown mass of petrogenic organic carbon enters these systems via 

atmospheric deposition. Is it possible the combined acidity of these organic inputs could 

place further stress onto poorly buffered lakes simultaneously pressured by inorganic acid 

inputs. However, it is important to emphasize that the correlation between OaR and pH also 

corresponded with increasing ion concentrations – which would systematically lower the 

OaR fraction.  

It should be established that these newly defined ASL subpopulations were categorized 

based on a visual analysis of surface-water DOC and TC. However, the multiple water-

quality variables found to be significantly different between subpopulations supports the 

division of these lake types (Table 2). The analysis conducted in this study has strongly 

indicated that lakes within the ASL dataset do not present uniform associations between 
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DOC and TC, which may be an indicator of broader chemical processes partially dependent 

upon carbonate ground-water inputs.  

2.4.2 WPSCF and lake pH trend analysis 

The tentative agreement between WPSCF and GEM-MACH estimates suggested that 

trajectory analysis serves as a general surrogate for atmospheric deposition. Low pH among 

H lakes with higher transport probability suggested a potential linkage between OS 

emissions and lake acid status. Owing to their lower relative buffering capacity (Table 2.2), 

H lakes may be more susceptible to acidic deposition sourced from OS operations. 

However, it is critical to consider the influence heterogeneous soil and bedrock composition 

imposes over lake acidity, as these environmental factors could explain the co-variation 

observed between surface-water pH and WPSCF.  

As previously established, much of the bedrock material underlying far-field lakes (CM, 

CS, BM) in the study region are carbonate poor, while near-field bedrock formations (NE, 

WF, SM) are variably calcareous (Fulton, 1996; Prior et al., 2013). In an extensive regional 

survey prepared by Palmer and Trew (1987), numerous geological datasets detailing 

Albertan soil and bedrock composition were compiled to map the potential for surface 

materials to reduce incoming acidic atmospheric deposition. Geology throughout CM, CS, 

and parts of BM presented the lowest potential to reduce inputs, regions largely 

encompassing the NE and SM lakes displayed medium capacity, while land surrounding 

the WF lake subregion presented the highest acid reduction potential (likely owing to the 

carbonate-rich groundwaters associated with the McMurray formation [Cowie et al., 

2015]). Based on the above-mentioned factors, it would be assumed that lake regions 
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nearest to the OS are more suited to suppress acid inputs compared to far-field regions. 

These assumptions are largely incompatible with the inverse association observed between 

lake pH and WPSCF among H classified lakes. Organic-rich Mesisols are prevalent 

throughout the NE and SM subregions, especially in comparison to the remaining ASL 

regions. Mesisols are variably acidic, however there was no consistent difference when 

comparing the pH of H-classified lakes located within and outside of Mesisol-dominated 

catchments in the NE and SM regions (Agriculture and agri-food Canada, 2005). A 

negative association between H-lake pH and WPSCF was still apparent following the 

exclusion of Mesisol-encompassed ASL sites. Furthermore, the prevalence of poor (acidic) 

fens and bogs among further-field lake regions (excluding SM) de-emphasizes the potential 

influence wetlands may have over the observed pH trends. In summation, the variation of 

regional geology and wetland composition (among H-lakes) does not fully explain the 

negative relationship between pH and WPSCF.  

The observed trends among H lakes contrast the findings of previous studies in the AOSR, 

which found little evidence to indicate OS emissions contributed to lake acidification 

(Curtis et al., 2010; Hazewinkel et al., 2008; Laird et al., 2013). Considering these previous 

studies did not independently evaluate the two subpopulations identified in the current 

investigation, the mixture of H and L lakes throughout the AOSR may have confounded 

the apparent associations between pH and OS emission transport. Future studies should 

consider these unique subsets of lakes (high, low), as there are likely unknown lake-specific 

factors (permafrost and wetland inputs, DOC composition) that may further explain the 

observed spatial trends throughout the region. 



51 

 

2.4.3 Monotonic trends  

During the observed period, 64% and 58% of ASL sites presented significance increases in 

surface water pH and alkalinity (respectively), decreasing SO4
2-, Cl-, and NO3

- (24%, 38%, 

and 12% of ASL sites, respectively) may further indicate that select lakes are responding 

to declining atmospheric deposition due to regional/local emission reductions. However, 

the lower-relative frequency of SO4
2- trends cannot fully explain the observed increase in 

pH/alkalinity. In their 2020 study, Gibson et al. (2020) indicated that long-term climactic 

warming (further escalated by climate change) has resulted in gradual permafrost thaw 

throughout the AOSR, which has increased the water-yields of lakes primarily located 

within the CM, BM, and NE subregions. Higher water-yields may influence lake chemistry 

and could further explain increasing pH trends among select lakes. Low-classified lakes 

presented a reduced frequency of increasing pH and alkalinity trends relative to the H 

subpopulation, possibly owing to the elevated alkalinity within L lakes (Table 2.2) – which 

could resist shifting acid/base chemistry. The lower relative frequency of increasing 

surface-water pH among high WPSCF (0.7-1.0) H-lakes may suggest that on a localized 

level, OS emissions and deposition can disrupt the broader temporal trends observed 

throughout the study region.  

Lake DOC remained largely unchanged (16% significant trends) throughout the study 

period, an observation contrary to the widely reported inverse correlation between 

declining S deposition and increasing lake DOC concentrations (Erlandsson et al., 2010; 

Monteith et al., 2007; Oni et al., 2013). Declining trends in surface water PO4
3–, as observed 

among 36% of ASL sites, has been similarly identified among boreal lakes across northern 

Europe and Canada (Huser et al., 2018). 
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2.5.0 Conclusions and potential sensitivity of lakes to atmospheric inputs 

Comparison of DOC and TC revealed two distinct lake populations in the AOSR, which 

represented the variation of surface-water absorptive properties more effectively than the 

previous geographical subregion classification. These newly defined populations may 

provide a novel perspective to evaluate AOSR surface-water chemistry in future studies. 

The differing optical properties between H and L lakes were partially characterized by d-

Fe, which in its complexed-state can alter lake TC. Dissolved Fe availability was dependent 

upon surface-water pH, which may be influenced by the carbonate-rich groundwaters 

associated with the McMurray and Waterways formations (as observed throughout the WF 

subregion). Future studies should consider the geochemical influence of these inputs when 

evaluating the variability of lake acid/base chemistry and DOC throughout the AOSR. 

Initial WPSCF analysis revealed that H-lakes with a higher probability of receiving OS 

polluted air-masses experienced significantly lower pH compared with distant sites. The 

observed chemistry among H-lakes contrasted previous regional studies, which found little 

indication that OS-sourced deposition contributed to lake acidification. Given these 

findings, there may be reason to reevaluate the previously assumed influence of OS 

emissions over lake chemistry in the AOSR; this is made more apparent in the wake of 

recent studies that have raised suspicious regarding OS-sourced organic acid deposition.  
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3. Chapter Three: Chromophoric dissolved organic matter in 

the Athabasca Oil Sands Region, Canada, and its association to 

lake acid sensitivity2 

3.1 Introduction 

In aquatic environments, chromophoric dissolved organic matter (CDOM) represents a 

broad class of complex organic compounds that absorb light in the visible and ultraviolet 

(UV) wavelength range (Del Vecchio & Blough, 2004). The CDOM fraction plays a critical 

role in the transport of nutrient and metal species, acts as a medium for biological activity, 

and directly influences solar radiation budgets (Dodds & Whiles, 2010; Fisher & Likens, 

1973). Chromophoric DOM may be introduced from sources located outside 

(allochthonous) or within (autochthonous) aqueous systems (Thurman, 1985). Organic 

matter originating from allochthonous / terrestrial sources are typically large, highly 

aromatic molecules often classified as humic substances (HS), which broadly consist of 

humic (HA) and fulvic acids (FA) (Coble, 2007). Organic matter originating from in-lake 

materials and processes (i.e., biological metabolism) are often smaller, less aromatic 

species such as amino acids (Zhang et al., 2011).  

The composition of CDOM within an aquatic system is dependent upon numerous factors, 

noting that allochthonous / autochthonous source characteristics (i.e., catchment landscape 

composition, resident macrophytes) dictate the organic matter initially introduced to a 

system (Huang et al., 2022; Olefeldt et al., 2013). Biological and photochemical processes 

fundamentally alter CDOM quality within natural waters through degradation, 

 

2 The contents of Chapter 3 were submitted for review by Science of the Total Environment 

in 2025. Manuscript number: STOTEN-D-25-04319 
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mineralization, and sedimentation processes (Olefeldt et al., 2013). Hydrological 

conditions, such as catchment runoff and residence times, play a key role in organic matter 

transport and in-situ processing within lake waters (Kellerman et al., 2014; Kothawala et 

al., 2013). Metal species such as iron (Fe) can readily form organo-metallic complexes with 

DOM, a process which often influences the optical properties of CDOM (Maloney et al., 

2005). 

Acid-base chemistry can influence CDOM quality within aquatic systems. For instance, 

pH-sensitive autochthonous processes can alter the in-situ production and removal of 

CDOM within surface-waters (Anesio & Granéli, 2003; Dillon & Molot, 1997; Gu et al., 

2017), catchment acidification can inhibit organic matter flux to aqueous systems 

(Schindler, 1998), and DOM - metal interactions are often influenced by pH (Schindler et 

al., 1992). Conversely, chromophoric humic and fulvic acids can impact lake acid-base 

chemistry owing to their abundance of acid functional groups (Oliver et al., 1983). 

Depending on the strength and density of functional groups, organic acids can both increase 

or decrease surface-water pH and acid neutralizing capacity (Castrillon-Munoz et al., 2022; 

Driscoll et al., 1994; Munson & Gherini, 1993). 

The Athabasca Oil Sands Region (AOSR) in northeastern Alberta, Canada, contain a high 

number of DOM-rich (Agriculture and Agri-Food Canada, 2005; Gibson et al., 2019) and 

potentially acid-sensitive boreal lakes (Cathcart et al., 2016). In Chapter 2, the reanalysis 

of 50 AOSR lakes with nearly 20 years of observations (1999–2017; Acid Sensitive Lake 

[ASL] network, www.ramp-alberta.org) (Blanchard et al., 2021) identified two distinct lake 

populations, including a cohort (titled High, or “H”; n = 35) characterized by high relative 

true colour (TC), dissolved Fe, and comparatively low dissolved organic carbon (DOC), 
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pH, and alkalinity, while a smaller (titled Low, or “L”; n = 15) lake population displayed 

the inverse properties. The authors postulated that the H population contained elevated 

concentrations of CDOM and Fe – CDOM complexes, the presence of which could explain 

the high surface-water colour. As far as the authors are aware no previous studies have 

detailed the quality of CDOM within lake surface-waters in the AOSR, and consequently, 

the sources and environmental processes influencing this organic matter fraction are 

unknown. 

Oil sands (OS) industrial operations in the AOSR are a major emission source of sulphur 

dioxide and oxidized nitrogen species which pose the potential to acidify surrounding 

surface-waters via atmospheric deposition (Cathcart et al., 2016). Analysis in Chapter 2 

reported that H classified lakes, which were most likely to receive OS emissions, displayed 

significantly lower surface-water pH and alkalinity, potentially indicating CDOM-rich 

lakes were sensitive to industrial acid inputs (Blanchard et al., 2021). However, long-term 

monitoring (2002–2017) suggested that many lakes throughout the AOSR have 

experienced monotonic increases in pH, possibly because of bicarbonate inputs from 

elevated permafrost thaw (Gibson et al., 2019; Gibson et al., 2020). Either lake acidification 

or recovery could affect the environmental processes linked to CDOM quality and 

abundance (Anesio & Granéli, 2003; Dillon & Molot, 1997; Gu et al., 2017; Schindler, 

1998; Schindler et al., 1992) which could lead to cascading ecological impacts as a result 

of shifting primary productivity and nutrient cycling (Dodds & Whiles, 2010; Fisher & 

Likens, 1973; Rautio et al., 2011; Sweetman et al., 2010). 

The objective of this study was to evaluate CDOM quality within ASL surface-waters and 

to identify the environmental sources. In addition, this study evaluated the potential link 



56 

 

between CDOM and acid-base chemistry within the AOSR. Ultraviolet – visible (UV-Vis) 

light spectroscopy and excitation emission matrix (EEM) fluorescence spectroscopy, paired 

with Parallel Factor Analysis (PARAFAC) modelling techniques were applied to 

characterize CDOM within ASL surface-water samples collected during August 2021. To 

identify the prominent sources and processes influencing CDOM variability, multivariate 

analysis of optical and supplementary water quality, hydrological, and morphometric 

variables was employed. These novel observations were intended to improve our 

understanding of DOM and CDOM cycling among regional lakes, which is critical given 

the shifting hydrological and water quality conditions throughout the AOSR (Gibson et al., 

2019).  

3.2 Methods 

3.2.1 Study region  

The ASL sites (n = 50) are dispersed throughout the Wood Buffalo municipality in 

northeastern Alberta, Canada (Figure 3.1). The lakes are categorized by their geographical 

subregion, including Northeast of Fort McMurray (NE; n = 11), West of Fort McMurray 

(WF; n = 8), Birch Mountains (BM; n = 11), Canadian Shield (CS; n = 5), Caribou 

Mountains (CM; n = 5), and Stony Mountains (SM; n = 10). Bedrock geology is 

heterogeneous throughout the area; dominant formations underlying the SM and NE 

subregions contain shales and sandstones with variable moderate calcareous content (Prior 

et al., 2013). Bedrock underlying the BM region consists of a mixture of non-to variably 

calcareous mudstone and shale layers. The Cretaceous and Paleogene formations in the CM 

region consist of sandstone, mudstone, shale, and upland gravel, while the bedrock above 

Lake Athabasca (CS region) is dominated by exposed granite (Prior et al., 2013). Located 
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beneath the WF subregion are the highly bituminous and calcareous McMurray and 

Waterways formations known to be associated with carbonate-rich groundwaters. Surface 

materials throughout the region are primarily comprised of tills, and till veneers, while soils 

are classified as organics (primarily mesisols), luvisols, brunisols, and cryosols 

(Agriculture and Agri-Food Canada, 2005; Fulton, 1996). Approximately 54% of total land 

cover in the AOSR consists of wetlands, which are dominated by fens and bogs (AEP, 

2018; ESRD, 2015; Sweetman et al., 2010). 
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Figure 3.1 Overview of the Athabasca Oil Sands Region (ASOR) study area and Acid 

Sensitive Lakes network (n = 50); black and white circles represent “Low” (L; n = 15) and 

“High” (H; n = 35) true colour lake subpopulations, respectively, as identified in Chapter 

2. Inset map displays the broader geographical location of the AOSR study area, while the 

red outlined regions identify the boundaries of major oil sands facilities (ESRI 1995-2024). 
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3.2.2 Surface-water sampling and analysis 

Lake water quality samples were collected via float plane and helicopter over a five-day 

period in August 2021; water chemistry from the survey are publicly available through the 

joint Oil Sands Monitoring Program (Data portal: 

https://osmdataportal.alberta.ca/applications/public.html?publicuser=Guest#waterdata/stat

ionoverview). At the approximate center of each lake, a multiprobe instrument (YSI EXO) 

was used to measure several physical parameters down the water column (pH, dissolved 

oxygen [DO], redox potential, turbidity, and temperature [temp]) and a Secchi disk was 

deployed to estimate euphotic zone depth. Integrated water samples were taken from 

multiple euphotic zone depths within each lake using a Tygon sampling tube equipped with 

a one-way valve (Emmerton et al., 2018). Lake water from the vertical profile was decanted 

into an acid-washed (HCl) plastic carboy and mixed, the subsequent bulk sample was then 

poured into individual acid-washed bottles and shipped to Bureau Veritas Labs (Calgary, 

Alberta) for a wide range of biogeochemical analysis including cations, anions, total 

alkalinity (Alk-T), dissolved inorganic carbon (DIC), total organic carbon (TOC), 

dissolved organic carbon (DOC), dissolved Kjeldahl nitrogen (DKN), ammonia, 

ammonium, total phosphorous (TP), total dissolved phosphorous (TDP), chlorophyll-a 

(chl-a), and TC (Table B1). Dissolved organic nitrogen (DON) was additionally calculated 

by subtracting ammonia and ammonium from DKN (mgN L-1). The molecular ratio of 

DOC:DON was included in this analysis, as previous studies have used the metric to 

evaluate the sources and processes altering the composition of aquatic DOM (Evans et al., 

2024).  
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Additional sample aliquots (preserved in 1% nitric acid) were sent to InnoTech Alberta 

(ISO/IEC 17025:2017 accredited laboratory), where they were microwave digested in 

Teflon vessels and analyzed for total iron (Fe), aluminum (Al), zinc (Zn), nickel (Ni), and 

copper (Cu) by inductively coupled mass spectrometry (using either a Perkin Elmer 

NexION 300D or Agilent 8900 ICP-QQQ) following InnoTech’s “AC-038” laboratory 

method, which is based on the EPA method 200.8 (USEPA, 1994). A separate set of non-

digested lake samples were filtered (0.45 µm) and submitted for analysis of dissolved 

elements (denoted by the prefix, “d”). The elements listed above were chosen for this study 

as many can readily form metal-DOM complexes within freshwater environments and are 

associated with OS industrial activities (Luider et al., 2003; Mantoura et al., 1978; Paul & 

Skrzypek, 2006). Refer to Appendix section B1 for elemental analysis QA/QC results.  

Sample aliquots were shipped to InnoTech for the determination of hydrogen-2 (2H) and 

oxygen-18 (18O) stable isotope abundance via a Delta V Thermo Fisher Scientific Isotope 

Ratio Mass Spectrometer interfaced with a Gasbench peripheral, following the laboratory 

methods described by Paul and Skrzypek (2006). Stable isotope results were reported in 

delta (δ) notation in permil (‰) relative to Vienna Standard Mean Ocean Water (V-

SMOW). Hydrogen-2 and oxygen-18 isotope abundances have been used to provide insight 

to lake hydrology as various environmental sources (i.e., precipitation, groundwater) and 

fractionation processes (i.e., evaporative loss) uniquely influence isotopic composition 

(Olefeldt et al., 2013). The isotope abundance variables displayed a very strong positive 

correlation (RS = 0.97), so only 18O was included in the ASL dataset to avoid redundancy. 
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An aliquot of the bulk sample from each lake was decanted into a 250 ml amber glass bottle 

(zero headspace) and shipped to Trent University, ON, for optical analysis. Prior to 

sampling, each amber glass bottle was thoroughly washed in a hydrochloric acid (HCl) bath 

for 24 h, after which they were rinsed in ultra-pure water (Milli-Q), combusted at 550 °C 

for 6 h, and rinsed again in ultra-pure water (Chen et al., 2018). A total of five field blank 

samples (prewashed amber glass bottles filled with Milli-Q) and five duplicate samples 

were included in the field campaign.  

3.2.3 UV-Vis and fluorescence spectroscopy 

Surface-water absorbance was measured along a range of wavelengths (λ) between 200 to 

800 nm (1 nm intervals) using a Cary 100 UV-Vis spectrophotometer from Agilent 

Technologies. Lake samples were allowed to warm to room temperature (~ 21°C), filtered 

through a 0.45 µm nylon membrane, then placed in a 1 cm (3.5 ml) Hellma® Suprasil® 

quartz cuvette (Hellma 101-QS) for analysis. A blank sample of Milli-Q water was first 

used to establish an instrument baseline, after which blanks were measured as every fifth 

sample. To clean, cuvettes were soaked in a 2 M HCl bath for ten minutes followed by 

subsequent rinses in Milli-Q water, 95% ethyl alcohol, and a final rinse in Milli-Q.  

Select optical metrics were derived from the UV-Vis scans (Table 3.1), including the 

absorbance coefficient at 254 nm (a254; m-1) and specific UV absorbance at 254 nm 

(SUVA254). The a254 coeffecient is generally used as a proxy for DOM abundance within 

aquatic systems (Brandstetter et al., 1996), and is further calculated as: 

𝑎254 = 2.303
𝐴(254 𝑛𝑚)

𝑙
                                        Eq. 3.1) 
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Where 𝐴 is the raw absorbance (unitless) measured by the UV-Vis spectrophotometer at 

254 nm and 𝑙 is the path length (m) (Green & Blough 1994). Moreover, the SUVA254 (L 

mg m-1) metric was calculated as: 

𝑆𝑈𝑉𝐴254 (
𝐿

𝑚𝑔 𝑚−1) =  
𝐴254(𝑚

−1)

𝐷𝑂𝐶 (
𝑚𝑔

𝐿
)

                             Eq. 3.2) 

Where A254 is the absorbance at 254 nm (m-1), and DOC (mg L-1) is measured within the 

corresponding sample (Weishaar et al., 2003). Typically, SUVA254 values range between 

1.0 to 6.0 (L mg-1 m-1) within surface-water environments, where larger values reflect 

increasingly aromatic DOM (Brezonik et al., 2019; Weishaar et al., 2003). 

Fluorescence spectroscopy is a widely practiced method in the field of CDOM analysis 

owing to its rapid and cost-effective operation, high sensitivity, and broad chemical 

selectivity (Bro 1997; Coble, 1996). Fluorescence analyses were conducted using a Cary 

Eclipse spectrophotometer set to three-dimensional EEM and signal to reference (S/R) 

acquisition modes (Kothawala et al., 2013). To avoid fluorescence spectrum skewing due 

to variable pH and the inner-filter effect (IFE), lake samples were diluted 1:10 in a 

phosphate buffer solution (pH ~ 6.5) to achieve an absorbance < 0.05 at 270 nm (Frysinger 

et al., 2003; Lakowicz, 2006). A second set of samples for were diluted (1:10) in Milli-Q 

water to maintain closer-to-native pH. Diluted lake samples were allowed to warm to room 

temperature (~ 21°C), filtered through a 0.45 µm nylon membrane, and subsequently 

placed in a 1 cm (3.5 ml) Hellma® Suprasil® quartz cuvette (Hellma 101-QS) for analysis. 

Excitation and emission scans (both measured at 5 nm intervals) ranged from 200–450 nm 

and 250–600 nm, respectively. An ultrapure blank was first measured to zero the 

fluorometer, then subsequent blanks were scanned as every fifth sample. During each day 
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of analysis, a set of quinine sulphate standards were prepared to create a calibration curve 

(1–100 ppb quinine sulphate in 0.5 M sulphuric acid) to convert fluorescence intensity 

measurements into quinine sulphate units (QSU) (Ferretto et al., 2014; Sui et al., 2017). 

Post-processing and analysis were conducted with the R analytical package “staRdom” for 

EEM correction and PARAFAC modelling (Pucher et al., 2021). Surface-water EEMs 

received IFE corrections, while Rayleigh and Raman light scattering bands were removed 

from each scan. The lake dataset displayed limited fluorescence within the 540–600 λEm 

and 400–450 λEx wavelength ranges, thus these regions were removed prior to PARAFAC 

modeling. The R package was further employed to determine additional fluorescence 

metrics including the humification (HIX), fluorescence (FI), and biological (BIX) indices 

(Table 3.1) (Coble, 1996; Hansen et al., 2016). The humification index is often employed 

as an indicator of DOM humic content, where high values represent increasing humification 

(Ohno, 2002). The biological index is representative of aquatic autotrophic productivity, 

and values > 1 indicate that the majority of CDOM originates from in-situ biological 

processes (Huguet et al., 2009). The fluorescence index is commonly employed to assess 

DOM source, where a high FI value (~1.8) is often associated with DOM derived from 

microbial processes, while a low value (~1.2) often indicates a terrestrial source (Cory & 

McKnight, 2005; Wilson & Xenopoulos, 2009). 
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Table 3.1 Description and interpretation of key optical metrics (along with corresponding 

references) used in the current study. 

* λEx = excitation wavelength (nm); λEm = emission wavelength (nm)  

3.2.4 PARAFAC Modelling  

Combined EEM and PARAFAC analysis is commonly used to evaluate the optical and 

structural characteristics of environmental CDOM, as the modelling technique can identify 

the excitation and emission peaks of multiple spectrally distinct fluorophores (i.e., HULIS, 

PRLIS) within EEM scans (Bro, 1997). Here, the staRdom package was used to generate a 

PARAFAC model, which decomposed the data array of compiled EEM samples (𝑥𝑖𝑗𝑘; 

consisting of the buffered and non-buffered ASL sample sets, separately) into a score 

matrix (A) and two loadings’ matrices (B and C) with corresponding tri-linear elements 

𝑎𝑖𝑓,𝑏𝑖𝑓, and 𝑐𝑘𝑓 (Bro, 1997): 

𝑥𝑖𝑗𝑘 = ∑ 𝑎𝑖𝑓𝑏𝑗𝑓𝑐𝑘𝑓 + 𝑒𝑖𝑗𝑘
𝐹
𝑓=1                                      Eq. 3.3) 

Metric Method Interpretation Reference 

a254 
Absorbance at 254 nm, 

normalized by pathlength 

Proxy for DOC in aquatic 

environments  

Brandstetter et al., 

1996 

SUVA254 
Absorbance coefficient at 254 

divided by DOC (mgC L-1) 

Positive association with DOM 

aromatic content  

Weishaar et al., 

2003 

BIX 

Ratio of fluorescence intensity at 

λEx: 310, λEm: 380 and λEx: 310, 

λEm: 430 

High values correspond to 

DOM originating from 

autochthonous (autotrophic) 

sources  

Huguet et al., 2009 

HIX 

Area under the 435–480 nm λEm 

spectra divided by the 300–345 + 

435–480 nm λEm spectra 

(measured at λEx: 254 nm) 

High values indicate greater 

degree of humic content within 

DOM pool 

Ohno, 2002 

FI 

Ratio of fluorescence intensity at 

λEx: 370,  λEm: 470 and λEx: 370,  

λEm: 520  

Indicates the relative 

contribution of terrestrial and 

microbial sources to DOM 

Cory & McKnight, 

2005; Wilson & 

Xenopoulos, 2009 
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Where 𝑥𝑖𝑗𝑘 represented fluorescent data of the 𝑖th sample, 𝑗th emission, and 𝑘th excitation 

wavelengths. Score values in 𝑎𝑖𝑓 represented the relative fluorescence intensity of 

fluorophore 𝑓 in sample 𝑖, the elements 𝑏𝑖𝑓 and 𝑐𝑘𝑓 represented the modelled emission (𝑗) 

and excitation (𝑘) loadings (i.e., wavelength coordinates) of 𝑓, while 𝐹 is the total number 

of modelled fluorophores. Utilizing the residual element 𝑒𝑖𝑗𝑘, the PARAFAC model 

applied an alternating least-squares optimization technique to find the function that best 

approximated the dataset (Bro, 1997; Murphy et al., 2014). 

The appropriate number of modelled fluorescent components (also referred to as model 

rank) was selected based on four validation tools, including: 1) visual peak inspection, 2) 

EEM residual plots, 3) split-half analysis, and 4) core consistency (CC). Visual inspection 

provides an initial check to confirm the modelled components present well-defined 

emission peaks, which suggests that the spectra represent a distinct fluorophore or a group 

of similarly fluorescing species. The model residuals corresponding to each sample (eijk) 

can be plotted as a function of λEx and λEm. These plots can be visually inspected to identify 

potential peaks, where a high abundance of such features across the dataset would indicate 

that the model rank is not representative of the array (Driskill et al., 2018; Murphy et al., 

2014). Split-half analysis involved division of the EEM dataset into a set of four equal-

sized groups, where independent PARAFAC models were generated for each subgroup and 

the resulting fluorescent components compared to measure spectral similarity via Tucker 

Congruence Coefficient (TCC) (Pucher et al., 2019). A high TCC similarity score (~ 1) 

suggested the model was representative of the true variation within the fluorescence dataset. 

The model rank that produced the highest TCC score was most likely the appropriate 

selection (Bro, 1997; Stedmon et al., 2003). Core consistency is a measure of the regression 
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between the three-way array of the PARAFAC model and the core array of a Tucker3 

model generated from the corresponding EEM data. A CC score between 90% to 100% 

indicated a strong model, while values ≤ 50% suggested a problematic output. Generally, 

the largest model rank preceding an abrupt decline in CC should be selected (Bro and Kiers, 

2003). 

The fluorescent components generated from the lake dataset were compared against similar 

PARAFAC models published in the online database OpenFluor to assist with fluorophore 

characterization (Murphy et al., 2014). Model components with high similarity scores (> 

0.95) along both excitation and emission spectrum were selected for further evaluation. 

Individual components within each sample were reported as maximum fluorescence 

emission intensity (FMAX; QSU) and relative fluorescence (single component divided by 

the total sum of components; %C). Previous studies have utilized fluorescence ratios 

(Cx:Cy) to evaluate the relative concentrations of specific PARAFAC components of 

interest, where subsequent comparison to environmental data can provide useful insights 

to CDOM processing within aquatic systems (Huang et al., 2022). As such, fluorescent 

ratios comparing modelled components were included in the current study.  

3.2.5 Geophysical variables  

Lake and catchment physical / hydrological properties, including lake elevation (meters 

above sea level), lake volume (m3) lake depth (m), lake surface area (m2), drainage basin 

area (DBA; m2), lake catchment wetland coverage (%bog, %fen; % of catchment area), and 

permafrost coverage (% of catchment area) were taken from Gibson et al. (2020; 2015). 

Average evaporation to lake inflow ratios (E:I) and water yield (WY; mm) values, 
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estimated via isotopic mass balance model between 2002–2017 were further obtained from 

Gibson et al. (2020). The ratios of lake surface area:DBA and DBA:lake volume were 

included in the analysis to further assess variability in lake catchment characteristics.  

A lichen biomonitoring study by Landis et al. (2019) identified 19 emission sources (i.e., 

upgrader facilities, active mines, petroleum coke stockpiles) that likely contributed to 

pollutant deposition throughout the AOSR (source names and coordinates are listed in 

Supporting Information Table B4). The linear distance between each ASL site and the 

nearest OS source (km) was additionally included to identify potential links between OS 

emissions and lake CDOM.  

3.2.6 Data analysis 

Blank samples were used to determine method detection limits (MDL), which were 

calculated as: standard deviation [n samples] × t-value 99.0% confidence critical value 

(3.747). Data variability was assessed by calculating the RPD (%) from the duplicate 

samples. Lake water-quality and catchment physical variables displayed a non-normal 

distribution as determined via a Shapiro-Wilk test (α < 0.05); thus, non-parametric 

statistical tests were employed for subsequent analysis. Median values were used as a 

measure of central tendency and environmental variability was evaluated using normalized 

median absolute deviation (NMAD). Spearman’s Rank Order correlation tests were applied 

to assess bivariate associations between ASL environmental variables, and the Kruskal-

Wallis test was used to determine significant differences between H and L lake groups. To 

maintain continuity with the historical data, the ASL sites from 2023 were labelled as either 

members of the H or L lake subpopulation based on their classification in Chapter 2. 
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To identify underlying trends within the dataset, principal component analysis (PCA) was 

employed for initial evaluation. To further identify key variables that explained the sources 

and environmental processes influencing CDOM in the study lakes, partial least squares 

regression (PLS-R) analysis was applied following Kothawala et al. (2013; 2014). The 

PLS-R technique attempts to relate predictor (X) and response (Y) variable matrices by 

decomposing each into a smaller set of orthogonal principal components (PC) and 

subsequently regressing PC scores (X vs. Y) via a least-squares method (Eriksson et al., 

2013; Wold et al., 2001). Modelled PARAFAC components (FMAX) were assigned as Y 

variables while physical, biological, and chemical lake (and lake catchment) variables were 

designated as X. Relative fluorescence (%C) values of PARAFAC components were 

assigned as the Y variables in a separate PLS-R model, while surface-water pH and 

alkalinity were assigned as predictors in a third model. The appropriate number of 

components for each model was determined via internal cross-validation, where a random 

subset of lake samples (~ 10% of dataset) was removed from the training dataset to evaluate 

the regression model. The resulting comparisons were evaluated based on cumulative 

goodness of fit (explained Y variation; R2Y) and cumulative goodness of prediction (Q2), 

where values approaching 1 indicated a stronger model. The relative influence of X 

variables over the model was interpreted using variable influence on projection scores 

(VIP), where values ≥ 1 and < 0.8 signified highly and less influential predictor variables, 

respectively (Eriksson et al., 2013). The spatial proximity of plotted variables served as a 

visual indicator of X and Y associations, while variable distance from the origin indicated 

the level of correlation with each component.  
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3.3 Results 

3.3.1 Water quality and optical metrics 

Lakes within the WF and NE subregions had relatively high pH, alkalinity, major ions, and 

DKN concentrations (Table B2), while those within the BM and SM regions displayed 

comparatively low values, e.g., median pH across WF and NE lakes was 6.89 compared 

with 6.32 among BM and SM sites. Median DOC was highest among the WF and CM 

subregions (25 and 26 mg C L-1, respectively), while the lowest concentrations occurred 

within BM and SM (20 and 14 mg C L-1, respectively). Conversely, TC was elevated among 

BM lakes (140 mg L-1 Pt) compared with WF surface-waters (70 mg L-1 Pt).  

Similar to the H and L subpopulations identified in Chapter 2 (Blanchard et al., 2021), 

comparison of surface-water DOC and TC measurements from 2021 revealed two lake 

populations distinguished by diverging slopes (Figure 3.2). However, there was a notable 

overlap between subpopulations at lower DOC concentrations (< 20 mg C L-1). Interannual 

variation of surface-water chemistry likely explained the inconsistency between the long-

term (1999–2017) and 2021 ASL data; the comparatively distinct DOC-TC trends from the 

long-term ASL data benefitted from temporal smoothing. To maintain continuity with the 

historical data, subsequent comparisons of H and L populations were based on the 

classifications established in Chapter 2. 

Significant differences (Kruskal-Wallis; α < 0.05) in numerous water quality variables were 

observed between lake populations. In general, H classified lakes possessed comparatively 

higher SO4
2- select metals (Fe, Al, Zn, Ni, Cu), and DOC:DON, but relatively depressed 

alkalinity, pH, and conductivity. Conversely, L lakes generally displayed high alkalinity, 
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pH, major ions (excluding SO4
2-), DIC, DOC, and DON (Table 3.2). The H classified lakes 

displayed significantly higher lake surface area:DBA, E:I, and isotope enrichment (δ18O) 

compared with the L population (Table 3.2). The highest median a254, and SUVA254were 

observed among H surface-waters, while FI and BIX were elevated among L lakes (Table 

3.2).  

 
Figure 3.2 Comparison of surface-water DOC (mg C L-1) and TC (mg L-1 Pt) measured at 

individual Acid Sensitive Lakes (ASL; 2021 sample data). The white and black circles 

correspond to the H (n = 35) and L (n = 15) lake subpopulations (respectively) established 

in Chapter 2 (Figure 3.1). The line of best fit and corresponding regression equations with 

coefficient of determination is displayed for each ASL cohort. 
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Table 3.2 Comparison of median values from the H (n = 35) and L (n = 15) lake 

subpopulations established in Chapter 2 (Figure 3.1). The normalized median absolute 

deviation (NMAD; %) is displayed for each cohort, while significant (α < 0.05) Kruskal-

Wallis test results (comparing H and L subpopulations) are indicated for each variable. 

Variable 
High (n = 35) Low (n = 15) Kruskal-Wallis  

α < 0.05 Median NMAD Median NMAD 
Bog (%) 4.69 97.7 2.96 79.5 - 
Fen (%) 56.87 39.4 52.01 32.3 - 

Permafrost (%) 0.8 93.4 0.00 71.2 - 
WY (mm yr-1) 221.91 43.7 121.06 47.6 - 

E:I (%) 20.26 35.4 40.75 19.7 Yes 
δ18O (‰) -14.22 8.7 -11.51 15.0 Yes 

Temp (°C) 14.87 8.1 15.80 7.7 - 
pH 6.58 5.8 7.16 4.6 Yes 

Redox potential (mV-1) 333.0 7.3 258.9 21.9 Yes 
Total alkalinity (mg L-1) 6.80 72.1 27.00 50.0 Yes 
Total cations (meq L-1) 0.30 46.7 0.77 51.0 Yes 
Total anions (meq L-1) 0.18 66.7 0.59 58.5 Yes 
Ion deficit (meq L-1) 0.12 33.3 0.16 36.4 Yes 

DIC (mgC L-1) 1.0 57.3 5.2 77.8 Yes 

DOC (mgC L-1) 18.0 33.3 22.0 23.4 Yes 

DON (mgN L-1) 0.57 20.5 0.82 16.9 Yes 

DOC:DON 37.4 38.4 29.4 95.2 Yes 

TP (mgP L-1) 0.04 48.6 0.03 43.1 - 
TDP (mgP L-1) 0.01 63.6 <0.01 <0.1 Yes 

Al (µg L-1) 78.60 74.2 24.30 68.7 Yes 
d-Al (µg L-1) 52.05 72.5 10.10 72.8 Yes 
Fe (µg L-1) 698.00 54.4 153.50 67.8 Yes 

d-Fe (µg L-1) 334.00 79.6 16.50 66.7 Yes 
Cu (µg L-1) 0.23 47.3 0.15 32.5 Yes 

d-Cu (µg L-1) 0.21 42.4 0.14 39.1 Yes 
Ni (µg L-1) 0.53 50.9 0.24 59.6 Yes 

d-Ni (µg L-1) 0.42 59.5 0.13 72.0 Yes 
Chl-a (mg m-3) 19.6 67.9 23.4 56.4 - 

DO (mg L-1) 9.1 3.3 9.3 7.0 - 

TC (pt Co-1) 135.0 46.4 70.0 45.7 Yes 

a254 (m-1) 30.0 83.4 20.5 64.1 Yes 

SUVA254 (L mg-1 m-1) 1.26 89.0 0.79 96.1 Yes 

HIX 0.74 8.8 0.71 8.5 - 

BIX 0.44 4.9 0.54 9.5 Yes 

FI 1.14 5.1 1.19 4.9 Yes 

3.3.2 Modelled fluorescent components 

Analysis of multiple PARAFAC models ranging from two to six components indicated that 

a model rank of four was most appropriate for further evaluation. In addition to a high 
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degree of fit (0.98), the four-component model displayed strong CC (83.5) and split-half 

validation (0.98) scores. The components generated from the selected model displayed 

clearly defined fluorescent peaks/regions, while no distinct and/or recuring residual peaks 

were observed within the model output. 

The first fluorescent component (C1) presented two emission peaks at λEx: 240, λEm: 460, 

and λEx:340, λEm: 460 nm, respectively (Figure 3.3). In the OpenFluor database, C1 is 

frequently characterized as humic acid-like DOM (Table 3.3), often originating from soil 

and terrestrial sources (Dalmagro et al., 2019; Garcia et al., 2018; Kothawala et al., 2014; 

Osburn et al., 2016). Component two (C2: λEx: 225, λEm: 400 and λEx: 310, λEm: 400 nm) 

was classified as photochemically/biologically processed humic matter (Garcia et al., 2018; 

Hansen et al., 2016; Murphy et al., 2014; Soto Cárdenas et al., 2017). Component three’s 

(C3; λEx: 205, λEm: 305 and λEx: 215, λEm: 305 nm) spectral loadings were similar to the 

fluorescence of amino acid (Retelletti Brogi et al., 2019; Santana-Casiano et al., 2022; 

Yamashita et al., 2011) and anthropogenic (PAH) compounds (Retelletti Brogi et al., 2022; 

Zito et al., 2019). The final component (C4: λEx: 210, λEm: 290 nm) presented limited 

matches in the OpenFluor database, where the only model with a similarity score > 0.95 

characterized the component as the amino acid phenylalanine (Wünsch et al., 2015).  



73 

 

 

Figure 3.3 Visualization of the four PARAFAC components (C1–C4) generated from the 

lake EEM samples. Emission intensity values are normalized according to max component 

fluorescence. Fluorescent-peak excitation (λEx) and emission (λEm) coordinates (nm) are 

displayed for each component. 
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Table 3.3 Comparison of PARAFAC model components (C1–C4) against the OpenFluor 

online database.a The number of highly similar components (r > 0.95), general fluorophore 

classifications based on the cited studies, and corresponding references (with modelled 

component number) are shown. 

Component 

Openfluor 

matches  

(r > 0.95) 

Fluorophore Characterization 
Reference and PARAFAC 

Component  

C1 76 

Lake humic acid C1: Kothawala et al., 2013 

Soil derived humic / fulvic 

acid 

C1: Osburn et al., 2016  

C1: Garcia et al., 2018 

Terrestrial humic acid 

C1: Shutova et al., 2014 

C1: Dalmagro et al., 2019  

C3: Shutova et al., 2014 

C2 126 

Processed terrestrial humic 

acid 
C2: Shutova et al., 2014 

Microbial / biological 

derived humic acid 

C3: Garcia et al., 2018 

C1: Hansen et al., 2016 

C1: Soto Cárdenas et al., 2017 

Lake humic acid C1: Eriksson et al., 2013 

C3 20 

Protein, amino acid – like 

C1: Retelletti Brogi, 2019  

C4: Santana-Casiano et al., 2022  

C4: Yamashita et al., 2011 

C5: Osburn et al., 2016 

Anthropogenic, PAH 
C6: Retelletti Brogi et al., 2022 

C5: Zito et al., 2019 

C4 2 Amino acid – phenylalanine C1: Wünsch et al., 2015 

a https://openfluor.lablicate.com 

Median FMAX intensity for components one to four were 77.9, 96.6, 42.6, and 70.9 QSU, 

respectively. The majority of CDOM fluorescence was attributable to the humic acid 

components C1 and C2, where the median relative emission intensity of each component 
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was 26 % and 33 % of total sample fluorescence. The highest C1 loadings were measured 

among H lakes, while C2 loadings were elevated in the WF region. The strongest C3 

fluorescence intensity was observed in the NE and WF subregions and L classified lakes, 

while C4 was elevated in the SM region. The ratio of humic acid components C1 and C2 

(C1:C2) was generally elevated throughout the CM and BM regions (Figure 3.4) and 

significantly higher among the H subpopulation (Table 3.4). Both C1:C3 and C2:C3 ratios 

where generally elevated among BM and CM and depressed within SM lakes. Finally, 

C1:C4, C2:C4, and C3:C4 values were highest among WF and low among SM lakes. Given 

the prominence of the humic acid-like fluorescent components within the samples, the 

C1:C2 ratio was included in subsequent analysis to assist in identifying environmental 

sources or processes contributing to lake humic content.  

A second PARAFAC model generated from the non-buffered lake samples displayed 

fluorescent components nearly identical to the initial model. Moreover, component 

emission intensities were relatively similar between lake samples (< 5% variation), 

suggesting pH adjustment had a minor influence over CDOM fluorescence. Subsequent 

analysis involving these two datasets produced highly similar results; hence, discussion 

hereafter references data from the buffered lake samples.   
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Table 3.4 Summary of median PARAFAC component FMAX (C1–C4, QSU) and FMAX 

ratios among the H (n = 35) and L (n = 15) lake subpopulations established in Blanchard et 

al.’s 2021 study. The normalized median absolute deviation (NMAD; %) is displayed for 

each cohort, while significant (α < 0.05) Kruskal-Wallis test results (comparing H and L 

subpopulations) are indicated for each variable. The method detection limit (MDL; QSU) 

and average relative percent difference (RPD; %) corresponding the to total dataset are 

shown. 

 

Component MDL RPD (%) 

H (n = 35) L (n = 15) 
Kruskal-

Wallis 

(α < 

0.05) 
Median NMAD Median NMAD 

C1 (QSU) < 1.0 4.0 79.2 43.0 68.8 31.4 Yes 

C2 (QSU) < 1.0 5.7 96.4 27.3 103.6 28.6 - 

C3 (QSU) 4.4 6.2 39.1 9.1 50.2 8.2 Yes 

C4 (QSU) 5.3 9.3 70.9 42.4 71.2 39.2 - 

C1:C2 - - 0.9 16.9 0.6 21.7 Yes 

C1:C3 - - 1.9 53.9 1.3 38.7 - 

C1:C4 - - 1.1 60.5 1.2 62.7 - 

C2:C3 - - 2.1 41.4 2.0 28.5 - 

C2:C4 - - 1.2 61.1 1.7 53.1 - 

C3:C4 - - 0.6 45.3 0.8 21.7 - 
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Figure 3.4 Spatial distribution of C1 and C2 FMAX values (QSU) and C1:C2 ratios among 

Acid Sensitive Lake surface waters throughout the AOSR during the August 2021 sampling 

period. 
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3.3.3 Bivariate and multivariable analysis 

There were significant positive correlations (RS > 0.7; Spearman: α > 0.05) between C1 

fluorescence intensity and C1:C2 with TC, DOC, d-Al, d-Fe, d-Ni, and d-Cu. Moreover, 

both C1 and C1:C2 displayed significant inverse correlations with δ18O (RS = 0.66) and 

temperature (RS = 0.58). Component two (C2) presented significant positive correlations 

with total anions, total cations, DOC, and DON. Both C3 and C4 displayed few associations 

with the ASL dataset, except for a significant negative correlation (RS = 0.55) between C3 

and lake distance from the nearest OS source (Figure B1), and positive correlation of C3 

with BIX and δ18O. Limited associations were observed between optical variables and 

surface water pH and alkalinity, including bivariate comparisons between observations 

within the H and L lake subpopulation, separately. It should be noted that the additional 

fluorophore ratios (i.e., C2:C3, C2:C4) presented limited correlations with the available 

variables, and were excluded from subsequent analysis.  

The majority of variation within the combined ASL dataset was explained by four principal 

components (PC), which combined explained 62% of total variance (Table B3). Principal 

component one (PC1; 27%) displayed strong positive loadings (> 0.75) with C1, C1:C2, 

TC, HIX, a254, TC, dissolved and total Fe, and Ni, while PC2 (15%) was positively 

associated (factor loadings > 0.7) with C2, pH, DOC, DON, total anions, total cations, and 

negatively correlated against redox potential. Biplot comparison of PC scores revealed a 

separate clustering of H and L classified lakes (Figure B2); thus, PC1 and PC2 appeared to 

describe the general characteristics of the previously established H and L lake 

subpopulations, respectively.24 The third PC (10%) was positively associated (loadings > 

0.6) with %bog, %permafrost, depth, volume, and negatively associated with %fen, while 
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the fourth component (PC4 = 9%) was positively associated with TP (loading = 0.7). Owing 

to its high loading value and proximity to lake variables (dissolved metals, TDP, %bog, 

%permafrost, TC) (Figure B2), C1:C2 was included as an additional Y variable in the PLS-

R analysis. 

Cross-validation confirmed that a two-component PLS-R model was most appropriate for 

further analysis, as it produced a relatively strong R2Y (cumulative R2Y = 0.65) and the 

highest increase in Q2Y value (cumulative Q2Y = 0.55). The first orthogonal component 

(PLS1: R2Y = 0.46, Q2Y = 0.38) was strongly influenced (VIP score ≥ 1) by DOC, 

DOC:DON, TDP, Al, Cu, Fe, Ni, d-Al, d-Cu, d-Fe, d-Ni, lake surface-area / DBA, δ18O, 

water temperature, TC, a254, HIX, BIX, SUVA254, %bog, %fen, and %permafrost 

landcover. Orthogonal component two (PLS2: R2Y = 0.19, Q2Y = 0.17) was largely 

influenced by TOC, DOC, and DON. Visualization of modelled components via correlation 

plot (Figure 3.5) displayed strong positive associations between C1 fluorescence and a254, 

HIX, and SUVA254, while C2 was plotted near TOC, DOC, and DON. Moreover, 

DOC:DON, TDP, Al, Cu, Fe, Ni, d-Fe, d-Ni, d-Cu, TC, %bog, and %permafrost was 

clustered in a region surrounding C1:C2 while BIX and δ18O were located opposite of the 

Y variable. The variables TDP, total and dissolved metals, %bog, and %permafrost were 

plotted opposite of C3 along the PLS1 and PLS2 axes, although the Y variable displayed 

weaker correlations with both PLS components (R < 0.50). Limited predictor variables 

were plotted approximate to fluorescent component C4, which additionally presented weak 

correlations with both orthogonal components (R < 0.4). Notably, pH and alkalinity were 

assigned low VIP scores (< 0.8) and were relatively distant from the Y variables in the 

correlation plot. The second PLS-R model based on the relative fluorescence (%C) Y 
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matrix presented similar results, hence the former modelled output (FMAX) will be 

referenced hereafter.  

 
Figure 3.5 Correlation biplot displaying both X (black) and Y variables (red) in relation to 

partial least squares regression components one and two. The filled black and outlined 

black points indicate X variables with high (≥ 1) and low (< 1) variable influence over 

projection scores, respectively. 

A two-component PLS-R model was most appropriate when pH and total alkalinity were 

assigned as predictor variables (cumulative R2Y = 0.81; Q2Y = 0.73). Correlation plot 



81 

 

visualization displayed that the Y variables were positively aligned with d-Ca, total cations, 

and total anions (Figure B3), which in turn received high VIP scores (> 1). Notably, 

absorbance and fluorescence variables were assigned low VIP scores (< 1) and plotted 

comparatively distant from pH and alkalinity.  

3.4 Disscusion 

3.4.1 Assessing the differences between ASL subpopulations  

The distinct biogeochemical differences between the H and L populations was likely 

reflective of catchment properties, as perviously argued in Chapter 2 (Blanchard et al., 

2021). The relatively high pH, alkalinity, and DIC among L-lakes was likely due to 

calcareous inputs from the underlying McMurray and Waterways bedrock formations; 

meanwhile, lower pH, alkalinity, and elevated metals (Fe, Al, Ni, Cu) among the H-lakes 

was likely linked to the metal-rich marine shales and organic soils prominent throughout 

their corresponding catchments (Blanchard et al., 2021; Emmerton et al., 2018). 

Significantly elevated E:I and δ18O among the L subpopulation reflected enhanced 

evaporative losses within the corresponding catchments.  

Measured absorbance within ASL waters agreed with the general range of values reported 

in the literature (e.g., the median a254 of 983 Swedish boreal lakes was 39.0 m-1; Erlandsson 

et al., 2012). Significantly elevated a254 among H classified surface-waters supported 

Blanchard et al.’s (2021) assertion that the lake subpopulation contained high relative 

CDOM. The L lakes displayed comparatively low SUVA254, indicating these surface waters 

contained less aromatic CDOM despite high DOC concentrations. Relative to the H-

population, both FI and BIX metrics were higher among L lakes, suggesting a greater 
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proportion of autochthonous, biological CDOM production; however, these fluorescence 

metrics were low relative to the typical range reported in the literature (Cory et al., 2005; 

Huguet et al., 2009; Ohno, 2002; Wilson & Xenopoulos, 2009). The H lakes contained 

comparatively high molecular weight and aromatic organic matter as indicated by the 

elevated SUVA254, while depressed FI and BIX indicated that the majority of CDOM was 

allochthonous in origin. Significantly different DOC:DON ratios between H and L lakes 

further confirmed that DOM contained within the two popluations was compositionally 

distinct. Highly aromatic organic matter derived from terrestrial sources typically present 

elevated DOC:DON (Yates et al., 2019), which possibly explained why the relatively 

aromatic (i.e., SUVA254) H-lakes diplayed high DOC:DON values. 

3.4.2 Characterization of fluorescent components  

3.4.2.1 Humic acid C1  

The strong associations between C1 and surface water a254, SUVA254, and HIX confirmed 

that the terrestrial humic matter was highly aromatic and linked to CDOM variation 

throughout the ASL dataset. The H-lake associated PC1 displayed high C1 and C1:C2 

factor loadings, which suggested the humic fluorophore was partially responsible for the 

divergent characteristics of H and L lake surface-waters (Figure B2). Moreover, the strong 

positive correlation between C1 and TC indicated that the humic CDOM contributed to the 

hightened colour of H lakes.  

The inverse association between C1 and LA:DBA (Figure 3.5 and B1) further affirmed the 

allochthonous origin of the fluorophore, as larger relative catchment areas contribute to 

greater terrestrial inputs. The organic-rich peatlands abundant throughout these catchments 
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(AEP, 2018; Strack et al., 2019) likely served as a key source of humic matter input to 

adjacent lakes, as has similarily been observed among other boreal lake systems in northern 

Albtera (Olefeldt et al., 2013). The importance of %bog as a predictor of C1:C2 suggested 

that humic matter composition was influenced by wetland composition within lake 

catchments (Dillon & Molot, 1997; Hosen et al., 2018), while the proximity of %permafrost 

relative to C1:C2 suggested the landscape feature may influence CDOM within ASL waters 

(Figure 3.5). Frozen peatlands are substantial reservoirs of humic organic matter, meltwater 

drainage from which can be a substantial source of terrestrial CDOM to connected 

freshwater systems (Wauthy et al., 2018). Increased warming and precipitation as a result 

of climate change and continued industrial land-development are expected to escalate 

ongoing rates of peatland degradation (Daniel et al., 2021; Price et al., 2013; Whittington 

& Price, 2012) and permafrost thaw (Dabros et al., 2018; Gibson et al., 2015, Gibson et al., 

2019; Tarnocai, 2006) throughout the study region. Given the suspected link between these 

environmental sources and C1 fluorescence, shifting catchment conditions may impact (or 

continue to impact) lake CDOM composition over the coming decades.  

Strong associations of C1 and C1:C2 with select dissolved metals (Fe, Ni, Cu) suggested 

that the humic-acid component played a role in the formation of organic-metal complexes, 

a process that could alter the mobility and bioavailability of dissolved metals in the 

environment (Luider et al., 2003; Mantoura et al., 1978). This was consistent with Guéguen 

et al. (2011), who found that peatland-derived humic-acids influenced metal mobility in 

sections of the Athabasca River throughout the AOSR. In the case of ASL surface-waters, 

the rate of CDOM-metal interactions may be controlled by lake-catchment characteristics, 

specifically features aligned with the chromophoric subpopulation. For instance, 
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catchments within the H subpopulation (which displayed significantly higher C1:C2 and 

dissolved metals than L lakes) contain peatlands and organic soils overlying metal-rich 

marine-shales (notably in the CM, SM, and BM regions) (AEP, 2018; Dufresne et al., 2001) 

which offer preferable conditions for organic-metal interactions, including the formation 

of Fe-DOM complexes. Increased rates of Fe-DOM complexation can enhance the 

absorbant properties of CDOM (Maloney et al., 2005), which would contribute to the high 

TC of H-classified lakes.  

3.4.2.2 Humic acid C2 

The strong positive associations between C2, DOC, and DON suggested that all three DOM 

constituents shared similar environmental origin (and processing), and that the C2 

fluorescent component could serve as an optical proxy for bulk DOC and DON in ASL 

surface-waters. The spectral simlarity of C2 to allouchthonous humic organic matter 

reported in the literature suggested that the fluorophore originated from terrestrial sources 

surrounding the ASL sites (Shutova et al., 2014). The importance of %fen as an inverse 

predictor of C1:C2 suggested that these humics were more common among fen-dominated 

catchments.  

Previous models uploaded to the OpenFluor database have defined similar fluorophores as 

terrestrial humic acids that have undergone microbial degradation (Garcia et al., 2018; 

Hansen et al., 2016). The strong correlation between C2 and DKN could indicate biological 

processing, as past studies have found that microbial consumption of organic matter is 

accelerated via nutrient availability (Tranvik et al., 1998). Microbial degradation can 

decrease the aromaticity and DOC:DON of DOM within aquatic systems (McDowell et al., 
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2006; Koehler at al., 2012); as such, the positive association between the molar ratio and 

C1:C2, as well as the significanlty lower SUVA254 and DOC:DON values among the L-

lake subpopulation (characterized by elevated C2) further demonstrated that C2 may be 

linked to biological processing. 

Through controlled incubation of boreal lake and groundwater samples, Olefeldt et al. 

(2013) found that increased evaporative losses due to solar irradiation and residence times 

(as indicated by δ18O) contributed to the preferential mineralization and sedimentation of 

highly aromatic DOM (von Wachenfeldt et al., 2008). Additional studies have 

demonstrated that photodegradation reduces the SUVA254 and DOC:DON of aquatic DOM 

(Buffam and McGlathery, 2003; Fu et al., 2021). As such, the strong inverse correlation of 

E:I and δ18O with DOC:DON, C1, C1:C2, and SUVA254 (Figure 3.5) indicated that ASL 

waters experiencing elevated irradiation lost aromatic and carbon-enriched humic matter 

(i.e., C1) via photodegradation at a faster rate than the less aromatic and carbacious C2 

molecules. Controlled photolytic incubations of regional surface-water CDOM would 

provide valuable insights regarding this potential process.  

3.4.2.3. Amino acid C3 and C4 

Although comparison to the OpenFluor database found both C3 and C4 were spectrally 

similar to biologically derived amino acid fluorophores, the generally weak associations 

between these components and DKN, DON, TP, TDP, DO, chl-a, and FI did not support 

this characterization. The relatively low FI and BIX values further implied a low abundance 

of biologically derived DOM within the study lakes. Photochemical degradation of humic 

matter can lead to the production of smaller amino-acid like DOM within surface-water 
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(Olefeldt et al., 2013), which may explain the weak positive correlation between C3, δ18O, 

E:I, and temperature.  

Low molecular weight PACs and PAHs can produce flurescence spectra simlar to amino 

acids, as such, aromatic pollution from OS sources could be responsible for C3 flourescence 

within ASL waters (Retelletti Brogi et al., 2019; Retelletti Brogi et al., 2022;  Zito et al., 

2019). Considering that OS operations are an established source of organic pollutants to 

regional lake sediments (Jautzy et al., 2013; Salat et al., 2021) and C3 fluorescence 

decreased as a function of distance from the nearest OS source, future studies should 

investigate the infleunce of local industry over lake CDOM throuhout the AOSR. Although 

C4 did not present spatial gradient relative to industrial sources, the protein like fluorophore 

could be assoicated with additional sources / processes not represented in the current 

dataset; for example, pyrogenic organic matter inputs from wildfires are capable of 

impacting CDOM composition within aquatic system surface-waters Song et al., 2021).  

3.4.3 CDOM quality and acid-base chemistry  

The low importance of pH and alkalinity as predictors of PARAFAC component variation (and 

insignificant correlations between pH and alkalinity with fluorophore species and aborbance 

metrics) indicated that acid-base chemistry had limited direct influence over CDOM in ASL 

surface-waters (and vice versa), including the H and L lake subpopulations, separately. Minimal 

differences in fluorophore emission intensity between natural pH and buffered (pH ~ 6.5) lake 

samples demonstrated that shifts in surface-water pH did not substantially alter CDOM optical 

properties. These observations were consistent with Groeneveld et al. (2021), who found that 

CDOM fluorescence within Swedish boreal lake waters was relatively stable when pH was adjusted 

at 0.5 increments between 5.5 – 7.5 (similar to the ASL pH range).  
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Although acid-base chemistry displayed limited influence over CDOM, factors including 

environmental source and degradation processes appeared consequential to organic matter quality. 

Considering the former, accelerating wetland degradation and permafrost thaw (linked to climate 

change and industrial development) may contribute to long-term shifts in CDOM quality. 

Continued annual monitoring of CDOM witihn ASL surface-waters (in conjunction with monitring 

of catchment composition and hydrology) would provide the temporal data necessary to explore the 

possible influence of these processes over dissolved organic matter.  

3.5. Conclusions 

This chapter describes the first-known study that characterized the bulk properties and 

primary constituents of CDOM within AOSR acid sensitive lakes (ASL) through the 

application of UV-Vis and fluorescence spectroscopy/ This investigation confirmed that 

the true colour lake subpopulations identified in Chapter 2 (Blanchard et al., 2021) 

presented distinct CDOM characteristics: the highly coloured “H” lakes contained 

relatively aromatic humic compounds that originated from the surrounding peatlands and 

wetlands, while and the “L” lake surface-waters contained comparatively less-conjugated 

terrestrial organic matter that may have undergone biological or photolytic degradation. 

Significantly different DOC:DON ratios between lake categories further demonstrated the 

corresponding surface-waters contained molecularly distinct DOM.  

Multivariable analysis and comparative pH adjustment experiments demonstrated that 

CDOM and acid-base chemistry were not significantly linked within ASL surface-waters, 

and as such, the processes of lake acidification or acid recovery were not suspected to 

directly impact surface-water chromophoric organic matter in the AOSR. Following this 

line of reason, long-term shifts in CDOM quality were unlikely to influence surface-water 
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acid-base chemistry. It should be noted that the analysis presented in Chapter 3 is based on 

one period of observations and does not fully capture the temporal variability of lake 

CDOM throughout the AOSR. As such, broader associations between CDOM and acid-

base chemistry may not have been visible within the available dataset. It is recommended 

that the joint Oil Sands Monitoring program incorporates EEM fluorescence spectroscopy 

into their routine annual monitoring of ASL surface-waters in effort to evaluate long-term 

CDOM variation in relation to acid-base chemistry. 
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4. Chapter Four: Characterization of atmospheric water-

soluble brown carbon in the Athabasca Oil Sands Region, 

Canada3 

4.1 Introduction 

Water-soluble brown carbon (WS-BrC) represents a class of organic aerosols capable of 

absorbing light within the ultraviolet (UV) and visible (Vis) wavelength ranges (Fuzzi et 

al., 2002; Lin et al., 2012; Stone et al., 2009). Chemical species within the WS-BrC fraction 

are classified as chromophoric dissolved organic matter (CDOM), which generally consists 

of polymerized, aromatic, humic-like substances (HULIS) and lower molecular-weight 

protein-like substances (PRLIS). Both HULIS and PRLIS represent broad chemical groups 

named according to their chemical and optical similarity to humic matter and proteins found 

in terrestrial, aquatic, and atmospheric environments (Dey and Sarkar, 2024; Duarte et al., 

2007; Graber and Rudich, 2006; Hudson et al., 2007; Laskin et al., 2015).   

Owing to their light-absorbing properties and capacity as cloud condensation nuclei (CCN), 

WS-BrC particles can influence planetary albedo and solar radiation budgets (Facchini et 

al., 1999), and as such have been recognized as an influential factor in climate change 

research (Chakrabarty et al., 2016; Gustafsson et al., 2009). Moreover, soluble BrC has 

been found to play an important role in atmospheric reaction chemistry (Jiang et al., 2012) 

and can be detrimental to human health (Ma et al., 2019; Maulderly and Chow, 2008). 

Biomass and fossil fuel combustion are the dominant sources of atmospheric WS-BrC, 

 

3
Blanchard, D., Gordon, M., Dang, D. H., Makar, P. A., Aherne, J. (2025a). Characterization of atmospheric 

water-soluble brown carbon in the Athabasca Oil Sands Region, Canada, Atmospheric Chemistry 

and Physics, 25(4), 2423–2442, https://doi.org/10.5194/acp-25-2423-2025   
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including HULIS and PRLIS (Claeys et al., 2012; Gao et al., 2006; Wu et al, 2019); 

however, biogenic emissions, soil dust, and industry can all contribute to primary and 

secondary formation of these organic aerosols (Spranger et al., 2020; Wu et al., 2019).  

Industrial operations in the Athabasca Oil Sands Region (AOSR) in north-eastern Alberta, 

Canada, are a substantial source of atmospheric particulate matter (PM) (Giesy et al., 2010; 

Landis et al., 2017; Liggio et al., 2016). Open pit mining activities, haul road dust, dry 

tailings, vehicle exhaust, and upgrading facilities are sources of organic–containing PM 

(Giesy et al., 2010; Zhang et al., 2016), while volatile precursor emissions from flue gas 

stacks and exposed bitumen contribute to secondary organic aerosol formation (Liggio et 

al., 2016). Organic PM generated from oil sands (OS) activities consists of a diverse range 

of chemical species, including polycyclic aromatic compounds (PAC: Bari & Kindzierski, 

2018; Liggio et al., 2016; Liggio et al., 2017), oxygenated polycyclic aromatic 

hydrocarbons (Jariyasopit et al., 2021), naphthenic acids (Yassine and Dabek-

Zlotorzynska, 2017), and organic matter linked to surface-soil and overburden dust (Wang 

et al., 2015). An unresolved fraction of these emissions contains relatively water-soluble 

species (Arp et al., 2014; Josefsson et al., 2015; Marentette et al., 2015), which can 

contribute to the WS-BrC fraction, partially due to their conjugated structures (Stedmon 

and Nelson, 2015).  

Relatively little was known regarding the abundance and composition of WS-BrC in the 

AOSR airshed, nor was it well understood how local industry contributed to the CDOM 

fraction. Considering the magnitude of sources in the region, OS emissions likely 

contributed to WS-BrC, which in turn could influence radiative forcing on a broad scale. 
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The established toxicity and environmental mobility of water-soluble organic pollutants 

(Lemieux et al., 2008; Lundstedt et al., 2007) provide a clear incentive to monitor these 

species throughout the AOSR; however, the diversity of chemical formulae presents a 

challenge to regional monitoring efforts, due to the high operational costs of typical mass 

spectrometry methods (Frysinger et al., 2003).  

Ultraviolet-visible (UV-vis) spectroscopy is commonly employed to characterize the bulk 

properties of environmental CDOM. Moreover, a sizable fraction of WS-BrC consists of 

fluorescent dissolved organic matter (Laskin et al., 2015) which can be evaluated through 

the application of excitation emission matrix (EEM) spectroscopy. Complex EEM datasets 

can undergo processing via Parallel Factor Analysis (PARAFAC); a multivariable model 

that can identify fluorescent components (fluorophores) reflective of organic compounds 

with shared optical properties. Fluorescence EEM spectroscopy and PARAFAC modelling 

has been successfully used to identify WS-BrC originating from a variety of biogenic and 

anthropogenic sources (Harsha et al., 2023; Wu et al., 2019; Zito et al., 2019).  

In this study we evaluated WS-BrC quality in the AOSR and assessed the influence of OS 

activities over the organic PM fraction through the application of UV-vis and fluorescence 

spectroscopy techniques. During the Summer of 2021 (July 19–August 10), active filter-

pack samplers were deployed at five sites throughout the study region to collect 

atmospheric PM for optical and chemical analysis. Fluorescent analysis of local reference 

materials and back-trajectory modeling were used to assist with source identification, while 

partial least squares regression (PLS-R) analysis was employed to characterize individual 

fluorophores generated by the PARAFAC model. 
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4.2 Methods  

4.2.1 Study area and sampling sites 

The AOSR is situated within a Boreal Plains ecozone, where peatlands and boreal forests 

are the dominant landscape features. Largely because of its northern inland geographical 

location, the region typically experiences warm summers and cold dry winters (ECCC, 

2024). Beneath the boreal landscape lies the Athabasca oil sands deposit, the world’s largest 

known bitumen reserve, which covers a surface area of ~ 140 200 km2. Oil and gas 

companies such as Syncrude, Suncor, and Imperial Oil have established industrial facilities 

over these deposits to extract bitumen and upgrade it to refined material such as crude oil. 

The major OS facilities are located along the east and western banks of the Athabasca River 

(which flows North through the AOSR), as the Athabasca bitumen layer is close to the 

surface in these areas. The largest municipalities in the region are Fort McMurray and Fort 

McKay; the former is located ~50 km south of major OS operations while Fort McKay sits 

along the western bank of the Athabasca River, situated between several major industrial 

facilities (Figure 4.1).  

The Wood Buffalo Environmental Association (WBEA; https://wbea.org) operates an 

extensive network of continuous air-quality monitoring stations and atmospheric 

deposition monitoring plots throughout the AOSR. Between July 19th to August 10th, 2021, 

active filter-pack systems for this study were co-deployed at five WBEA sites located 

throughout the AOSR to collect back-to-back 48 h exposures. Two of these fence-line sites 

(Mildred Lake deposition plot [DP2050]; Bertha Ganter station [AMS01]) were located in 

close proximity (DP2050 < 1 km, AMS01 < 5 km) to OS facilities (consisting of tailings 
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ponds, open pit mines, haul roads, upgrading facilities), a second set of stations (Patricia 

McInnes [AMS06]; Athabasca Valley [AMS07]) were situated in suburban/community 

locations > 50 km south of major OS operations, while a final background station (Stoney 

Mountain [AMS18]) was located ~ 150 km south of OS operations (Figure 4.1). 

Differences in observations between the stations thus allow us to infer sources associated 

with OS versus other activity, in addition to back trajectory analysis.  The selected WBEA 

stations continuously monitor a variety of air quality and meteorological data, including 

sulphur dioxide (SO2), total reduced sulphur (TRS), nitrogen oxide (NO), nitrogen dioxide 

(NO2), total hydrocarbons (THC), carbon monoxide (CO), fine particulate matter (PM2.5), 

wind speed, wind direction, temperature, and relative humidity. 

During the year of 2021, 4.30 x 106 hectares of land across Canada were burned by wildfire 

compared to the 2013–2022 ten-year annual average of 2.73 x 106 hectares (source: 

Canadian Interagency Forest Fire Center Inc.). As a result of increased fire magnitude, 

substantial portions of western Canada were periodically blanketed in smoke plumes during 

the study period. Wildfire emissions are a substantial source of atmospheric PM and BrC 

(Chen and Bond, 2010; Reid et al., 2005), which can contain aromatic pollutant species 

with fluorescent properties (Veselovskii et al., 2020). To account for the potential influence 

of wildfire emissions over observed fluorescence, the temporal variability of PM2.5 was 

assessed at each WBEA monitoring station to identify sampling periods of high fire smoke 

transport. 
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Figure 4.1 Distribution of active sampler sites (red circles) throughout near/mid-field (a) 

and far-field (b) study regions. Nearby communities (Fort McMurray, Fort McKay) and 

major active oil sands facilities are shown (Google Maps 2024). The map on the top-right 

displays the location of the two regions on a broader spatial scale (ESRI 1995-2024). 

4.2.2 Active sampling 

Active samplers consisted of a 15 liter per minute (L min-1) vacuum pump connected to an 

in-line flowmeter and filter-pack cartridge inlet. These systems were directly powered 

through an AC outlet available at the WBEA monitoring stations, while a 12 V marine 

battery served as the power supply for a 7.5 L min-1 vacuum pump at the off-grid DP2050 

deposition plot.  
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The filter-pack cartridges used in this study were obtained through the Norwegian Institute 

for Air Research (NILU; www.nilu.no) and consisted of two threaded compartments that 

housed pre-combusted quartz fiber filter (47 mm diameter, 0.3 µm aerosol retention) 

intended to collect total suspended particulate (TSP). After each exposure, filters were 

placed in a petri-dish, triple sealed in Ziploc® plastic bags and stored at – 20 °C until 

analysis. In total, 44 filter-pack samplers were successfully deployed (48 h exposures) 

during the field campaign, which broken-down by site included: 11 at AMS01 and Mildred 

Lake, 10 at AMS06, 8 at AMS18 and 4 at AMS07, respectively (Figure C1). During the 

study period, five of the forty-four samples were collected as duplicates through the 

deployment of two sampling units. Five additional quartz fiber filters were allocated as 

field blanks during the study period and were stored like exposed filters. 

Prior to the field survey all components of the filter-pack cartridge were individually rinsed 

in reverse osmosis water and subsequently soaked in a 2 M hydrochloric acid (HCl) bath 

for 12 hours, after which the sampler parts were rinsed in ultrapure lab water (Milli-Q). In 

the field, the filter-pack cartridges were soaked in baths of Milli-Q water between 

exposures. To control for potential filter contamination between exposures, field blanks 

were loaded into (as if to collect a sample) and subsequently removed from select washed 

cartridges. 

Following exposure, a 20 mm diameter sub-section of the filter was removed via circular 

punch, and subsequently extracted in conical vials containing 50 ml of Milli-Q water. 

Sample vials were inverted three times, placed in an ultrasonic bath for 1 hour, and filtered 

(nylon; 0.45 µm). Filtered samples were stored at ~ 4 °C and underwent optical analysis 
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within 12 hours of initial extraction. A 0.5 ml aliquot was used for determination of anionic 

species (Cl-, NO3
-, SO4

2-) via ion chromatography (Dionex ICS-1100) while a separate 10 

ml aliquot was acidified (2 % HNO3) and sent to the Water Quality Center at Trent 

University (Peterborough, Ontario, Canada) for determination of dissolved elements (Na, 

Mg, P, S, K, Ca, V, Cr, Mn, Fe, Zn, Sr) using an Agilent 8800 triple quadrupole inductively 

coupled plasma mass spectrometer (Table C1 and C2). Additional details regarding 

instrument configuration and measurement parameters are available in the appendix section 

C1. A filtered 20 ml aliquot was used for determination of water-soluble organic carbon 

(WSOC), dissolved inorganic carbon (DIC), and total dissolved nitrogen (TDN) via 

Shimadzu TOC-V analyzer. The remaining filtered solution was adjusted to pH ~ 6.5 using 

0.1 M sodium hydroxide (NaOH) or HCl to limit the influence of variable sample pH over 

WS-BrC optical properties (Lakowicz, 2006). Blank samples were used to determine 

method detection limits (MDL), which were calculated as: standard deviation (blank 

samples) × t-value 99.0 % confidence critical value (3.747).  

Measured analytes from the filter extracts were converted to time-integrated atmospheric 

concentrations using the following equation:  

𝐶 =
(𝐶𝑒−𝐶𝑏)∗𝑉𝑒

𝑉𝑎
∗ 𝐴𝑓 ∗ 1000                                           Eq. 4.1) 

Where 𝐶 is the atmospheric concentration (ng m-3), 𝐶𝑒 is the analyte concentration (µg L-

1) within the filter extraction solution, 𝐶𝑏 is the analyte concentration within the field blank 

extraction solution, 𝑉𝑒 is the extraction solution volume (L), 𝑉𝑎 is the volume of air sampled 

(m-3), and 𝐴𝑓 is the surface-area ratio (5.52) to account for the 20 mm filter cut-out.  
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4.2.3 UV-Vis spectroscopy 

Absorbance was measured along a range of wavelengths (λ) between 200 to 800 nm (1 nm 

intervals) using a Cary 100 UV-vis spectrophotometer from Agilent Technologies. Filter 

extracts were allowed to warm to room temperature (~ 21 °C), and subsequently placed in 

a 1 cm (3.5 ml) Hellma® Suprasil® quartz cuvette (Hellma 101-QS) for analysis. A blank 

sample of Milli-Q water was first used to establish an instrument baseline. To clean, 

cuvettes were soaked in a 2 M HCl bath for ten minutes followed by subsequent rinses in 

Milli-Q water, 95% ethyl alcohol, and a final rinse in Milli-Q. The aerosol light absorption 

coefficient (Absλ, m
-1) at wavelength λ was calculated by the equation (Wu et al., 2019): 

𝐴𝑏𝑠𝜆 = (𝐴𝜆 − 𝐴700) ×
𝑉𝑤

𝑉×𝑙
× ln (10)                                  Eq. 4.2) 

Where 𝑉𝑤 refers to the volume (ml) of the filter extraction, 𝑉 is the volume of air sampled 

(m3) during the field exposure, 𝑙 is the optical path length (cm), while 𝑉𝜆  and 𝐴700 are the 

absorbance at wavelengths λ and 700 nm, respectively. Absorbance at 700 nm is used as a 

reference to account for baseline drift. The light absorption coefficient at 365 nm (Abs365) 

is frequently referenced as a proxy for BrC in the literature (Laskin et al., 2015; Wu et al., 

2019), and is subsequently used to calculate the mass absorption efficiency (MAE365, m
2 g 

C-1) via the following equation (Wu et al., 2019): 

𝑀𝐴𝐸365 =
𝐴𝑏𝑠365

𝐶𝑎
                                                  Eq. 4.3) 

Where 𝐶𝑎  is the atmospheric concentration of WSOC (µg C m-3), obtained using Eq. 1. 

Both Abs365 and MAE365 are frequently used in the literature to assess the radiative forcing 

potential of BrC aerosols (Dong et al., 2024; Yue et al., 2019).  
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4.2.4 Fluorescence spectroscopy and PARAFAC 

Combined EEM and PARAFAC analysis is commonly used to evaluate the optical and 

structural characteristics of environmental CDOM since the modelling technique can 

identify the excitation and emission peaks of multiple distinct fluorophores (i.e., HULIS, 

PRLIS) within EEM scans (Harsha et al., 2023; Wu et al., 2019). Fluorescence analyses 

was conducted using a Cary Eclipse spectrophotometer set to the three-dimensional EEM 

scan and signal to reference (S/R) acquisition modes. Sample aliquots were placed in a 1 

cm (3.5 ml) quartz cuvette (Hellma 101-QS) for analysis. Excitation (λEx) and emission 

(λEm) scans (both measured at 5 nm intervals) ranged from 200–450 nm and 250–600 nm, 

respectively. A Milli-Q water blank was first measured to zero the fluorometer, then 

subsequent blanks were scanned every five samples. During each day of analysis, a set of 

quinine sulphate standards were prepared to create a calibration curve (1–100 ppb quinine 

sulphate in 0.5 M sulphuric acid) to convert fluorescence intensity measurements into 

quinine sulphate units (QSU) (Sui et al., 2017). To minimize the potential influence of the 

inner filter effect (IFE) over the fluorescence spectrum, all filter extracts were confirmed 

to have an absorbance < 0.05 at 270 nm (Trubetskoj et al., 2018). 

Fluorescence data was processed via the R package “staRdom”, which was used for blank 

and spectrum correction (Pucher et al., 2021). Inner filter effect corrections were applied 

to individual EEMs using the built-in IFE function and corresponding sample absorbance 

values (Shimadzu spectrophotometer). Rayleigh and Raman light scattering bands were 

removed from each sample EEM, and the empty cells infilled using the “eem_interp” 

function. The fluorescence intensity data was then divided by the corresponding extraction 

solution and air volume to convert QSU to QSU per cubic meter (QSU m-3) (Deng et al., 
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2022). The EEM dataset displayed limited fluorescence within the 540–600 emission and 

400–450 excitation wavelength ranges, thus these regions were removed prior to 

PARAFAC modeling. Using the staRdom package, a PARAFAC model was employed to 

decompose the three-dimensional EEM data array (𝑥𝑖𝑗𝑘) into a score matrix (A) and two 

loadings’ matrices (B and C) with corresponding tri-linear elements 𝑎𝑖𝑓, 𝑏𝑖𝑓, and 𝑐𝑘𝑓 (Bro 

1997): 

𝑥𝑖𝑗𝑘 = ∑ 𝑎𝑖𝑓𝑏𝑗𝑓𝑐𝑘𝑓 + 𝑒𝑖𝑗𝑘
𝐹
𝑓=1                                  Eq. 4.4)                                                                                                                   

Score values in 𝑎𝑖𝑓 represent the relative fluorescence intensity of fluorophore 𝑓 in sample 

𝑖, the elements 𝑏𝑖𝑓 and 𝑐𝑘𝑓 represent the modelled emission (𝑗) and excitation (𝑘) loadings 

(i.e., wavelength coordinates) of 𝑓, while 𝐹 is the total number of modelled fluorophores. 

Utilizing the residual element 𝑒𝑖𝑗𝑘, the PARAFAC model applies an alternating least-

squares optimization technique to find the function that best approximates the dataset (Bro, 

1997). 

The appropriate number of modelled components (model rank) was selected based on four 

validation tools, including: 1) visual peak inspection, 2) EEM residual plots, 3) split-half 

analysis, and 4) core consistency (CC). These validation tools and their corresponding 

procedures are described in further detail in Chapter 3, section 2.4. The sample score values 

assigned to individual fluorescent components (aif) were reported according to maximum 

fluorescence (FMAX, QSU m-3). To account for the potential influence of bulk DOM 

fluorescence over individual fluorophore emission intensity (due to variations in DOM 

concentration between samples), modelled component FMAX values were divided by sample 

WSOC concentration (µg C m-3) to normalize component fluorescence.  
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4.2.5 Environmental reference materials 

A variety of environmental reference materials representative of dominant TSP emission 

sources from the OS were collected for EEM analysis, including a) dust from an unpaved 

road near observation site AMS01 (composite grab-sample), b) dust from a heavily 

trafficked unpaved road near observation site DP2050 (composite grab-sample), c) raw 

bitumen ore from the Athabasca Deposit and, d) dry mature fine tailings from the AOSR 

(MFT; composite industrial sample; Innotech Alberta). Dry road dust and MFT were sieved 

to < 2 mm to remove coarse material (Lanzerstorfer and Logiewa, 2019), while raw 

bitumen was too viscous to sieve. Each reference material was extracted in Milli-Q water 

and diluted to achieve a WSOC concentration of ~ 1.0 mg C L-1 and an absorbance < 0.05 

at 270 nm (to match the filter extracts). Sample extracts were adjusted to a pH ~ 6.5 using 

0.1 M NaOH or HCl (to match the pH of BrC extracts) and then stored at ~ 4 °C prior to 

optical analysis.  

4.2.6 Data analysis 

Variability in sampler observations was assessed by calculating the relative percent 

difference (RPD, %) from duplicate filter-pack exposures. Data displayed a non-normal 

distribution as determined via Shapiro-Wilk test (α < 0.05); thus, non-parametric statistical 

tests were employed for subsequent analysis. Median values were used as a measure of 

central tendency, while data variability was evaluated using normalized median absolute 

deviation. Bivariate associations between measured TSP analytes and continuous pollutants 

were evaluated via Spearman’s Rank Order correlation test, and the Kruskal-Wallis test 

was used to determine significant differences between sampling locations. 
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Partial least squares regression (PLS-R) analysis was applied to assist with fluorescent 

component characterization (Kothawala et al. 2014). Partial least squares analysis is a 

multivariable regression technique that is effective at decomposing large numbers of 

colinear predictor variables (X) into a smaller set of uncorrelated orthogonal components 

(Eriksson et al., 2013). The PLS-R model attempts to explain the maximum variability 

between X and response variables (Y) through a least-squares regression method. Modelled 

fluorescent component values (QSU m-3) were assigned as Y variables while additional 

elements, WSOC, DIC, and TDN were designated as X. The appropriate number of 

components was determined via internal cross-validation, where a random subset of 

samples (~ 10% of dataset) was removed from the training dataset to evaluate the model. 

The resulting comparisons were evaluated based on model rank cumulative goodness of fit 

(explained variation; R2Y) and cumulative goodness of prediction (Q2). The relative 

influence of X variables over each component was interpreted via variable influence on 

projection scores (VIP), where values ≥ 1 signified a highly influential predictor variable 

(Eriksson et al., 2013). The spatial proximity of variable loadings served as a visual 

indicator of X and Y variable associations, while variable distance from the origin indicated 

the level of correlation with each component. 

4.2.7 Trajectory analysis 

The atmospheric transport model, HYSPLIT (Stein et al., 2015), was applied to evaluate 

source-receptor relationships within the study region. Meteorological data available 

through the Global Data Assimilation System was employed to generate bihourly backward 

wind trajectories (arrival height 10 m above ground level) spanning the duration (~48 h) of 

active sampler exposures at individual sites (i.e., 24 back-trajectories per exposure). The 
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resulting trajectory data were overlain onto OS facilities (polygons representing tailings, 

open mine pit, plant site boundaries) to explore the influence of industrial sources over 

observed TSP fluorescence. Using these spatial data, the relative frequency (%) of back-

trajectories intersecting OS-facility boundaries (TOS) during each exposure was calculated 

to further explore source-receptor relationships. The frequency method counts the number 

of times air trajectories intersect individual grid points (0.5 × 0.5 degrees) in the model 

domain, and then normalizes that sum value by the total number of modelled trajectories 

(%). It should be noted that the trajectory estimates do not account for the influence of 

vertical mixing and lateral diffusion over pollutant transport.  

Through the Canadian National Fire Database, spatial data representing the boundaries of 

Canadian wildfires active during the study period (July 19–August 10) were used to 

evaluate the potential influence of pyrogenic sources over observed fluorescence. Using 

the same GDAS meteorological datasets, additional HYSPLIT backward trajectory 

frequency plots were modelled to evaluate atmospheric transport patterns during multi-day 

wildfire smoke episodes.  

4.3 Results 

4.3.1 Meteorology and continuous pollutant summary 

Limited variation in relative humidity occurred between monitoring stations during the 

study period, where median values ranged from 69.8% to 71.8% (Table 4.1). The AMS01, 

AMS06 and AMS07 stations experienced prominent winds blowing from a range of 

directions (excluding NE – E) during the study period, while S – W winds were dominant 

in AMS18. Wind speeds were higher at AMS06, while colder temperatures were recorded 
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at AMS18. Moreover, the background station received a larger volume of precipitation 

compared with AMS01. Further, AMS01 experienced significantly higher CO, NO2, SO2, 

and TRS (Kruskal-Wallis; α < 0.05) owing to its proximity to OS operations, while the 

lowest concentrations (with exception of CO) were recorded at the more distant downwind 

site AMS18 (Table 4.1). Ambient PM2.5 was notably elevated at AMS18 with 

concentrations similar to AMS06 and AMS07.  

Evaluation of WBEA station PM2.5 timeseries data identified two periods of elevated 

concentrations. The first and most intense (hourly maximum PM2.5 > 140 µg m-3) event 

occurred between July 19–22 while the second event ranged from July 31–August 6 (hourly 

maximum PM2.5 ~ 50 µg m-3) (Figure C2). These high PM2.5 events occurred during 

relatively similar periods between monitoring stations (including AMS18), suggesting a 

shared regional source. Trajectory frequency analysis indicated that extensive wildfires in 

northern Saskatchewan were the primary source of smoke (PM2.5) in the study region 

(Figure C3). 

The TOS analysis demonstrated that the relative influence of OS emissions was expected to 

be strongest at the DP2050 (79.2%) and AMS01 (43.8%) sites, followed in descending 

order by AMS06, AMS07, and AMS18. Differences in our analysis at each of these sites 

thus can be used to infer source-related differences in composition (Table 4.1). Comparison 

of HYSPLIT trajectories against corresponding continuous station data displayed a general 

agreement between modelled and observed wind direction between exposure periods 

(Figure C4). Bivariate analysis demonstrated strong positive correlations (RS = 0.83 – 0.92) 

between TOS and continuous pollutant species reported through WBEA (exposure average 
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NO, NO2, SO2, TRS, THC; Table C3), emblematic of emission transport from OS facilities. 

Frequency estimates displayed weaker agreement with average PM2.5 and CO (RS < 0.50), 

likely because of the influence of non-OS sources, namely wildfire smoke.   

Table 4.1 Summary of geographical (elevation), meteorological (wind speed, temperature, 

relative humidity, precipitation), air quality (PM2.5, CO, NO, NO2, SO2, TRS, THC), and 

transport frequency (TOS) variables at the co-located WBEA monitoring stations (ordered 

according to latitude [N to S]) during the study period (July 19–August 10, 2021). Both 

median and normalized median absolute deviation (%; in-parenthesis) values for each 

variable and station are displayed. 

 AMS01 AMS06 AMS07 AMS18 

Latitude   57.189428 56.751378 56.73344 55.621408 

Longitude -111.640583 -111.476694 -111.39047 -111.172686 

Elevation (m) 270 362 497 673 

Relative humidity (%) 70.7 (21.7) 69.8 (20.3) 71.8 (17.1) 71.3 (24.6) 

Wind speed (km hr-1) 6.2 (46.1) 8.4 (43.1) 6.7 (44.0) N/A 

Temperature (°C) 17.5 (18.5) 17.5 (17.9) 18.3 (16.1) 16.6 (21.9) 

Precipitation (mm) 45.3 N/A N/A 48.0 

PM2.5 (µg m-3) 10.27 (63.8) 8.85 (61.2) 9.08 (58.6) 9.08 (55.3) 

CO (ppm) 0.40 (20.0) N/A 0.22 (22.7) 0.28 (42.9) 

NO (ppb) 0.67 (25.4) 0.42 (50.0) 0.63 (68.0) 0.34 (14.7) 

NO2 (ppb) 3.28 (75.1) 1.48 (77.7) 2.23 (55.3) 0.57 (38.6) 

SO2 (ppb) 0.67 (11.9) 0.27 (37.0) 0.17 (29.4) 0.09 (77.8) 

TRS (ppb) 0.54 (22.2) 0.31 (19.4) 0.13 (61.5) 0.09 (44.4) 

THC (ppm) 2.11 (6.64) 1.99 (2.5) 2.09 (4.3) 1.91 (1.5) 

TOS (%) 43.8 22.9 12.5 0.0 

 



105 

 

4.3.2 Active sampler TSP summary 

Throughout the study, the DP2050 sampler measured elevated concentrations of DIC, NO3
-

, SO4
2-, Na, P, S, V, Fe, and Sr compared with the other study sites, while most variables 

(with exception of WSOC and TDN) were depressed at AMS18 (Table 4.2). Measured 

WSOC and Abs365 were significantly higher at the nearfield site DP2050 compared to the 

remaining stations (Kruskal-Wallis; α < 0.05), while MAE365 values were similar across all 

sampling locations (Kruskal-Wallis; α > 0.05). Dissolved V, Sr, S, and Na were strongly 

(positively) correlated (RS > 0.77) with TOS estimates, while WSOC and Abs365 displayed 

weak positive agreement (RS ≥ 0.45) (Table C4) with TOS. Both WSOC and absorbance 

values were occasionally elevated during individual exposures (i.e., AMS18, August 5–7, 

WSOC = 7.2 µg C m-3, Abs365 = 7.7 m-1) receiving limited industrial but high wildfire 

atmospheric transport (Figure C5), while MAE365 displayed limited patterns in relation to 

wildfire smoke events. Moreover, WSOC and Abs365 were moderately correlated 

(Spearman α < 0.05, RS = 0.30).  
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Table 4.2 Summary of active sample variables (with corresponding MDL; ng m-3) 

measured during the study period (July 19–Aug 10) at each monitoring location. Median 

(and normalized median absolute deviation in-parenthesis) for each variable and site are 

shown. Sampling locations are ordered according to latitude (N to S).   

Analyte 

(ng m-3) 

AMS01  

(n = 9) 

DP2050  

(n = 11) 

AMS06  

(n = 8) 

AMS07  

(n = 3) 

AMS18  

(n = 7) 

MDL 

   (ng m-3) 

WSOC 3907.4 (33.0) 6156.1 (21.6) 3329.2 (14.5) 7667.0 (63.7) 4091.6 (28.8) 6.3 

DIC 469.7 (15.8) 1047.4 (17.3) 476.8 (25.7) 979.8 (58.7) 461.8 (41.5) 20.6 

TDN 475.9 (75.8) 883.4 (42.7) 372.1 (50.2) 1569.9 (63.3) 732.9 (17.8) 1.9 

NO3
- 325.7 (55.1) 845.6 (67.3) 530.3 (67.0) 734.9 (94.5) 109.0 (44.6) 18.8 

SO4
2- 900.7 (58.0) 2931.8 (54.6) 1113.5 (73.5) 1275.2 (87.8) 301.2 (12.0) 3.3 

Cl- 9.8 (78.7) 74.9 (47.7) 81.7 (67.5) 79.3 (58.2) 20.2 (42.4) 2.4 

Na 64.3 (46.1) 194.4 (44.5) 58.7 (85.4) 55.9 (21.4) 15.7 (44.6) 1.9 

Mg 52.2 (53.5) 119.7 (25.7) 34.1 (22.3) 122.9 (77.3) 19.7 (48.0) 1.6 

P 7.8 (41.7) 15.1 (12.6) 9.6 (14.5) 10.7 (79.4) 5.0 (30.1) 0.4 

S 303.6 (32.1) 710.3 (51.2) 203.9 (31.0) 244.8 (30.9) 200.8 (12.8) 0.8 

K 89.7 (19.8) 91.4 (42.4) 121.5 (39.6) 100.8 (51.2) 44.9 (25.7) 1.1 

Ca 772.2 (76.8) 1938.4 (22.1) 592.9 (5.9) 1558.3 (87.9) 315.9 (45.1) 3.3 

V 0.11 (57.9) 0.20 (30.6) < 0.1 (78.7) < 0.1 (78.7) < 0.1 (69.1) < 0.1 

Cr 0.8 (58.8) 1.9 (9.2) 0.5 (62.8) 1.8 (93.5) 0.4 (9.4) 0.1 

Mn 3.3 (48.9) 8.5 (30.9) 4.5 (42.5) 8.4 (70.8) 1.1 (34.8) 0.1 

Fe 3.7 (44.6) 8.8 (28.6) 1.9 (50.9) 2.5 (36.2) 1.8 (34.9) 0.2 

Zn 3.4 (30.8) 5.0 (80.4) 8.9 (27.8) 3.8 (34.3) 2.8 (14.5) 0.4 

Sr 1.7 (60.4) 4.8 (22.2) 1.6 (77.5) 0.8 (32.1) 0.2 (191.0) 0.2 

Abs365
a 4.1 (44.5) 7.5 (29.8) 3.1 (28.0) 4.5 (47.0) 3.2 (45.1) 0.2 

MAE365
b 1.1 (40.0) 1.0 (45.6) 0.9 (25.7) 0.9 (23.8) 1.0 (29.6) - 

a Reported as m-1 
b Reported as m-2 g C-1 

4.3.3 Fluorescence 

The EEMs produced from the TSP samples frequently displayed peak fluorescence (> 30 

QSU) within the λEx and λEm wavelength ranges of 210–350 nm and 390–430 nm, 
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respectively. Moreover, secondary peaks (> 20 QSU) were observed within the excitation 

range of 200–250 nm, and emission range of 250–400 nm. Fluorescent scans of raw 

bitumen and dry MFT materials produced strong peaks (> 30 QSU) in the similar region of 

λEx of 200-250 nm and λEm of 250-400 nm, and limited fluorescence within the higher range 

(λEx of 210-350 nm and λEm of 390-430 nm) (Figure C6). Similar scans of unpaved road 

dust materials displayed fluorescence in the λEx of 200-250 nm and λEm of 250-400 nm 

regions; however, emission intensity was weak (≤ 8 QSU). 

Comparative analysis of multiple PARAFAC models indicated that a model rank of three 

was most appropriate, that is, the data suggest three distinct classes of organic compounds 

were present. The three-component model displayed a high degree of fit (0.95), CC (96.2) 

and split-half validation (0.87) scores. The modelled components displayed clearly defined 

fluorescent peaks / regions, while no distinct and/or recuring residual peaks were observed 

within the model output (Figure 4.2). 

The first fluorescent component (B1) presented two emission peaks generally classified as 

atmospheric HULIS in BrC literature (Dey and Sarkar, 2024; Laskin et al., 2015). Several 

water-quality studies have associated similar peaks with fluorophores of petrogenic and 

anthropogenic origin (Brünjes et al., 2022; Zito et al, 2019). Component two (B2) was 

reflective of PRLIS aerosols (Dey and Sarkar, 2024; Dong et al., 2014; Laskin et al., 2015), 

while component three (B3) was identified as PRLIS BrC with spectra similar to 

anthropogenic (Cao et al., 2023; Yan et al., 2020), and petrogenic (Whisenhant et al., 2022) 

fluorescent DOM.  
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Figure 4.2 Visualization of the three PARAFAC components (B1–B3) generated from the 

combined TSP EEM sample set. Emission intensity values are normalized according to 

maximum component fluorescence. 

Median normalized FMAX (and normalized median absolute deviation, %) values for B1–

B3 were 6.0 (100.0%), 34.6 (39.5%), and 10.4 (66.9%) QSU m-3, respectively, 

demonstrating that the B2 amino acid-like component was the dominant fluorophore. The 

study average RPD calculated from duplicate exposures was 10.7, 8.5, and 9.6% for B1–

B3, respectively. Both FMAX and WSOC-normalized fluorescence (CWSOC) values of B1 

and B3 were highest at the near-field industrial sampling locations (DP2050, AMS01), 

followed by the mid-field urban sites (AMS06, AMS07), while the lowest values were 

reported at the background location (AMS18) (Figure 4.3), indicating a greater likelihood 
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of B1, B3 having OS-related sources. Moreover, measured fluorescence at DP2050 and 

AMS01 was significantly higher (Kruskal-Wallis; α < 0.05) than AMS18, further indicating 

that OS operations were a dominant source of B1 and B3. The second fluorescent 

component (B2) displayed a distinct decay in fluorescence intensity as a function of 

distance from OS operations. Although B2 PRLIS fluorescence was significantly elevated 

in DP2050 compared to all down-field sites (excluding AMS07 due to small sample size), 

comparison of the remaining sampling locations (including AMS18) revealed insignificant 

differences in measured fluorophore intensity. High relative fluorescence at the background 

station suggested that a broader, regional (non-OS) source contributed to B2 in the study 

region.  

 

Figure 4.3 Distributions of component (B1–B3) fluorescence (QSU m-3) measured at each 

sampling location during the study period (July 19–August 10).   

Both B1 and B3 displayed strong positive correlations (RS = 0.77 and 0.88, respectively) 

with TOS (Figure 4.4; Table C3), suggesting fluorescence was elevated when samplers 
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received atmospheric transport from OS operations. As specific examples, two Mildred 

Lake exposures (August 6–8, 8–10) with distinctly high B1 and B3 (> 100 and > 38 QSU 

m-3, respectively) received strong SW winds (≥ 10 km h) that passed over adjacent (~1 km 

from site) tailings ponds, open pit mines, and active upgrading facilities (Figure 4.5). High 

FMAX exposures at AMS06 between August 4–6 coincided with N-E winds passing over 

upwind facilities (Figure C7). Conversely, when samplers received atmospheric transport 

from undeveloped / forested regions, B1 and B3 were markedly lower (Figure 4.5). 

Although generally elevated when downwind of OS facilities, B2 was occasionally 

heightened when sites received non-industry trajectories (Figure C5). This inconsistency is 

reflected by the comparatively weaker correlation between TOS and B2 fluorescence (RS
 < 

0.62). The WSOC-normalized fluorescence (B1WSOC–B3WSOC) displayed spatial trends 

relatively similar to B1–B3 (Figure C8).  

Fluorescent components B1 and B3 varied independently of wildfire transport; for 

example, low B1 and B3 (< 0.5 and 5.2 QSU m-3, respectively) were recorded during the 

high-smoke event at DP2050 (July19–20; Figure C5), while some of the highest FMAX 

values were recorded during relatively smoke-free exposures at the same site (August 8–

10; B1 = 137.6 QSU m-3, B3 = 20.1 QSU m-3). Alternatively, high B2 concentrations 

frequently occurred during wildfire events, where back-trajectories displayed winds 

originating from fire-affected regions in BC or Saskatchewan (Figure C5).  
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Figure 4.4 Bivariate comparison of active sampler measured B3 fluorescence (QSU m-3) 

and corresponding OS trajectory frequency (TOS; %) estimates throughout the study 

period. The line of best fit and corresponding regression equations with Pearson correlation 

coefficient (RS) is displayed. 

 



112 

 

 

Figure 4.5 Spatial distributions of 48 h atmospheric back-trajectories (black lines) 

converging at sampling locations during selected exposure periods, including: a) DP2050; 

August 6–8, b) DP2050; July 29–31, c) AMS01; August 4–6 and, d) AMS01; July 21–23. 

Normalized FMAX values of B1–B3 (QSU m-3) measured during each exposure are shown 
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beneath the corresponding trajectory plots. The spatial boundaries of various OS facilities, 

including wet tailings (yellow), dry tailings (orange), open mine pits (red), and plant sites 

(purple) are shown (ESRI 1995-2024). 

4.3.4 Comparison of fluorophores against supplementary TSP variables 

Comparison against continuous station data found that B1 and B3 were positively 

correlated (Spearman; α < 0.05) with most pollutant species (Table C3) while B2 displayed 

comparatively weaker correlations with continuous data. Evaluation of the complete TSP 

dataset found that B1 was strongly (positively) correlated (Rs > 0.70) with NO3
-, SO4

2-, Na, 

Mg, S, V, and Sr; B3 displayed similar trends, with additional correlations with Ca, P, and 

Mn. Moreover, B2 was moderately correlated with WSOC, DIC, Na, Mg, P, S, Ca, V, Cr, 

Mn, and Sr (Table C4). 

Cross-validation confirmed a two-component PLS-R model that produced a relatively 

strong R2Y (cumulative R2Y = 0.73) and the highest cumulative Q2Y value (0.57). The first 

modelled component (PLS1, R2Y = 0.49) was primarily defined (VIP > 1) by NO3
-, SO4

2-, 

Na, Mg, P, S, Ca, V, Mn, Sr, and TOS, while the second component (PLS2, R2Y = 0.24) 

was characterized by WSOC, DIC, SO4
2-, Na, P, V, and TOS. Of these variables, Na and 

TOS were the most important (VIP > 1.4) to PLS1 and PLS2. Considering certain OS 

fugitive emissions (e.g., tailings sand and haul road dust) are often Na enriched (Wang et 

al., 2015), these high VIP scores suggested both dimensions represented industrial sources. 

Moreover, PLS1 was positively correlated with variables previous linked to crustal (Mg, 

Ca, Mn) and bituminous (S, Sr, V) sources, which in the case of the AOSR could be 

reflective of bitumen and overburden excavation (Landis et al., 2012). Concerning PLS2, 



114 

 

the positive correlation with Na, SO4
2-, and TOS, could represent non-crustal industrial 

sources (Wang et al., 2015), while the negative correlation with WSOC and DIC could 

reflect non-OS carbonaceous PM emissions. Biplot visualization revealed that B1 and B3 

fluorescence were positively correlated with both PLS-R components and plotted near Na 

(Figure 4.6); both fluorophores were notably distant from WSOC and Abs365. Fluorescent 

component 2 displayed a strong positive correlation with the first PLS-R component, and 

was plotted in proximity to WSOC, DIC, Ca, Mn, and Abs365. Score-plot visualization of 

individual exposures displayed a general separation between DP2050 and the remaining 

sites along the first PLS-R component axis (Figure C9). The PLS-R models generated using 

the WSOC-normalized component fluorescence (B1WSOC–B3WSOC) as Y variables were 

comparatively weak, as a two-component model displayed low cumulative R2Y (0.48) and 

Q2Y (0.18) scores.  
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Figure 4.6 Correlation biplot displaying both X (black) and Y (red) variables in relation to 

the first two partial least square regression components. Filled and outlined black points 

indicate X variables assigned high (≥ 1) and low (< 1) VIP scores, respectively. 

4.4 Discussion 

4.4.1 WSOC and WS-BrC absorption 

Ambient WSOC in the AOSR (including AMS18) were higher than TSP-based 

(summertime) measurements (WSOC < 1 µg C m-3) from the remote southern Tibetan 

Plateau (Cong et al., 2015; Li et al., 2021) and Greenland Ice Sheet (Hagler et al., 2007), 

but similar to the magnitude of values (1–10 µg C m-3) reported from Sinhagad, India 

(Kirillova et al., 2013), Bangkok, Thailand (Tang et al., 2021), Karachi, Pakistan (Chen et 

al., 2020), and peatland-fire affected samples from west Russia (Popovicheva et al., 2019). 
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Conversely, WSOC in the AOSR was generally lower than the measured concentrations (> 

10 µg C m-3) in New Delhi, India (Kirillova et al., 2014; Miyazaki et al., 2009). 

Compared to previous studies focused on the TSP fraction, Abs365 in the AOSR was 

generally higher than summertime values reported from remote regions including the 

Tibetan Plateau (Abs365 = 0.4 m-1, Zhu et al., 2018), Gobi Desert (1.9 m-1, Wen et al., 2021), 

and the Amazon Basin (< 1.4 m-1, Saturno et al., 2018), similar to observations from 

Bangkok (4.5 m-1, Tang et al., 2021), and smaller relative to polluted urban areas in Eastern 

China (8.4 m-1, Wen et al., 2021). Observed MAE365 in the AOSR was 25 – 400 % higher 

than the values reported across a diversity of studies (Srinivas and Sarin, 2013; Tang et al., 

2021; Wu et al., 2019), demonstrating WS-BrC possessed relatively high light absorption 

capacity.  

The moderate positive correlation between WSOC and Abs365 indicated that WS-BrC was 

an appreciable constituent of soluble organic carbon in the study region, and both TSP 

fractions likely shared select environmental sources. Higher WSOC and Abs365 values at 

DP2050 relative to the other study sites indicated industrial operations may contribute to 

regional WS-BrC; the significant positive correlation between Abs365 and TOS further 

supported this assertion. However, the similarity in WSOC and Abs365 between the 

remaining stations (excluding DP2050) implied that the extent of OS influence was 

spatially limited, and regional sources were the primary determinant of BrC at further-field 

locations. Elevated WSOC and absorbance during smoke events (e.g., AMS18, August 5–

7) suggested biomass combustion was a source of BrC. Regional wildfire smoke could 

explain why TSP-phase WSOC and Abs365 at the background site (AMS18) was higher 
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than other remote areas such as the Tibetan Plateau and Greenland ice sheet (Hagler et al., 

2007; Zhu et al., 2018), but comparable to WSOC concentrations during boreal fire events 

in west Russia (Popovicheva et al., 2019). Insignificant differences in MAE365 between 

AOSR sites, and inconsistent MAE365 values during extreme fire smoke events 

demonstrated that aerosol light absorption capacity was not dependent upon OS or wildfire 

sources. Oil sands operations are large sources of  

4.4.2 B1 and B3 fluorescent components 

Elevated B1 and B3 fluorescence among near-field (< 5 km) industrial sites (DP2050, 

AMS01), and significant positive correlations with TOS and continuous pollutant data 

indicated that OS emissions contributed to measured fluorescence. Depressed FMAX values 

during exposures where air masses originated from non-OS (AMS01; August 21–23) 

and/or background regions (i.e., AMS18) further indicated that industrial operations were 

the primary source of B1 and B3 in the AOSR.  Moreover, low emission intensity (with 

exception of B2) during smoke events (DP2050, July 19-20; AMS18, August 5-7; Figure 

C5) demonstrated that biomass combustion was not the primary source of B1 and B3 

fluorescence.  

Source-apportionment studies have identified bitumen excavation and hauling as a key 

source of PM to the AOSR; emissions that are often associated with Na, S, and V (Landis 

et al., 2012; 2017). Therefore, the importance of Na and SO4
2- as predictors of B1 and B3 

variation could further link bitumen emissions to observed fluorescence. The spectral 

similarity between the raw bitumen EEM and PRLIS B3 confirmed that OS material likely 

contributed to at least one of the observed fluorescent peaks. Resuspended oil sands 
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materials have been shown to significantly contribute to atmospheric loadings of total PAC 

species (Landis et al., 2019c), where somewhat water-soluble and low molecular weight 

(LMW) PACs (i.e., naphthalene, fluorene, dibenzothiophene) could fluoresce in the low 

excitation and emission wavelength range like B1 (Alostaz et al., 2006). Photodegradation 

of exposed bituminous material can produce oxygenated PACs (Yang et al., 2016), which 

due to their enhanced water solubility could additionally contribute to WS-BrC 

fluorescence.  

Fugitive dust emissions from tailings ponds are an additional source of PM in the study 

region (Landis et al., 2012; 2019; Zhang et al., 2016). Owing to the application of NaOH 

to accelerate the crude extraction process (Bakhtiari et al., 2015), OS tailings contain high 

concentrations of Na (MacKinnon and Sethi, 1993; Wang et al., 2015). The strong 

association of Na with B1 and B3 (via PLS-R) provided evidence to suggest tailings dust 

contributed to observed fluorescence. Oil sands tailings dust has been identified as a source 

of 1–3 ring PACs and naphthenic acids (Landis et al., 2012; Yassine and Dabek-

Zlotorzynska, 2017; Zhang et al., 2016), which can fluoresce in λEx and λEm regions like B1 

and B3 (Alostaz et al., 2006; Kaur et al., 2014). The spectral similarity between B3 and 

MFT reference material, and elevated B1 and B3 emission intensity during exposures 

downwind of tailings-sites further implied fugitive facility emissions contributed to BrC 

fluorescence. 

Emission source profiles previously identified in the AOSR have been shown to contain 

loadings indicative of both crustal (Mg, Ca, Mn) and petrogenic origin (S, V, Ni) (Landis 

et al., 2012), largely because of the proximity and co-emission of different dust sources 
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associated with OS activities. The first PLS-R component, which displayed strong 

correlations with Mg, Ca, Mn, B1, and B3, may be broadly representative of crustal 

emissions (e.g., haul road dust, excavated surface-soils and overburden) from OS 

operations. However, separation of Mg, Ca, and Mn from B1 and B3 along the second PLS-

R component (non-crustal) axis plot implied the fluorophores were co-emitted along-side 

these crustal sources.  

Analysis of the current TSP dataset was unsuccessful in distinguishing between B1 and B3, 

likely indicating the co-emission of these fluorophores from industrial sources. However, 

unlike B3, the B1 HULIS fluorophore did not match the EEM spectra produced from the 

raw bitumen or MFT extracts, which suggested the two fluorophores originated from 

different emission sources associated with OS operations. Industrial facilities in the AOSR 

often contain stockpiles and beaches comprised of petroleum coke (petcoke), a carbon-rich 

derivative of the oil refining process that has been previously identified as a major source 

of particulate PAC emissions to the surrounding region (Zhang et al., 2016). Fugitive 

petcoke dust co-emitted from OS facilities could contribute to observed B1 fluorescence. 

Future BrC field studies should consider increased sampling locations near a diverse range 

of OS facilities, shortened exposure periods (to limit source mixing), and expanded analysis 

of complimentary OS indicator variables (e.g., molybdenum, nickel, PACs, [Landis et al., 

2019c) to better characterize B1 and B3 source profiles in the AOSR. 

4.4.3 B2 fluorescent component 

Significant positive correlations between B2, WSOC and Abs365 suggested that the 

fluorophore was a key constituent of bulk WS-BrC in the AOSR, consistent with the 
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observed dominance of B2 over total sample fluorescence. Significantly elevated B2 at the 

near-field (< 1 km) Mildred Lake site, yet comparable fluorescence at AMS18 relative to 

the remaining stations suggested both industrial and broad regional sources contributed to 

BrC across the study area, consistent with what was observed for WSOC and Abs365.  

Occasionally elevated fluorescence during regional smoke events (e.g., July 19-20, 

DP2050) could indicate wildfire smoke contributed to B2 fluorescence; this is unsurprising 

given that biomass combustion is one of the leading sources of BrC globally (Chen and 

Bond, 2010). Particulate matter originating from biomass combustion can contain 

substantial quantities of water-soluble organic carbon (Park et al., 2013; Saarnio et al., 

2010), which could explain the observed association between WSOC and B2. Future 

evaluations of BrC in the AOSR should additionally measure pyrogenic tracer species such 

as retene and levoglucosan, as these organic compounds can be used for wildfire source 

apportionment (Wentworth et al., 2018).   

The similarity in fluorescent spectra when comparing B2 and road dust EEMs indicated the 

potential influence of crustal fugitive dust emissions over fluorescent PM. Haul roads 

throughout the AOSR are generally constructed using locally excavated limestone and 

bitumen, and regional road dust emission profiles often contain high loadings of DIC, Mg, 

Ca, and Mn (Wang et al., 2015). The observed associations (PLS-R) between these 

variables and B2 among the TSP samples further supported the potential influence of road 

dust emissions over measured fluorescence. Road dust materials can contain a diversity of 

chromophoric organic matter, including amino acids (Chalbot and Kavouras, 2019) and 

LMW PACs (in the case of hauling and industrial roads in the OS) (Landis et al., 2019c) 
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that can fluoresce in the low λEx and λEm wavelength range like B2 (Christensen et al., 2005; 

Kim and Koh, 2020). Following initial suspension, larger diameter road dust particles are 

rapidly removed from the atmosphere through physical interactions with the surface 

environment (vegetation, man-made structures, etc.). For example, Veranth et al. (2003) 

found that irregular surface conditions adjacent to an unpaved road in Utah (United States) 

contributed to an 85% reduction of coarse particulate matter within 100 m of the emission 

source. In the case of the AOSR, industrial haul roads close to (< 1 km) site DP2050 

contributed to elevated B2 fluorescence, while rapid removal further downwind possibly 

explained why B2 was relatively similar between the remaining downfield sites. In the 

absence of appreciable OS road dust influence, regional wildfire smoke likely became the 

dominant source of B2 fluorescence.   

4.5 Conclusions  

Optical analysis of atmospheric TSP samples collected throughout the AOSR found that 

OS activities were a measurable source of WS-BrC to the surrounding airshed during the 

summer season. Significantly higher Abs365 measured at the industry adjacent site 

(DP2050) demonstrated that OS operations likely enhanced aerosol light absorbance, 

which in turn could impact local solar radiation budgets and atmospheric photochemistry. 

However, statistically similar Abs365 and MAE365 values across the remaining stations 

indicated that the influence of OS emissions over WS-BrC absorbance was spatially limited 

and unlikely to substantially influence the regional climate during the summer. Combined 

EEM and PARAFAC evaluation of the TSP samples identified three distinct fluorophores 

(B1–B3), all of which exhibited a potential link to industrial activity. However, uniformly 

elevated B2 emission intensity during wildfire smoke episodes indicated biomass 
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combustion was also a considerable source of PRLIS aerosols to the region, while B1 and 

B3 were predominantly linked to OS sources. 

As far as the authors are aware, this is the first study to evaluate WS-BrC in the AOSR 

airshed. Considering the low operational costs compared to conventional methods of mass 

spectrometry, UV-Vis and EEM-PARAFAC offer accessible techniques to monitor WS-

BrC and initially screen for OS-sourced aerosols throughout the AOSR. Moreover, the 

capacity of EEM-PARAFAC to identify fluorescent species strongly linked to industry 

suggested that similar spectroscopic techniques could be employed to evaluate WS-BrC 

near other oil and gas facilities worldwide. 
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5. Chapter Five: Atmospheric deposition of chromophoric 

dissolved organic matter in the Athabasca Oil Sands Region, 

Canada, is strongly influenced by industrial sources during the 

winter months4 

5.1 Introduction 

Atmospheric deposition of water-soluble organic carbon (WSOC, also generally known as 

dissolved organic carbon [DOC]) serves as a ubiquitous source of labile organic carbon (C) 

to terrestrial and aquatic systems globally (Liptzin et al., 2022). A significant portion of 

atmospheric C inputs consist of chromophoric dissolved organic matter (CDOM): organic 

compounds capable of absorbing light within the ultraviolet and visible wavelength ranges 

(Laskin et al., 2015). Atmospheric CDOM primarily consists of humic-like substances 

(HULIS) and protein-like substances (PRLIS), which represent unresolved groups of 

organic species categorized according to their chemical and optical similarity to humic 

matter and proteins found in terrestrial and aquatic environments (Duarte et al., 2007; 

Graber and Rudich, 2006; Hudson et al., 2007).  Note that these designations (HULIS, 

PRLIS) do not necessarily indicate a recent biological origin, rather, they are classifications 

based on chemical structure. 

Although relatively understudied, dry deposition of chromophoric organic matter to lakes 

systems has been shown to significantly alter surface-water optical properties and light 

penetration (Mladenov et al., 2011; Zhang et al., 2014). Owing to its light absorbing 

 

4
Blanchard, D., Gordon, M., Dang., D. H., Makar, P. A., Kirk, J., Aherne, J. (2025b). Atmospheric Deposition 

of Chromophoric Dissolved Organic Matter in the Athabasca Oil Sands Region, Canada, is Strongly 

Influenced by Industrial Sources During the Winter Months. Environmental Pollution, 371, 125936, 

https://doi.org/10.1016/j.envpol.2025.125936   
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properties, CDOM deposition reduces snowpack albedo, which in turn can enhance snow 

melt rates, regional surface warming (Usha et al., 2022; Zhou et al., 2022), and ultimately 

impact radiative forcing processes (Jacobson, 2004). The environmental sources of 

atmospheric CDOM are diverse, including bioaerosols, soil erosion (Andreae et al., 1997; 

Deng et al., 2022; Rizzo et al., 2013), biomass burning (Ramanathan et al., 2007), fossil 

fuel combustion, and anthropogenic activities (Bond, 2001; Shen et al., 2023; Yan et al., 

2017). The concentration and structure of CDOM in deposition often varies seasonally, 

largely in response to shifting emission sources, rainfall volume, photochemistry, and 

airmass transport (Li et al., 2020).  

It has been well established that bitumen mining and processing operations in the Athabasca 

Oil Sands Region (AOSR) in north-eastern Alberta, Canada, are a substantial source of 

organic emissions to the atmosphere (Jariyasopit et al., 2021; Liggio et al., 2016). Exposed 

bitumen, tailings ponds, petroleum coke stockpiles, and upgrading facilities emit gaseous 

polycyclic aromatic compounds (PAC) (Jariyasopit et al., 2018; Qiu et al., 2018); open pit 

mines, mining fleet emissions, and petroleum coke generate organic-rich particulate matter 

containing high PAC loadings (Chibwe et al., 2021), while fugitive dust from excavated 

earth and haul roads can suspend soil particulates likely containing humic matter 

(Jariyasopit et al., 2021; Landis et al., 2019a). A substantial portion of organic emissions 

from OS sources inevitably renter the surface environment via wet and dry deposition 

(Landis et al., 2019c; Liggio et al., 2024); many of these deposited species possess light-

absorbing and fluorescing properties, generally due to the presence of conjugated aromatic 

structures (Yamaguchi et al., 2008). Blanchard et al. (2024) found that oil sands (OS) 

operations were a measurable source of CDOM-containing aerosols, defined as water-
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soluble brown carbon (WS-BrC). Despite the established contribution of OS activity to 

atmospheric CDOM, there was limited knowledge regarding the spatial and seasonal 

variation of CDOM deposition throughout the AOSR.  

Ultraviolet – visible (UV-Vis) and excitation emission matrix (EEM) fluorescence 

spectroscopy are robust techniques commonly employed to characterize atmospheric 

CDOM (Shen et al., 2023; Zhang et al., 2014). Complex EEM datasets can undergo 

processing via Parallel Factor Analysis (PARAFAC; Bro, 1997); a multivariable model that 

can identify the excitation and emission peaks of spectrally distinct fluorescent molecules 

(fluorophores). Fluorescence EEM spectroscopy and PARAFAC modelling has been 

successfully used to identify WS-BrC originating from a variety of biogenic and 

anthropogenic sources (Harsha et al., 2023; Wu et al., 2019; Zito et al., 2019).  

Here, we evaluate the spatial and temporal variation of CDOM deposition throughout the 

AOSR using absorbance and EEM fluorescence spectroscopy paired with PARAFAC 

modelling. Regional snowpack (2023), and weekly precipitation samples from three 

monitoring stations throughout the 2021 meteorological year (January 2021–December 

2021) were collected for optical and elemental analysis. Regional snowpack was 

representative of wintertime dry and wet (bulk) atmospheric deposition, while weekly 

precipitation samples reflected annual wet-only deposition. The resulting datasets were 

further evaluated to identify the potential emission sources contributing to regional CDOM 

deposition. 
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5.2 Methods  

5.2.1 Study area 

The AOSR is situated within a Boreal Plains ecozone, a northern landscape predominantly 

comprised of peatlands and boreal forests. Within the study area lies the Athabasca oil 

sands deposit, an expansive bitumen reserve that covers a surface area of ~140,200 km2. 

Oil and gas companies, such as Syncrude, Suncor, and Imperial Oil, have established 

industrial facilities over these deposits to extract and upgrade bitumen to crude oil material. 

The major OS facilities are located along the eastern and western banks of the Athabasca 

River, which flows northward through the AOSR. Industrial activity in the AOSR has 

steadily grown over the last decade; crude bitumen production from in-situ and surface-

mining operations combined has increased from 331.4 x 103 cubic meters per day (m3 d) in 

2013 to 517.6 x 103 m3 d and 542.1 x 103 m3 d in 2021 and 2023, respectively (AER, 2024). 

Annual bitumen production only increased by ~ 5% between 2021 and 2023, hence 

interannual variation in industrial emissions were not likely responsible for any observed 

differences between snowpack (2023) and weekly precipitation (2021) datasets.  The 

largest municipalities in the region are Fort McMurray (pop. ~ 70,000) and Fort McKay 

(pop. ~ 700); the former is located ~ 50 km south of major OS operations while Fort McKay 

sits along the western bank of the Athabasca River, situated between several major 

industrial facilities (Figure 5.1).  

The study area experiences a sub-arctic climate with cold, dry winters and warm summers. 

According to 1981–2010 climate normal data from Fort McMurray, monthly average 

temperatures ranged from – 17.4°C (January) to 17.1°C (July), while annual average 
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temperature was 1.0 °C. The region receives 418.6 mm of precipitation annually, the 

majority of which (68.6%) falls between May and September.  

5.2.2 Sample collection, water quality, and elemental analysis  

During March 2023, snowpack samples were collected by Environment and Climate 

Change Canada (ECCC) from 45 sites located at varying distances from the major AOSR 

developments (Figure 5.1). A lichen biomonitoring study by Landis et al. (2019c) identified 

17 emission sources (i.e., upgrader facilities, active mines, petroleum coke stockpiles) that 

can substantially contribute to pollutant deposition throughout the AOSR during the winter 

(Supplementary material Table D1). Approximately 90% of total PAC deposition released 

from major OS activities was measured at monitoring sites within 25 km of the nearest OS 

source; as such, snowpack sites in the current study were classified by distance from the 

nearest OS emission source, these included near-field (< 25 km, n = 28) and far-field (> 25 

km, n = 17) locations.  

Sites were accessed by helicopter, and samples were collected ~ 100 meters (m) upwind 

from the landing site. Using an acid washed stainless steel corer (10 cm internal diameter), 

snowpack cores were collected from the cleaned edge of a snow pit (excavated using acid 

washed stainless-steel shovels and a Teflon scraper) and transferred to a 13 L high densify 

polyethylene (HDPE) pail (Gopalapillai et al. 2019; Kirk et al. 2014). The standard two-

person “clean hands, dirty hands” sample collection method was followed during all field 

operations (US EPA, 1996). The weight and depth of the 10 cores were recorded at each 

site to determine snow water equivalence (SWE, kg m-2), which were subsequently used to 
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calculate deposition loadings. Three snowpack sites were sampled in duplicate, and seven 

field blanks were included in the sampling campaign. 

Snowpack samples were melted and processed at the Canada Center for Inland Waters 

(CCIW) in Burlington (Ontario, Canada) and subsequently transferred to the National 

Laboratory for Environmental Testing (NLET; Burlington, Ontario) for nutrient, major ion, 

and elemental analysis. The NLET is approved by the Canadian Association for Laboratory 

Accreditation and is ISO 17025 certified. Following NLET standard operating practices 

(identified in Table D2), snow samples were analyzed for particulate organic matter (POC), 

particulate organic nitrogen (PON), WSOC, dissolved inorganic carbon (DIC), inorganic 

anions (ion chromatography) and cations (inductively coupled plasma optical emission 

spectrometer). Snow samples were also analyzed for 45 elements (including rare earth 

elements [REE]) using an inductively coupled argon plasma – collision/reaction cell mass 

spectrometer (Agilent 7700x ICP-MS) following the NLET TM2005/T45 and 

TM2005/D45W protocols (Appendix section D1). Many of the elements included in this 

work have been used in previous source apportionment studies in the AOSR (Gopalapillai 

et al., 2019; Landis et al, 2019c); for example, Vanadium (V), Molybdenum (Mo), Nickel 

(Ni) are enriched within raw bitumen and its associated emissions. Analyte concentrations 

measured across 10 filter blanks were low, with most target elements below their respective 

instrument reporting detection limits (RDL; Table D3). Similarly, elemental concentrations 

in the seven field blank samples were either below or near the RDL. Analysis of certified 

reference material (LKSD-3, lake sediment, Canadian Shield, n = 10) found broadly 

acceptable recoveries (average element recoveries ranged between 93–103%) for all target 
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elements (Table D4). Comparison of duplicate snow core samples revealed generally low 

relative percent difference (average = 8.6%) values for the target elements (Table D4).  

A 50 ml aliquot from each snow melt sample was separately transferred to an acid washed 

HDPE bottle, shipped to Trent university, and stored at ~ 4°C prior to optical analysis for 

CDOM. Five HDPE bottles filled with 50 ml of ultrapure Milli-Q water were additionally 

shipped from the AOSR as field blanks.  

 

Figure 5.1 Location of the 45 snowpack sampling sites and 3 National Atmospheric 

Deposition Program (NADP) wet deposition monitoring stations in the Athabasca Oil 

Sands Region. The municipalities of Fort McMurray and Fort McKay are shown. Major oil 
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sands facilities and their corresponding boundaries (black) are identified. Inset map 

displays the location of the study area, the city of Edmonton (Alberta, Canada), and the 

remote NADP station (AB34), situated ~ 80 km south beyond the map boundaries. 

In addition to the above samples, measurement data were collected from regional National 

Atmospheric Deposition Program (NADP) sites. The NADP operates a network of 

deposition monitoring stations distributed throughout North America, including three 

stations (Fort McKay, Wapasu, and Stony Mountain) located within or adjacent to the 

AOSR. The first of these stations (AB32), located near the community of Fort McKay, was 

situated < 10 km southwest and < 15 km north of the Shell Albian Sands and Syncrude 

Mildred Lake facilities, respectively (Figure 5.1). Wapasu station (AB36) was located < 20 

km west of the major OS facilities along the Athabasca River, and approximately 10 km 

south of the Kearl Oil Sands facility (Imperial Oil). Stony Mountain station (AB34) was in 

a relatively remote region ~ 150 km south of the OS mining facilities.  

From January 2021 to December 2021, weekly precipitation samples were collected from 

the three deposition monitoring stations and submitted to the NADP’s central analytical 

laboratory for determination of acidity (pH), conductivity, calcium (Ca2+), magnesium 

(Mg2+), sodium (Na+), potassium (K+), ammonium (NH4+), sulphate (SO4
2-), nitrate (NO3

-

), and chloride (Cl-). From each sample, 50 ml of water was also transferred to an acid-

washed HDPE bottle and shipped to Trent University, for spectroscopy analysis. 

Throughout the study period, ten empty sample bottles or travel blanks were shipped to 

Trent University, filled with 50 ml of Milli-Q, and analyzed along with the precipitation 

samples. A filtered 20 ml aliquot from each precipitation and blank sample was used for 
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determination of WSOC, dissolved inorganic carbon (DIC), and total dissolved nitrogen 

(TDN) via a Shimadzu TOC-V analyzer. 

The Wood Buffalo Environmental Association (WBEA; https://wbea.org) operate an 

extensive network of continuous air-quality monitoring stations throughout the AOSR. 

Three of these stations: Bertha-Ganter, Stony Mountain, and Wapasu are collocated with 

the NADP stations AB32, AB34, and AB36, respectively. Average air pollutant 

concentrations recorded at these three locations (corresponding to each weekly sampling 

period), including sulphur dioxide (SO2), total reduced sulphur (TRS), nitrogen oxide (NO), 

nitrogen dioxide (NO2), total hydrocarbons (THC), and fine particulate matter (PM2.5) were 

compiled with the weekly precipitation dataset to assist with CDOM source 

characterization.  

5.2.3 UV-Vis spectroscopy 

Absorbance was measured along a range of wavelengths (λ) between 200 to 800 nm (1 nm 

intervals) using a Cary 100 UV-Vis spectrophotometer from Agilent Technologies. The 

snowpack and precipitation samples transferred to Trent University as noted above were 

warmed to room temperature (~ 21°C) and placed in a 1 cm (3.5 ml) Hellma® Suprasil® 

quartz cuvette (Hellma 101-QS) for analysis. A blank sample of Milli-Q water was first 

used to establish an instrument baseline. To clean, cuvettes were soaked in a 2 M HCl bath 

for ten minutes followed by subsequent rinses in Milli-Q water, 95% ethyl alcohol, and a 

final rinse in Milli-Q. Measured absorbance was converted to Naperian absorption 

coefficient units (aλ, m
-1) by the following (Green and Blough, 1994):  

𝑎𝜆 = 2.303
𝐴(𝜆)

𝑙
                                                    Eq. 5.1) 
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where 𝐴 was the absorbance (unitless) at wavelength λ, 2.303 was the conversion factor 

from log10 to loge, and 𝑙 was the optical path length (m). The Naperian absorption 

coefficient at 254 nm (a254) is frequently used as a proxy for absorbent CDOM within 

aqueous snowpack and precipitation samples (Vione et al., 2021; Wagner et al., 2019). The 

mass absorption cross section of snowpack at 365 nm (MAC365; m
2 g C-1) was calculated 

by following Bosch et al. (2014) and Yan et al. (2016):  

𝑀𝐴𝐶365 =  2.303
𝐴365

(𝐶)×𝑙 
                                    Eq. 5.2) 

Where A365 was the measured absorbance at 365 nm (unitless) and 𝐶 was the concentration 

of WSOC (mg C L-1). The MAC365 metric is frequently used to assess the radiative forcing 

potential of CDOM within snowpack (Zhang et al., 2020; Yan et al., 2016).   

5.2.4 Fluorescence spectroscopy and PARAFAC  

Fluorescence analyses was conducted using a Cary Eclipse spectrophotometer set to the 

three-dimensional EEM scan and signal to reference (S/R) acquisition modes. Liquid 

snowpack and precipitation samples were filtered (nylon; 0.45 µm, adjusted to a pH ~ 6.5 

(using 0.01 M sodium hydroxide or hydrochloric acid)), and then placed in a 1 cm, 3.5 ml 

Hellma® Suprasil® quartz cuvette (Hellma 101-QS) for analysis. Excitation (λex) and 

emission (λem) scans (5 nm intervals) ranged from 200–450 nm and 250–600 nm, 

respectively. A Milli-Q water blank was first measured to zero the fluorometer, then 

subsequent blanks were scanned every fifth sample. A set of quinine sulphate standards 

were prepared each day to create a calibration curve (1–100 ppb quinine sulphate in 0.5 M 

sulphuric acid) to convert fluorescence intensity measurements into quinine sulphate units 
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(QSU) (Sui et al., 2017). To minimize the potential influence of the inner filter effect (IFE) 

over the fluorescence spectrum, all filter extracts were confirmed to have an a270 < 0.05 

(Trubetskoj et al., 2018). Triplicate EEM scans of 5 snowpack and 16 weekly precipitation 

samples were carried out during the study period. Following Blanchard et al. (2024), 

fluorescence data were processed via the R package “staRdom”, which was used for blank 

and spectrum correction (Pucher et al., 2021).  

Combined EEM and PARAFAC analysis is commonly used to evaluate the optical and 

structural characteristics of environmental CDOM, as the modelling technique can identify 

the excitation and emission peaks of multiple spectrally distinct fluorophores (i.e., HULIS, 

PRLIS) within EEM scans (Harsha et al., 2023; Wu et al., 2019). Here, the staRdom 

package was used to generate a PARAFAC model, which decomposed the three-

dimensional EEM dataset into a series of tri-linear elements 𝑎𝑖𝑓, 𝑏𝑖𝑓, and 𝑐𝑘𝑓 to identify 

fluorescent components (i.e., fluorophores) contained within the environmental samples 

(Bro 1997): 

                                                    𝑥𝑖𝑗𝑘 = ∑ 𝑎𝑖𝑓𝑏𝑗𝑓𝑐𝑘𝑓 + 𝑒𝑖𝑗𝑘
𝐹
𝑓=1                                            Eq. 5.3) 

Score values in 𝑎𝑖𝑓 represent the relative fluorescence intensity of fluorophore 𝑓 in sample 

𝑖, the elements 𝑏𝑖𝑓 and 𝑐𝑘𝑓 represent the modelled emission (𝑗) and excitation (𝑘) loadings 

(i.e., wavelength coordinates) of f, while 𝐹 is the total number of modelled fluorescent 

components. Utilizing the residual element 𝑒𝑖𝑗𝑘, the PARAFAC model applies an 

alternating least-squares optimization technique to find the function that best approximates 

the dataset (Bro, 1997) by minimizing the residuals.  
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The appropriate number of modelled components was selected based on four validation 

tools, including: 1) visual peak inspection, 2) EEM residual plots, 3) split-half analysis, and 

4) core consistency (CC). These validation tools and their corresponding procedures are 

described in further detail in Chapter 3, section 2.4 

The fluorescent components generated from the separate snowpack and weekly 

precipitation datasets were compared against each other and to similar fluorophores 

observed from WS-BrC aerosols sampled in the AOSR during the summer of 2021 

(Blanchard et al., 2024). The degree of similarity between individual fluorophore spectra 

(including λEx and λEx), and hence the process by which common spectra were grouped 

together, was through evaluation using the Tucker Congruence Coefficient (TCC), where 

a score of 1 indicated identical spectra (Pucher et al., 2021). Moreover, TCC scores between 

0.85–0.94 were interpreted to represent good spectral similarity between fluorophore pairs, 

while values > 0.95 indicated a high degree of similarity (Lorenzo-Seva and ten Berge, 

2006; Murphy et al., 2014). 

Individual components from the snowpack and weekly precipitation samples were reported 

as maximum fluorescence emission intensity (FMAX; QSU) and relative emission intensity 

(single component FMAX divided by the FMAX sum of all components; %). To account for 

the potential influence of bulk DOM fluorescence over individual fluorophore emission 

intensity due to variations in DOM concentration between samples, component FMAX 

values were divided by the corresponding sample WSOC to normalize component 

fluorescence (QSU mg C L-1).  
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5.2.5 Data analysis  

5.2.5.1 Calculation of deposition loads 

Snowpack deposition loadings were calculated according to the methods described by Kirk 

et al. (2014) and Gopalapillai et al. (2019). SWE (kg m-2) was determined as:  

𝑆𝑊𝐸 =
𝑚𝑐

𝜋(𝑟𝑐)2
                                              Eq. 5.4) 

where 𝑚𝑐 was the mass (kg) of the snowpack core sample and 𝑟𝑐 was the core radius (m). 

The corresponding aerial water volume (𝑉𝑎, L m-1) was calculated at each site according to 

the following:  

𝑉𝑎 = 
𝑆𝑊𝐸

𝑑𝑤
∙ 103 𝐿 𝑚−3                                      Eq. 5.5) 

Where 𝑑𝑤 is the density of water (kg m-3). The resulting 𝑉𝑎 estimate was multiplied by the 

corresponding analyte concentration (µg L-l or QSU) to determine deposition loadings (µg 

m-2 or QSU m-2) at each site.  

Analytes measured in the weekly precipitation samples (NADP) were converted to monthly 

volume weighted average (VWA) concentrations by calculating the sum-product of weekly 

concentrations and precipitation volume, then diving the value by the total monthly 

precipitation volume. The wet deposition flux for each site (QSU m-2, mg C m-2, µg m-2) 

was calculated by multiplying analyte concentration by the corresponding precipitation 

depth (mm).  
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5.2.5.2 Statistical analysis 

The available environmental data displayed non-normal distributions (Shapiro-Wilk, α < 

0.05), therefore non-parametric tests were applied for subsequent analysis. Median values 

were used as a measure of central tendency and data variability was evaluated using 

normalized median absolute deviation (NMAD). Bivariate comparison of sample data was 

completed using Spearman’s Rank Order correlation tests, while the Kruskal-Wallis test 

was used to identify significantly different sample groups. Principal component analysis 

(PCA) was employed for exploratory evaluation of the large multivariable data set. The 

resulting analysis generated linear combinations of associated variables, identified as 

principal components (PC), which explained a portion of the total variance within the data 

set. 

Partial least squares regression (PLS-R) analysis was applied to assist with fluorescent 

component characterization, following Kothawala et al. (2014). Partial least squares 

analysis is a multivariable regression technique that decomposes a large set of colinear 

predictor (X) and response (Y) variables into a smaller series of uncorrelated orthogonal 

components (Eriksson et al., 2013). Modelled PARAFAC components (QSU) were 

assigned as Y variables while additional optical, water-quality, and elemental variables 

were designated as X. Details related to PLS-R model validation are described further in 

Chapter 3 section 2.6.  
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5.3.0 Results and discussion  

5.3.1 Snowpack 

5.3.1.1 Snowpack: Evaluation of CDOM by UV-Vis spectroscopy  

Snow water equivalence measured at the 45 snowpack sites ranged from 46.8 to 117.0 kg 

m-2, with a median value of 74.1 kg m-2. Comparison of combined near and far-field sites 

against far-field sites found no significant difference in SWE (Kruskal-Wallis α < 0.05; 

Table D3); therefore, significant differences in measured deposition loadings (between 

near-field and far-field sites) was not likely due to SWE. The absorbance metrics a254 and 

MAC365 ranged from 0.0–16.6 m-1, 0 – 1.38 m2 g C-1, where the corresponding median 

values were 2.7 m-1, 0.38 m2 g C-1, respectively. Snowpack a254 in the AOSR was 

comparable to mean values reported from the Italian Alps (2.3 ± 0.5 m-1, Vione et al., 2021) 

and Sierra Nevada, United States (~ 2.0 m-1, Beres et al., 2020). Measured MAC365 

throughout the AOSR was relatively low compared to glacial snow from the Tibetan 

Plateau (mean = 1.40 ± 0.40 m2 g C-1; Yan et al., 2016), but comparable to arctic snow from 

across Alaska, United States (mean = 0.37 ± 0.32 m2 g C-1; Zhang et al., 2020). 

Near-field sites in the AOSR displayed significantly higher a254 and MAC365 relative to far-

field locations (Kruskal-Wallis, α < 0.05; Table D3), which suggested that industrial 

activities contributed to CDOM deposition. Moreover, MAC365 displayed a visible spatial 

gradient relative to the nearest OS facilities (Figure D1) implying that industrial CDOM 

inputs could potentially influence snow radiative forcing in the AOSR. These spatial trends 

were consistent with the regional snowpack loadings of WSOC and numerous industry-
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associated elements (e.g., Al, Mo, Ni, V), which were notably elevated near OS facilities 

(refer to Appendix section D2 and Figure D2 for further detail).  

5.3.1.2 Snowpack: Evaluation of CDOM by fluorescence spectroscopy and 

PARAFAC   

A three-component PARAFAC model displayed a high degree of fit (R2 = 0.95), CC (97.7) 

and split-half validation (0.97) scores. The modelled components displayed clearly defined 

fluorescent peaks, while no distinct and/or recuring residual peaks were observed within 

the model output, indicating that the model effectively explained dataset variability (Figure 

5.2). Snowpack fluorescent component one (S1) displayed primary and secondary peaks at 

λex: 245 nm, λem: 430 nm and λex:325 nm, λem:430 nm, respectively. Fluorescence within 

this spectral region has been attributed to HULIS when detected in atmospheric samples 

(Graber and Rudich, 2006). Modelled components two (S2) and three (S3) displayed peaks 

at λex: 230 nm, λem: 340 nm, and λex:200 nm, λem: 290 nm, respectively; the spectra of both 

fluorophores were consistent with PRLIS (Wu et al., 2021). The S3 spectra was notably 

similar (TCC > 0.98) to the B3 fluorophore previously identified within summertime BrC 

aerosols from the AOSR (Chapter 4). The BrC fluorophore was shown to be broadly 

associated with OS industrial sources, including fugitive bitumen and haul road dust, tailing 

sands, and vehicle emissions.   
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Figure 5.2 Visualization of the three PARAFAC components (S1–S3) generated from the 

snowpack fluorescence samples. Emission intensity values were normalized according to 

maximum component fluorescence.   

The MDL for fluorescent components S1–S3 was 0.28, 0.74, and 0.15 QSU, respectively; 

the measured coefficient of variation (%) between triplicate samples remained below 6% 

for all three fluorophores. All available snow samples presented S1 and S2 FMAX values 

above the MDL, while ~ 96% of S3 values were above the limit. S1 to S3 deposition loads 

ranged from 0.8–1989.8, 15.1–2227.8, and 0–3255.5 QSU m-2, with median values of 

405.8, 862.8, and 281.5 QSU m-2, respectively. The median relative emission intensity of 

these fluorophores was 22.6, 56.2, and 18.6%. All three components and corresponding 
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WSOC-normalized values (S1WSOC –S3WSOC) were significantly higher (Kruskall-Wallis, α 

< 0.05) among near-field sites compared to far-field locations (Table D3 and D5) and 

decreased as a function of distance from the nearest OS facility boundary (Figure 5.3 and 

D3), indicating an OS source. The highest snow loadings were consistently observed at 

KAR6 and KAR4, which were adjacent to major OS sources, including the Suncor 

upgrader, tailings facilities, and open pit mines. Both S2 and S3 were frequently elevated 

at sites < 5 km of mine pits and tailings facilities (Figure D3). Moreover, relative S3 

emission intensity was significantly elevated among near-field sites (Table D3) and was 

responsible for ~ 50% of total sample fluorescence at the near-field sites KAR6 and P14, 

the later being located adjacent to a tailings facility.  
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Figure 5.3 Deposition loadings of a) S1, b) S2, c) S3 (QSU m-2, hundreds), and d) water 

soluble organic carbon (WSOC; mg C m-2) throughout the Athabasca Oil Sands Region. 

Oil sands facility boundaries are represented by the black polygons. 

5.3.1.3 Snowpack: Bivariate and multivariate analysis  

Bivariate analyses of the snowpack highlighted a positive correlation (RS = 0.89) between 

a254 and WSOC. Positive associations between S1 and both WSOC (RS = 0.81) and a254 

(RS = 0.65) demonstrated that S1 HULIS was an important component of snowpack 
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CDOM. In contrast, S2 and S3 displayed insignificant correlations with WSOC and a254, 

which indicated that the two PRLIS components (representing the majority of fluorescent 

emission intensity) varied independently from bulk soluble organic matter and CDOM in 

the region. The third fluorescent component displayed strong positive correlations (RS > 

0.84) with numerous elements such as Ba, Cr, Fe, Mo, and REEs, many of which have been 

previously linked to OS industrial emissions (Gopalapillai et al. 2019; Landis et al., 2019a). 

Numerous variables strongly correlated with S3 displayed a high degree of collinearity, as 

the correlation coefficient between most variables was > 0.95. Notably, S2 displayed 

limited significant correlations with the available environmental variables (e.g., Ba - S2: 

RS = 0.45; Cr - S2: RS = 0.53, Fe - S2: RS = 0.55). The corresponding WSOC-normalized 

fluorescent components (S1WSOC–S3WSOC) displayed weaker, yet statistically significant 

correlations with the same environmental variables.  

The majority of dataset variation (75.5%) was explained by two principal components (PC), 

the first of which (PC1snow = 67.6%) displayed positive variable loadings including S1, S2, 

S3, PON, Ca2+, Cl-, SO4
2-, Na2+, WSOC, DIC, most metals, and REEs (Figure 5.4). The 

second principal component (PC2snow = 7.9%) presented positive loadings of a254, S1, 

WSOC, Mg2+, and Si. A two component PLS-R model produced a relatively strong 

cumulative goodness of fit (R2Y = 0.67) value and the highest cumulative goodness of 

prediction (Q2 = 0.61) score. Both component one (R2Y = 0.57) and two (R2Y = 0.09) 

displayed variable loadings similar to PC1snow and PC2snow, respectively; the first 

component (PLS-1) presented high positive associations with OS-related variables 

including REEs, while the second (PLS-2) was characterized by a254, WSOC, Mg2+, Na2+ 

Si. Biplot visualization demonstrated that fluorescent S1 was closely associated with DIC, 
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Na2+, and Mg; S3 fluorescence was surrounded by a cluster of elements including Ba, Cr, 

Fe, Mo, while S2 plotted comparatively distant from the available variables (Figure D4).  

 
Figure 5.4 Biplot comparing PC1snow (67.6%) and PC2snow (7.9%) from the resulting 

principal component analysis of the complete 2023 snowpack dataset, including all 

geochemical and optical variables. 

3.1.4 Snowpack: Identification of CDOM sources  

The S3 fluorophore was positively associated with PC1snow and PLS-1, factors that both 

displayed positive element loadings (e.g., Ba, Cr, Mo, Ni, Fe, V, and REEs) frequently 
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linked to OS sources like raw oil sands dust, petroleum coke dust, tailings facilities, and 

upgrader emissions (Gopalapillai et al. 2019; Landis et al., 2019a; 2019b; 2012) Analysis 

of metal and PACs in AOSR snowpack samples from 2015 showed that among sites near 

major OS facilities, bituminous indicator metals (Mo, Ni, V) were significantly correlated 

with industry-sourced PACs (Chibwe et al., 2021); given their conjugated structures, these 

PACs could produce fluorescence in the S3 λex and λem region. Source analysis of elemental 

loadings to AOSR snowpack from 2015 suggested that paved and unpaved road dust was 

responsible for the majority of Ca and Sr loadings to snowpack in the AOSR (Gopalapillai 

et al., 2019); the co-variability of these elements relative to S3 suggested that the 

fluorophore could also be related to road emissions (i.e., dust, vehicle exhaust) from OS 

facilities. Unfortunately, the high degree of collinearity between elements in the snowpack 

dataset made it difficult to further distinguish between specific OS emission sources.  

Similar to S3, the S2 fluorophore displayed positive associations with PC1snow and variables 

previously affiliated with OS emissions, which collectively implied industrial influence. 

The relatively weak associations with the available snowpack variables suggested that an 

additional source(s) not currently represented in the dataset influenced S2 variability. 

Nonetheless, the source characterisation of S2 was consistent with the corresponding 

spatial gradients favouring elevated snowpack loadings surrounding OS facilities (Figure 

5.3). 

The HULIS S1 fluorophore was positively associated with PC2snow and PLS-2. Both of 

these factors were characterized by WSOC, Si, and Mg2+, which have been previously 

linked to paved/unpaved road emissions in the AOSR (Landis et al., 2019a; Landis et al., 



145 

 

2019b; Mamun et al., 2021; Wang et al., 2015); however, the low Ca and Sr loadings 

assigned to PC2snow (Figure 5.4 and D3) did not support this characterization (Gopalapillai 

et al., 2019). Wang et al. (2015) found that AOSR surface soils (including forest soils and 

excavated overburden) contained relatively high loadings of WSOC, Si, Mg2+, and low 

Ca2+. Surface soils can contain humic organic matter (Schulten and Leinweber, 2000), 

which possibly explained why S1 was positively associated with PC2snow and PLS-2. 

Although soil and overburden emissions are generally limited during the cold season due 

to frozen ground and snow cover (Landis et al., 2019a), surface disturbances through OS 

activities (i.e., excavation, land clearing) generate dust, which explained why S1 was also 

positively associated with the industrial PC1snow (and PLS1) and why S1 deposition 

loadings were highest near industrial facilities (Figure D1). Both PC1snow and PC2snow 

received positive a254 loadings which implied that dust emissions from OS activity were a 

primary source of bulk CDOM deposition to the AOSR during the winter.   

5.3.2 Weekly precipitation  

5.3.2.1 Weekly precipitation: Regional overview 

Total recorded precipitation during the 2021 meteorological year was 340.5, 399.1, and 

396.2 mm at AB32, AB36, and AB34, respectively. All three stations displayed increased 

precipitation during the spring and summer months, and a comparatively arid winter 

(Figure D5). Ambient air pollutant concentrations throughout the study period were 

generally elevated at AB32 and AB36 relative to the distant AB34 station (Table D6). 

Select ions (Na+, Mg2+, Ca2+, SO4
2-) displayed enhanced deposition and concentrations 

among near-field stations (AB32, AB36), linking these observations to anthropogenic 

sources (Table D6 and D7). 
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Annual WSOC wet deposition measured at the three NADP stations was 0.29 g C m-2  

(AB34), 0.38 g C m-2, (AB32), and 0.41 g C m-2 (AB46); these wet flux values were 

comparable to deposition reported from the remote Marshall Islands (0.63 g C m2 yr-1, 

Zafiriou et al., 1985), but low compared to the mean (± standard error) deposition measured 

in temperate regions across the globe (1.90 ± 0.13 g C m2 yr-1; Liptzin et al., 2022), and 

considerably lower than flux measured in a highly urbanized region in northern China (3.15 

g C m2 yr-1, Xing et al., 2019). Low annual precipitation (< 400 m-1) typical of northern 

Alberta may explain the relatively limited annual flux in the study region, as noted 

elsewhere (Liptzin et al., 2022).  

Volume weighted average WSOC concentrations from the ASOR ranged 0.20–2.60 mg C 

L-1 (median = 0.90 mg C L-1). The far-field station, AB34, displayed monthly WSOC trends 

consistent with other temperate regions across the globe (Liptzin et al., 2022), where the 

highest precipitation concentrations occur during warmer months (Figure 5.5). This 

seasonality is often the result of a concentration-effect due to reduced precipitation volumes 

during warm, dry periods; however, the study region experienced a relatively wet summer 

(Figure D5). Enhanced summertime biogenic productivity and biomass combustion can 

also enhance WSOC concentrations (Liptzin et al., 2022), and as such likely dictated 

seasonal WSOC concentrations at AB34. In contrast, the industry adjacent sites (AB32, 

AB36) displayed elevated WSOC during the colder months (Figure 5.5); this trend was 

unlikely due to the concentration-effect, however, given that precipitation volume and 

WSOC concentration were not significantly correlated.  
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Figure 5.5 Monthly volume weighted average a) water soluble organic carbon (mg C L-1), 

b) W1(QSU), c) W2 (QSU), and d) W3 (QSU) measured at the regional National 

Atmospheric Deposition Program stations (AB32, AB34, AB36) during the 2021 

meteorological year (January 2021–December 2021). 
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5.3.2.2 Weekly precipitation: Evaluation of CDOM by UV-Vis spectroscopy  

Monthly VWA a254 ranged from 0.5–11.8 m-1, with a median of 2.0 m-1. Compared to VWA 

values measured at the remote site (AB34), a254 was highest (Kruskal-Wallis, α > 0.05) at 

the industry adjacent site (AB32), which suggested OS sources contributed to CDOM 

deposition (Table D8). Measured a254 was notably elevated during July and August at all 

stations, specifically weekly sampling periods that co-occurred with regional wildfire 

events (AB34, July 14 – 20: a254 = 20.5 m-1), which implied wildfire smoke was an 

additional source of CDOM deposition. During the winter months when precipitation fell 

as snow (January – March 2021, November – December 2021) and wildfire emissions were 

limited, median a254 was 1.17 m-1, and measured absorbance was considerably lower at the 

far-field station (Table D9). The relative abundance of CDOM within precipitation was 

limited; VWA a254 throughout the study region was low compared to the mean values (> 3 

m-1) reported from the northern Tibetan Plateau (Li et al., 2022), southeastern United states 

(Wagner et al., 2019), and Nanjing city, China (Li et al., 2020). Owing to very low 

absorbance values at 365 nm, MAC365 was not reported for the weekly precipitation sample 

set.  

5.3.2.3 Weekly precipitation: Evaluation of CDOM by fluorescence spectroscopy 

and PARAFAC 

A three-component PARAFAC model displayed a high degree of fit (0.94), CC (81.0), and 

split-half scores (0.96). Modelled component one (W1) presented primary and secondary 

peaks at λex: 230 nm, λem: 430 nm and λex: 310 nm, λem: 430 nm, spectra that were 

characteristic of atmospheric HULIS. The following two components (W2, W3) were 
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spectrally similar to PRLIS, displaying primary fluorescent peaks at λex: 200 nm, λem: 295 

nm and λex: 225, λem: 335 nm, respectively (Figure D6). Comparison of PARAFAC 

spectrum loadings found that the first two modelled components (W1 and W2) were highly 

similar (TCC ≥ 0.95) to the corresponding S1 and S2 fluorophores identified in the 2023 

AOSR snowpack samples, respectively. Comparison of the W3 and B3 fluorescent 

components produced a relatively weaker similarity score (TCC > 0.85). Fluorescent 

component 3 was spectrally comparable (TCC ≥ 0.90) to the industrial BrC fluorophore B3 

observed in the AOSR by Blanchard et al. (2024), which suggested W3 was linked to OS 

emissions.  

The MDL for fluorescent components W1 to W3 were 0.08 QSU, 0.73 QSU, and < 0.01 

QSU; 94%, 81.5%, and 50.2%, of the precipitation samples were above these respective 

limits. The measured coefficient of variation (%) from triplicate samples remained below 

7% for all three fluorophores. Monthly VWA W1–W3 fluorescence ranged from 0.0–22.6 

QSU, 3.7–39.3 QSU, and 0.0–6.8 QSU, the corresponding median values were 1.7, 17.3, 

and 0.3 QSU, respectively. 

Of the three modelled fluorophores, only W3 emission intensity was significantly different 

between monitoring stations (Kruskal-Wallis, α < 0.05), where measured intensity was 

elevated among the AOSR sites (AB32, AB36; Table D8) during the full study period. 

Moreover, ~ 90% of W3 measurements at AB34 samples fell below the MDL, which 

implied the fluorophore did not originate from broader regional sources. Monthly VWA 

W1 and W2 were elevated during the summer, particularly during wildfire season (July–

August) in the case of W1. During the winter months W1 was significantly higher at the 
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AOSR sites compared to AB34, which suggested that in the absence of major wildfire 

emissions, W1 deposition was measurably impacted by anthropogenic sources.  

 In contrast to the first two fluorophores, the highest W3 fluorescence occurred during the 

fall and winter (Figure 5.5). Moreover, W3 relative fluorescence shifted considerably 

throughout the year; low relative emission intensities (< 5%) during warmer months were 

contrasted by values ranging between 11.8–34.2% during the cold season (Figure D7). The 

AOSR typically experiences increased atmospheric stability during the wintertime, 

conditions that could have facilitated the accumulation of W3 within the surrounding 

airshed (Lukacs et al., 2007). Rapid oxidation during periods of increased photolysis (i.e, 

summer) have been shown to transform and deplete gas-phase organic matter within OS 

emission plumes (Liggio et al., 2024). Reduced photodegradation of industrial CDOM 

during the cold season could explain the observed W3 trends among the near-field sites.  

5.3.2.4 Weekly precipitation: Bivariate and multivariate analysis   

Bivariate correlation analysis found a254 displayed moderate positive correlations with 

WSOC and monthly average PM2.5 (RS
 = 0.74 and 0.59, respectively; Spearman, α < 0.5; 

Table D10). Fluorescent component 1 (W1) presented a strong positive correlation with 

a254 (RS = 0.92) and moderate agreement (RS > 0.64) with WSOC, which suggested that the 

fluorophore was an important constituent of CDOM wet deposition in the AOSR. 

Component W3 displayed weak agreement with a254 and WSOC, but was positively 

correlated with Ca2+, Mg2+, Na+, and several ambient pollutant variables (monthly average 

THC, NO, NO2, SO2, TRS; Table D10) regionally associated with vehicular and industrial 

influence (Davidson and Spink, 2018; Landis et al., 2017). Conversely, W2 experienced 
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limited significant trends with the available data, with exception of a weak positive 

correlation with WSOC. Only absolute fluorophore values (W1–W3) will be described 

from hereon, as WSOC normalized fluorescence (W1WSOC–W3WSOC) presented similar 

bivariate and multivariate trends. 

Three principal components explained the majority of variation (~ 70.6%) within the 

complete NADP dataset. The first principal component (PC1wet: 40.9%) displayed positive 

factor loadings (0.70–0.95) including W3, DIC, Ca2+, Mg2+, Na+, Cl-, NO3
-, SO4

2-, and NO2 

(Figure 5.6). Principal component 2 (PC2wet; 20.2%) displayed positive loadings (0.60–

0.85) of WSOC, a254, W1, W2, PM2.5, and NH4
+. Principal component three (PC3wet; 9.5%) 

was characterized by moderate positive loadings (0.52–0.55) of SO4
2- and NH4

+, but no 

substantial associations with CDOM variables. Biplot visualization revealed W1 was most 

approximate to PM2.5, W2 was closest to NH4
+, while W3 was spatially associated with Cl- 

and NO2. Multiple attempts at PLS-R analysis produced relatively weak models (Q2Y < 

0.20) that were ineffective at explaining fluorescent component variation (R2Y < 0.35).  

For temporal comparison against the snowpack dataset, PCA was conducted using weekly 

precipitation data from snowfall months (January – March 2021 & November – December 

2021) typical in the AOSR. Three principal components explained 71.6% of total variation, 

where the first component (PC1winter: 47.3%) displayed positive factor loadings (> 0.7) of 

a254, W3, WSOC, DIC, Ca2+, Mg2+, Na+, Cl-, NO3
-, SO4

2-, NO, and NO2, the second 

component (PC2winter: 14.0%) displayed positive (~ 0.65)  NH4
+ and SO4

2- and negative (~ 

0.5) W3, PM2.5, NO, NO2  factor loadings (Figure D8), and the third principal component 

(PC3winter : 10.3%) presented relatively weak positive factor loadings of a254 and WSOC. 
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Compared to the PCA generated from the complete precipitation dataset, both W1 and W2 

were less associated with NH4
+ and PM2.5.   

 

Figure 5.6 Principal component analysis biplot of 2021 weekly precipitation data 

displaying the factor loadings relative to principal component 1 (PC1wet, 40.9%) and 

principal component 2 (PC2wet, 20.2%). 

5.3.2.5 Weekly precipitation: Identification of CDOM sources  

The PRLIS W3 fluorophore was positively associated with PC1wet, which given its positive 

Ca2+ and Mg2+ factor loadings was possibly reflective of fugitive road dust (Gopalapillai et 

al., 2019; Wang et al., 2015). Positive Na+, Cl-, and NO2 loadings further supported this 
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interpretation since de-icing salts (sodium chloride) and vehicle exhaust (NO2) are 

frequently co-emitted with road dust (Mamun et al., 2021; Landis et al., 2017; Landis et 

al., 2019a). Industrial operations (i.e., haul roads, mining fleet activity) are identified as a 

primary sources of road dust and vehicle exhaust in the AOSR (Gopalapillai et al., 2019; 

Landis et al., 2019a), hence PC1wet and W3 were predominantly influenced by OS activity. 

Diesel mining fleet operations have been identified as a primary source of OS pollution in 

the AOSR; primary and secondary emissions from diesel vehicles contain aromatic 

compounds and have been shown to fluoresce in low λex - λem regions like W3 (Cao et al., 

2023; Rutherford et al., 2020).  

The positive loadings of W1 and W2 assigned to PC2wet implied these fluorophores were 

both connected to biomass combustion. It has been established that wildfire emissions are 

substantial sources of PM2.5, WSOC, and ammonia (NH3) gas (Lee et al., 2022; Lindaas et 

al., 2021; Reid et al., 2005), the latter of which is converted to particle phase NH4
+ via in-

plume reactions with inorganic and organic acids (Seinfeld and Pandis, 2016; Tomsche et 

al., 2023). As such, positive PM2.5 and NH4
+ loadings suggested that PC2wet was 

representative of regional pyrogenic emissions. Notably elevated W1 and W2 emission 

intensity during the wildfire season (July-August; Figure 5.5) across all stations further 

demonstrated that regional smoke was a prominent source of fluorescence. Biomass 

burning is a substantial source of primary and secondary phenolic compounds, which owing 

to their aromatic properties, can contribute to the CDOM fraction (Claeys et al., 2012; 

Washenfelder et al., 2015). Previous studies have found that pyrogenic organic aerosols 

contained water soluble fluorophores with excitation-emission spectra similar to both W1 

and W2 (Chen et al., 2024; Wang et al., 2020). Both PC1wet and PC2wet displayed positive 



154 

 

WSOC and a254 loadings, which suggested that industrial emissions and regional biomass 

combustion influenced the wet deposition of bulk soluble organic matter and CDOM.  

Analysis of the truncated wintertime dataset (January – March 2021 & November – 

December 2021) found that both W1 and W2 were less associated with variables indicative 

of biomass combustion. Considering that wildfires are less frequent during the winter, these 

observations suggested that pyrogenic emissions were not the exclusive source of W1 and 

W2 fluorescence within wet deposition. Significantly higher W1 emission intensity among 

AOSR sites (relative to AB34) during snowfall months further suggested that the 

fluorophore was linked to industrial activity. However, W2 emission intensity was 

relatively similar between near and far-field NADP sites during the winter period, which 

indicated that the fluorophore was influenced by regional non-OS sources.  

5.3.3 Comparison of snowpack and weekly precipitation sample optical properties 

Particularly elevated TCC values (≥ 0.95) between S1–W1 and S2–W2 pairs indicated both 

snowpack and weekly precipitation samples contained spectrally similar HULIS and 

PRLIS fluorophores; however, spectral agreement in this case did not prove chemical 

similarity. Although a relatively sensitive and versatile technique, EEM fluorescence 

spectroscopy is not a particularly chemically selective analytical tool, and as such, 

conjugated aromatic compounds originating from distinct environmental sources could 

produce similar fluorescent spectra. For example, the biologically occurring amino acid 

tyrosine exhibits a fluorescent peak (λex: 280 nm, λem: 348 nm, water solvent, Ghisaidoobe 

& Chung, 2014) like naphthalene (λex: 280 nm, λem: 345 nm, water solvent, Jiji et al., 2000), 

which typically originates from pyrogenic and petrogenic sources. This analytical caveat 
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possibly explained why the AOSR snowpack and weekly precipitation (January – 

December 2021) fluorophores were affiliated with different environmental sources (Table 

S12). To elaborate, W1 and W2 were linked to pyrogenic emissions (i.e., wildfire smoke) 

while S1 and S2 were associated with soil dust and industrial sources, respectively. 

Fundamental differences between sample media, sampling period, and sampling frequency 

possibly explained this disagreement in source characterization. Regional snowpack 

received combined wet and dry (i.e., bulk) deposition while weekly precipitation samples 

represented only wet deposition, meaning that the latter could exclude industrial 

fluorophores removed from the atmosphere by dry flux. Additionally, regional snowpack 

only reflected atmospheric loadings during the colder months (November–April), hence, 

inputs from different CDOM sources during the remaining months could disproportionately 

impact fluorophore characterization within the precipitation samples. Substantially weaker 

associations of W1 and W2 with pyrogenic indicator variables during the snowfall months 

confirmed the influence of seasonal variation over fluorophore characterization. 

Significantly higher W1 emission intensity among AOSR monitoring stations during the 

wintertime suggested that OS activities contributed to fluorophore deposition during the 

cold season, a finding relatively consistent with S1 spatial variation. 

In contrast, both S3 and W3 fluorophores were clearly associated with industrial emission 

sources; however, a comparatively weaker agreement (TCC > 0.85) between spectra 

implied PLRIS compounds within snowpack and NADP weekly precipitation were likely 

related, but compositionally distinct. Photochemical aging of CDOM within snowpack or 

the introduction of additional CDOM via dry deposition could explain this spectral 

difference. Moreover, significantly elevated relative S3 fluorescence among near-field sites 
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and relative W3 fluorescence in wintertime precipitation indicated that the industrial 

fluorophore was a substantial component of snowpack CDOM surrounding OS facilities.  

5.4. Conclusions  

This study provided the first-known spatial and temporal evaluation of CDOM deposition 

in the AOSR through the spectroscopic analysis of both regional snowpack (spring 2023) 

and weekly precipitation (January–December 2021). Elevated absorbance and fluorescence 

intensity measured in snowpack samples near OS facilities demonstrated that local industry 

was a primary source of bulk CDOM deposition during the wintertime. Combined EEM-

PARAFAC analysis identified three spectrally distinct fluorophores (S1-S3), all of which 

appeared to originate from OS activities (Table D11). Moreover, the MAC365 spatial 

gradients relative to OS facilities implied that industrial CDOM posed the potential to 

reduce snowpack albedo, warming from which could accelerate snow thaw rates, reduce 

snowpack depth, and shorten the period of seasonal snow cover in the AOSR (Usha et al., 

2022; Zhou et al., 2022). Changes to snowpack structure and coverage can further depress 

surface albedo, this can initiate a positive feedback mechanism that accelerates regional 

snowpack melt and warming (Cubasch et al., 2001). This snow albedo feedback mechanism 

can substantially impact the planetary radiation budget and has been identified as a major 

contributing factor to climate change (Groisman et al., 1994).   

Although CDOM wet deposition was largely influenced by wildfire smoke during the 

summer, significantly elevated a254, W1, and W3 within wintertime precipitation at the 

AOSR sites (compared to the far-field station) demonstrated that OS activities were a 

primary source of CDOM wet deposition during the cold season. Disproportionately 

elevated W3 fluorescence within AOSR precipitation during the cold months suggested 
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that industrial CDOM deposition was seasonally dependent, possibly due to wintertime 

conditions favouring the accumulation of PRLIS (i.e., the B3 identified by Blanchard et al. 

[2024]), or enhanced summertime photodegradation of emitted organic matter.  
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6. Chapter Six: Do industrial emissions influence 

chromophoric dissolved organic matter within lakes in the 

Athabasca Oil Sands Region, Canada? 

6.1 Introduction 

Chromophoric dissolved organic matter (CDOM) represents a broad class of water-soluble 

organic compounds characterized by their capacity to absorb light within the ultraviolet 

(UV) and visible wavelength range. The majority of CDOM originates from natural sources 

internal (autochthonous) or external (allochthonous) to an aquatic system; however, 

anthropogenic processes can serve as additional allochthonous sources (Coble, 2007; 

Liggio et al., 2025). Contaminated aquatic systems typically receive anthropogenic CDOM 

through direct discharge from waste-water treatment plants, agricultural runoff, industrial 

facilities, and oil / fuel spills (Shang et al., 2021; Snyder et al., 2021), but atmospheric 

deposition can also contribute to surface-water CDOM (Liggio et al., 2025; Mladenov et 

al., 2011; Zang et al., 2014).  

Industrial activities conducted in the Athabasca Oil Sands Region (AOSR) in north-eastern 

Alberta, Canada, are a significant source of pollution to the atmosphere, as facility 

operations emit a wide range of polycyclic aromatic hydrocarbons (PAH), PAC, and 

volatile organic compounds (VOC; Bari & Kindzierski, 2018; Kirk et al., 2018; Liggio et 

al., 2016; Liggio et al., 2017; Yassine and Dabek-Zlotorzynska, 2017). There is substantial 

evidence that OS emissions contribute to atmospheric deposition of organic pollution 

throughout the AOSR (Kirk et al., 2018; Kurek et al., 2013). Using aircraft-based 

observations, Liggio et al. (2024) found that annual gas-phase organic carbon deposition 

from OS emissions theoretically exceeded the dissolved organic carbon (DOC) catchment 
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flux (excluding gas-phase DOC) of lakes within 200 km of major OS facilities. 

Furthermore, dissolved PAC species have been found at elevated levels along sections of 

the Athabasca River (and its tributaries) located near OS operations (Kelly et al., 2009). In 

addition to their variable toxic, carcinogenic, and mutagenic properties (CCME, 2010; 

IARC, 2010; Perera et al., 2009), many OS pollutants possess optical properties, generally 

owing to their conjugated aromatic ring structures. As such, atmospheric deposition from 

the OS can impact the composition of CDOM within regional surface-waters, including 

surrounding lake systems. As far as the authors are aware, no published studies have 

attempted to identify industry-sourced CDOM within AOSR lake surface-waters.   

Emission and excitation matrix (EEM) fluorescence spectroscopy is an effective means of 

evaluating complex mixtures of natural DOM in-part due to the high detection sensitivity 

and broad chemical selectivity of the method. Further, processing of EEM data via 

multivariable parallel factor analysis (PARAFAC) can identify groups of fluorescent 

organic molecules (fluorophores) with chemical meaning. Owing to its versatility, the 

combined EEM – PARAFAC method has been successfully used to identify organic 

pollutants of petrogenic and pyrogenic origin (Mendoza et al., 2013; Mohamed et al., 

2008). More specifically, EEM – PARAFAC analysis has been employed to detect organic 

pollutants linked to OS operations, including the fluorescent peaks associated with parent 

PAH and alkylated PAH (alkyl-PAH) species, in addition to naphthenic acids (Guha 

Thakurta et al., 2013; Kavanagh et al., 2009; Mahamuni et al., 2019; Martin et al., 2014).  

Previous EEM – PARAFAC analysis of CDOM within the surface-waters of 50 regularly 

monitored acid sensitive lakes (ASL) in the AOSR identified four distinct fluorophores 

(fluorescent components), including two humic-like (C1ASL and C2ASL) and two amino-
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acid like (C3ASL and C4ASL) fluorophores (refer to Chapter 3). The humic components 

represented terrestrial-DOM originating from the surrounding natural environment; in 

contrast, the amino acid-like fluorophores were similar to organic matter of anthropogenic 

and petrogenic origin. Moreover, fluorescent component C3ASL displayed increasing 

fluorescent intensity among lakes nearer-to OS industrial sources. 

The objective of this work was to identify anthropogenic CDOM within lake surface-waters 

in the AOSR through the combined application of EEM fluorescence spectroscopy and 

PARAFAC multivariable modeling techniques. The fluorescent components of interest 

were evaluated in comparison to target PAC species to assist with fluorophore 

characterization. Lake data was further compared to modelled regional organic carbon 

(OC) dry deposition flux estimates (Liggio et al., 2024) to assess the lake – atmospheric 

connectivity. If a clear link was observed between OS emissions and ASL CDOM quality, 

this study would offer the first-known evidence that spectroscopy techniques (and 

PARAFAC modelling) could be effectively used to screen for industrial pollution within 

lake surface-waters in the AOSR. 

6.2 Methods 

6.2.1 Lake Sampling and physical characteristics 

The ASL monitoring network consists of 50 lakes that are dispersed throughout the broader 

Wood Buffalo municipal region in north-eastern Alberta, Canada (Figure 6.1). Further 

description of the study region geography and hydrological characteristics are provided in 

Chapter 2 and 3. The majority of ASL sites are situated within a 200 km radius of the 

approximate center of OS operations, with numerous lakes located in relative proximity (< 
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50 km) to industrial facilities. A subset of remote lakes near the northern border of the 

province (> 200 km from OS activity) served as background sites. A detailed description 

of ASL biogeochemical characteristics is available in Chapter 2 and Blanchard et al. (2021). 

During August 2021, the Joint Oil Sand Monitoring (OSM; https://www.alberta.ca/oil-

sands-monitoring-program) program conducted a field survey of the ASL network. Lakes 

were accessed via float plane or helicopter, where samples were collected from the 

approximate center of the waterbody. The samples were subjected to a broad range of 

analysis, including conventional water quality metrics and dissolved and total trace metals; 

see Chapter 3 and Emmerton et al. (2018) for further details regarding field and laboratory 

analysis methods. Lake water quality data collected though the OSM is publicly available 

(URL: https://osmdataportal.alberta.ca/applications/public.html?publicuser=Guest# 

waterdata/stationoverview).  
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Figure 6.1 Overview of the Athabasca Oil Sands Region (ASOR) study area and Acid 

Sensitive Lakes network (n = 50). The inset map displays the broader geographical location 

of the AOSR study area while the red shapefiles indicate the boundaries of major OS 

operations (ESRI 1995-2024). 

Surface-water samples were also transported to SGS-AXYS Analytical Services (Sidney, 

BC, Canada) for determination of target PAC species via gas chromatography / low 
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resolution spectrometry (GC/LCMS) following the EPA methods 1625C and 8270E (EPA, 

1989; EPA, 2014). Prior to analysis, samples were spiked with 16 deuterated surrogate PAC 

standards for recovery evaluation and data correction. Twenty-seven of the PAC species 

reported through the OSM program were selected for the current study (Table 6.1), 

including a range of 2–5 ringed parent PAHs, alkyl-PAH, parent dibenzothiophenes (DBT), 

alkylated DBTs (alkyl-DBT), and retene (RET). Parent PAHs have been linked to both 

industrial and biogenic combustion processes in the AOSR, while alkyl-PAHs and BDTs 

are more associated with petrogenic emissions (Harner et al., 2018; Yunker et al., 2002). 

Owing to its natural occurrence within the resinous woods of conifers (Wakeham et al., 

1980), RET has been frequently employed as indicator of biogenic combustion (Ahad et 

al., 2015; Simoneit et al., 2000). Unsubstituted parent homologues are denoted by the prefix 

“C0”, while the number of alkyl substitutions are indicated by the prefixes C1 through C4.  

Table 6.1 Parent and alkylated PACs measured in 2021 ASL surface-waters, including the 

full chemical name, associated abbreviation, and number of benzene rings. 

PAC (alkyl substitution) Abbreviation  Rings  

Naphthalene (C0) NAP 2 

Alkyl-naphthalene (C1-C4) C1-C4-NAP 2 

Dibenzothiophene (C0) DBT 3 

Alkyl-dibenzothiophene (C1-C4) C1-C4-DBT 3 

Anthracene (C0) AN 3 

Phenanthrene (C0) PHEN 3 

Alkyl-phenanthrene/anthracene (C1-C4) C1-C4-PHEN/AN 3 

Retene RET 3 

Fluorene (C0) FLE 3 

Alkyl-fluorene (C1-C3) C1-C4-FLE 3 

Fluoranthene (C0) FLA 4 

Pyrene (C0) PYR 4 

Alkyl-fluoranthene/pyrene (C1-C4) C1-C4-FLA/PYR 4 

Chrysene (C0) CHRY 4 

Perylene (C0) PER 5 
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In the field, additional sample aliquots were collected in acid washed (hydrochloric acid) 

and combusted (550°C for 6 hours) 250 ml amber glass bottles, which were then shipped 

to Trent University, Canada, for EEM analysis. A total of five field blank and duplicate 

samples (including samples intended for both OSM water quality and Trent optical 

analysis) were included in the field campaign. 

The average recovery of the 16 labelled surrogate species was 58.8 ± 20.1% (standard 

deviation). Detection rates (values above reporting detection limit) of individual parent and 

alkyl species across ASL sites ranged from 24.5% to 100.0% (Table E1). Many of the target 

PAHs were measured at low concentrations, where select compounds (e.g., FLE, C4-DBT) 

frequently displayed surface-water concentrations ≤ MDL (Table E1). For the purpose of 

data analysis, PAH concentrations below the MDL were substituted by 2/3 x MDL. 

Individual analytes with > 30% of total observations below the MDL were excluded from 

subsequent statistical analysis (e.g., PLS-R). Excluding analytes with low detection 

frequencies, the average relative percent difference between duplicate samples was 14.2%.  

6.2.2 Supplementary lake variables 

Lake physical/hydrological properties, including water yield (WY; mm), lake elevation (m, 

ASL), lake depth (m), lake surface area (m2), catchment surface area (m2), catchment 

wetland composition (%bog, %fen; % of catchment area), and permafrost coverage (% of 

catchment area) were taken from of Gibson et al. (2020; 2015).  

A lichen biomonitoring study by Landis et al. (2019) identified 19 emission sources (i.e., 

upgrader facilities, active mines, petroleum coke stockpiles) that likely contributed to 

pollutant deposition throughout the AOSR (source names and coordinates are listed in 
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Table E1). The highest PAC concentrations were observed among lichen sites within 25 

km of OS facilities, and these values rapidly declined to a constant level within 25–50 km 

of the nearest source. Following these observations, ASL sites located within 50 km of the 

nearest major OS emission source were classified as near-field lakes (n = 17), and those 

beyond this range were classified far-field (n = 33). The linear distance between each ASL 

site and the nearest OS source (km) was additionally included in this work to assist with 

source characterization.  

Using modelled (GEM-MACH; 2.5 x 2.5 km grid cells) gas-phase organic carbon 

deposition (g C m-2 yr-1) from Liggio et al. (2024), the average total deposition was 

calculated for each ASL lake surface. The resulting estimates were used to evaluate the 

potential influence of OS emissions over surface-water PACs and fluorophore species.  

6.2.3 Spectroscopy and PARAFAC modelling 

An aliquot from each ASL sample was shipped to Trent University (Ontario, Canada) for 

ultraviolet-visible light (UV-Vis and fluorescence EEM spectroscopy analysis). Sample 

absorbance was measured between the wavelengths (λ) 200 nm and 800 nm using a Cary 

100 UV-Vis spectrophotometer from Agilent Technologies. Lake samples were allowed to 

warm to room temperature (~ 21°C), filtered through a 0.45 µm nylon membrane, then 

placed in a 1 cm (3.5 ml) Hellma® Suprasil® quartz cuvette (Hellma 101-QS) for analysis. 

The UV-Vis scans were used to derive select absorbance metrics, including the absorbance 

coefficient at 254 nm (a254) and specific UV absorbance at 254 nm (SUVA254). Further 

details regarding instrument methodology and absorbance metrics can be found in Chapter 

3, Section 2.3.  
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Fluorescence analyses were conducted using a Cary Eclipse spectrophotometer set to the 

three-dimensional EEM scan mode. The lake sample aliquots were placed in a 1 cm, 3.5 

ml Hellma® Suprasil® quartz cuvette (Hellma 101-QS) for analysis. Excitation (λex) and 

emission (λem) scans (5 nm intervals) ranged from 200–450 nm and 250–600 nm, 

respectively. During each day of analysis, a set of quinine sulphate standards were prepared 

to create a calibration curve (1–100 ppb quinine sulphate in 0.5 M sulphuric acid) to convert 

fluorescence intensity measurements into quinine sulphate units (QSU) (Sui et al., 2017); 

see Chapter 3 for full details on the preparation and analysis of ASL samples.  

Combined EEM and PARAFAC analysis is commonly used to evaluate the optical and 

structural characteristics of environmental CDOM, as the modelling technique can identify 

numerous fluorescent components that are representative of individual or groups of 

fluorophores species within a sample. The appropriate number of modelled components 

was determined using four validation tools, including 1) visual peak inspection, 2) EEM 

residual plots, 3) split-half analysis, and 4) core consistency (CC). Additional details 

regarding model validation are described in Chapter 3, section 2.4. Individual components 

from the ASL samples were reported as maximum fluorescence emission intensity, which 

were measured as QSU. To account for the potential influence of total DOM content over 

observed fluorescence, component fluorescence intensity values were divided by the 

corresponding sample WSOC to normalize component fluorescence (QSU mg C L-1).  

The fluorescent components generated from the lake dataset were compared against 

fluorophores observed from the water-soluble brown carbon (WS-BrC) aerosols 

(Blanchard et al., 2025a), snowpack, and wet-deposition (Blanchard et a., 2025b) EEM 

samples previously collected in the AOSR. The degree of similarity between individual 



167 

 

fluorophore spectra (including λEx and λEx) was evaluated using the Tucker Congruence 

Coefficient (TCC; Pucher et al., 2019). TCC scores between 0.85–0.95 were interpreted to 

represent fair spectral similarity between fluorophore pairs, while values > 0.95 indicated 

a high degree of similarity (Lorenzo-Serva & ten Berge, 2006; Murphy et al., 2014). The 

fluorescent components generated from the lake dataset were additionally compared 

against PARAFAC models published in the online database, OpenFluor, to assist with 

fluorophore characterization.  

6.2.4 PARAFAC fluorescent components 

The assessment of validation metrics determined that a four component PARAFAC model 

was the most appropriate for further evaluation (Figure 6.2). This study will focus on the 

two protein-like fluorophores (C3ASL and C4ASL) identified by EEM-PARAFAC analysis. 

Complete details regarding model validation and characterization of the first two humic 

components C1ASL and C2ASL are described in Chapter 3. 

Comparison against the OpenFluor online database found that C3ASL was similar to the 

spectral loadings of amino acids (Retelletti Brogi et al., 2019; Yamashita et al., 2012) and 

anthropogenic fluorophores possibly associated with PAH and PAC species (Retelletti 

Brogi et al., 2022; Zito et al., 2019). Compared to the previous EEM-PARAFAC results 

from this thesis, C3ASL displayed relatively similar excitation and emission spectra to 

fluorophores measured in atmospheric aerosol (B3: λEx TCC = 0.84,  λEm TCC = 0.82, 

Chapter 4), snowpack (λEx TCC = 0.88,  λEm TCC = 0.81, Chapter 5), and wet-only 

deposition samples (λEx TCC = 0.93,  λEm TCC = 0.82, Chapter 5) previously collected in 

the AOSR (Figure 6.3). Fluorophores measured within the aerosol and deposition samples 
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were linked to OS industrial sources, such as raw bitumen, road dust, and mining fleet 

emissions (Blanchard et al., 2025a; 2025b), which suggested that C3ASL was linked to 

industry as well. Although relatively similar, the C3ASL absorbance and emission spectra 

were notably distinct from the fluorescent components observed in the AOSR aerosol and 

deposition samples. The λEx peak of C3ASL (215 nm) was 10–15 nm lower than the peaks 

observed in the regional atmospheric samples, while the λEm peak (305 nm) was 15–20 nm 

smaller than the corresponding fluorophores; this spectral shift suggested that the ASL 

fluorophore group was chemically unique compared to the atmospheric samples. This 

difference was unsurprising however, as gradual environmental processes like microbial 

degradation and photochemical aging can alter the structural composition and optical 

characteristics of the fluorophores following their introduction to surface-waters (Hernando 

et al., 2015; Snyder et al., 2021).  

The final component (C4ASL) presented limited database matches, where the only model 

with a similarity score > 0.95 characterized the component as the amino acid phenylalanine 

(Wunsch et al., 2015). A second model with a similarity score of 0.94 identified the 

fluorescent component as photo-oxidized petroleum hydrocarbons (Whisenhant et al., 

2022). Compared to the fluorophores identified in atmospheric aerosols and deposition 

samples (including snowpack and weekly precipitation) from the AOSR (Chapter 4 and 5), 

C4ASL displayed highly similar excitation (TCC = 0.97–0.99) and emission (TCC = 0.85–

0.98) spectra compared to AOSR brown carbon aerosols (λEx TCC = 0.97,  λEm TCC = 0.85, 

Chapter 4), regional snowpack (λEx TCC = 0.97,  λEm TCC = 0.95, Chapter 5), and weekly 

precipitation (λEx TCC = 0.99,  λEm TCC = 0.98, Chapter 5) (Figure E1). The protein-like 

fluorophore identified within regional snowpack was linked to OS emissions; however, 
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similar fluorophores measured within regional aerosols and wet-only deposition did not 

decline with distance from industry, suggesting they were not primarily linked to OS 

sources.  

 

Figure 6.2 Visualization of the four PARAFAC components (C1ASL – C4ASL) generated 

from Acid Sensitive Lake (ASL) EEM samples. Emission intensity values are normalized 

according to max component fluorescence. Fluorescent - peak excitation (λEx) and emission 

(λEx) coordinates (nm) are displayed for each component (source: Chapter 3). 
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Figure 6.3 Comparison of normalized excitation (λEx) and emission (λEm) spectra of 

individual fluorescent components observed in a) ASL surface-waters (C3ASL: current 

study), b) atmospheric WS-BrC (B3; Chapter 4), c) snowpack (Chapter 5), and d) weekly 

precipitation samples (Chapter 5). 

The MDL of C3ASL and C4ASL was 4.4 QSU and 5.3 QSU, while the RPD calculated from 

duplicate samples was 6.2% and 9.3%, respectively. Fluorescence intensity of C3ASL 

ranged from 20.8 QSU to 92.5 QSU among ASL samples with a median value of 42.6 QSU. 

6.2.5 Data analysis  

All water quality data were recovery (PAC analytes exclusively) and blank corrected. Blank 

samples were used to determine method detection limits (MDL), which were calculated as: 

standard deviation [n samples] × t-value 99.0% confidence critical value (3.747). Shapiro-
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Wilk tests determined that the available water quality and physical variables followed a 

non-normal distribution, thus, non-parametric tests were employed throughout the study. 

Median values were used as a measure of central tendency while variability was evaluated 

via normalized median absolute deviation (NMAD). Spearman’s Rank Order correlation 

tests were applied to assess bivariate associations between ASL physical and chemical 

variables, and the Kruskal–Wallis test was used to determine significant differences 

between subpopulations.  

Partial least squares regression (PLS-R) modelling was applied to identify key variables 

influencing fluorescent component variability within the ASL dataset. Although described 

in detail elsewhere (Chapter 3; Eriksson et al., 2013), PLS-R is a multivariable least-squares 

regression model that can be used to explain the variability between predictor (X) and 

response (Y) variables by decomposing large datasets into a reduced set of orthogonal 

components. The two undefined fluorescent components (C3ASL or C4ASL) identified in 

Chapter 3 were designated as the model Y variables, while conventional water quality 

chemistry variables, surface-water PACs, lake/catchment hydrology, physical properties, 

lake distance from the nearest OS source, and GEM-MACH total organic carbon deposition 

estimates were included as the X variables.  

In the case of all PLS-R models, internal cross-validation was applied to generate a 

cumulative goodness of fit (R2Y) and cumulative goodness of prediction (Q2Y) value to 

determine the appropriate number orthogonal components. Variable influence on 

projection (VIP) scores indicated the relative influence of each X variable over the 

modelled components, where values ≥ 1 mark a highly influential variable. The spatial 
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proximity of variable loadings served as a visual indicator of X and Y variable associations, 

while distance from the origin indicated the level of correlation with each component.  

6.3 Results and discussion  

6.3.1 Surface water PAC 

The low PAC concentrations within ASL surface-water was consistent with Birks et al. 

(2017). The sum of parent PAHs (ΣPAH) within ASL surface-waters ranged from 0.05 ng 

L-1 to 44.75 ng L-1, where NAP was the most abundant. Total alkyl-PAH (Σalkyl-PAH) 

concentrations ranged from 0.72 ng/l to 364.75 ng L-1, among which C1-C3-NAP, C4-

PHEN/AN, and RET were the most prominent (Table 6.1). The observed dominance of C0-

C4-NAP throughout the ASL network was consistent with Birks et al. (2017), who found 

C4-NAP was the most abundant of the few PACs detected within lake surface-waters in 

the AOSR. Total parent and alkylated PAHs displayed limited visible spatial trends relative 

to OS sources, largely owing to the disproportionate influence of parent and alkylated NAP, 

which also showed no visible spatial trend (Table 6.2). Although frequently linked to 

petrogenic sources (Akre et al., 2004), NAP is comparatively enriched within upgraded 

fuels (i.e., diesel) and depleted in unprocessed oil sand / bitumen (Yang et al., 2011). 

Mobile emissions from OS mining fleets and regional road systems could explain why NAP 

displayed an inconsistent spatial gradient relative to the nearest OS source, as these sources 

are more broadly dispersed throughout the study region. 

Separately, C0-C3-DBTs, C3-FLE, C1-C3-PHEN/AN, C4-FLA/PYR and CHRY were 

elevated among near-field lakes (< 50 km from nearest OS source; Table E1) and displayed 

decreasing concentrations as a function of lake distance from OS sources (Figure 6.4). 
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Considering that many of these PAC species are reflective of petrogenic sources, the 

observed trends suggested that OS activities measurably influenced PAC loadings within 

ASL lakes. Conversely, RET and C4-PHEN/AN were relatively depressed among near-

field lakes, compared to far-field sites (> 50 km from nearest OS source; Table 6.2), and 

displayed negative concentration gradients relative to industry (Figure 6.4). Retene is 

frequently used as pyrogenic indicator species (Simoneit et al., 2000); thus, it was 

interpreted that biomass combustion disproportionately impacted far-field lakes.  
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Table 6.2 Summary of parent and alkylated PACs measured in ASL surface-waters during 

2021. Method detection limits (MDL; ng L-1), detection frequency (%, values above 

reporting detection limit), dataset average, dataset standard deviation (Std. D; ng L-1), 

nearfield lake (< 50 km from nearest OS source; ng L-1) average, nearfield standard 

deviation (ng L-1), and Kruskal–Wallis comparisons of near (< 50 km from nearest OS 

source) and far field (> 50 km from nearest OS source) lakes (α = 0.05) are displayed. 

 MDL 
Detection 

frequency 

Avg. Total 

(n = 50) 
Std. D 

Avg. Nearfield 

(n = 17) 
Std. D. 

Kruskal–

Wallis 

(ng L-1) (%) (ng L-1) (ng L-1) (ng L-1) (ng L-1) (α < 0.05) 

NAP 2.11 98.0 7.15 6.71 4.75 3.07 Y 

C1-NAP 5.54 93.9 5.19 7.70 3.60 2.28  

C2-NAP 2.67 100.0 7.80 12.87 7.26 6.14  

C3-NAP 0.91 95.9 5.26 5.74 5.45 2.55  

C4-NAP 1.30 36.7 5.24 6.12 5.54 3.73  

DBT 0.13 100.0 0.25 0.32 0.39 0.21 Y 

C1-DBT 0.26 40.8 0.93 0.69 1.15 0.78  

C2-DBT 0.61 70.0 1.84 1.89 2.85 2.23 Y 

C3-DBT 0.16 38.8 1.16 1.70 3.00 2.12 Y 

C4-DBT 0.72 40.8 1.11 1.54 1.77 2.88  

AN 0.17 24.5 < MDL - < MDL -  

PHEN 1.32 100.0 1.62 1.52 1.75 0.62  

C1-PHEN/AN 0.38 100.0 1.57 2.06 2.19 0.96 Y 

C2-PHEN/AN 0.49 100.0 1.08 1.68 1.52 0.67 Y 

C3-PHEN/AN 0.26 75.5 0.88 1.08 1.32 0.76 Y 

C4-PHEN/AN 0.82 100.0 6.75 15.74 2.42 2.94 Y 

RET 0.49 100.0 5.23 13.34 0.94 2.60  

FLE 0.37 100.0 0.47 0.74 0.40 0.28  

C1-FLE 0.84 98.0 0.93 1.22 0.74 0.50 Y 

C2-FLE 1.83 95.9 2.35 4.08 1.05 0.80  

C3-FLE 3.64 77.6 4.01 3.58 6.01 5.16 Y 

FLA 0.93 100.0 < MDL 0.47 < MDL 0.36  

PYR 0.45 100.0 < MDL 0.23 < MDL 0.21 Y 

C1-FLA/PYR 0.30 73.5 0.57 0.95 0.46 0.20  

C2-FLA/PYR 0.66 46.9 0.73 1.24 0.57 0.20 Y 

C3-FLA/PYR 0.83 20.0 < MDL - < MDL -  

C4-FLA/PYR 0.31 85.7 3.33 4.64 5.16 8.16 Y 

CHRY 0.24 100.0 0.31 0.38 0.37 0.18 Y 

PER 0.23 34.8 1.01 1.28 0.58 0.8  
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Figure 6.4 Distribution of a) DBT (ng L-1), C1-PHEN-AN, and b) retene (ng L-1) measured 

within Acid Sensitive Lake (ASL; n = 50) surface-waters during the 2021 Oil Sands 

Monitoring Program survey. Lakes are ordered (left to right) according to distance from 
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the nearest oil sands operations (WF6 < 20 km, CM4 > 300km). Error bars represent the 

analytical precision determined via duplicate samples. The inset plot in Figure 6.4a and 

6.4b display DBT and C1-PHEN-AN concentrations (respectively) a function of lake 

distance (km) from the nearest OS source. 

6.3.2 Fluorescent component spatial variability 

Generally, surface-water C3ASL fluorescence gradually declined relative to lake distance 

from OS operations (Figure 6.5). In exception to this trend, the mid-field lakes WF1 and 

SM2 experienced some of the highest C3ASL fluorescence out of the entire ASL network. 

The explanation for these outliers is uncertain, however, notably elevated retene 

concentrations at WF1 and SM2 suggested a potential pyrogenic influence. Although 

fluorescence decreased as a function of distance from OS sources, the comparatively low 

C3ASL values at far-field lakes were still well above MDL. This observation suggested that 

either: a) OS emissions exerted a substantial influence over lake CDOM at great distances 

(> 300 km), or b) non-petrogenic (e.g., biological, pyrogenic) aromatic compounds 

contributed to background C3ASL fluorescence within lakes throughout the study region. 

Surface-water C4ASL fluorescence ranged between 20.4 QSU to 272.4 QSU, with a median 

of 70.9 QSU. Unlike the former component, C4ASL variation presented limited spatial 

trends throughout the study region.  
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Figure 6.5 Distribution of a) C3ASL and b) C4ASL fluorescence (QSU) within acid sensitive 

lake (ASL) surface-waters during the 2021 survey. Lakes are ordered (left to right) 

according to distance from the nearest OS source (WF6 < 20 km, CM4  > 300 km). The 

inset plot in Figure 6.5a displays C3ASL intensity (QSU) as a function of lake distance (km) 

from nearest OS source. 
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6.3.3 Bivariate and multivariate analysis of ASL data 

The third fluorescent component (C3ASL) displayed significant positive correlations 

(Spearman: α > 0.05, RS > 0.50) with lake temperature, and a selection of PACs, namely 

DBT, and C0–C2-PHEN/AN. Parent DBT displayed the strongest monotonic agreement 

with the fluorescent component, with an RS value of 0.66 (Figure E2). Heterocyclic 

compounds such as DBT are relatively water-soluble compared to homocyclic molecules 

(Feldmannová et al., 2006); this possibly contributed to the strong association between 

C3ASL and DBT, as lake sample filtration would have removed less-soluble aromatics prior 

to EEM analysis. Analysis by Sun et al. (2018) established that OS-influenced surface-

waters in the AOSR contain a broad variety of 2–3 ring heterocyclic compounds, which 

given their higher relative water-solubility could contribute to C3ASL fluorescence. 

Moreover, C3ASL fluorescence was significantly correlated (Spearman: α > 0.05, RS = 0.56) 

with modelled total carbon deposition estimates, which suggested that the fluorophore was 

linked to OS emissions. Unlike C3ASL, the C4ASL fluorophore displayed limited significant 

correlations with the available variables, including PACs and modelled deposition 

estimates.  

Cross-validation of a PLS-R model determined that two orthogonal components were most 

appropriate, producing a R2Y and Q2 score of 0.78 and 0.61, respectively. The primary 

orthogonal component displayed moderate positive correlations with the C3 fluorophore, 

FLE, DBT, C0-C2 -PHEN/AN, CHRY, PYR, GEM-MACH, and a negative correlation 

with lake distance from the nearest OS source; these associations suggested that the PLS-

R component represented industrial-sourced PAC lake inputs. The second orthogonal 

component displayed strong-positive correlations with C0-C3-NAP, C4-PHEN/AN, and 
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RET, possibly indicative of pyrogenic PAC inputs. Given their high VIP scores (> 1) and 

proximity to C3ASL in the correlation plot (Figure 6.6), the petrogenic-associated DBT and 

C1-PHEN/AN were the strongest predictors of C3ASL variation; moreover, the Y variable’s 

associations with distance from OS sources and organic carbon deposition estimates 

provided considerable evidence that C3ASL fluorescence was linked to local industry. 

However, the background level of C3ASL emission intensity among far-field ASL waters 

suggested that organic matter originating from non-OS sources additionally contributed to 

measured fluorescence. 

Fluorescence EEM spectroscopy is capable of broad chemical selectivity; hence, the C3ASL 

fluorescent peak observed within ASL surface-waters likely reflected a mixture of 2–3 ring 

aromatic compounds extending beyond the PACs measured in the current study. 

Considering that the C3ASL fluorophore was measured within the dissolved organic matter 

fraction, these fluorescent aromatic species were expected to largely consist of polar and 

semi-polar compounds such as oxygenated and nitrated PACs. Although not as well studied 

as their non-polar counterparts, polar PACs are uniquely potent environmental pollutants 

owing to their enhanced genotoxic, mutagenic and carcinogenic effects (Idowu et al., 

2019).  
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Figure 6.6 Correlation biplot displaying both X (black) and Y variables (red) in relation to 

PLS components one and two. The solid black and outlined black points indicate X 

variables with high (≥ 1) and low (< 1) VIP scores, respectively. 

As was demonstrated by bivariate and PLS-R analysis, C4ASL displayed weak/limited 

associations with the available variables, which made it difficult to further characterize the 

fluorophore. The spectral similarity between C4ASL and the OS-associated fluorophores 

measured in AOSR aerosol and deposition samples suggested that industrial deposition 

could result in the observed fluorescence in ASL surface-waters. However, the absence of 

a clear spatial gradient relative to OS sources and weak associations with available PACs 

implied C4ASL was not related to OS emissions. It is possible that the fluorophore was 
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reflective of biologically derived proteins and amino acids, which present fluorescent peaks 

similar to C4ASL (Kothawala et al. 2014). 

6.4 Conclusions 

Oil sands operations are a substantial source of CDOM emissions to the surrounding 

atmosphere. Their subsequent deposition may impact organic matter composition within 

regional lakes. Combined EEM-PARAFAC analysis of water samples from 50 AOSR lakes 

surface-water identified two spectrally distinct fluorophores (C3ASL and C4ASL) that were 

not clearly affiliated with natural / biological sources and presented spectra similar to 

industry-sourced CDOM previously measured in atmospheric samples from the AOSR. 

Fluorescent component 3 (C3ASL) emission intensity was significantly elevated among 

lakes located near OS facilities and declined as a function of distance from industrial 

sources. Moreover, C3ASL displayed positive associations with surface-water PACs, 

specifically petrogenic species like DBT. The fourth fluorescent component (C4ASL) 

displayed generally weak or insignificant association with the available environmental 

variables, including variables representative of industrial contamination. 

Given the observed positive associations with modelled organic carbon deposition 

estimates and petrogenic PAC species, there was evidence to suggest that the C3ASL 

fluorophore was representative of a broad range of aromatic compounds originating from 

OS emissions. Although the chemical composition of the C3 fluorophore was undefined, 

the many petrogenic aromatic compounds likely contributing to observed fluorescence 

(e.g., DBT) are hazardous pollutants (Shemer & Linden, 2007) that should be of 

environmental concern. Compared to conventional analytical methodologies, such as mass 
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spectrometry, combined EEM – PARAFAC analysis is a cost-effective technique; as such, 

fluorescence spectroscopy may offer accessible means of detecting industrial pollution 

within lake systems in the AOSR. 
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7. Chapter Seven: Conclusion  

7.1 Study overview  

7.1.1 Review: Chromophoric dissolved organic matter in the environment 

Chromophoric dissolved organic matter (CDOM) represents a broad class of dissolved 

organic matter (DOM) characterized by its capacity to absorb light across the ultraviolet 

(UV) and visible wavelength ranges (100–800 nm). Chromophoric organic matter plays 

numerous roles in aquatic system function; for example, CDOM can directly influence 

ecosystem solar radiation budgets and primary productivity, assist in nutrient and metal 

transport, and serve as a medium for biological activity (Dodds & Whiles, 2010; Fisher & 

Likens, 1973). The CDOM of an aquatic system either originates from internal biological 

processes (autochthonous) or external (allochthonous) sources, while numerous 

environmental processes and characteristics (e.g., photochemistry, biological metabolism, 

hydrology) can subsequently impact organic matter composition and fate (Huang et al., 

2022; Kothawala et al., 2013; Olefeldt et al., 2013). It is well established that acid-base 

chemistry can directly and indirectly influence the abundance and structure of CDOM 

within aquatic systems (Anesio & Granéli, 2003; Gu et al., 2017), while chromophoric 

organic molecules containing acidic functional groups (e.g., humic and fulvic acids) can 

increase or decrease surface-water pH and acid neutralization capacity (Castrillon-Munoz 

et al., 2022; Munson & Gherini, 1993; Oliver et al., 1983).  

Although commonly studied in aquatic systems, CDOM persists throughout the 

atmospheric environment in both gaseous and particle phases (Chen et al., 2021). This 

organic matter fraction can originate from several environmental sources, the most 
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prominent of which include bioaerosols (Rizzo et al., 2013), biomass combustion 

(Ramanathan et al., 2007), and fossil fuel combustion (Shen et al., 2023; Yan et al., 2017). 

Particle-phase CDOM, also known as water-soluble brown carbon (WS-BrC), has been 

recognized as an important factor contributing to regional and global climate change owing 

to its capacity to directly and indirectly absorb solar radiation (Chakrabarty et al., 2016). 

Following initial emission, atmospheric CDOM (including WS-BrC) re-enters the surface 

environment (including aquatic systems) through wet and dry deposition (Mladenov et al., 

2011; Zang et al., 2014).  

7.1.2 Athabasca Oil Sands Region 

The Athabasca Oil Sand Region (AOSR), located in northern Alberta, Canada, is home to 

the world’s largest known bitumen deposit, which encompasses an area of ~140,200 km2. 

Intensive industrial operations in the AOSR are a major source of inorganic acidic species 

(sulphur and nitrogen) and organic pollutant emission to the surrounding region (Bennet et 

al., 2008; Cathcart et al., 2016; Jariyasopit et al., 2018). Altered acid-base chemistry and 

organic pollutant inputs following the deposition of industrial emissions posed the potential 

to alter the composition of CDOM within lake surface-waters throughout the AOSR. The 

primary objectives of this thesis were to determine a) if CDOM and acid-base chemistry 

were related within AOSR lakes, and b) if OS organic emissions influenced the 

composition of lake surface-water CDOM. The null hypotheses corresponding to these 

objectives were H0: a) CDOM and acid-base variables were not significantly associated, 

and H0: b) industrial emissions do not measurably contribute to CDOM within regional 

lake surface-waters.  
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7.2 Summary of key findings 

This investigation consisted of five independent research chapters, the contents and major 

findings of which are summarized below:  

a) Chapter 2 involved the reanalysis of the historical (1999–2017) Acid Sensitive Lakes 

(ASL; n = 50) dataset to evaluate the spatiotemporal variability of DOM among AOSR 

lakes. Multivariable analysis found that the ASL dataset consisted of two distinct 

subpopulations, including a large cohort of lakes (titled “High” or “H”) characterized by 

relatively high surface-water colour, dissolved metals (specifically Fe), and low DOC, 

alkalinity, and pH, while the remaining lakes (titled “Low” or “L”) displayed the inverse 

characteristics. Given the strong positive correlation between surface water colour and 

DOC, it was assumed that the coloured H lakes were rich in CDOM. Monotonic trend 

analysis showed limited evidence of long-term acidification throughout the region; 

conversely, many lakes displayed increasing pH and alkalinity. However, regional back-

trajectory analysis indicated that H-classified lakes more likely to receive atmospheric 

transport from OS sources displayed significantly lower pH and alkalinity. These findings 

suggested that the acid-base chemistry of H lakes could be influenced by acid inputs from 

OS sources, this in turn could alter the composition of surface-water CDOM.  

b) Building on the initial findings of the previous study, Chapter 3 directly evaluated the 

structure of lake CDOM throughout the AOSR by analyzing ASL surface-waters (sampled 

during the summer of 2021) with ultraviolet-visible (UV-Vis) and excitation – emission 

matrix (EEM) fluorescence spectroscopy. Regional lakes contained four spectrally distinct 

fluorescent compounds (i.e., fluorophores), including two humic acid like fluorophores (C1 
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and C2) and two amino-acid like compounds (C3 and C4). Multivariate analysis indicated 

that C1 and C2 likely originated from surrounding peatlands and were associated with 

surface-water colour and dissolved organic carbon, respectively. Strong associations with 

select metals and variables reflective of irradiation suggested that the comparatively 

aromatic C1 formed CDOM–metal complexes that were vulnerable to photodegradation. 

Both C3 and C4 remained largely unresolved due to limited associations with the available 

data; however, C3 spectra were similar to anthropogenic fluorescent species reported in the 

literature. Weak associations were observed between CDOM variables and surface-water 

pH and alkalinity, providing limited evidence to suggest CDOM and acid-base chemistry 

shared a direct relationship within AOSR lakes. As such, the first null hypothesis (H0: a) 

could not be rejected. Potential acid inputs from OS sources were unlikely to influence the 

composition of CDOM within regional lakes, including the potentially acid sensitive H-

classified lakes.  

c) Chapter 4 set out to measure and characterize WS-BrC throughout the AOSR through 

the deployment of active sampler systems during the summer of 2021. Combined UV-Vis 

and EEM fluorescence analysis, paired with complimentary particle-phase metals and air-

quality data found that the OS industry was a measurable source of CDOM aerosols to the 

surrounding airshed. Three spectrally distinct fluorophores (B1–B3) were observed within 

the WS-BrC samples, two of which (B1, B3) were associated with industrial emissions, 

while the last component (B2) was likely influenced by both industrial and pyrogenic 

(wildfire) sources.  



187 

 

d) Chapter 5 investigated the spatial and temporal variability of CDOM deposition 

throughout the AOSR through the spectroscopic analysis of regional snowpack (collected 

spring 2023) and weekly precipitation (January 2021–December 2021) samples. 

Fluorescence EEM analysis identified three fluorophore species; interestingly, the 

fluorescence spectra measured within the snowpack and weekly precipitation samples were 

very similar. Moreover, the third fluorescent component detected within the snow (S3) and 

precipitation (W3) samples were spectrally similar to the industrial fluorescent component 

observed from the WS-BrC samples (C3). Measured absorbance and fluorescence were 

significantly elevated within near-field snowpack samples, which demonstrated that OS 

operations were a key source of CDOM deposition to the region. Two fluorophore species 

from the precipitation samples (W1 and W2) displayed an association with pyrogenic 

sources (i.e., wildfires), while the third fluorophore (W3) was significantly elevated among 

near-field stations and positively correlated with industrial indicator variables. These 

observations suggested that at least one industrially sourced fluorophore (C3, S3, W3) was 

ubiquitous throughout the AOSR airshed.  

e) The final research chapter revisited the ASL surface-water dataset (2023) from chapter 

2; notably, this work focused on characterizing the third and fourth fluorescent components 

(C3 and C4), primarily by comparison to corresponding measurements of PACs. Measured 

C3 displayed a spatial gradient of decreasing fluorescence intensity as a function of distance 

from OS facilities and additionally presented positive correlations with PACs. Moreover, 

C3 was spectrally similar to the industrial fluorophores measured within WS-BrC (B3), 

snowpack (S3), and weekly precipitation (W3) samples, which further suggested that 

atmospheric inputs could contribute to observed fluorescence within regional lakes. These 
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observations offer considerable evidence that OS emissions and deposition measurably 

alter the composition of CDOM within regional lakes; as such, the second null hypothesis 

(H0: b) was rejected. 

7.3. Implications and future recommendations 

7.3.1 Regional lake surface-waters 

The classification of H and L lake subpopulations (initially identified in Chapter 2) 

provided a useful context to evaluate CDOM dynamics throughout the AOSR. The two 

cohorts displayed distinct chemical, geological, and hydrological characteristics that likely 

contributed to the divergent CDOM composition observed between H and L sites. Future 

studies investigating the influence of acid deposition on lake chemistry in the AOSR should 

take particular interest in H-classified lakes, considering that the CDOM-rich (and low acid 

neutralizing capacity) lakes are potentially vulnerable to acid inputs from OS sources.  

According to the findings of Chapter 3, the weak association between CDOM and acid-

base chemistry demonstrated that lake acidification (or acid recovery) would not likely 

impact surface-water chromophoric organic matter in the AOSR. It should be noted that 

the analysis presented in Chapter 3 was based on one period of observations and did not 

fully capture the temporal variability of lake CDOM throughout the AOSR. As such, 

broader associations between CDOM and acid-base chemistry may not have been visible 

within the available dataset. It is recommended that EEM fluorescence spectroscopy is 

incorporated into the routine annual monitoring of ASL surface-waters in effort to evaluate 

long-term CDOM variation in relation to acid-base chemistry.  
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The investigation in Chapter 3 did find, however, that CDOM appeared to be primarily 

influenced by catchment characteristics, which themselves are currently experiencing 

dynamic shifts due to external factors. Continued industrial land-development and climate 

change are contributing to ongoing peatland degradation and permafrost thaw in northern 

Alberta (Daniel et al., 2021; Gibson et al., 2019; Price et al., 2013), and these processes 

may lead to conflicting CDOM shifts. For example, a reduction in organic-rich peatlands 

within catchments would limit allochthonous humic and fulvic acid inputs to lakes, which 

in turn could impact surface-water colour and primary productivity. On the other hand, 

meltwater drainage from humic-rich peatland permafrost could temporality accelerate 

allochthonous flux to adjacent lakes, consequently enhancing CDOM abundance and light 

absorbing capacity. Again, it is recommended that spectroscopy analysis is incorporated 

into routine ASL monitoring to assess long-term variation in CDOM quality. 

It is well established that industry is a notable source of organic pollutants (e.g., PACs) to 

aquatic systems throughout the AOSR; nonetheless, this thesis offered the first-known 

evidence that OS emissions and deposition measurably influenced the chromophoric 

properties of lake surface-waters in the region. The industrial fluorophore (C3) displayed 

the lowest emission intensity out of the four measured fluorophores and was weakly 

associated with a254 and SUVA254, and as such did not likely impact lake energy budgets 

and primary productivity. However, the clear industrial CDOM signal measured within 

ASL waters demonstrated that combined EEM-PARAFAC analysis could serve as a 

valuable tool to screen for organic pollution within aquatic systems throughout the AOSR. 

Owing to the low operational costs associated with the method, EEM-PARAFAC would 

be easily accessible to smaller organizations or individuals (community groups, concerned 
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citizens) interested in monitoring surface-water quality throughout the AOSR. Given the 

potential utility of this technique, future studies in the region should further characterize 

the C3 fluorophore within lake surface-waters and attempt to identify the key chemical 

species responsible for fluorescence.  

7.3.2 Atmospheric environment 

This thesis provided the first-known analysis of CDOM within aerosols and atmospheric 

deposition in the AOSR. Given that OS operations significantly contributed to light-

absorbing CDOM within atmospheric aerosols and deposition, future studies should 

consider quantifying the radiative forcing potential of industrial CDOM. Decreased 

atmospheric and surface albedo due to industrial CDOM emissions could measurably 

contribute to regional warming and compound the ongoing processes related to global 

climate change. Given the established reactive potential of chromophoric aerosols (Jiang et 

al., 2012), subsequent studies should investigate how industrial BrC impact atmospheric 

chemical processes throughout the AOSR airshed.   

Combined analysis of atmospheric aerosol and deposition samples by EEM-PARAFAC 

(Chapters 4 and 5) identified spectrally distinct fluorophores (e.g., C3, S3, W3) clearly 

linked to OS sources, these observations confirmed that EEM-PARAFAC was an effective 

tool to measure atmospheric CDOM in the AOSR. A substantial portion of organic 

pollutants emitted by the OS industry (e.g., PACs) possess conjugated ring structures 

capable of fluorescence, and as such, EEM-PARAFAC sampling techniques could be used 

as an alternative method to screen for industrial pollutants in the AOSR. Owing to the low 

operational costs and relative simplicity of fluorescence spectrometers, EEM-PARAFAC 
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can be used to efficiently analyze high volumes of environmental samples collected across 

broad spatial and temporal ranges. 

The vast majority of atmospheric BrC research has been limited to the particle phase (BrC-

PP). However, certain BrC-PP chemical species including oxygenated and nitrated PACs 

and quinones possess semi-volatile properties that likely contribute to light absorption in 

the gas-phase (Laskin et al., 2015). A preliminary study by Chen et al. (2021) in Taiyuan, 

China confirmed that gas-phase BrC (BrC-GP) was responsible for a measurable portion 

(30–50 %) of total BrC (BrC-PP + BrC-GP) absorbance and up to 80% of total fluorescence 

in the atmosphere. Given the established link between OS operations and regional BrC 

aerosols and CDOM deposition, there is reasonable evidence to suggest that local industry 

contributes to BrC-GP in the AOSR. Additional light-absorbance by these gas-phase 

chromophores could further enhance radiative forcing within atmospheric and surface 

environments, which could contribute to regional warming. It is recommended that future 

studies in the AOSR measure the BrC-GP fraction in effort to evaluate the composition, 

sources, and light-absorbing potential of the gas-phase chromophores in the region.  
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Appendix A  

Chapter 2: Dissolved Organic Carbon in lakes of the Athabasca Oil Sands Region: 

Are coloured lakes more sensitive to atmospheric deposition? 

Appendix A: Figures  

 

Figure A1. Spearman correlation matrix comparing water-quality parameters among H 

ASL sites, correlation coefficient strength is represented by cell colour intensity (red = 

negative; blue = positive) and diameter.   
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Figure A2. Spearman correlation matrix comparing water-quality parameters among L 

ASL sites, correlation coefficient strength is represented by cell colour intensity (red = 

negative; blue = positive) and diameter.   
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Figure A3. Comparison of maximum lake depth (m) and surface-water pH among ASL 

sites.  

 

 

Figure A4. Boxplot comparing the distribution of GEM-MACH modelled total S 

deposition (µeq/m-2/yr) in relation to lake WPSCF categories (1.0, 0.7, 0.4, and 0.2) among 

ASL sites. Mann-Whitney U test p-values are presented for significantly different samples.  
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Figure A5. Distribution of WPSCF values among ASL sites, as indicated by colour; lake 

subregions are highlighted within each red-encircled area. The red-outlined triangle 

indicates the location of AR6 (source: Google Maps).  
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Appendix A: Tables 

Table A1. Spearman correlation analysis comparing lake pH and select ion ratios; 

correlation coefficient and significance are presented.  

 

 

 

 

 

 

 

 

 

 

 

 

RATIO SO4
2- Cl- PO4

3- NO3
- Oa Na2+ Ca2+ Mg2+ K+ Al3+ HCO3

- 

R -0.54 -0.42 -0.79 -0.71 -0.86 -0.47 -0.28 -0.28 -0.42 -0.88 0.76 

RHO ≠ 0 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
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Table A2. Summary of Mann-Kendal monotonic trend analysis (1999 – 2017) for 

individual according to PCSF category (0.0 – 1.0, 0.0 – 0.4, and 0.7 – 1.0), which are further 

separated into H and L subpopulations. The relative fraction (%) of lakes which displayed 

significant positive (no parenthesis) or negative (in parentheses) Z test statistic values are 

presented for each parameter and category. The number of lakes within each defined 

category is shown.  

WPCSF 0.0 – 1.0 0.0 – 0.4 0.7 – 1.0 

ASL subpopulation High Low High Low High Low 

# of lakes 35 15 21 4 14 11 

TC (mg/l Pt) 5.6 (2.8) (7.1) 9.5 (4.8)   (9.1) 

DOC (mg/l) 2.8 (11.1) (28.5) 4.8 (14.3) (25.0) (7.1) (27.3) 

DIC (µeq/l) 19.4 14.3 (21.4) 28.6  7.1 18.2 (27.3) 

Oa (µeq/l) 2.8 (2.8)  4.8  (7.1)  

OaR (27.8)  (28.6)  (28.6)  

SO4
2- (µeq/l) 5.6 (11.1) 14.3 (50.0) 9.5 (9.5) (25.0) (14.3) 18.2 (54.5) 

PO4
3- (µeq/l) (19.4) (78.6) (18.2)  (21.4) (90.9) 

NO3
- (µeq/l) (22.2)  (23.8)  (21.4)  

Cl- (µeq/l) (36.1) 7.1 (35.7) (23.8) (25.0) (57.1) 9.1 (36.4) 

Ca2+ (µeq/l) 16.7 (2.8) 7.1 (7.1) 23.8  7.1 (7.1) 9.1 (9.1) 

Na+ (µeq/l) 11.1 14.3 (21.4) 18.2   18.2 (27.3) 

K+ (µeq/l) 13.9 (2.8) 14.3 (14.3) 18.2  7.1 (7.1) 18.2 (18.2) 

Mg2+ (µeq/l) 16.7 14.3 (14.3) 23.8  7.1 18.2 (18.2) 

Al3+ (µeq/l) 2.8 7.1 (7.1)  (25.0) 7.1 9.1 

Anion sum (µeq/l) 44.4 (2.8) 21.4 (21.4) 52.4  35.7 (7.1) 27.3 (27.3) 

Cation sum (µeq/l) 22.2 (2.8) 14.3 (14.3) 28.6 (4.8)  14.3 18.2 (18.2) 

d-Fe (µg/l) 11.1 7.1 9.5  14.3 9.1 

Alkalinity (µeq/L) 58.3 14.3 (14.3) 57.1  64.3 18.2 (18.2) 

pH (pH units) 69.4 35.7 (7.1) 81.0 50.0 57.1 27.3 (9.1) 

Conductivity (µs/cm) 13.9 (8.3) 21.4 (21.4) 18.2 (4.8)  7.1 (14.3) 27.3 (27.3) 
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Appendix B 

Chapter 3: Characterization of chromophoric dissolved organic matter in the 

Athabasca Oil Sands Region, Canada, and its association to lake acid sensitivity    

Appendix B1: Elemental analysis QA/QC 

Elemental (total recoverable and dissolved) concentrations measured across 5 field blanks 

(one per sampling day) were considerably low, as most target analytes fell below their 

respective instrument reporting detection limits. Comparison of 5 duplicate sample sets 

revealed generally low relative percent difference (RPD; average = 7.5%, standard 

deviation = 7.4%) values for the target elements. Routine analysis of certified reference 

waters (Water-Trace elements TM-27.4; National Research Council, Canada) by InnoTech 

Alberta found broadly acceptable recoveries for the target analytes. For example, the 

average elemental recoveries measured from 27 reference water samples (analyzed during 

the January 2023 to March 2024 period) ranged between 96.1 - 111.6%. 
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Appendix B: Figures  

 

Figure B1. Comparison of lake distance from nearest industrial source (km) and C3 

fluorescence intensity (QSU) measured at individual Acid Sensitive Lakes (ASL; 2021 

sample data). The line of best fit and corresponding regression equations with Pearson 

correlation coefficient are displayed. 
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Figure B2. Biplot comparing principal component 1 (PC1) and principal component 2 

(PC2) from the resulting principal component analysis (PCA) of the complete Acid 

Sensitive Lake (ASL) dataset, including all geochemical variables. Variables with the 

highest loading values are visible to improve legibility (black points). Factor scores have 

been categorized according to their H (red circles) and L (blue circles) lake subpopulation. 
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Figure B3. Correlation biplot displaying both X (red) and Y variables (blue) in relation to 

PLS components one and two. The filled red and outlined red points indicate X variables 

with high (≥ 1) and low (< 1) VIP scores, respectively. 
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Appendix B: Tables 

Table B1. Summary of key variables included in the study. Variable abbreviations and 

units are displayed. 

Variable Abbreviation Units 

Temperature Temp °C 

Redox potential Redox mV-1 

Dissolved oxygen DO mg L-1 

pH pH pH units 

Total alkalinity Alk-T mg L-1 

Sum of cations Cation total mEq l-1 

Sum of anions Anion total mEq l-1 

Ion deficit Ion def mEq l-1 

Dissolved inorganic carbon DIC mg C L-1 

Dissolved organic carbon DOC mg C L-1 

Chlorophyll - a Chl-a mg m-3 

Ammonia NH3 mg L-1 

dissolved Kjeldahl nitrogen DKN mg N L-1 

Total dissolved phosphorus TDP mg L-1 

Total phosphorus TP mg L-1 

True colour TC mg L-1 Pt 

Oxygen-18 / oxygen -16 isotope ratio δ18O ‰ 

Water yield WY mm 

Lake inflow ratio E/I % 

Lake elevation Elevation m 

Lake surface area LA m2 

Lake volume Volume m3 

Lake depth Depth m 

Drainage basin area DBA m2 

Lake catchment bog coverage Bog % 

Lake catchment fen coverage Fen % 

Lake catchment permafrost coverage Permafrost % 
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Table B2. Summary median water quality variable lake observations. The normalized median 

absolute deviation (NMAD; %) is displayed for each cohort.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Lake region 

Metric BM SM NE WF CM S 

pH 6.78 (0.93) 5.80 (0.63) 6.89 (0.72) 6.93 (0.95) 6.62 (0.41) 7.00 (0.17) 

Alk-T (mg L-1) 9.77 (8.89) 3.63 (3.77) 35.1 (37.6) 20.10 (13.34) 15.5 (18.8) 16.98 (6.85) 

Cation (meq L-1) 0.51 (0.33) 0.18 (0.09) 0.80 (0.62) 0.70 (0.49) 0.48 (0.29) 0.53 (0.13) 

Anion (meq L-1) 0.35 (0.23) 0.09 (0.08) 0.74 (0.74) 0.51 (0.46) 0.36 (0.41) 0.40 (0.14) 

Ion def (meq L-1) 0.17 (0.11) 0.10 (0.04) 0.16 (0.05) 0.15 (0.01) 0.17 (0.08) 0.14 (0.04) 

DIC (mgC L-1) 2.23 (1.54) 1.24 (0.58) 5.06 (4.73) 4.03 (2.19) <DL <DL  

Chl-a (mg m-3) 50.90 (42.5) 25.96 (26.98) 29.19 (25.35) 62.03 (97.49) 23.90 (16.8) 8.00 (9.2) 

DO (mg L-1) 9.10 (0.61) 9.04 (0.25) 9.61 (0.88) 8.63 (0.76) 9.96 (0.9) 9.08 (0.55) 

NH3 (mg L-1) 0.05 (0.048) 0.06 (0.06) 0.05 (0.06) 0.04 0.02 (-) - 

DKN (mgN L-1) 0.71 (0.58) 0.48 (0.26) 0.68 (0.14) 0.87 (0.26) 0.60 (0.1) 0.52 (0.15) 

TDP (mgP L-1) 0.05 (0.05) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.007) < 0.01 (0.00) 

TP (mgP L-1) 0.12 (0.19) 0.04 (0.02) 0.05 (0.04) 0.09 (0.12) 0.04 (0.01) 0.03 (-) 

Fe (µg L-1) 1701.7 (1736.9) 483 (297.3) 629.8 (490.8) 415.3 (632.6) 793.2 (488.6) 713.6 (530.69) 

d-Fe (µg L-1) 587.6 (522.6) 214.2 (225.1) 292.0 (279.4) 87.9 (162.80 457.2 (288.5) 410.8 (432.9) 

TC (mg L-1 Pt) 161.0 (108.6) 104.9 (81.5) 113.4 (65.5) 83.4 (51.48) 151.0 (58.8) 85.0 (51.1) 

DOC (mg C L-1) 20.5 (10.1) 14.3 (6.48) 22.1 (5.8) 26.3 (11.87) 25.0 (4.8) 21.0 (7.75) 

a254 (m-1) 0.05 (0.05) 0.02 (0.01) 0.04 (0.03) 0.04 (0.00) 0.05 (0.02) 0.02 (0.02) 

SUVA254  L mg-1 m-1) 0.15 (0.14) 0.10 (0.04) 0.15 (0.16) 0.13 (0.00) 0.19 (0.07) 0.11 (0.06) 

HIX 0.76 (0.09) 0.63 (0.08) 0.73 (0.08) 0.74 (0.05) 0.77 (0.04) 0.65 (0.12) 

BIX 0.46 (0.06) 0.60 (0.07) 0.49 (0.10) 0.51 (0.05) 0.43 (0.01) 0.52 (0.11) 

FI 1.15 (0.07) 1.31 (0.18) 1.18 (0.14) 1.15 (0.07) 1.11 (0.05) 1.15 (0.04) 
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Table B3. Variable factor loadings for the four principal components (PC1 – PC3) generated from 

the 2021 Acid Sensitive Lake data. Loading values > 0.8 or < - 0.8 indicate variables strongly 

associated with their respective principal component.  

Variable PC1 (26.7 %) PC2 (15.1 %) PC3 (10.3 %) PC4 (9.4 %) 

C1 0.86 0.51 0.01 -0.21 

C2 0.54 0.83 -0.07 -0.17 

C3 -0.54 0.22 -0.41 0.21 

C4 -0.06 -0.41 -0.21 0.51 

C1/C2 0.92 -0.17 0.11 -0.33 

BIX -0.78 0.20 0.05 0.38 

FI -0.41 -0.07 -0.36 0.24 

HIX 0.83 0.38 0.01 -0.30 

a254 0.80 0.50 0.06 -0.01 

SUVA254 0.61 0.33 0.27 -0.29 

TC 0.96 -0.10 -0.11 -0.09 

TOC 0.36 0.66 -0.09 -0.24 

DOC 0.48 0.70 -0.06 -0.23 

Temp -0.64 -0.08 -0.28 0.05 

δ18O -0.62 0.07 -0.54 0.16 

TP 0.30 0.03 -0.38 0.70 

TDP 0.75 0.14 -0.26 0.54 

DKN 0.24 0.75 -0.20 0.02 

Chl-a 0.10 0.13 -0.41 0.49 

DO -0.10 0.04 -0.11 0.22 

pH -0.26 0.75 0.34 0.29 

Alk-T -0.37 0.64 0.23 0.24 

Redox 0.21 -0.76 0.02 0.13 

Anions total -0.21 0.74 0.18 0.28 

Cations Total -0.07 0.88 0.16 0.21 

Ion Deficit 0.39 0.65 -0.09 -0.17 

d-Al 0.53 -0.57 -0.25 -0.32 

Al 0.65 -0.08 -0.30 0.59 

Ca -0.21 0.83 0.23 0.17 

d-Cu 0.67 0.00 0.21 -0.12 

Cu 0.70 0.03 0.24 -0.25 

d-Fe 0.72 -0.21 0.18 -0.23 

Fe 0.74 0.05 -0.24 0.58 

d-Mn 0.38 -0.40 -0.26 -0.44 

d-Ni 0.86 0.01 -0.03 0.47 

Ni 0.78 0.02 -0.13 0.59 

d-Pb 0.63 -0.50 -0.17 -0.19 

d-Zn 0.61 -0.51 -0.31 -0.38 
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Table B3 Continued. Variable factor loadings for the four principal components (PC1 – PC3) 

generated from the 2021 Acid Sensitive Lake data. Loading values > 0.8 or < -0.8 indicate variables 

strongly associated with their respective principal component.  

Variable PC1 (26.7 %) PC2 (15.1 %) PC3 (10.3 %) PC4 (9.4 %) 

Depth -0.01 -0.15 0.81 0.09 

LA -0.18 -0.20 0.58 0.47 

BDA 0.14 0.06 0.47 0.14 

Volume -0.14 -0.21 0.67 0.28 

LA / BDA -0.53 -0.36 0.08 0.49 

DBA / volume 0.33 0.50 -0.40 -0.42 

Elevation 0.08 -0.24 -0.50 0.13 

Nearest 0.17 -0.35 0.52 -0.09 

%Bog 0.60 -0.12 0.60 0.12 

%Fen -0.41 -0.12 -0.60 -0.16 

%Upland -0.14 0.48 -0.06 -0.03 

%Open -0.16 0.02 -0.17 -0.08 

%Permafrost 0.59 -0.10 0.62 0.11 

WY -0.03 -0.47 0.45 0.27 
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Appendix C  

Chapter 4: Characterization of atmospheric water-soluble brown carbon in the 

Athabasca Oil Sands Region, Canada 

Appendix C1: Mass Spectrometry analysis  

Datasets were acquired using an Agilent 8800 triple quadrupole inductively coupled mass 

spectrometer, in the Water Quality Centre at Trent University (Table C1 & C2). A 

MicroMist nebulizer (nominal uptake rate 400 L min-1) and Scott double pass spray 

chamber was used for sample introduction. Calibration standards were prepared by serial 

dilution of a 100 ng mL-1 multi-element solution (HPS QCS 27) and 1000 ng mL-1 single 

element standards in 2% HNO3. High purity water (18.2 MΩ) and nitric acid was used for 

the preparation of all solutions. The NIST SRM 1640a (Trace Elements in Natural Water), 

NRC SLRS-6 (River Water Certified Reference Material for Trace Metals) and CALA PT 

standards were used for QA/QC. The measured concentrations were within 5% of the 

certified values. 
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Appendix C: Figures  

Figure C1: Temporal distribution of active sampler exposures (demarked by the vertical 

dotted lines) at each of the WBEA monitoring sites during the field study (July 19–August 

10, 2023).  
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Figure C2: Hourly average PM2.5 (µg m-3) measured at a) AMS01 (black dotted line) and 

b) AMS18 (grey line) continuous monitoring stations during the study period (July 19–

August 10, 2021). Approximated wildfire smoke events have been outlined in red.  
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Figure C3. Back-trajectory (48 h) frequency (%) plots displaying atmospheric transport to 

AMS01 (black outlined star) during high PM2.5 periods a) July 19 - 22, b) July 31 – August 

7), and the low PM2.5 period, c) July 23 – 30. The top-right map displays the spatial 

distribution of wildfire-affected areas (red polygons) throughout western Canada during 

the study period (July 19 – August 10) (ESRI 1995-2024). Note that the spatial scale of the 

trajectory plots and wildfire map are not equal. 
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Figure C4. Comparison of HYSPLIT 48 h back-trajectories and continuous wind direction 

measurements corresponding to the July 25-27 and August 6-8 exposures at AMS01 (a & 

b) and AMS06 (c & d) continuous monitoring stations, respectively (ESRI 1995-2024).  
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Figure C5. Spatial distributions of 48 h atmospheric back-trajectories (black lines) 

converging at sampling locations during selected exposure periods, including: a) AMS18; 

August 7-9, b) AMS06; July 21-23, c) DP2050; July 19-20, and d) AMS18; August 5-7. 

Normalized FMAX values of C1 – C3 (QSU m-3) measured during each exposure are shown 

beneath the corresponding trajectory plots (ESRI 1995-2024). 
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Figure C6. Visualization of the EEM scans produced from a) raw bitumen, b) dry MFT, 

and unpaved road dust from c) DP2050 and d) AMS01. Fluorescence intensity is displayed 

in QSU. Note that panels a and b follow a different colour-scale than panels c and d.  

 



238 

 

 
Figure C7. Spatial distributions of 48 h atmospheric back-trajectories (black lines) 

converging at AMS06 during the August 4–6 exposure. FMAX values of C1–C3 (QSU m-3) 

measured during the corresponding exposure are shown. The spatial boundaries of various 

OS facilities, including wet tailings (yellow), dry tailings (orange), open mine pits (red), 

and plant sites (purple) are shown (ESRI 1995-2024).    
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Figure C8. Distributions of WSOC-normalized component fluorescence (B1WSOC–

B3WSOC) measured at each site during the study period (July 19–August 10, 2021).   

 

 

Figure C9. PLS-R Biplot displaying the distribution of observations relative to the first 

two modelled components. Observations are categorized according to site ID, including: 

AMS01 (open circle), DP2050 (full circle), AMS06 (open square), AMS07 (full square), 

AMS18 (x-mark). 
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Appendix C: Tables  

 Table C1. Instrument operating conditions and measurement parameters. 

 

Table C2. Instrument tune mode and scan type used to measure each element. 

 

 

 

 

 

 

RF power  1550 W 

Carrier gas flow ratea 1.05 L min-1 

Sampling deptha 10 mm 

Extraction lens X-type 

Sampler and skimmer cone Standard nickel 

Element Tune Mode Scan Type 

Na He Single Quad 

Mg He Single Quad 

P O2 MS/MS 

S O2 MS/MS 

K H2 MS/MS 

Ca H2 MS/MS 

V O2 MS/MS 

Cr He Single Quad 

Mn He Single Quad 

Fe H2 MS/MS 

Zn He Single Quad 

Sr No gas Single Quad 
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Table C3. Spearman correlation analysis comparing absorbance indices (Abs365, MAE365), 

modelled fluorescent components (B1-B3), trajectory frequencies (TOS), and continuous 

pollutant species measured at the active sampling locations (excluding 2050). The 

correlation coefficient (RS) for each significant correlation (α < 0.05) is shown. 

 TOS THC TRS SO2 NO2 NO CO PM2.5 

THC 0.87 - - - - - - - 

TRS 0.92 0.85 - - - - - - 

SO2 0.84 0.73 0.89 - - - - - 

NO2 0.9 0.91 0.88 0.82 - - - - 

NO 0.82 0.83 0.89 0.82 0.89 - - - 

CO 0.5 0.47 0.63 0.65 0.66 0.54 - - 

PM2.5 0.48 0.57 0.5 0.42 0.6 0.4 0.67 - 

B1 0.77 a  0.7 0.67 0.54 0.66 0.57 0.48 0.72 

B2 0.62 a  - - - 0.42 0.42 - - 

B3 0.88 a  0.73 0.73 0.6 0.71 0.65 0.4 0.58 

MAE365 - - - - - - - - 

Abs365 0.48a - - - - 0.36 - - 
                                                         a Correlation calculated using data from all stations, including DP2050. 
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Table C4. Spearman correlation analysis of modelled fluorescent components (B1-B3) 

against corresponding chemical and optical variables measured through the active sampler 

network. The coefficient (RS) of each significant correlation (α < 0.05) is shown.   

 
Analyte 

 

PARAFAC   Component / WSOC  Absorbance 

B1 B2 B3 B1WSOC B2WSOC B3WSOC Abs365 MAE365 

WSOC - 0.70 - - - - 0.55 - 

DIC - 0.80 - - - - 0.57 - 

TDN - 0.44 - - - - 0.39 - 

NO3
- - 0.49 0.42 - - - - - 

SO4
2- 0.54 0.48 0.58 0.41 - 0.40 - - 

Cl- - - - - - - - - 

Na+ 0.62 0.61 0.75 0.57 - 0.60 0.36 - 

Mg2+ 0.49 0.62 0.66 0.41 - 0.46 - - 

K+ - - - - - - - - 

Ca2+ 0.35 0.74 0.57 - - - 0.54 - 

P - 0.71 0.55 - - - 0.55 - 

S 0.62 0.56 0.71 0.65 0.36 0.68 - - 

V 0.52 0.65 0.69 0.39 - 0.45 0.52 - 

Cr - 0.72 - - - - 0.57 - 

Mn 0.37 0.63 0.57 - - - - - 

Fe 0.36 0.40 0.33 - - - 0.42 - 

Zn - - - - - - - - 

Sr 0.62 0.63 0.79 0.56 0.47 0.60 0.42 - 

Abs365
a - 0.74 0.37 - - - - 0.63 

MAE365
b - - - - 0.57 0.36 0.63 - 

a Reported as m-1 
b Reported as m-2gC-1 
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Appendix D 

Chapter 5: Atmospheric deposition of chromophoric dissolved organic matter in the 

Athabasca Oil Sands Region, Canada, is strongly influenced by industrial sources 

during the winter months 

Appendix D1: 45 metals in water and melt snow: NLET schema: TM2005/T45W and 

TM2005/D45W 

A whole water sample was preserved in 0.2% HNO3 (single sub-boiling grade) and before 

analysis brought up to 2 % acid by further addition of HNO3. The sample was allowed to 

sit for 24 hrs. Forty milliliters (or 40 grams by weight) of the sample was placed in a 50 

mL polypropylene tube. Two milliliters of 40% HCl (single sub-boiling grade) was added, 

and the sample mixed. The tubes were placed on a hotblock at 95 °C until the volume 

reduced to 8 mL. A watchglass was placed on the tube and the sample was allowed to reflux 

for 30 minutes at the same temperature. The sample was then cooled, and the volume 

brought back to 40 mL and well mixed. The sample was analyzed by inductively coupled 

argon plasma- collision/reaction cell mass spectrometer (CRC-ICP-MS) by discrete 

sampling pneumatic nebulization. Each respective element was measured at a specific mass 

to charge ratio, m/z value expressed in AMU (atomic mass units). The use of reaction and 

collision gases aid in the removal of interferences. Se(77) was analyzed in reaction gas [H2] 

mode. Parameters analyzed in collision gas [He] mode included [Al(27), As(75), B(11), 

Ca(43), Co(59), Cr(52), Cu(65), Fe(56), Ge(74), K(39), Mg(26), Mn(55), Na(23), Ni (60), 

P(31), Sc(45), Sr(86), Ti(47), V(51), and Zn(66). The remaining elements, Ag(107), 

Ba(135), Be(9), Bi(209),Cd(111), Ce(140), Cs(133), Ga (71), In(115), La(139), Li(7), 

Mo(98), Nb(93), Pb(208),Pd(106), Pt(195), Rb(85), Rh(103), Sb (121), Sn(120), Te(128), 

Tl(205), U(238), W(184), Y(89), Zr(90)] were analyzed in normal mode. For dissolved 

analysis, the samples were filtered through a 0.45 um cellulose acetate filter paper, the 
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filtrate acidified to 2% (v/v) with HNO3, allowed to sit for 24 hrs, and then analyzed by 

CRC-ICP-MS.  

Appendix D2: Spatial variability of elemental and water chemistry variables within 

snowpack 

Elevated concentrations and deposition loadings of POC, PON, DIC, major ions, most 

metals, and REEs were observed among near/mid-field snowpack sites in the study region 

(Table S2 and S5). Many of these analytes displayed a deposition gradient centered over 

OS operations, where loadings rapidly declined as a function of distance from the nearest 

industrial source (Figure S1 and S2). For example, average V loadings were 2599.4 µg m-

2, 249.4 µg m-2, and 30.1 µg m-2 among near, mid, and far-field snow sites, respectively. 

Regional monitoring studies by Guéguen et al. (2016) and Gopalapillai et al. (2019) found 

that elemental species typically enriched within bituminous material (e.g., Al, Mo, Ni, V) 

displayed similar spatial gradients centered over OS facilities, as well as enhanced 

deposition loadings among near-field and mid-field snowpack sites.  

Snowpack WSOC concentrations throughout the ASOR ranged from < 0.2 – 6.7 mg C L-1, 

with a median value of 1.0 mg C L-1; the corresponding WSOC loadings ranged from near 

0 to 429.5 mg C m-2, with a median value of 64.9 mg C m-2. Snowpack WSOC loadings 

were relatively elevated among near-field sites (Table S5); however, notably high loads at 

the far-field location, ST-N, (Figure 5.3, Figure S2) suggested that both industrial and non-

OS sources contributed to deposition.  
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Appendix D: Figures 

 
Figure D1. Measured snowpack loadings of of a) MAC365 (m

2 g-1), b-d) S1-S3 (QSU m-2), 

e) Al (µg m-2, hundreds), f) V (µg m-2) as a function of distance (km) from the nearest 

operational OS facilities.  
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Figure D2. Deposition loads of a) Al (mg m-2), b) La (µg m-2), c) V (µg m-2), and d) POC 

(mg C m-2) measured at the snowpack sites (Spring 2023) throughout the AOSR. Grey 

outlined polygons represent OS facility boundaries.  
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Figure D3. Deposition loadings of a) S1, b) S2, and c) S3 (QSU m-2, hundreds) among 

snow sites located near the major Oil Sands facilities. Oil sands facility type is identified 

by the coloured polygons.  
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Figure D4. Correlation biplot displaying X (black) and Y (red) variables in relation to the 

first two partial least squares regression components generated from the 2023 snowpack 

dataset. 
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Figure D5. Monthly precipitation (mm) measured at the regional NADP monitoring 

stations (AB32, AB34, AB36) during the 2021 meteorological year.  
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Figure D6. Visualization of the three PARAFAC components (W1–W3) generated from 

the weekly precipitation EEM samples. Emission intensity values are normalized according 

to maximum component fluorescence. 
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Figure D7. Monthly relative W3 fluorescence (%) measured at the regional NADP 

monitoring stations (AB32, AB34, AB36) during the 2021 meteorological year (January 

2021 – December 2021).  
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Figure D8. Principal component analysis biplot of wintertime (January – March 2021 and 

November – December 2021) weekly precipitation data displaying the factor loadings 

relative to principal component 1 (PC1winter, 40.9%) and principal component 2 (PC2winter, 

20.2%). 
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Appendix D: Tables  

Table D1. Identification and location of major AOSR oil sand production emission sources 

active during the winter (Landis et al., 2019c). 

Facility Latitude (N) Longitude (W) 

Suncor Upgrader Stack 57.003036 -111.476716 

Suncor Millennium Mine 56.960700 -111.360025 

Suncor Coke Storage 57.013372 -111.479297 

Suncor Coke Reclamation 

Capping 

57.017717 -111.509058 

Syncrude Upgrader Stack 57.047556 -111.618050 

Syncrude Mildred Lake North 

Mine 

57.042776 -111.710675 

Syncrude Aurora North Mine 57.315315 -111.507032 

Syncrude Coke Storage 57.078019 -111.653875 

Shell Muskeg Mine #1 57.277522 -111.528608 

Shell Muskeg Mine #2 57.255994 -111.564344 

Shell Jack Pine Mine 57.253569 -111.361223 

Kearl Mine Area 1 57.396818 -111.131585 

Kearl Mine Area 2 57.431361 -111.125275 

Kearl Mine Area 3 57.396406 -111.038589 

Canadian Natural Upgrader Stack 57.339853 -111.751458 

Canadian Natural Horizon Mine 57.331233 -111.831839 

Canadian Natural Coke Storage 57.360361 -111.719667 
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Table D2. Abbreviations and NLET method number corresponding to variables included 

in the study. 

a combined TM2005/T45 and TM2005/D45W NLET protocols  

 

 

 

 

 

 

 

 

 

 

Variable name Symbol 
NLET 

method 
Variable name Symbol 

NLET 

method 

Absorbance coefficient a254 - Calcium Ca 2005a 

Mass absorption cross section MAC365 - Cesium Cs 2005a 

Fluorescent component 1 S1 & W1 - Chromium Cr 2005a 

Fluorescent component 2 S2 & W2 - Cobalt Co 2005a 

Fluorescent component 3 S3 & W3 - Copper Cu 2005a 

S1(W1)/WSOC S1(W1)WSOC - Holmium Ho 2005a 

S2(W2)/WSOC S2(W2)WSOC - Iron Fe 2005a 

S3(W3)/WSOC S3(W3)WSOC - Iridium Ir 2005a 

pH pH 1001 Lanthanum La 2005a 

Particulate organic carbon POC 1090 Lead Pb 2005a 

Particulate organic nitrogen PON 1090 Lithium Li 2005a 

Water soluble organic carbon WSOC 1021 Magnesium Mg 2005a 

Dissolved inorganic carbon DIC 1021 Manganese Mn 2005a 

Total dissolved nitrogen TDN 1151 Molybdenum Mo 2005a 

Dissolved Kjeldahl nitrogen DKN 1170 Neodymium Nd 2005a 

Calcium ion Ca2+ 1062 Nickel Ni 2005a 

Magnesium ion Mg2+ 1062 Potassium K 2005a 

Sodium ion Na2+ 1062 Praseodymium Pr 2005a 

Potassium ion K+ 1062 Rubidium Rb 2005a 

Chloride Cl- 1081 Samarium Sm 2005a 

Sulphate SO4
2- 1081 Selenium Se 2005a 

Nitrate NO3- 1081 Silica Si 1062 

Aluminum Al 2005a Sodium Na 2005a 

Antimony Sb 2005a Strontium Sr 2005a 

Arsenic As 2005a Tin Ti 2005a 

Beryllium Be 2005a Titanium Sn 2005a 

Boron B 2005a Vanadium V 2005a 

Cadmium Cd 2005a Zinc Zn 2005a 
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Table D3. Summary of median variable concentrations (and corresponding NMAD values 

[%]) measured across all (n = 45) and near-field (< 25 km from nearest source, n = 28) 

AOSR snowpack samples, respectively. Significant differences in variable concentrations 

between complete and near-field sample cohorts (Kruskal-Wallis, α < 0.05) are identified. 

Variable reporting detection limits (RDL) are shown.  

Analyte Units RDL 

Complete (n = 45) Near-field (n = 28) Kruskal-

Wallis 

(α < 0.05) 
Median 

NMAD 

(%) 
Median 

NMAD 

(%) 

SWE kg m-2 - 74.1 13.1 74.5 15.2 - 

A365 m-1 - 2.72 64.0 3.83 74.9 Yes 

MAC365 m2 g-1 - 0.41 45.4 0.53 56.3 Yes 

S1 QSU 0.28* 5.75 53.0 7.10 46.3 Yes 

S2 QSU 0.74* 11.44 26.5 13.80 28.2 Yes 

S3 QSU 0.15* 3.41 49.8 5.41 35.2 Yes 

%S1 (%) - 22.58 38.7 24.89 15.6 - 

%S2 (%) - 56.17 24.9 44.32 25.9 Yes 

%S3 (%) - 18.63 21.6 25.02 44.2 Yes 

S1WSOC QSU mg C L-1 - 4.74 54.4 7.42 34.9 Yes 

S2WSOC QSU mg C L-1 - 11.20 42.7 13.13 38.2 Yes 

S3WSOC QSU mg C L-1 - 3.55 31.7 8.81 31.4 Yes 

pH - 0 6.64 6.8 7.00 5.2 Yes 

POC mg C L-1 0.0007 2.27 64.7 4.26 64.3 Yes 

PON mg N L-1 0.0003 0.08 63.3 0.1 55.6 Yes 

WSOC mg C L-1 0.2 1.00 38.5 1.2 41.7 Yes 

DIC mg C L-1 0.2 1.45 52.6 1.70 70.6 Yes 

TDN mg N L-1 0.015 0.27 25.7 0.28 43.6 - 

DKN mg N L-1 0.014 0.09 40.0 0.10 66.8 - 

Ca2+ mg L-1 0.01 1.09 67.7 1.55 74.8 Yes 

Mg2+ mg L-1 0.01 0.19 76.0 0.24 62.5 Yes 

Na2+ mg L-1 0.01 0.15 75.0 0.21 71.2 Yes 

K+ mg L-1 0.03 0.10 75.8 0.12 74.9 Yes 

Cl- mg L-1 0.01 0.09 70.7 0.13 96.2 Yes 

SO4
2- mg L-1 0.01 0.64 68.0 0.91 68.7 Yes 

NO3- mg L-1 0.005 0.19 16.1 0.20 26.9 - 

Al µg L-1 0.5 224.50 89.6 353.00 85.6 Yes 

As µg L-1 0.01 0.14 84.1 0.22 90.6 Yes 

Ba µg L-1 0.05 4.67 76.4 7.04 100.0 Yes 

B µg L-1 0.5 1.30 68.8 2.30 90.3 Yes 

* Method detection limit (MDL) 
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Table D3 continued. Summary of median variable concentrations (and corresponding 

NMAD values [%]) measured across all (n = 45) and near-field (< 25 km from nearest 

source, n = 28) AOSR snowpack samples, respectively. Significant differences in variable 

concentrations between complete and near-field sample cohorts (Kruskal-Wallis, α < 0.05) 

are identified. Variable reporting detection limits (RDL) are shown. 

Analyte Units RDL 

Complete (n = 45) Near-field (n = 28) 
Kruskal-Wallis  

(α < 0.05) Median 
NMAD 

(%) 
Median 

NMAD 

(%) 

Cd µg L-1 0.001 0.01 40.0 0.01 63.6 - 

Ca µg L-1 50 1360.00 64.3 1825.00 59.5 Yes 

Ce µg L-1 0.001 0.76 90.0 1.37 86.8 Yes 

Cs µg L-1 0.001 0.05 86.3 0.08 65.0 Yes 

Cr µg L-1 0.02 0.53 68.7 0.85 68.0 Yes 

Co µg L-1 0.002 0.24 88.7 0.39 84.6 Yes 

Cu µg L-1 0.05 0.57 73.0 1.04 66.2 Yes 

Ho µg L-1 0.001 0.01 92.9 0.01 86.2 - 

Fe µg L-1 0.5 463.50 84.0 852.00 81.9 Yes 

La µg L-1 0.001 0.33 89.8 0.59 86.8 Yes 

Pb µg L-1 0.005 0.25 81.7 0.44 100.0 Yes 

Li µg L-1 0.01 0.44 83.8 0.64 92.2 Yes 

Mg µg L-1 5 365.50 64.0 492.00 57.5 Yes 

Mn µg L-1 0.05 18.75 68.0 32.90 63.2 Yes 

Mo µg L-1 0.005 0.08 73.0 0.17 61.4 Yes 

Na µg L-1 5 162.00 84.5 240.00 100.0 Yes 

Nd µg L-1 0.002 0.36 90.5 0.63 86.5 Yes 

Ni µg L-1 0.02 0.57 80.1 1.28 71.8 Yes 

K µg L-1 10 164.00 65.5 286.50 56.4 Yes 

Pr µg L-1 0.001 0.08 91.2 0.16 86.6 Yes 

Rb µg L-1 0.001 0.68 77.4 1.30 62.1 Yes 

Sb µg L-1 0.001 0.01 62.5 0.02 45.0 - 

Se µg L-1 0.01 0.01 50.0 0.02 50.0 - 

Si mg L-1 0.01 0.09 70.4 0.13 76.9 Yes 

Sm µg L-1 0.001 0.07 90.1 0.13 84.9 Yes 

Sr µg L-1 0.05 3.53 61.6 5.56 66.0 Yes 

Ti µg L-1 0.005 0.04 49.0 7.38 84.4 Yes 

V µg L-1 0.01 1.06 86.3 1.79 81.0 Yes 

Zn µg L-1 0.2 2.3 64.4 4.15 63.9 Yes 
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Table D4. Summary of the QA/QC data from the 2023 snowpack ICP-MS analysis. 

Instrument reporting detection limit (RDL), average relative percent difference (RPD, %) 

between duplicate samples, and average certified reference material recoveries (n = 10) are 

displayed for each target element.   

Element RDL RPD Recovery 

 µg L-1 % % 

Aluminum 0.5 19.0 93.1 

Antimony 0.001 9.7 94.7 

Arsenic 0.01 7.0 97.1 

Barium 0.05 8.0 94.9 

Boron 0.5 7.7 103.0 

Cadmium 0.001 17.3 96.3 

Calcium 50 4.3 93.7 

Cerium 0.001 8.0 97.9 

Cesium 0.001 12.3 98.1 

Chromium 0.02 20.7 96.3 

Cobalt 0.002 5.7 101.0 

Copper 0.05 8.0 101.0 

Holmium 0.001 3.3 94.1 

Iron 0.5 13.7 98.7 

Lanthanum 0.001 9.7 95.8 

Lead 0.005 1.0 101.1 

Lithium 0.01 10.7 97.0 

Magnesium 5 4.0 95.1 

Manganese 0.05 3.7 96.1 

Molybdenum 0.005 8.7 93.8 

Neodymium 0.002 5.7 94.4 

Nickel 0.02 5.3 99.3 

Potassium 10 6.3 95.4 

Praseodymium 0.001 9.7 94.6 

Rubidium 0.001 3.3 95.3 

Samarium 0.001 10.3 94.0 

Selenium 0.01 2.7 96.1 

Sodium 5 4.3 95.2 

Strontium 0.05 1.3 95.2 

Titanium 0.05 8.7 99.2 

Vanadium 0.01 11.7 95.6 

Zinc 0.2 12.0 98.7 
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Table D5. Median deposition flux (and corresponding NMAD [%]) measured across all (n 

= 45) and near-field (< 25 km from nearest source, n = 28) AOSR snowpack samples, 

respectively. Significant differences in deposition flux between complete and near-field 

cohorts (Kruskal-Wallis, α < 0.05) are identified.  

 

 

 

Analyte  Units 

Complete (n = 45) Near-field (n = 28) 
Kruskal-Wallis  

(α < 0.05) Median 
NMAD 

(%) 
Median 

NMAD 

(%) 

S1 QSU m-2 405.77 49.1 498.15 44.2 Yes 

S2 QSU m-2 879.05 27.8 1050.34 25.2 Yes 

S3 QSU m-2 283.98 54.0 442.74 45.8 Yes 

POC mg C m-2 168.87 74.1 329.33 58.4 Yes 

PON mg N m-2 6.10 71.3 10.47 49.3 Yes 

WSOC mg C m-2 81.28 42.5 91.79 38.7 Yes 

DIC mg C m-2 101.63 38.5 124.28 48.1 Yes 

TDN mg N m-2 18.62 22.8 20.54 17.4 - 

DKN mg N m-2 6.77 37.5 7.49 66.9 - 

Ca2+ mg m-2 83.84 77.4 127.32 51.0 Yes 

Mg2+ mg m-2 13.91 78.3 17.29 58.8 Yes 

Na2+ mg m-2 9.52 78.3 16.16 87.1 Yes 

K+ mg m-2 5.60 58.8 6.83 100.0 Yes 

Cl- mg m-2 6.40 55.8 8.15 100.0 Yes 

SO4
2- mg m-2 50.30 59.4 64.02 49.6 Yes 

NO3- mg m-2 12.88 20.7 14.38 21.5 - 

Al µg m-2 15293.34 91.1 27567.05 65.0 Yes 

As µg m-2 9.97 86.4 16.93 57.4 Yes 

Ba µg m-2 349.83 82.2 500.53 56.3 Yes 

B µg m-2 102.16 77.6 173.39 74.2 Yes 

Cd µg m-2 0.69 42.4 0.84 51.7 - 

Ca µg m-2 93755.82 82.4 136948.21 43.4 Yes 

Ce µg m-2 50.04 91.6 101.80 61.8 Yes 

Cs µg m-2 3.72 88.1 6.43 58.8 Yes 

Cr µg m-2 38.82 80.8 62.84 51.1 Yes 

Co µg m-2 15.38 91.3 31.01 57.8 Yes 

Cu µg m-2 42.85 80.1 72.68 56.4 Yes 

Ho µg m-2 0.51 92.0 1.05 73.7 - 

Fe µg m-2 31501.35 89.1 53208.43 64.1 Yes 

La µg m-2 22.12 91.4 44.04 60.5 Yes 

Pb µg m-2 16.79 85.3 32.69 69.5 Yes 

Li µg m-2 28.63 92.4 49.62 52.3 Yes 

Mg µg m-2 26181.88 82.1 36665.63 54.1 Yes 

Mn µg m-2 1381.03 81.8 2434.27 61.6 Yes 

Mo µg m-2 5.81 89.9 12.08 54.4 Yes 
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Table D5 continued. Median deposition flux (and corresponding NMAD [%]) measured 

across all (n = 45) and near-field (< 25 km from nearest source, n = 28) AOSR snowpack 

samples, respectively. Significant differences in deposition flux between complete and 

near-field cohorts (Kruskal-Wallis, α < 0.05) are identified.  

Analyte Units 

Complete (n = 45) Near-field (n = 28) Kruskal-

Wallis 

(α < 0.05) Median 
NMA

D (%) 
Median 

NMAD 

(%) 

Na µg m-2 10127.99 81.6 18614.507 87.4 Yes 

Nd µg m-2 23.62 91.2 46.75 62.3 Yes 

Ni µg m-2 43.03 88.0 94.07 68.6 Yes 

K µg m-2 12709.48 81.0 20520.5 56.1 Yes 

Pr µg m-2 5.85 91.5 11.63 62.4 Yes 

Rb µg m-2 47.94 86.3 98.44 56.4 Yes 

Sb µg m-2 0.84 63.9 1.30 70.2 - 

Se µg m-2 0.94 52.7 1.46 51.0 - 

Si µg m-2 6.56 74.0 7.88 68.6 Yes 

Sm µg m-2 4.72 91.2 9.54 61.4 Yes 

Sr µg m-2 238.66 83.4 398.98 54.8 Yes 

Ti µg m-2 280.78 59.4 546.15 64.8 Yes 

V µg m-2 74.07 87.3 115.99 64.7 Yes 

Zn µg m-2 178.11 66.5 293.72 63.1 Yes 
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Table D6. Annual (January – December 2021) wet deposition (kg ha yr-1) measured at the 

three National Atmospheric Deposition Program monitoring stations (AB32, AB34, AB36) 

and average ambient air pollutant concentrations ± standard deviation (ppm, ppb, µg m-3) 

observed at corresponding Wood Buffalo Environmental Association monitoring stations.  

  Monitoring station  

  AB32 AB36 AB34 

 Latitude  57.1894 57.2592 55.6214 

 Longitude -111.6406 -111.0386 -111.1727 

D
ep

o
si

ti
o
n
  

(k
g
 h

a 
y
r -

1
) 

 

(W
S

O
C

: 
g
 C

 m
2
 y

r-1
) Na+ 0.20 0.17 0.11 

Mg2+ 0.32 0.34 0.11 

K+ 0.14 0.10 0.13 

Ca2+ 2.52 2.53 0.65 

NH4+ 0.68 0.40 0.89 

Cl- 0.18 0.18 0.18 

NO3
- 2.11 1.77 2.12 

SO4
2- 2.32 1.86 1.43 

WSOCa 0.38a 0.41a 0.29a 

C
o
n
ce

n
tr

at
io

n
 

(p
p
b
) 

(T
H

C
: 

p
p
m

) 

P
M

2
.5
: 

µ
g
 m

-3
) 

SO2 0.9 ± 2.4 0.8 ± 2.6 0.2 ± 0.7 

THCb 2.2 ± 0.3b 2.2 ± 0.4b 1.9 ± 0.1b 

NO  3.2 ± 8.8 0.3 ± 1.5 0.1 ± 0.3 

NO2 8.1 ± 8.2 2.6 ± 3.6 1.2 ± 1.5 

PM2.5
c 6.8 ± 9.3c 5.3 ± 8.1c 5.0 ± 10.0c 

TRS 0.6 ± 0.3 - 0.1 ± 0.1 
a Reported as g C m2 yr-1; b Reported as ppm; c Reported as µg m-3 

 

 

 

 

 

 

 

 

 



261 

 

Table D7. Seasonal VWA ion concentrations (µeq L-1, mg L-1) measured at the three 

NADP stations (AB32, AB34, AB36) during the 2021 meteorological year.   

 

Station  
Total 

cationa Ca2+ SO4
2- NO3

- 

 µeq L-1  mg L-1  

AB32 Winterb 92.42 2.02 0.65 1.07 

Springc 229.06 6.29 2.75 1.44 

Summerd 47.49 0.77 0.80 0.72 

Falle 24.92 1.21 0.55 0.66 

AB36 Winter 52.36 0.86 0.58 1.00 

Spring 101.85 1.83 0.85 0.70 

Summer 24.48 0.62 0.50 0.35 

Fall 38.56 0.68 0.43 0.40 

AB34 Winter 9.25 0.10 0.15 0.63 

Spring 10.87 0.22 0.52 0.50 

Summer 13.83 0.21 0.45 0.56 

Fall 20.33 0.29 0.58 0.74 
a Sum equivalence: Ca2+, Mg2+, K+, Na+, NH4+; b December – February; c March – May; d June – August; e 

September – November 

 

Table D8. Median monthly volume weighted average optical variables measured at each 

regional National Atmospheric Deposition Program station (AB32, AB34, AB36) during 

the 2021 meteorological year (January–December 2021). The normalized median absolute 

deviation (NMAD, %) value corresponding to each median is shown.  

 AB32 AB36 AB34 

 Median  
NMAD 

(%) 
Median 

NMAD 

(%) 
Median 

NMAD 

(%) 

a254 (m
-1) 2.4 28.7 1.5 53.2 1.2 57.1 

W1 (QSU) 2.3 35.7 1.3 29.2 1.3 97.3 

W2 (QSU) 17.2 41.4 19.3 31.8 16.8 25.1 

W3 (QSU) 1.4 83.4 1.2 85.0 0.0 0.0 

W1WSOC 2.0 21.2 2.4 32.8 2.3 54.9 

W2WSOC 13.2 24.8 25.3 77.2 15.9 64.2 

W3WSOC 0.8 94.2 1.0 96.3 0.0 12.3 
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Table D9. Median monthly volume weighted average optical variables measured at each 

regional National Atmospheric Deposition Program station (AB32, AB34, AB36) during 

the snowfall months of 2021 (January–March & November - December 2021). The 

normalized median absolute deviation (NMAD, %) value corresponding to each median is 

shown.  

 AB32 AB36 AB34 

 Median  
NMAD 

(%) 
Median 

NMAD 

(%) 
Median 

NMAD 

(%) 

a254 (m
-1) 2.28 35.9 1.56 36.1 0.67 47.0 

W1 (QSU) 2.17 26.2 1.78 22.6 0.66 74.6 

W2 (QSU) 12.93 35.9 9.34 25.9 14.93 36.5 

W3 (QSU) 4.45 71.8 3.21 75.2 0.00 0.0 

 

Table D10. Spearman correlation coefficients (RS) between NADP precipitation sample 

optical metrics, major ions, TC, TN, WSOC, and continuous air pollutant concentrations. 

Empty cells indicate an insignificant correlation (α > 0.05). 

 a254 W1 W2 W3 

Ca2+ - - - 0.65 

Mg2+ - - - 0.67 

K+ - - - - 

Na+ - - - 0.56 

NH4
+ - - - - 

NO3
- - - - 0.39 

Cl- - - - 0.46 

SO4
2- - - - - 

DIC - - - - 

TDN - - - - 

WSOC 0.74 0.64 0.49 - 

SO2 - - - 0.56 

THC - - - 0.58 

NO - - - 0.71 

NO2 - - - 0.73 

NOx - - - 0.72 

TRSa - - - 0.80 

PM2.5 0.59 0.70 - - 
a TRS concentration data unavailable at Wapasu station (AB36) 
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Table D11. Summary of the proposed sources of each fluorophore measured within the 

regional snowpack (2023) and weekly precipitation (January – December 2021) samples.  

Sample  Fluorophore Potential Sources 

Snowpack 

S1 Industry: Disturbed overburden and surface materials 

S2 Industry: Specific sources uncertain 

S3 
Industry: upgrader, tailings, mine dust, road emissions, 

vehicle exhaust 

Weekly 

precipitation 

W1 
Pyrogenic: wildfire, Industry: Undefined, wintertime 

influence 

W2 Pyrogenic: wildfire 

W3 Industry: vehicle exhaust, road emissions 
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Appendix E  

Chapter 6: Do industrial emissions influence chromophoric dissolved organic matter 

within lakes in the Athabasca Oil Sands Region, Canada? 

 

Appendix E: Figures 

 

 

 
Figure E1. Comparison of normalized excitation (λEx) and emission (λEm) spectra of 

individual fluorescent components observed in a) ASL surface-waters (C4ASL: current 

study), b) atmospheric WS-BrC (B2: Blanchard et al., 2025a), c) snowpack (S2: Blanchard 

et al., 2025b), and d) NADP precipitation samples (W2: Blanchard et al., 2025b).  



265 

 

 

Figure E2. Comparison of DBT (ng L-1) and C3 emission intensity (QSU) measured within 

ASL surface-waters in the AOSR. The line of best fit and corresponding Spearman 

correlation coefficient (RS) is displayed. 
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Appendix E: Tables  

Table E1. Identification and Location of Major AOSR Oil Sand Production Emission 

Sources in 2014 (Landis et al., 2019c). 
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Facility Latitude (N) Longitude 

(W) 1 Suncor Upgrader Stack 57.003036 -111.476716 
2 Suncor Millennium Mine 56.960700 -111.360025 

3 Suncor Coke Storage 57.013372 -111.479297 

4 Suncor Coke Reclamation 

Capping 

57.017717 -111.509058 

5 Syncrude Upgrader Stack 57.047556 -111.61805 

6 Syncrude Mildred Lake North 

Mine 

57.042776 -111.710675 

7 Syncrude Aurora North Mine 57.315315 -111.507032 

8 Syncrude Coke Storage 57.078019 -111.653875 

9 Shell Muskeg Mine #1 57.277522 -111.528608 

10 Shell Muskeg Mine #2 57.255994 -111.564344 

11 Shell Jack Pine Mine 57.253569 -111.361223 

12 Kearl Mine Area 1 57.396818 -111.131585 

13 Kearl Mine Area 2 57.431361 -111.125275 

14 Kearl Mine Area 3 57.396406 -111.038589 

15 Canadian Natural Upgrader 

Stack 

57.339853 -111.751458 

16 Canadian Natural Horizon Mine 57.331233 -111.831839 

17 Canadian Natural Coke Storage 57.360361 -111.719667 

18 Hammerstone Quarry 57.192628 -111.555453 

19 Athabasca Creek Quarry 57.286486 -111.599471 

 


