
 
 

Using Molecular, Isotopic, and Spectroscopic Analysis to Assess Natural 

Organic Matter Sources and Petroleum Contaminants in Water and Sediment 

of the St. Lawrence Waterway (Quebec, Canada) 
 

 

 

 

Anic Imfeld 

 
 

 

A Thesis 

In the Department  

of  

Chemistry and Biochemistry 

 

 

 

 

 

 

 

 

Presented in Partial Fulfillment of the Requirements 

for the Degree of 

 Doctor of Philosophy (Chemistry) at 

Concordia University 

Montreal, Quebec, Canada 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

July 2022 

 

© Anic Imfeld, 2022 



 
 

 

CONCORDIA UNIVERSITY 

School of Graduate Studies 

This is to certify that the thesis prepared  

By: Anic Imfeld 

Entitled: Using molecular, isotopic, and spectroscopic analysis to assess natural organic matter 

sources and petroleum contaminants in water and sediment of the St. Lawrence Waterway 

(Quebec, Canada) 

and submitted in partial fulfillment of the requirements for the degree of  

Doctor of Philosophy (Chemistry) 

complies with the regulations of the University and meets the accepted standards with respect to 

originality and quality.  

Signed by the final Examining Committee 

 

_______________________ Chair 

      Dr. Elena Kuzmin 

 

_______________________ External Examiner 

       Dr. Violaine Ponsin 

 

_______________________ External to the Program  

       Dr. Xianming Zhang 

 

_______________________ Examiner 

       Dr. Cameron Skinner 

 

_______________________ Examiner 

       Dr. Christine DeWolf 

 

_______________________ Supervisor 

       Dr. Yves Gélinas 

 

 

Approved by ______________________________________________ 

                                          Dr. Louis Cuccia, Graduate Program Director 

 

August 30th, 2022            Dr. Pascale Sicotte, Dean, Faculty of Arts and Science



iii 
 

Abstract 

 

Using Molecular, Isotopic, and Spectroscopic Analysis to Assess Natural Organic Matter 

Sources and Petroleum Contaminants in Water and Sediment of the St. Lawrence 

Waterway (Quebec, Canada) 

 

Anic Imfeld, Ph.D. 

Concordia University, 2022 

 

The St. Lawrence waterway is a dynamic aquatic system with inputs of organic matter 

(OM) originating from various terrestrial and marine sources, and a freshwater to saltwater 

gradient from the St. Lawrence River to the Gulf. The OM along this waterway is highly 

reworked in the water column, with a small fraction making its way into the sediments which 

acts as a long-term sink for organic matter. This waterway is also an important transportation 

route for numerous commodities, including petroleum and petroleum products. Our research 

involved the comprehensive mapping of the OM in the sediments and water column of the St. 

Lawrence River, Estuary, Gulf and the Saguenay Fjord. Water samples were collected along the 

River, Estuary, Gulf and Saguenay Fjord and parallel factor analysis was used to tease out 

various groups of fluorophores. In addition to the natural water samples collected along the St. 

Lawrence waterway, water samples containing UV irradiated petroleum products were included 

in the PARAFAC model to determine its efficiency at teasing out the components originating 

from natural OM from those linked to oil contamination. The PARAFAC analysis resulted in the 

identification of 6 components in our data set, with 4 components indicative of natural organic 

matter (3 terrestrial OM and one marine OM) and 2 representing oil components. With these 

findings, we were able to characterize groups of fluorophores along this transect and develop a 

ratio using 2 components (C4/C1) to differentiate oil contributions from natural OM in the water 

column. Similarly, surface sediments along the St. Lawrence Estuary, Gulf and Saguenay Fjord 

were collected and extracted to isolate the straight-chain n-alkanes to map the current abundances 

and sources of hydrocarbons in sediments of the Estuary and Gulf using molecular (diagnostic 

ratios) and isotopic fingerprinting (δ13C, δ2H). Variations in the carbon isotope signatures of odd-

to-even straight chain alkanes allows for the differentiation of naturally occurring hydrocarbons 



iv 
 

from those of petroleum source, and the addition of hydrogen isotope signatures further increases 

our power of discrimination. Based on the diagnostic ratios alone, the OM sources were 

misrepresented and inaccurate when there was more than one input of OM. However, with the 

addition of the compound specific carbon and hydrogen isotope analysis, it was determined that 

n-alkanes were derived predominantly from natural sources. Additionally, we found that even 

numbered n-alkanes, which are less frequently analyzed due to their lower abundances in natural 

samples, would allow for the identification and tracking of petroleum-derived contaminants in 

sediments to a greater degree than molecular data alone. Analyzing both the possibility of oil 

contamination in the water column and sediments allows for the tracking of recent and long term 

impacts an oil spill would have along the St. Lawrence River, Estuary Gulf and Saguenay Fjord.  
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Chapter 1: General Introduction 

  



2 
 

The St. Lawrence Waterway is a major stretch of water spanning 2000 km in length in the 

eastern North America. It is an important and dynamic system for both animal life and mankind. 

The St. Lawrence Waterway is split into 3 main sections, namely, the St. Lawrence River, 

Estuary and Gulf, as shown in Fig. 1.1. The river finds its source at the outflow of Lake Ontario 

and drains a populated and industrialized watershed with various large cities found along its 

banks. East from Quebec City, the river widens and feeds into the Estuary, which is further 

divided into the shallower (30-140 m) Upper Estuary between Quebec City and the Saguenay 

Fjord, and the deep (>300 m) Lower Estuary east of the Saguenay Fjord. The Upper Estuary, 

where the maximum turbidity zone is located at the junction between fresh water from the river 

and salt waters from the gulf, receives organic matter (OM) inputs primarily from the St. 

Lawrence River and freshwater runoff. The stratified Lower Estuary marks the beginning of the 

Laurentian Channel, where the water reaches maximum salinity, and receives inputs from the 

Upper Estuary, various rivers on the north shore, as well as from the 90 km long submerged 

valley of the Saguenay Fjord which is located at roughly the meeting point of the Upper and 

Lower Estuary. It is this meeting point of the Upper and Lower Estuary that contributes to the 

oceanic like salinity levels as there is upwelling from the deep salty waters of the Lower Estuary 

and mixing with the surface waters. The Pointe-des-Monts village on the northern shore of the 

estuary marks the eastern limit of the Lower Estuary, where it opens into the Gulf of the St. 

Lawrence, which extends to the Cabot Strait between the Newfoundland and Nova Scotia 

provinces. The Lower Estuary therefore has a stratified region with mixing of estuarine surface 

waters and marine bottom waters from the Gulf and the North Atlantic Ocean. With a gradient of 

freshwater in the river to salt waters in the Gulf, and inputs of both terrestrial and marine OM, 

this diverse ecosystem is home to a variety of flora, vegetation, and species. These unique 

characteristics allow for the study of OM in the water column and sediments at the two 

endmembers and regions containing varying proportions of the two types of OM along the 

freshwater - seawater continuum.   

This waterway is also an important route for the transportation of goods between Canada 

and the United States. The St. Lawrence River, Estuary and Gulf are a part of this 3700-km 

marine highway, containing a network of over 40 ports connecting the Great lakes to the Atlantic 

Ocean, allowing for the distribution of goods from both international and domestic vessels (The 

St. Lawrence Seaway Management Corporation, 2021). While this connecting of people and 
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ports via the waterways is essential for international and domestic commerce, it does come with 

risks to the environment. In Canadian waters alone, 24 million tonnes of crude oil are transported 

through the Great Lakes along the St. Lawrence Seaway and 67 million tonnes in the St. 

Lawrence Estuary and Gulf (Clear Seas, 2022). Tankers not only carry unrefined crude oil and 

refined petroleum products which society relies on everyday, they also carry the potential for oil 

spills. Oil spills can occur when a vessel is involved in an accident or through discharge of the oil 

the vessel uses for propulsion. While the number of yearly spills over the past few decades have 

decreased due to improved measures to prevent oil spills, such as requiring tankers to have 

double hulls and routine inspections, there are still incidences resulting in large volumes of oil 

being lost to the environment (ITOPF, 2018). Due to these still occurring spills, it is imperative 

to continue to address the impact oil spills can have on the environment as well as continue the 

development of methods and techniques to detect and analyze the components found in oil in the 

waters and sediments along the marine highway passing through the St. Lawrence River, Estuary 

and Gulf.  

Figure 1.1 Map of the sampling area, showing the three main sections of the St. Lawrence Waterway; the 

River, Estuary and Gulf. 
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1.1 Natural Organic Matter in the St. Lawrence Waterways 

 The St. Lawrence receives OM input from various sources due to its gradient from 

freshwaters coming from Lake Ontario to salt waters in the Gulf originating from the Atlantic 

Ocean. Terrestrial OM is described as OM originating from sources external to the aquatic 

environment, as well as its degradation products. Many different watersheds are responsible for 

delivering this terrestrial OM to the large bodies of water surrounding them, and for the St. 

Lawrence Waterways, these watersheds include the boreal forest north of the St. Lawrence River 

and Estuary, as well as a temperate forest on the south side of the River, Estuary and lining the 

Saguenay Fjord. In addition to the forested areas, watersheds from cultivated land also introduce 

terrestrial OM into the St. Lawrence (Hedges et al., 1997). Compositionally, terrestrial OM 

consists primarily of biological and chemically recalcitrant compounds originating mainly from 

vascular plants, as well as their alteration and degradation products. Vascular plants are almost 

exclusively found in terrestrial ecosystems and thus contribute unique compounds to this source 

of OM such as lignins, cellulose, tannins, resins, and cuticular waxes (Hedges et al., 1997).  

While terrestrial OM contributes to a greater extent to the overall OM pool at the more terrestrial 

locations in the River, Upper Estuary and Saguenay Fjord, there is also the input of marine OM 

originating from the Gulf and Lower Estuary. Contrary to terrestrial-derived OM, marine OM is 

more labile and is composed of smaller molecules such as simple lipids, proteins, peptides, and 

carbohydrates derived mostly from autotrophic phytoplankton and bacteria (Wakeham et al., 

1997). This OM is either produced by phytoplankton and algae through photosynthesis using 

dissolved carbon dioxide and bicarbonate, which are the most available inorganic carbon source 

in the ocean, or by bacterial activity and growth. The proportion of marine and terrestrial OM 

inputs along the St. Lawrence continuum varies depending on the distance from the St. Lawrence 

River mouth. The majority of the OM discharged in this system is reworked in the water column 

and only a small fraction makes its way into the sediment. Bacterial degradation is the main 

driver for the altering of particulate and/or dissolved OM in the water column and surface 

sediments (Packard et al., 2000). This results in high molecular weight organic compounds being 

hydrolyzed into smaller compounds. Additionally, in the surface waters, OM can be degraded via 

irradiation from the sun, known as photodegradation. During this process, chromophoric 

dissolved organic matter (CDOM) is transformed into smaller, more oxygenated compounds 

compared to their parent molecules.  
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1.2 The Use of Biomarkers to Track and Characterize Organic Matter 

 Biomarkers are an important tool in biogeochemistry as they can be used to trace the 

origins of OM as well as biogeochemical processes that influence its composition and fate. 

Biomarkers can be defined as “a complex organic compound having little to no changes in its 

chemical structure from the precursor molecules that once existed in living organisms” (Derrien 

et al., 2017 and references within). If the biomarkers are source specific and their original 

structure is mostly preserved, they present a direct link to their original source (Killops and 

Killops, 2013). The most commonly used biomarkers for OM source identification include 

lignin-phenol, plant pigments, carbohydrates, proteins and simple lipids, with lipids being the 

most advantageous biomarkers in marine, terrestrial and estuarine systems as they are ubiquitous 

in these environments, highly diverse, and chemically stable (Derrien et al., 2017 and references 

within). The most useful lipid biomarkers for OM source characterization include straight chain 

alkanes (referred to as n-alkanes and abbreviated in this thesis to nCx where x is the chain 

length), fatty acids, and sterols and stanols. For the work presented in this thesis, the focus will 

be on n-alkanes as they lack any reactive functional groups and are thus especially stable and 

long-lived compounds in natural environments. 

 n-Alkanes are the most abundant hydrocarbons found in sediments as they are 

biosynthesized by terrestrial plants, aquatic plants, and plankton. Terrestrial plant derived n-

alkanes are characterized by a strong predominance of odd numbered carbon chain lengths in the 

C25 to C35 carbon range, whereas shorter chain length alkanes in the range C15 to C19 are 

attributed to aquatic algae and bacteria (Han and Calvin, 1969; Ficken et al., 2000; Silva et al., 

2012). Mid-length alkanes (C20 to C25) have been found to be most dominant in submerged or 

floating aquatic macrophytes (Cranwell, 1984; Ficken et al., 2000). n-Alkanes can also originate 

from anthropogenic sources such as oil and oil products. Contrary to these natural sources of n-

alkanes, those derived from petroleum sources show no preference of odd over even chain 

lengths (Marzi et al., 1993). The most abundant n-alkane in terrestrial OM tends to be in the nC25 

to nC35 carbon range, whereas for petroleum or anthropogenic sources, it tends to fall in the short 

to mid-length alkanes (Chen et al., 2014). While naturally occurring n-alkanes found in the 

environment originate mostly from epicuticular leaf waxes and phytoplankton production, 

anthropogenic n-alkanes can originate from transportation, production, consumption, or storage 
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of petroleum products. Petroleum is formed through the diagenesis and subsequent catagenesis of 

biomatter (Tissot and Welte, 1984), therefore petroleum OM is naturally occurring OM that has 

undergone physicochemical transformation altering the relative abundances of the n-alkanes 

present. 

 These variations in relative n-alkane abundances based on their origins have allowed for 

the calculation of various indices used for source tracing. A few of the most commonly used 

indices for OM source identification in sediments, and those used in this thesis include the 

carbon preference index (CPI), average chain length (ACL), natural n-alkane ratio (NAR), 

terrigenous aquatic ratio (TAR) and the terrestrial, emergent submerged/floating aquatic ratio 

(Paq) which can be found in Table 2.2 (Poynter and Eglinton, 1990; Marzi et al., 1993; 

Bourbonniere and Meyers, 1996; Ficken et al., 2000; Mille et al., 2007). CPI is determined using 

the ratios of the concentrations of odd to even numbered chain length n-alkanes between nC16 

and nC36. This ratio represents the degree of preservation of the original n-alkane relative 

distribution. Fresh, terrestrially-derived higher plants typically have CPI values of > 3 reflecting 

the predominance of odd n-alkanes in vascular plants, whereas petroleum OM or inputs from 

marine sources exhibit values close to 1 due to their lack of preference of odd or even carbon 

numbers (Marzi et al., 1993; Chen et al., 2014). The ACL ratio refers to the weight-average 

number of carbon atoms in higher plant n-alkanes (nC25 to nC33), and it is also used to distinguish 

higher plants from marine and petrogenic OM (Poynter and Eglinton, 1990). NAR is calculated 

based on the relationship of even n-alkanes to total n-alkanes in a sample and is used to assess 

the proportion of natural n-alkanes versus those derived from petroleum-derived n-alkanes (Mille 

et al., 2007). Finally, TAR and Paq are ratios designed to differentiate between terrestrial and 

aquatic OM, with TAR evaluating the relative proportions of terrigenous OM to marine OM and 

Paq distinguishing between terrestrial and aquatic plants (Bourbonniere and Meyers, 1996; Ficken 

et al., 2000). Both ratios rely solely on odd numbered n-alkanes, with TAR calculated as the ratio 

of the sum of nC27, nC29, and nC31 to that of nC15, nC17, and nC19, and Paq similarly calculated as 

the ratio of the sum of nC25, nC27, and nC29 to that of nC23, nC25, nC27, and nC29. It is important 

to note that while these ratios depend on the relative abundances to infer the sources of OM 

found in sediments, other methods utilizing stable isotope values can complement and further our 

understanding of OM cycling in the St. Lawrence system.  
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1.3 Application of Stable Isotope Analysis for Organic Matter Source 

Identification 

 The stable isotopes of OM can be exploited to further track the fate of OM and add a 

greater degree of differentiation of source input. While radioactive isotopes such as 14C have 

been used to date samples in general, and sediments in particular, in this research we looked at 

the variations in the stable isotopes of carbon (12C and 13C) and hydrogen (1H and 2H). About 

98.89% and 99.98% of all carbon and hydrogen respectively is found naturally as the lighter 

isotopes (12C and 1H), with the remaining 1.11% and 0.02% consisting of 13C and 2H 

respectively. These percentages are approximate with the natural abundances varying at the 

fourth and fifth decimal place, depending on the source material and biosynthetic precursors and 

reactions (Hayes, 1993; Sessions et al., 1999). For carbon, the proportion of 13C to 12C in OM is 

set during the carbon fixation process. Different source materials and different fixation pathways 

lead to variations in the 13C proportions. Terrestrial plants using the C3 Calvin carbon fixation 

pathway fix carbon directly from atmospheric CO2, whereas C4 plants utilize the Hatch-Slack 

pathway resulting in C4 plants being enriched in 13C compared to C3 plants (Peters et al., 2005). 

Phytoplankton utilizes inorganic bicarbonate as the carbon source during synthesis and therefore 

have a very different ratio of 13C to 12C in the resulting OM. The conditions that determine the 

proportion of 2H and 1H in OM again has to do with source material, but for hydrogen isotope 

values it is the source water used during photosynthesis. Other factors which contribute to 

variations in hydrogen isotope ratios include differing biosynthetic pathways (e.g., mevalonate 

vs. non-mevalonate), differences in carbon chain length, and degree of saturation, as well as the 

source of nicotinamide adenine dinucleotide phosphate (NADPH), with different pools of 

NADPH have different isotope ratios (Sessions et al., 1999, 2002; Chikaraishi and Naraoka, 

2003; Zhang and Sachs, 2007; Zhang et al., 2009). These differences in ratios are measured using 

isotope ratio mass spectrometry (IRMS) and are reported using the delta notation using the 

following equation: 

  Eq. (1.1)  𝛿(‰) = (
𝑅sample

𝑅reference
− 1) × 1000 

Where R is the ratio of the heavy isotope over the light isotope of either the sample or the reference 

material. For the research presented in this thesis, these ratios would thus be 13C/12C or 2H/1H for 

carbon and hydrogen isotope analysis respectively. By convention, the reference material for 
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carbon analysis is a carbonate mineral, Vienna Pee Dee Belemnite (VPDB) and is a universal 

reference given a 13C/12C value of zero. The same is true for the Vienna Standard Mean Ocean 

Water (VSMOW) for hydrogen, again this reference material is given a 2H/1H value of zero.  

 The isotope ratio mass spectrometer (IRMS) does not measure the isotope values of the 

sample directly, but rather the sample is first combusted to CO2 or pyrolyzed to H2 for carbon 

and hydrogen analysis, respectively. A series of Faraday cups are used to simultaneously 

measure the specific abundance of ions of different masses for carbon and hydrogen 

isotopologues. For carbon, masses 44, 45 and 46 are measured, which correspond to 12C16O2 for 

mass 44, 13C16O2, and 12C17O16O for mass 45, and finally 12C18O16O, 13C17O16O, and 12C17O2 for 

mass 46. For hydrogen isotope analysis, there are only two isotopologues of interest, e.g., mass 2, 

1H1H, and mass 3, 2H1H. Nitrogen isotope analysis (15N/14N) is also possible by collecting 

masses 28 (14N, 14N), 29 (14N15N) and 30 (15N15N). Other isotopic analyses are also possible, but 

these are the ones used in the research presented in this thesis.  

 In this thesis, both bulk and compound specific isotope analysis (CSIA) were used to 

acquire isotopic data. For bulk isotope analysis, an elemental analyzer (EA) is coupled to the 

IRMS and a small amount of the sample (e.g., sediment) is introduced directly into a combustion 

tube. This method results in an average isotopic value for the entire sample. Contrarily, CSIA 

uses gas chromatography to initially separate the compounds in the sample before they are 

individually combusted/pyrolyzed and finally analyzed by the IRMS. CSIA thus allows obtaining 

isotopic values for individual compounds within a sample. These isotopic measurements add 

additional information about the samples being analyzed. For the research presented in this 

thesis, compound specific hydrogen and carbon isotope analysis was applied to the straight chain 

alkanes ranging from nC23 to nC36 extracted from sediments to infer the source of the n-alkanes 

at various stations along the St. Lawrence Waterway. Bulk carbon and nitrogen isotope analysis 

was also applied to the sediments to determine the overall input of OM and its sources at each 

station. These parameters along with the diagnostic ratios allowed us to better understand the 

sources and processing of OM found in this waterway. This data also provides a baseline level 

for comparison should an oil spill event occur.  
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1.4 Using Optical Properties to Determine Organic Matter Sources  

 Optical properties of CDOM have also become a popular parameter used to trace OM 

sources, specifically in aquatic environments (Derrien et al., 2017 and references within). 

Because of the compositional complexity of dissolved OM, it remains largely uncharacterized 

and identifying individual compounds using traditional analytical techniques becomes extremely 

difficult (Leenheer and Croué, 2003). The contribution of CDOM to total dissolved organic 

carbon (DOC) has been estimated to be as low as 20% in the open ocean and as high as 70% in 

coastal regions with high river inputs (Coble, 2007). Various spectroscopic indices have been 

developed to aid in the characterization of the chromophoric fraction in dissolved OM. 

Absorbance spectra and absorbance coefficients at selected wavelengths can be used as indices to 

elucidate various properties of the measured CDOM. The main absorbance indices which will be 

discussed in this thesis includes the specific UV absorbance (SUVA254) and spectral slope (SR). 

SUVA254 is used to assess the aromatic content and molecular weight of the dissolved OM in a 

sample by dividing the samples DOC concentration and UV absorption at 254 nm (Weishaar et 

al., 2003). SR is calculated by dividing the spectral slope between 275 nm and 295 nm by the 

slope between 350 nm and 400 nm and has also been used to describe the molecular weight of 

dissolved OM (Helms et al., 2008).  

The fluorescence spectroscopic properties of the chromophoric fraction can be used to 

differentiate between various groups of compounds making up the dissolved OM pool and, more 

specifically, this can be done using fluorescence excitation emission matrices (EEM) combined 

with parallel factor analysis (PARAFAC). EEMs are produced by combining emission scans over 

a range of excitation wavelengths to create a 3D representation of a sample’s fluorescence and 

are more sensitive than absorption spectroscopy (Stedmon and Bro, 2008). EEMs allow for 

discriminating CDOM sources based on the fluorophores present in the sample. The most 

common sources or groups of compounds that are identified using EEMs are humic-like, protein-

like, and pigment-like fluorescence (Coble, 2007). These can be further broken down into the 

components shown in Table 1.1. While EEMs are helpful on their own when looking at one 

sample at a time, analyzing a large dataset of various samples becomes very challenging. This is 

where PARAFAC has become a popular method in aquatic biogeochemistry, allowing for the 

decomposition of data into trilinear components (Stedmon et al., 2003). With the addition of 
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PARAFAC, we can characterize the various groups of fluorophores in a water sample and 

determine the percentage of each group that contributes to the total fluorescence in the sample, as 

well as to infer the origin of the dissolved OM (Stedmon et al., 2007). This is possible because 

PARAFAC allows for the EEMs to be decomposed into 4-8 main components (EEMs), that are 

correlated to specific OM chromophore groups (Murphy et al., 2013). This method has been used 

to identify proteins, marine and terrestrial humic substances, anthropogenic humic substances 

coming from wastewater and agricultural runoff, and naturally occurring humic substance from 

bacterial degradation of OM (Coble, 2007; Stedmon et al., 2007; Murphy et al., 2008; Tfaily et 

al., 2015). 

Table 1.1 Commonly identified fluorophore groups (adapted from Coble 2007 and references within). 

 

Furthermore, a series of indices base on the fluorescence measurements have been found 

to be useful in the determination of chemical composition and sources of dissolved OM. The 

fluorescence index (FI) can be applied to samples to differentiate between terrestrial and 

microbial dissolved OM using the ratio of fluorescence emitted at 450 nm to that emitted at 500 

nm, when the excitation wavelength is 370 nm (McKnight et al., 2001). HIX, the humification 

index is indicative of the degree of humification in a sample and is based on the ratio of the area 

under the emission spectra between 435 and 480 nm to that between 300 and 345 nm, at the 

excitation wavelength of 254 nm (Zsolnay et al., 1999; Ohno, 2002). Finally, the biological index 

(BIX) is the ratio of fluorescence measured at the emission wavelength of 380 nm to that at the 

emission wavelength of 430 nm, when excited at 310 nm, and is used to investigate the 

biological production of dissolved OM (Huguet et al., 2009). These spectral properties allow for 

further characterization of an OM pool that remains largely uncharacterized, adding another 

piece of information to the cycling of carbon in aquatic settings. This method to analyze OM in 

waterways is much simpler, and less time consuming than other typical analytical techniques, 

Component Peak Label Ex/Em (nm) Source 

Tyrosine-like, protein-like B 275/305 autochthonous 

Tryptophan-like, protein-like T 275/340 autochthonous 

UVC humic-like A 260/400−460 fulvic acid, autochthonous, terrestrial 

UVC humic-like A 260/400−460 humic, terrestrial, allochthonous 

UVA marine humic-like M 290−310/370−410 anthropogenic from wastewater and agriculture 

UVA humic-like C 320−360/420−460 terrestrial, anthropogenic, agriculture 

Pigment-like P 398/660   
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requiring only absorbance and fluorescence measurements. In this thesis, we use EEMs and 

PARAFAC analysis to assess the origin of the OM in the water column along the St. Lawrence 

system, to determine if using this more accessible method would allow for the detection of oil 

contamination in the water column.  

1.5 Molecular, Isotopic and Spectroscopic Differences Between Natural and 

Petroleum Derived Hydrocarbons 

While petroleum is a complex mixture of compounds, it is primarily made up of aliphatic 

and aromatic hydrocarbons with a small percentage of aromatic compounds containing sulfur, 

nitrogen and oxygen. As mentioned above, oil derived hydrocarbons originate from natural OM 

that has been heavily degraded, thermally, chemically, and biologically. Oils originating from 

regions with varying biomatter (e.g., variations in the type of plant matter) can therefore have a 

different structural makeup and abundances of hydrocarbons from one location to another 

(Murray et al., 1998). Molecularly, the aliphatic fraction of oil contains straight chain alkanes 

ranging from nC6 to nC40. Figure 1.2 shows the gas chromatography-flame ionization detector 

(GC-FID) trace of a few oils showing the possible variations in n-alkanes relative distribution 

(Bayona et al., 2015). The similar properties of all these traces is the normal distribution of n-

alkanes. Fresh natural OM is characterized by a prominent pattern of odd n-alkanes being more 

abundant than their neighbouring even n-alkanes owing to their synthetic pathway; indeed, they 

are produced from the decarboxylation of long chain fatty acids (loss of one carbon atom), which 

are synthesized from a C2 molecular building block, acetate. Terrestrial fatty acids thus show a 

strong preference of even over odd, while terrestrial n-alkanes show a marked odd over even 

preference. As natural OM is being processed and partially degraded by bacteria, leading to n-

alkanes losing one of a few carbon atoms, there is a redistribution in the relative abundances of 

odd and even n-alkanes, to the point where the most degraded OM samples (oils for example), 

show a ratio between odd and even n-alkanes equal to unity.  
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Figure 1.2 GC-FID trace of various oil types modified from Bayton et al. 2015. 

 

Isotopically, natural OM has been shown to vary with carbon isotope values of bulk OM 

ranging from -12 to -34‰, with C3, C4 and algae having  δ13C values ranging from -24‰ to -

34‰, -6‰ to -19‰, and  -12‰ to -23‰  respectively (Smith and Epstein, 1971; Lichtfouse et 

al., 1994). Compound specific carbon and hydrogen isotope analysis of individual alkanes of 

higher plants (C3 and C4 plants) have also been shown to vary between plants as well as within a 

single plant extract (Chikaraishi and Naraoka, 2007), whereas due to the thermal maturation, 

chemical and biological reworking of the original OM in petroleum, it has been found that oil-

derived n-alkanes have very similar carbon isotope values across the n-alkanes measured 

(Pedentchouk and Turich, 2018). 

While the n-alkanes are the most abundant hydrocarbons found in oil, and thus the easiest 

to measure and analyse, certain aromatic hydrocarbons also are more specific to oils. These 
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anthropogenic polycyclic aromatic hydrocarbons (PAH) are well-known as being toxic, 

mutagenic, and carcinogenic. They are therefore important to identify and analyse in aquatic 

systems where they can cause significant damage to the organisms in those environments 

(Menzie et al., 1992; Ikenaka et al., 2013). PAHs can occur naturally through biomass burning 

(e.g., forest fires), volcanic eruptions or diagenesis, but are often linked to anthropogenic origins 

such as coal and wood burning, petroleum combustion and spills, and industrial processes 

(Andersson et al., 2014). Their abundance in oils and petroleum products is much lower than n-

alkanes and can therefore add to the difficulty of proper analysis. Spectroscopically, these PAHs 

and their photo oxidized products are the compounds that allow us to apply EEMs and 

PARAFAC analysis on water samples to determine oil input into the water system.  

These slight differences in naturally occurring and oil-derived OM can be exploited with 

molecular, isotopic, and spectroscopic techniques to tease out the origin of OM found in 

sediments and water samples along the St. Lawrence Waterway.  

1.6 Objectives 

Using compound specific carbon and hydrogen isotope analysis, coupled with molecular 

fingerprinting of n-alkanes, we characterized the OM currently present in the St. Lawrence 

Waterway to obtain a molecular and isotopic baseline level for the n-alkanes found in the 

sediments. Having these baseline values allows detection of compositional changes if there were 

to be an oil spill event along the St. Lawrence system. While natural and petroleum-derived n-

alkanes are not toxic, the presence of petroleum-derived n-alkanes indicates that other, more 

toxic compounds such as polyaromatic hydrocarbons (PAHs), are also present in the sample. 

These methods also allow us to determine how efficiently the isotopic and molecular analysis of 

n-alkanes can reflect OM sources. More specifically, we focused on the less abundant even chain 

length n-alkanes that are much less frequently analyzed due to the difficulty to accurately 

measure their isotopic composition owing to their much lower abundance. This is the first 

complete data set including molecular finger printing, as well as carbon and hydrogen isotopic 

analysis of both odd and even chain length n-alkanes along a terrestrial-marine continuum. While 

this method is time consuming, requiring lengthy sample pre-treatment prior to analysis, other 

characteristics of OM can be exploited to differentiate natural from petroleum-derived OM. 

Spectroscopic techniques such as EEMs and PARAFAC analysis were also applied to surface 
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and water column samples collected along the St. Lawrence River, Estuary and Gulf to tease out 

various components indicative of the source of the dissolved OM pool. In addition to these 

natural water samples, water samples with photo oxidized oil-derived compounds introduced to 

the water were included in the data set when running the PARAFAC analysis to determine how 

well it could tease out the oil components from the natural OM present in the samples. While 

spectroscopic methods do not allow for identification of individual compounds, it is much more 

cost and time efficient as it does not require expensive instrumentation and sample work-up. The 

application of these two methods to the water and sediments samples allows characterization of 

the OM found along the St. Lawrence Waterway and determination of whether they can be used 

to discriminate natural OM from OM derived from oil contamination.  

1.7 Arrangement of Thesis 

 This work is comprised of two long manuscripts (one published, and the other to be 

submitted for publication), followed by a summation of the limitations and future works that 

should be explored. The manuscripts are presented with figures and tables embedded in the text 

with supplementary material found in the appendices. The first chapter contains the general 

introduction, which allows for the contextualisation of the main topics covered in the two 

manuscripts that follow.  

Chapter 2, entitled “Molecular and stable isotope analysis (δ13C, δ2H) of sedimentary n-alkanes 

in the St. Lawrence Estuary and Gulf, Quebec, Canada: Importance of even numbered n-alkanes 

in coastal systems”, was published in Organic Geochemistry in February 2022 and presents the 

advantages of coupling isotopic measurements with molecular diagnostic ratios to characterize 

sedimentary OM in the St. Lawrence Waterway. It also highlights the importance of using 

caution when relying solely on molecular data and the importance of even-numbered n-alkanes 

and the information they can provide regarding OM source. This complete isotopic and 

molecular analysis of the n-alkanes along the St. Lawrence system establishes a baseline level to 

for comparison should there be an oil spill event.  

Chapter 3, entitled “Tracking changes in dissolved organic matter along the St. Lawrence River, 

Estuary and Gulf using PARAFAC analysis and distinguishing natural organic matter from oil-

derived compounds”, is to be submitted for publication in Marine Chemistry. It reports the 

findings acquired when PARAFAC analysis was applied to a large set of water samples collected 



15 
 

along the St. Lawrence system at various locations and depths. It also contains samples 

contaminated with oil that underwent solar irradiation to determine how well this approach could 

tease out oil derived compounds from natural occurring OM. The applicability of this method to 

trace OM in the St. Lawrence and its potential for tracking oil spills is also discussed.  

Chapter 4 summarizes the main findings of this thesis, as well as perspectives and future work.  
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2.1 Abstract  

Sediments comprise a multitude of inorganic and organic components, with much of the 

composition of the organics still not fully characterized. Our research targeted n-alkanes, to 

determine whether compound specific carbon and hydrogen isotope analysis allows for their 

source identification in coastal sediments. Here, we map the current abundances and sources of 

straight chain n-alkanes in sediments of the St. Lawrence Estuary and Gulf using molecular 

(diagnostic ratios) and isotopic fingerprinting (δ13C, δ2H). n-Alkane abundances (117.11 ± 1.61 

to 418.64 ± 70.20 µg/g OC), carbon preference index (CPI; 1.95 ± 0.05 to 5.09 ± 0.10), average 

chain length (ACL; 28.36 ± 0.02 to 28.97 ± 0.01), proportion of aquatic submerged plants and 

terrestrial plant inputs (Paq; 0.295 ± 0.003 to 0.377 ± 0.002), terrigenous aquatic ratio (TAR; 3.43 

± 0.16 to 7.99 ± 0.05), and n-alkane ratio (NAR; 0.169 ± 0.011 to 0.584 ± 0.011) values varied 

along the terrestrial-marine continuum. Large differences in the concentration weighted average 

(WA) δ13C and δ2H for odd and even n-alkanes were found, with WA δ13C ranging from -30.9 ± 

0.3 to -33.4 ± 0.09 ‰ and -28.8 ± 0.01 to -32.3 ± 0.2 ‰, respectively, and 165.6 ± 3.6 to -200.8 

± 2.4 ‰ and -96.0 ± 2.8 to -158.7 ± 2.1 ‰ for δ2H. The diagnostic ratios were shown to 

misrepresent the input sources of organic matter (OM) and were inaccurate as source indicators 

when more than one OM source was present. With the addition of compound specific δ13C and 

δ2H analysis of n-alkanes, it was determined that the n-alkanes were predominantly derived from 

natural, rather than anthropogenic sources, with variations being driven by geographic changes in 

vegetation type and differing ratios of terrestrial and marine OM inputs. Importantly, compound 

specific isotope analysis of the even numbered n-alkanes would permit identification and 

tracking of petroleum-derived contaminants. Molecular data alone are ineffective for this, owing 

to the similarity in CPI values for petroleum-derived contaminants and highly degraded OM 

which is discharged by the St. Lawrence River into the estuary.  

2.2 Introduction  

Organic matter (OM) deposited in estuarine and coastal sediments is an important part of 

the global carbon cycle and preserves information about OM source environments. Sedimentary 

OM contains an abundance of various lipids, including so-called straight chain alkanes (n-

alkanes), which are derived from terrestrial and aquatic plants and certain algae and are often the 

most abundant hydrocarbons found in sediments. Vascular plants preferentially synthesize n-
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alkanes with odd numbered carbon chain lengths compared to even numbered n-alkanes in the 

range of nC21 to nC35 (Silva et al., 2012), whereas shorter chain alkanes in the range of nC15 to 

nC19 are attributed to aquatic algae and bacteria (Han and Calvin, 1969). These hydrocarbons are 

widely used as biomarkers to trace the origins of the organic matter in a variety of different 

environments and locations (Pearson and Eglinton, 2000; Pearson et al., 2001; Wakeham et al., 

2004; Sachse et al., 2006). Various diagnostic ratios and molecular indices based on the relative 

abundance of individual compounds have been established for source determination in past 

studies for n-alkanes. Mass ratios, such as carbon preference index (CPI), terrigenous aquatic 

ratio (TAR), natural n-alkane ratio (NAR) and average chain length (ACL), are widely applied to 

sediment extracts to characterize the origin of OM (Poynter and Eglinton, 1990; Marzi et al., 

1993; Bourbonniere and Meyers, 1996; Ficken et al., 2000; Mille et al., 2007).  Most studies 

utilizing hydrocarbons as biomarkers for source apportionment rely heavily on these diagnostic 

ratios.  

However, additional information about the source of these compounds can be elucidated 

using isotopic measurements of both the bulk sediment and individual compounds. Bulk carbon-

to-nitrogen atomic ratios, as well as stable carbon and nitrogen isotope values have the capacity 

to differentiate the main sources of the OM found in sediments (Peters et al., 1978; Thornton and 

McManus, 1994; Hou et al., 2007). While bulk analysis can be a useful tool for source 

identification, compound specific carbon and hydrogen isotope analysis of individual lipids 

allows for broader application of n-alkanes as biomarkers with more precise source 

identification. This is possible due to characteristic source specific values. n-Alkane stable 

carbon isotope values are mainly driven by the method of CO2 fixation, as well as the CO2 

source. C3 plants show δ13C values ranging from -24‰ to -34‰, C4 plants have δ13C values 

ranging from -6‰ to -19‰, and algae have intermediate values of -12‰ to -23‰ (Smith and 

Epstein, 1971; Lichtfouse et al., 1994). Hydrogen isotopic variations have been shown to be 

attributed to variation in the δ2H of plant source water, which is related to geographic variation in 

precipitation δ2H and subsequent evapotranspiration, and to biosynthesis (Sessions et al., 1999; 

Huang et al., 2004; Sachse et al., 2012).    

     Applications of δ13C values, and to a lesser extent δ2H of individual n-alkanes, have 

been used in plant wax, soil and sediment studies and have been shown to be suitable for 

identification of OM sources since stable isotope values vary with the type of plants from which 
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they originate (gymnosperms, angiosperms, aquatic plants) (Chikaraishi and Naraoka, 2007; Hou 

et al., 2007; Katrantsiotis et al., 2018; He et al., 2020). They have also been used to determine 

anthropogenic inputs and to identify petroleum derived n-alkanes by exploiting the small 

differences in stable isotope values originating from the initial sources of OC, kinetic 

fractionation processes, mixing, biodegradation, or 2H/1H exchange with water and minerals (Y. 

Li et al., 2009; Pedentchouk and Turich, 2018). However, due to the higher abundances, and thus 

ease of measurement, of odd n-alkanes in plants and natural samples, many studies only focus on 

the δ13C and δ2H of odd n-alkanes. Compound specific isotope analyses in sediment cores are 

commonly used as proxies in paleo environmental studies (Ishiwatari et al., 2009; Yamamoto et 

al., 2010; Katrantsiotis et al., 2018; Aichner et al., 2018; Strobel et al., 2020). These types of 

studies focus on the temporal variations in sedimentary records, whereas fewer studies examine 

changes across a water system with changing environmental conditions such as OM source and 

salinity.  

The St. Lawrence waterway has inputs from both marine and terrestrial organic matter, 

and thus allows for the mapping of the molecular and isotopic changes of individual n-alkanes, 

both odd and even chain lengths, along a terrestrial to marine gradient. This study aims to 

characterize sedimentary n-alkanes to compare well established diagnostic ratios with compound 

specific δ13C and δ2H values to determine the information that can be gained from each method 

individually and combined. In particular, the information potential of low and high molecular 

weight even numbered n-alkanes, including their stable carbon and hydrogen isotope values, is 

assessed for the first time over a large (>800 km) transition area between a river mouth and the 

sea.   

2.3 Materials and methods  

2.3.1 Sampling locations and collection   

The St. Lawrence waterway is a stretch of water spanning 2000 km, split into 3 main 

sectors, the River, Estuary and Gulf. The Estuary can be further divided into two distinct regions, 

the shallow (30 – 100 m) turbid Upper Estuary and the deep (>300 m), stratified Lower Estuary, 

marking the head of the Laurentian Channel. The Saguenay Fjord, an approximately 90 km long 

submerged valley, connects to the St. Lawrence Estuary at roughly the meeting point of the 

Upper and Lower Estuary. The Upper Estuary receives inputs primarily from freshwater runoff 
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and the St. Lawrence River, which drains a populated, industrialized watershed where 

agricultural activities are important. The Lower Estuary receives inputs from the Upper Estuary, 

the Saguenay Fjord, as well as a series of rivers on the north shore, and is stratified with mixing 

of estuarine surface waters and marine bottom water from the deep North Atlantic Ocean through 

the Laurentian Channel.  In June of 2018, nine locations were sampled along the St. Lawrence 

Estuary, Gulf and Saguenay Fjord for the purposes of this study (Fig. 2.1). Sample locations were 

selected to cover the gradient of terrestrial to more marine sediments and were collected using a 

box-core (stations Sag05, 25, 23, 21, 18.5, 18, and 16) and with a Van Veen grab where sediment 

depth was not deep enough for the box corer (stations DE, G) aboard the RV Coriolis II. 

Locations and descriptive information for these stations can be found in Table 2.1. The top 10 cm 

of sediment were collected from the box cores and grabs and stored at -20°C until further 

treatment. Pre-analysis, the sediment samples were thawed, centrifuged to remove excess pore 

water, freeze-dried, and homogenized using a mortar and pestle in preparation for all subsequent 

analyses.  

Figure 2.1 Map showing study sites across the St. Lawrence Estuary and Gulf in Quebec, Canada. 
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Table 2.1 Description of sampling sites in the St. Lawrence Estuary and Gulf. 

aDistance from Quebec City irrelevant 
bSediments collected with a Van Veen grab 

n.a.: Sedimentation rates unavailable 

 

It is important to note the differences in sedimentation rates and thus varying sediment 

ages along the St. Lawrence Estuary and Gulf (Smith and Schafer, 1999). The average age of the 

top 10 cm ranged from about 10 years in the lower estuary to up to ~120 years in the Gulf. To 

allow compound specific isotope analysis to be performed on both odd and even chain length n-

alkanes (triplicate extractions), it was necessary to start with a large mass of sediment (~100 g 

dry weight per replicate). Therefore, for the stations which were sampled with a box core, the top 

10 cm were used and were thoroughly homogenized before extraction.  

2.3.2 Elemental and bulk sediment isotope analysis  

The organic carbon (OC) and total nitrogen (TN) contents, as well as the δ13C and δ15N 

values, were obtained using an Eurovector elemental analyser (EuroEA3028-HT) coupled to an 

Isoprime 100 continuous flow isotope ratio mass spectrometer. Concentrations and stable isotope 

values were obtained from the same calibrations, but carbon and nitrogen were run separately 

because of the need to remove carbonates in the samples analysed for OC, and the large 

differences in abundance between the two elements. For OC analysis, 5-level calibration curves 

were built daily using an in-house β-alanine standard (C = 40.45%, δ13C = -25.98 ± 0.23‰), with 

intensities spanning the entire range of the instrument. Samples were then run in quadruplicate, 

with the β-alanine standard and IAEA-C6 certified sucrose standard (C = 42.10%, δ13C = -10.80 

± 0.47 ‰) inserted between each set of two samples. The in-house β-alanine standard was 

calibrated independently for carbon using two certified primary standards (IAEA-CH7 

Station Latitude Longitude Distance from 

 Quebec City 

 

(km) 

Water column 

 depth 

 

(m) 

Surface water 

 salinity 

 

(psu) 

Sedimentation 

Rate 
(Smith and  

Schafer,1999) 
(cm/yr) 

Sag05 48º24.798'N 70º49.307'W a 89 0.87 n.a. 

DE 47º11.223'N 70º37.419'W 60 17 2.89 b 

G 47º30.689'N 70º09.775'W 114 61.8 15.82 b 

25 48º14.531'N 69º22.808'W 215 325 25.23 0.545 

23 48º40.104'N 68º44.086'W 300 345 25.59 n.a. 

21 49º04.750'N 67º18.147'W 400 325 27.32 0.223 

18.5 49º19.519'N 64º23.601'W 539 389 28.26 n.a. 

18 49º08.428'N 63º39.712'W 600 364 29.01 0.115 

16 48º29.664'N 61º24.744'W 780 418 30.89 0.042 
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polyethylene foil, δ13C = -32.15 ± 0.10‰; IAEA-C6 sucrose, δ13C = -10.80 ± 0.47 ‰. The same 

approach was used for nitrogen using the in-house β-alanine standard (N = 15.72%, δ15N = -2.21 

± 0.24‰), calibrated using two certified primary standards (IAEA-N-1 ammonium sulfate,          

δ15N = +0.43 ± 0.07‰; IAEA-N-2 ammonium sulfate, δ15N = +20.41 ± 0.12‰). For OC and 

δ13C analysis, samples were decarbonated by exposure to HCl fumes for 12 hours followed by a         

1 hour heating step at 50˚C to remove any remaining water or acid prior to analysis (Hedges and 

Stern, 1984).   

2.3.3 Extraction and quantitation of n-alkanes  

n-Alkanes were extracted from dry sediments (~100 g per replicate, n=3) by sonication 

with a 1:1 acetone:hexane mixture. Following sonication, water was added to the sample and the 

organic phase was isolated via liquid-liquid extraction. The aliphatic and aromatic fractions were 

separated on a silica gel column, eluting the aliphatic fraction with hexane and the aromatic 

fraction with a 25% v/v toluene in hexane mix. Both fractions were passed through a copper 

powder column to remove any elemental sulfur. At this point an aliquot of the aliphatic fraction 

was subsampled for quantitation. The n-alkanes were further isolated for isotopic analysis using a 

urea adduction method. In short, a saturated urea/methanol mixture was added to the aliphatic 

fraction of the extract and left to crystalize at -20°C overnight. The crystals were dried and 

washed with hexane before dissolving in water and transferring the alkanes to the organic phase 

with another liquid-liquid extraction using hexane as the organic phase. The final extract was 

evaporated to 500 µL and stored at -20°C until the time of analysis.   

     n-Alkanes were quantified on an Agilent 6890N gas chromatograph with a flame 

ionization detector (GC-FID), using an Agilent DB-EUPAH column (60 m x 0.25 mm x 0.25 

µm) and an alkane calibration mix (C8-C40, Supelco ASTM D2887) as external calibration. 

Samples were run using constant flow with a helium carrier gas. Initial oven temperature was 

held at 40˚C for 10 minutes, then ramped to 230˚C at a rate of 6˚C per minute, followed by an 

increase to 320˚C at 20˚C per minute, which was held for 34 minutes, resulting in a run time of 

80.17 minutes per sample. n-Alkane identities were confirmed on an Agilent 7890B gas 

chromatograph coupled to an Agilent 5977B mass spectrometer (GC-MS) with an identical 

column and temperature program as described above. GC-MS analysis was also used to confirm 

that there was no co-elution prior to stable isotope analysis.   
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Due to the extensive sample preparation involving multiple solvent evaporation steps, n-

alkanes below nC17 are not shown, as the recoveries for these alkanes were affected by the 

cleanup (mainly during the reduction in solvent volume using a gentle N2 stream) and thus were 

not an accurate representation of the n-alkanes in the sediment. However, these clean up steps are 

widely used and recoveries for individual n-alkanes rarely given; therefore, the values for nC15, 

specifically for terrigenous aquatic ratio (TAR), were still used in respect to the molecular 

proxies found in the literature.  Spiking experiments revealed that the recoveries for n-alkanes 

>C17 were above 90%, with stable isotope values that were not significantly different from the 

expected values (p<0.05).   

2.3.4 n-Alkane molecular proxies   

The n-alkane molecular proxies used in this study can be found in Table 2.2. Total n-

alkane concentrations were obtained by summing the concentration (in µg/g OC) of each 

individual n-alkane from nC17 to nC36, and total even and odd n-alkanes using even n-alkanes 

from nC18 to nC36 and odd n-alkanes from nC17 to nC35, respectively. Low molecular weight 

(LMW) and high molecular weight (HMW) n-alkanes are defined as nC17 to nC22 and nC23 to 

nC36, respectively.   

 

Table 2.2 n-Alkane molecular proxies used in this study ('→' indicates range). 

 

Ratio Equation Reference 

Carbon Preference Index (CPI) 
∑(𝑛𝐶23 → 𝑛𝐶31)𝑜𝑑𝑑 + ∑(𝑛𝐶25 → 𝑛𝐶33)𝑜𝑑𝑑

2 ∑(𝑛𝐶24 → 𝑛𝐶32)𝑒𝑣𝑒𝑛

 Marzi et al., 1993 

Average Chain Length (ACL) 
∑[25(𝑛𝐶25) → 33(𝑛𝐶33)]𝑜𝑑𝑑

∑[(𝑛𝐶25) → (𝑛𝐶33)]𝑜𝑑𝑑

 Poynter and Eglinton, 1990 

Natural n-Alkanes Ratio (NAR) 
∑(𝑛𝐶19 → 𝑛𝐶32) − 2 ∑(𝑛𝐶

20
→ 𝑛𝐶32)𝑒𝑣𝑒𝑛

∑(𝑛𝐶19 → 𝑛𝐶32)
 Mille et al., 2007 

Terrigenous Aquatic Ratio (TAR) 
𝑛𝐶27 + 𝑛𝐶29 + 𝑛𝐶31

𝑛𝐶15 + 𝑛𝐶17 + 𝑛𝐶19

 
 

Bourbonniere and Meyer, 

1996 

     Terrestrial, emergent submerged 

        /floating aquatic ratio (Paq) 

(𝑛𝐶23 +  𝑛𝐶25)

(𝑛𝐶23 + 𝑛𝐶25 + 𝑛𝐶29 +  𝑛𝐶31)
 Ficken et al., 2000 
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2.3.5 Compound-specific carbon and hydrogen isotope analysis   

Compound-specific stable carbon isotope analysis was performed on a gas 

chromatograph-isotope ratio mass spectrometer, using an Agilent 6890 gas chromatograph, with 

a DB-EUPAH fused silica capillary column (60 m x 0.25 mm x 0.25 µm), with a Finnigan 

combustion furnace coupled to a continuous flow Thermo Finnigan Delta Plus XP isotope ratio 

mass spectrometer. Compound-specific hydrogen isotope values were obtained on a 

ThermoScientific Trace1310-GCIsolink II system coupled to a ThermoScientific Delta V Plus 

isotope ratio mass spectrometer with a ThermoFisher TG5-MS fused silica capillary column (60 

m × 0.25 mm × 0.25 µm). Certified alkane and fatty acid standards obtained from Indiana 

University (A. Schimmelman, A7 Alkanes mix and F8-3 Fatty Acids mix) were run after every 

set of replicates (n=3) to ensure instrument stability and for δ13C and δ2H correction purposes. 

The standards were run at various signal intensities to ensure linearity over the entire range of n-

alkane concentrations encountered in this work, thus allowing for the measurement of both odd 

and even n-alkanes.   

2.3.6 Statistical analyses  

An independent Student t-test assuming unequal variance was used to compare the 

weighted average δ13C and δ2H values of the odd and even n-alkanes at each station. Principal 

component analysis (PCA) was completed using R (version 4.0.3) with FactoMineR (version 2.4) 

and factoextra (version1.0.7) packages to visualize the data and to determine those parameters 

attributing the most variation in the dataset.    

2.4 Results   

2.4.1 Bulk sediment isotope analysis (δ13C, δ15N) and C/N ratio  

The percentages of organic carbon and total nitrogen and the carbon to nitrogen atomic 

ratios (C/N) in the surface sediments of the various stations are shown in Table 2.3, along with 

their respective δ13C and δ15N values. No apparent trend can be seen in terms of the OC or TN 

contents at the various stations, with values ranging from 1.29 ± 0.09 to 2.23 ± 0.04 w/w % and 

0.116 ± 0.002 to 0.204 ± 0.001 w/w %, respectively. Terrestrial OM typically has δ13C values 

ranging from -25 to -30‰ and -10 to -14‰ for C3 and C4 plants, respectively (Smith and Epstein, 

1971; Deines, 1980), whereas marine OM ranges from -18 to -24‰ (Gearing et al., 1984). The 

δ13C values shift upwards from stations with higher terrestrial inputs (Sag05 and DE) to stations 
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which appear to have more marine inputs (stations 18.5, 18 and 16), i.e., from -27.3 ± 0.02 to -

22.39 ± 0.09 ‰ (Tan and Strain, 1983). Similar trends have been published showing a 13C 

enrichment from terrestrial to marine sediments owing to an increased relative proportion of 

marine sources of OM along the continuum (Tan and Strain, 1979; Hu et al., 2009). Additionally, 

the δ15N values range from 3.78 ± 0.34 to 7.87 ± 0.02 ‰, again with an enrichment trend from 

the more terrestrial (Sag05 and DE) to the more marine stations (stations 18.5, 18, 16). The 

carbon to nitrogen ratio (C/N) (ranging from 8.61 ± 0.15 to 16.61 ± 0.42) generally decreases 

from the Upper Estuary to the lowest C/N value at station 18.5, with an increase again for the 

two stations furthest in the Gulf. Fig. 2.2 shows the relationship between the bulk sediment 

carbon isotope values and the C/N ratios for each station along with shaded areas corresponding 

to various OM source materials (Lamb et al., 2006 and references within).   

 

Table 2.3 Percentages (± standard deviations) of organic carbon (OC), total nitrogen (TN), atomic C/N. 

 

 

 

 

 

 

 

 

 

Station %OC %TN C/N δ13C (‰) δ15N (‰) 

Sag05 2.23 ± 0.04 0.134 ± 0.002 16.61 ± 0.42  -27.3 ± 0.02 3.8 ± 0.3 

DE 1.75 ± 0.06 0.168 ± 0.003 10.43 ± 0.40 -26.4 ± 0.3 5.7 ± 0.1 

G 1.69 ± 0.14 0.167 ± 0.002 10.11 ± 0.84 -25.7 ± 0.1  5.6 ± 0.07 

25 1.36 ± 0.06 0.116 ± 0.002 11.73 ± 0.60  -24.5 ± 0.05 5.9 ± 0.1 

23 1.70 ± 0.08 0.175 ± 0.000 9.68 ± 0.47  -23.9 ± 0.08 6.4 ± 0.1 

21 1.66 ± 0.09 0.180 ± 0.002 9.23 ± 0.52  -23.3 ± 0.03 7.3 ± 0.1 

18.5 1.75 ± 0.03 0.204 ± 0.001 8.61 ± 0.15  -22.6 ± 0.04  7.9 ± 0.02 

18 1.29 ± 0.09 0.117 ± 0.004 11.10 ± 0.85 -22.6 ± 0.1 7.8 ± 0.2 

16 1.99 ± 0.11 0.168 ± 0.003 11.83 ± 0.70  -22.4 ± 0.09  7.8 ± 0.04 
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2.4.2 n-Alkane abundances and diagnostic ratios   

Alkanes were characterized at each of the stations along the St. Lawrence Estuary, Gulf 

and Saguenay Fjord. The concentrations for each individual alkane at all stations normalized to 

the mass of OC in the sediments can be found in Fig. 2.3. A complete table with all molecular 

and isotopic data can be found in the Supplementary Material section (Table A.2 and A.3). A 

clear preference of odd over even numbered straight chain alkanes was found for all stations, 

with a maximum concentration for nC29 for all stations except Sag05 (Cmax of nC27). Generally, 

n-alkane maxima at nC27, nC29 or nC31 are indicative of higher plant epicuticular waxes and 

lower values tend to be attributed to anthropogenic inputs (Chen et al., 2014).  

Figure 2.2 δ13C values and C/N ratios of bulk sediments at all stations with typical ranges of OM inputs. 
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Figure 2.3 n-Alkane concentrations in the top 10 cm of sediments at each station. The same scale was used 

for the y-axis. 

Total alkane concentrations (the sum of nC17 to nC36, inclusively) in sediments ranged 

from 117.11 ± 1.61 to 418.64 ± 70.20 µg/g OC with stations DE and 18 having the highest and 

lowest concentrations of alkanes, respectively. The sum of LMW n-alkanes (nC17 to nC22 

inclusive) and the sum of HMW n-alkanes (C23 to C36 inclusive) can be found in Table 2.4 along 

with the sums separated into odd and even n-alkane contributions. The sum of odd n-alkane and 

even n-alkane concentrations ranged from 68.35 ± 1.31 to 298.96 ± 22.99 µg/g OC, and 40.03 ± 

2.57 to 129.82 ± 2.18 µg/g OC, respectively. The general trend for these samples showed a 

decrease in total n-alkane concentrations from inland to offshore stations. As expected, the 

proportion of odd n-alkanes contributing to the total n-alkanes generally decreases from the 

terrestrial driven stations towards the Gulf while the percentage of total even n-alkanes increased 

from inland to offshore stations. This trend results in CPI values that decrease from a maximum 

of 5.09 ± 0.10 (station DE) to a minimum value of 1.95 ± 0.05 (station 18) from inland stations 

towards the Gulf. One deviation from this trend is the slightly lower than expected value 

measured at station 25 (2.71 ± 0.05). Alkanes originating from higher terrestrial plant waxes 

typically yield CPI values of 3 or greater due to their predominant odd over even alkane 
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distribution. Values closer to 1 indicate anthropogenic inputs from petroleum products and 

byproducts, due to the lack of preference for either alkane series (Marzi et al., 1993; Chen et al., 

2014), but can also indicate inputs from microorganisms or recycled organic matter (Kennicutt et 

al., 1987). The higher CPI values observed for the stations closest to Quebec City and in the 

Saguenay Fjord, are typical for sediments with high proportions of OM originating from soils 

and terrestrial plants.  

The contributions of odd- and even-numbered n-alkanes to total LMW concentrations 

(nC17 to nC22 inclusively) were also compared for each station. The summed concentrations of 

the odd LMW n-alkanes is higher than that of the even alkanes for the terrestrial stations Sag05, 

DE and G, and both are about equal for stations 23, 21, 18.5. At stations 25, 18 and 16 however, 

the contribution of even n-alkanes is higher than that of the odd. The relative contributions of odd 

and even HMW alkanes is more uniform, with the sum of odd HMW alkanes consistently higher 

than the sum of even alkanes, although the proportions of odd HMW alkanes are higher for 

stations inland compared to the stations near the gulf, as can be seen in Table 2.4.   

The ACL and Paq for our samples ranged from 28.36 ± 0.02 to 28.97 ± 0.01 and 0.295 ± 

0.003 to 0.377 ± 0.002 respectively, with both parameters being statistically significantly 

different (p <0.05) for values at the most inland station (station DE) and at the furthest offshore 

station (station 16). ACL values generally increase from the more terrestrial stations to marine 

stations with the opposite being true for the Paq values.   

The TAR values range between 3.43 ± 0.16 to 7.99 ± 0.05, with the lowest and highest 

values at station 18 and station DE, respectively. However, no obvious decreasing trend was 

found along the terrestrial-marine continuum and in the Gulf of the St. Lawrence, as would be 

expected with higher relative marine inputs in the gulf (Fig. 2.7). NAR values for stations from 

the Estuary to the Gulf were found to be less than 0.584 ± 0.011, with the lowest value of     

0.169 ± 0.011 at station 18. NAR values range between zero for petroleum products and one for 

higher terrestrial plants or marine plants. The NAR values found for sediments along the St. 

Lawrence Estuary and Gulf would suggest that alkanes originating from petroleum sources are 

contributing to the total alkanes detected in the sediments
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Table 2.4 Concentrations and standard deviations of total, low molecular weight (LMW) and high molecular weight (HMW) n-alkanes, as well as 

calculated Cmax, CPI, ACL, TAR, NAR and Paq molecular ratios at each station. 

 

Station  

Total Alkanes  

(nC17 – nC36) (µg/gOC)  
LMW Alkanes   

(nC17 – nC22) (µg/gOC)  
HMW Alkanes   

(nC22 – nC36) (µg/gOC)  

       

 Ʃ nC17-36  Ʃ nC17-35  
Odd  

Ʃ nC18-36 

Even  
Ʃ nC17-22  Ʃ nC17-21  

Odd  
Ʃ nC18-22 

Even  
Ʃ nC23-36  Ʃ nC23-35  

Odd  
Ʃ nC24-36 

Even  Cmax  CPI  ACL  TAR  NAR  Paq  

Sag05  293.03  
± 35.29  

224.41  
± 27.89  

68.62  
± 8.07  

50.62  
± 6.03  

27.89  
± 3.22  

22.72 
± 2.82  

242.42   
± 29.89  

196.51   
± 24.67  

45.90   
± 5.24  

27  4.78  
± 0.13  

28.36  
± 0.02  

6.70  
± 0.01  

0.565  
± 0.008  

0.375  
± 0.001  

DE  418.64  
± 70.20  

327.92  
± 52.96  

90.72  
± 17.31  

61.27  
± 11.44  

32.86  
± 5.38  

28.41 
± 6.11  

357.37   
± 58.84  

295.06   
± 47.58  

62.31  
± 11.26  

29  5.09  
± 0.10  

28.54  
± 0.01  

7.99  
± 0.05  

0.584  
± 0.011  

0.352  
± 0.003  

G  390.27  
± 30.30  

298.96  
± 22.99  

91.31  
± 7.31  

55.74  
± 3.97  

30.50  
± 2.27  

25.24 
± 1.71  

334.53   
± 26.34  

268.46   
± 20.74  

66.07   
± 5.60  

29  4.34  
± 0.02  

28.55  
± 0.02  

7.82  
± 0.07  

0.550  
± 0.003  

0.376  
± 0.004  

25  395.17  
± 7.27  

265.36  
± 5.48  

129.82  
± 2.18  

65.65  
± 1.01  

29.46  
± 0.40  

36.19 
± 0.61  

329.53   
± 6.26  

235.89   
± 5.08  

93.63   
± 1.70  

29  2.71  
± 0.05  

28.65  
± 0.01  

6.58  
± 0.09  

0.367  
± 0.006  

0.377  
± 0.002  

23  266.54  
± 11.30  

190.14  
± 8.00  

76.40  
± 3.52  

39.50  
± 1.87  

19.39  
± 0.99  

20.10  
± 0.91  

227.04   
± 9.67  

170.75   
± 7.31  

56.29   
± 2.61  

29  3.23  

± 0.08  

28.64  

± 0.02  

7.68  
± 0.37  

0.444  
± 0.008  

0.372  
± 0.003  

21  208.60  
± 20.68  

147.67  
± 14.54  

60.92  
± 6.14  

32.43  
± 2.80  

15.83  
± 1.40  

16.60 
± 1.41  

176.17   
± 17.88  

131.85   
± 13.15  

44.32   
± 4.73  

29  3.16  
± 0.03  

28.69  
± 0.02  

7.13  
± 0.13  

0.432  
± 0.002  

0.365  
± 0.004  

18.5  127.67  
± 9.49  

87.64  
± 6.92  

40.03  
± 2.57  

24.02  
± 1.92  

11.87  
± 0.98  

12.16 
± 0.94  

103.65   
± 7.59  

75.77   
± 5.97  

27.88   
± 1.63  

29  2.88  
± 0.07  

28.84  
± 0.02  

4.82  
± 0.11  

0.383  
± 0.007  

0.339  
± 0.003  

18  117.11  
± 1.61  

68.35  
± 1.31  

48.76  
± 0.78  

29.69  
± 0.33  

11.92  
± 0.12  

17.77 
± 0.22  

87.42   
± 1.51  

56.43   
± 1.29  

30.99   
± 0.58  

29  1.95  
± 0.05  

28.86  
± 0.01  

3.43  
± 0.16  

0.169  
± 0.011  

0.340  
± 0.002  

16  124.38  
± 9.18  

77.33  
± 5.88  

47.05  
± 3.33  

24.38  
± 1.63  

9.02  
± 0.64  

15.37 
± 0.99  

100.00   
± 7.54  

68.34  
± 5.24  

31.68  
± 2.34  

29  2.33  
± 0.04  

28.97  
± 0.01  

6.23  
± 0.06  

0.248  
± 0.008  

0.295  
± 0.003  
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2.4.3 δ13C and δ2H of individual n-alkanes in surface sediments   

Compound-specific isotope measurements were performed on the n-alkanes extracted 

from the surface sediments of the nine stations to determine their δ13C and δ2H values, for both 

odd and even chain lengths from nC23 to nC36. Both the carbon and hydrogen isotopic values 

varied in a saw tooth pattern between the odd and even numbered n-alkanes for all sediments, as 

can be seen in Fig. 2.4. In all cases, the odd n-alkanes were more depleted in 13C and 2H than 

neighbouring even chain length n-alkanes. Interestingly, the even numbered n-alkanes showed 

greater variations in the range of isotopic values across the stations than the more abundant odd 

numbered n-alkanes, particularly for δ2H, suggesting a greater discrimination potential for even 

numbered alkane isotope ratios in terms of source identification.   



31 
 

 

Figure 2.4 Compound-specific δ13C (a) and δ2H (b) values of n-alkanes (nC23 to nC36) in the sediments at 

the various sampling stations. Error bars correspond to the standard deviation (n=3). 

The mass weighted average (WA) δ13C and δ2H values for odd and even n-alkanes can be 

found in Table 2.5. The differences in the WA δ13C and δ2H values between the odd and even 

chain length n-alkanes are statistically significantly different (p <0.05), except for δ13C at stations 

DE and G. The calculated p-values for independent student-t-test assuming unequal variance are 

listed in Table 2.5.   
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Table 2.5 Weighted average δ13C and δ2H values of odd and even chain length n-alkanes, and independent 

student t-test p-values to determine significant difference between WA odd and even n-alkanes. 

Station  WA δ13C 

Odd  

WA δ13C 

Even  

p-value  WA δ2H  

Odd  

WA δ2H 

Even  

p-value  

Sag05  -33.4 ± 0.1  -31.8 ± 0.1  1.16E-04*  -200.8 ± 2.4  -153.5 ± 2.1  1.55E-05*  

DE  -32.9 ± 0.5  -32.2 ± 0.1  1.12E-01  -195.6 ± 1.5  -156.3 ± 2.6  1.32E-04*  

G  -32.8 ± 0.4  -32.3 ± 0.2  1.15E-01  -194.5 ± 1.0  -158.7 ± 2.1  1.91E-04*  

25  -31.6 ± 0.1  -30.1 ± 0.2  3.59E-03*  -190.2 ± 0.6  -125.3 ± 0.5  3.06E-08*  

23  -32.0 ± 0.1  -30.6 ± 0.2  3.14E-04*  -190.0 ± 1.2  -132.7 ± 1.9  1.07E-05*  

21  -31.6 ± 0.2  -30.4 ± 0.04  5.06E-03*  -185.6 ± 1.6  -132.4 ± 1.1  4.81E-06*  

18.5  -31.1 ± 0.1  -30.3 ± 0.2  6.14E-03*  -177.1 ± 2.7  -125.8 ± 1.8  2.85E-05*  

18  -31.2 ± 0.2  -29.0 ± 0.1  1.49E-04*  -165.6 ± 3.6   -96.0 ± 2.8  2.01E-05*  

16  -30.9 ± 0.3  -28.8 ± 0.01  6.29E-03*  -171.7 ± 4.5  -103.2 ± 3.8  4.36E-05*  

Note: Values with an asterisk show p-values <0.05 indicating a significant difference at 95% 

The WA δ13C for odd and even n-alkanes ranged from -30.88 ± 0.30 to -33.35 ± 0.09 ‰ 

and -28.75 ± 0.01 to -32.27 ± 0.21 ‰, respectively, and -165.58 ± 3.62 to -200.83 ± 2.39 ‰ and 

95.98 ± 2.84 to -158.68 ± 2.14 ‰ for δ2H. A clear trend of more enriched values was found for 

both δ2H and δ13C as the stations progressed towards and into the St. Lawrence Gulf. Similarly to 

the bulk sediment isotope values, the terrestrial driven stations were depleted in 13C relative to 

the marine stations. However, the bulk sediment carbon isotope values at the more marine 

stations (stations 18.5, 18, 16) plateaued (-22.59 ± 0.04 to -22.39 ± 0.09 ‰), whereas specific n-

alkane (i.e., nC30, nC32, nC34, nC36) δ
13C values showed more variability at these same stations.   

There is also a slight trend of stable carbon isotope values becoming progressively more 

negative from nC23 to nC30 (even) and nC31 (odd), before becoming progressively more positive 

from nC30 and nC31 to nC36. A similar trend can be seen for the hydrogen values, though the most 

negative values in this case are at nC27 (odd) and nC28 (even). 

2.5 Discussion  

2.5.1 Variations in bulk sediment δ13C, δ15N values and C/N ratios  

Bulk sediment δ13C and δ15N values have been used widely to determine the main source 

of OM inputs into sediments (e.g., Peters et al., 1978; Thornton and McManus, 1994). The δ13C 

values in the OM in surface sediments of the St. Lawrence Estuary and Gulf are indicative of the 

proportion of terrestrial and marine OM introduced or produced within the system. At stations 
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closer to Quebec City, the δ13C values are more negative than in the Gulf owing to the input of 

more 13C-depleted terrestrial OM compared to the predominantly marine OM found in the Gulf 

(Hélie and Hillaire‐Marcel, 2006). It is important to note that the more marine stations (stations 

18.5, 18 and 16) also receive terrestrial OM inputs, though to a much lower extent, as the St. 

Lawrence Gulf is surrounded by land masses. However, the δ13C values of the sedimentary OM 

increase very regularly along the estuary before plateauing in the Gulf at a constant value of 

about -22.5‰, indicating a change in the proportion of terrestrial and marine OM along the 

transect up until the Gulf.   

Atomic C/N ratios have also been used for OM source identification; values of 5-7 tend to 

be interpreted as indicative of marine OM and values greater than 15 generally correspond to 

terrestrial OM (Hu et al., 2009). The stations closer to the St. Lawrence River and Saguenay 

River outputs are characterized by higher inputs of OM derived from soils or vascular plant 

tissues and consequently have higher C/N values, while the ratio decreases from stations 25 to 

18.5 (11.73 ± 0.60 to 8.61 ± 0.15). This pattern is likely due to inputs from organic matter 

photosynthesized in the surface estuarine waters, resulting in mixing of different proportions of 

marine and terrestrial sources (Herman et al., 1999). It would be expected that the more 

terrestrial driven stations (stations Sag05, DE and G) would have C/N ratios close to 15 or 

higher, but while Sag05 has a value of 16.61 ± 0.42, the values at stations DE and G were lower 

(10.43 ± 0.40 and 10.11 ± 0.84, respectively). There is likely a source of anthropogenic N from 

wastewater plants and agricultural runoff, potentially leading to high primary productivity and 

heterotrophic bacterial biomass, influencing the OM C/N ratios and δ15N values at these two 

stations owing to their proximity to the St. Lawrence River mouth. Indeed, plotting the bulk 

sediment δ13C value for the stations, excluding DE and G, against the respective δ15N value 

shows a linear relationship with an R2 of 0.990; stations DE and G are clear outliers with δ15N 

values that are more positive by about 1.2 and 0.7 ‰ away from the regression (Fig. A.2).  

At the two stations furthest from the St. Lawrence River (stations 18 and 16), the OM 

C/N ratio increases again to 11.10 ± 0.85 and 11.83 ± 0.70, respectively. This increase is likely 

due to the preferential mineralization of nitrogen-rich material during degradation (Twichell et 

al., 2002; Magid et al., 2004). The more advanced degradation hypothesis also explains the 

progressive increase in δ15N from the upper estuary towards the Gulf, with the more enriched 
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values caused by the reworking and decomposition of organic matter, resulting in preferential 

removal of the lighter 14N isotope.  

The C/N ratios and bulk sediment δ13C scatter plot (Fig. 2.2) shows that station Sag05 is 

characterized by the highest proportional inputs of terrestrial C3 plant OM and freshwater DOC, 

reflecting the fact that the Saguenay River drains a predominantly forested region. The OM from 

stations G and DE differs slightly from that of the other stations in that it consists of mixed inputs 

of freshwater algae and coagulated dissolved OC (station DE corresponds to the maximum 

turbidity zone), with some OM derived from terrestrial plants. As expected, OM from the 

sampling sites located between the terrestrial driven and marine stations (stations 25, 23, 21 and 

18.5) reflects mixed inputs from marine and terrestrial sources, while OM from stations 18 and 

16 deviate from this trend with higher-than expected atomic C/N ratios because of the 

preferential remineralization on N-rich over C-rich components.  

2.5.2 Changes in n-alkane abundances along the St. Lawrence Estuary and Gulf   

The relative and absolute n-alkane abundances along the St. Lawrence Estuary and Gulf 

vary widely between stations, with a general preference of odd over even numbered straight 

chain alkanes (Fig. 2.3), as is typically found in terrestrially influenced coastal sediments. The 

change in the proportions of odd and even n-alkanes contributing to the sum of LMW and HMW 

alkanes is shown in Figs. 2.5a and 2.5b. The LMW alkanes show an interesting pattern, with a 

higher proportion of odd alkanes at the terrestrial driven stations DE, G and Sag05, as typically 

found for HMW n-alkanes from a terrestrial OM dominant source (Fig. 2.5a). The opposite is 

true for the marine dominated stations in the gulf (stations 18 and 16). This change in relative 

proportion is likely due to higher contributions of microbial inputs to the sediments, as coastal 

sediments have been shown to have higher proportions of even LMW n-alkanes relative to odd 

alkanes, which are attributed to marine bacteria (Grimalt et al., 1985; Nishimura and Baker, 

1986; Aloulou et al., 2010). OM inputs at stations 23, 21 and 18.5 are thus characterized by 

almost equal amounts of odd and even n-alkanes. Station 25 is an exception to this trend, 

appearing similar to stations 16 and 18 where the primary input of OM is from marine primary 

production. The higher levels of even n-alkanes is likely due to a combination of increased 
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surface water primary production and subsequent increase in heterotrophic bacterial activity, 

resulting from the upwelling of the deep waters in this area (Cyr et al., 2015).   

The HMW alkanes exhibit a different trend (Fig. 2.5b). The odd n-alkanes dominate at all 

stations. However, the difference between the sum of odd and even n-alkanes generally decreases 

from inland stations towards the Gulf. The relative proportions of odd and even HMW n-alkanes 

is changing along the terrestrial-marine continuum, likely because of a change in the relative 

inputs of terrestrial and marine OM. Notably, marine bacteria could be contributing to the even 

n-alkane pool in the HMW range as well (Grimalt et al., 1985; Nishimura and Baker, 1986), as 

suggested by the generally higher LMW n-alkane contribution at stations 25, 18 and 16 relative 

to their closest neighbour. It is these subtle changes in the relative abundances of various n-

alkanes that has led to the popularity of diagnostic ratios.   

Interestingly, there is a strong negative correlation (R2 = 0.95) between the sum of total 

odd n-alkane concentrations and the bulk OM δ13C values, with the exception of station Sag05, 

whereas the correlation is much weaker (R2 = 0.28) between the bulk OM δ13C values and the 

sum of the total even n-alkane concentrations (Fig. 2.6). The strong correlation between the sum 

of odd n-alkane concentrations and bulk OM δ13C supports the use of bulk OM δ13C as a proxy 

for terrestrial OC as the odd HMW n-alkanes are markers of predominantly plant derived OC. 

The much lower sum of total terrestrial plant-derived odd n-alkane concentrations compared to 

the value predicted from the regression in Fig. 2.6 at station Sag05 is likely due to the very 

different type of vegetation in the Saguenay (mostly gymnosperm trees) and St. Lawrence 

(mixed angiosperms and gymnosperms) watersheds. While it has been reported that 

Figure 2.5 a) Sum of odd and even LMW (C17-C22) n-alkanes at all stations, b) sum of odd and even HMW (C23-

C36) n-alkanes at all stations. Error bars show standard deviations. 
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gymnosperms and angiosperms can produce differing amounts of n-alkanes, it does not fully 

explain the differences seen in this waterway (Diefendorf et al., 2011). This watershed also 

benefits from less impact by human activity, resulting in less water run-off leading to lower 

overall OM inputs. Most molecular ratios also indicate a less pronounced terrestrial character for 

Sag05 compared to station DE (Table 2.4).  

 

Figure 2.6 Relationship of odd and even n-alkane abundances and the bulk sediment δ13C values. Station 

Sag05 (not shown on the graph) was omitted from the regression of the odd n-alkanes. Error bars show 

standard deviations. 

 
Figure 2.7 TAR values and standard deviations at each station when using the traditional equation with the 

odd n-alkanes in the dominator (traditional) and when using even n-alkanes in the denominator (modified). 

2.5.3 Changes in n-alkane diagnostic ratios along the St. Lawrence Estuary and Gulf  

The largest CPI values were observed for the stations closest to Quebec City and in the 

Saguenay Fjord (4.34 ± 0.02 to 5.09 ± 0.16) are typical for sediments with high proportions of 
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OM originating from terrestrial plants, while values in the Gulf are closer to 2 (1.95 ± 0.05 to 

2.33 ± 0.04). Similarly high CPI values have been found in other estuaries in South India and 

the UK, with both these studies showing higher CPI values in the upper estuary (Ahad et al., 

2011; Ankit et al., 2017). Interestingly, the ACL values in these estuarine settings were highest 

in the upper estuary, contrary to what we found in the St. Lawrence waterway. The ACL 

describes the weight-average number of carbon atoms in higher plant alkanes (nC25 to nC33, 

inclusively) (Poynter and Eglinton, 1990). Ankit et al. (2017) reported CPI and ACL values in 

the Ashtamudi Estuary ranging from 1.1 to 3.9 and 28.5 to 30.5, respectively, with a decreasing 

trend towards the lower estuary, similar to those reported by Ahad et al. (2011) for the Tyne 

Estuary (CPI values and ACL values ranging from 1.8 to 6.4 and 28.5 to 29.5, respectively). 

Although both studies showed relatively lower CPI and ACL values in the lower estuary, Ankit 

et al. concluded that the lower values were due to heavily recycled OM inputs, supported by the 

high δ15N values they measured, whereas Ahad and colleagues attributed the lower CPI and 

ACL values to a prominent petrogenic inputs, reinforced by 14C-depleted radiocarbon and 13C 

value with less variation between odd/even n-alkane values closest to the lower estuary (Ahad 

et al., 2011; Ankit et al., 2017). When only using CPI as an indication of petrogenic inputs, 

predominantly marine samples could be miscategorized as petrogenic, as the abundance of n-

alkanes found in these types of samples approaches the pattern found in petrogenic samples. 

Notably, both the CPI and the ACL values measured at station 25 support the hypothesis of a 

more marine character of the organic matter at this site compared to its neighbouring sampling 

stations due to its elevated primary productivity, further giving credence to a marine origin for 

the even HMW alkanes.  

NAR, as defined by Mille at al., estimates the proportion of natural and petroleum n-

alkanes in a sample using the relationship of even n-alkanes to total n-alkanes and has been 

applied to freshwater systems (Wang et al., 2012) and marine systems (Mille et al., 2007; Sojinu 

et al., 2012; Wang et al., 2018). In our work, NAR values ranged from 0.169 ± 0.011 to 0.584 ± 

0.011 with a general decreasing trend from inland stations to those towards the Gulf, with the 

lowest and highest values at stations 18 and DE, respectively. Again, for the apparently more 

marine stations, where the difference in abundance between even and odd n-alkanes is smallest, 

and the NAR values come close to 0, values could indicate predominantly petroleum inputs 

(Bourbonniere and Meyers, 1996). Based on the NAR values only, all sediment extracts appear 
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to contain some input of petroleum, again confounding highly degraded sedimentary OM with 

petroleum inputs, whereas none of the other parameters examined in this study suggest important 

petroleum inputs. Such inconsistencies in source identification indicate a need for caution when 

applying and interpreting these molecular ratios. Knowledge of the water systems is imperative, 

along with consideration of more sensitive parameters (i.e., isotope ratios) to better assign n-

alkane origins.  

The ratio of terrigenous to aquatic (TAR) n-alkanes, as described by Bourbonniere and 

Meyers (1996), is used to probe changes in terrigenous and aquatic n-alkane inputs by exploiting 

differences in the distribution of HMW and LMW n-alkanes in these two sources (Table 2.2). In 

the system studied here, all TAR values were > 1, indicating a prominent input of terrigenous n-

alkanes (Bourbonniere and Meyers, 1996). As expected, the highest TAR value (7.99 ± 0.05) was 

found in the upper estuary at station DE, and the lowest in the gulf at station 18 (3.43 ± 0.16), 

with the values mostly decreasing from the upper estuary towards the gulf. Based on the equation 

used to determine the TAR values (Table 2.2), the stations that have a higher proportion of LMW 

n-alkanes (i.e., the more marine stations), also have lower TAR values. However, as mentioned 

by other authors (Silliman et al., 2000; Hu et al., 2009; Chen et al., 2017), the TAR proxy likely 

overestimates the terrigenous inputs due to preferential preservation of terrestrial over marine 

OM (Volkman et al., 1987). Another factor not included in this proxy is the possibility of 

multiple OM sources contributing to the LMW and HMW alkanes. Studies have shown that 

marine bacteria can contribute to low and high molecular weight n-alkanes, specifically even 

chain length n-alkanes, which are not included in the TAR equation (Grimalt et al., 1985; 

Nishimura and Baker, 1986; Wang et al., 2010). For the stations visited in this study, the TAR 

values calculated the traditional way using the odd n-alkanes (ranging from 3.43 ± 0.16 to 7.99 ± 

0.05) do not adequately reflect the input of OM in this complex coastal system where sediments 

accumulate OM of both marine and terrestrial origins at varying ratios, especially at stations 25, 

23, 21. However, if calculating the TAR values using the even n-alkanes in the denominator as 

shown in equation (2.1), the decreasing TAR values better reflects the water system in this study 

as seen in Fig. 2.7. There is a more apparent decreasing trend of TAR values towards the Gulf 

when utilizing the modified equation.   

Eq. (2.1)    𝑇𝐴𝑅(𝑚𝑜𝑑) =  
𝑛𝐶27+𝑛𝐶29+𝑛𝐶31

𝑛𝐶16+𝑛𝐶18+𝑛𝐶20
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The more marine character of OM at station 25 is also better highlighted using this 

alternative equation (Fig. 2.7). Additionally, the TAR(mod) values are better correlated with the 

bulk sediment δ 13C values than the TAR values calculated using Bourbonniere and Meyer’s 

equation (0.62 vs. 0.37, respectively; Supplemental Material). These findings suggest that the 

TAR proxy developed and used widely in biomarker analysis may not be fitting for all systems. 

For the St. Lawrence Estuary and Gulf, a better approximation for terrestrial or aquatic inputs of 

OM may be to use the proposed alternative equation which is better correlated with other 

measurements taken at these stations. Although using the even n-alkanes appears to better 

estimate the relative proportions of the two sources than the original equation, it is still far from 

perfect, and it does not imply that it can be applied to any other system without further work. 

Moreover, as for any other proxy, it should not be used alone without corroboration from other 

molecular or isotopic proxies.   

Another proxy typically used to estimate the contribution of n-alkanes in sediments, 

proposed by Ficken et al. (2000), is the Paq, which is designed to calculate the proportion of 

aquatic submerged plants and terrestrial plant inputs (Table 2.2). This ratio again does not 

account for inputs other than those of aquatic and terrestrial plants for the specific n-alkanes used 

in the equation. Based on their findings, Ficken et al. determined that values in sediment extracts 

ranging from 0.1 to 0.4 possibly indicated a mixture of terrestrial plants and emerged and 

submerged aquatic macrophytes. Unsurprisingly, the Paq values calculated in this study ranged 

from 0.295 to 0.377. This ratio does not reveal much useful information for the sediments in our 

dynamic system, aside from the fact that the contribution from emerged and submerged plants is 

not negligible and constant at all stations with the exception of station 16 in the Gulf, where the 

ratio is significantly lower (p <0.05).   

 The results obtained in this study show the need for caution when applying diagnostic 

ratios developed for specific water ecosystems to sediments sampled elsewhere. Although they 

can provide an estimation of OM inputs and sources in certain situations, they often overestimate 

terrestrial sources, or can lead to false conclusions. The fact that some ratios seem to accurately 

reflect the characteristics of the system under study, while others do not, is problematic as a 

natural reflex is to only present proxy data that supports our understanding of a system, omitting 

those that don’t corroborate the interpretations. Not only should multiple proxy ratios be used, 

but these ratios should be accompanied by more sensitive methods to determine OM sources 
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such as bulk sediment δ 13C values, which have been confirmed to work well for bulk OM origins 

and subtler, site specific characteristics, using more advanced techniques such as compound 

specific isotope analysis.    

2.5.4 δ13C and δ2H of individual n-alkanes in surface sediments   

For a more sensitive analysis of the origins of the n-alkanes, compound specific isotope 

analysis of both carbon and hydrogen was employed. Due to the more complex nature of this 

method, it is not applied as universally as are molecular proxies. Furthermore, because of the low 

abundance of even n-alkanes, there are far fewer instances where isotope data are available for 

both the even and odd n-alkanes extracted from sediments. To the best of our knowledge, both 

δ13C and δ2H data for even and odd n-alkanes in the same samples have not been reported 

previously. This is of particular interest, as our data indicate that data for the even n-alkanes 

show more variation at the different stations than those for the odd n-alkanes. At all stations, with 

the exception of δ13C for stations DE and G, the weighted average (WA) value of the odd n-

alkanes was significantly different from the WA value of the even n-alkanes (Table 2.5). Owing 

to these differences, it is possible to exclude petrogenic inputs as a main source of these n-

alkanes as petrogenic n-alkanes do not exhibit this characteristic difference of odd and even n-

alkane values (Li et al., 2001; Odden et al., 2002; Li and Xiong, 2009). Contrary to the 

interpretation derived from the NAR and CPI proxies, which indicated possible petroleum inputs 

at the more marine stations, the differences between the odd and even n-alkane δ13C WA values 

increase offshore and are greatest at the marine stations. Stations DE and G, which are closest to 

Quebec City and are the most severely affected by anthropogenic inputs, are characterized by the 

lowest differences between the odd and even n-alkanes δ13C, especially in the nC23 to nC29 range 

(Fig. 2.8). Again, the proxies based on n-alkane relative abundances strongly indicate a terrestrial 

origin. It is possible that at these stations there are small inputs of petrogenic n-alkanes that could 

be influencing the δ13C values, information that would not be possible to extract using only the 

proxies discussed above. Indeed, a series of crude oil-derived n-alkanes analyzed in our 

laboratory consistently had δ13C values for both odd and even alkanes in the -32 to -30 ‰ range, 
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with no saw tooth pattern, as well as maximum n-alkane relative abundances below nC29 

(unpublished data).  

The WA δ13C and δ2H values for odd numbered n-alkanes for each station correlated 

strongly with the bulk OM δ13C values, with coefficients of 0.95 and 0.81, respectively (Fig. 2.8), 

confirming the use of bulk sediment isotope values as a reliable proxy for overall OM input. The 

correlations between bulk OM δ13C values and WA δ13C or WA δ2H values for even numbered 

n-alkanes were slightly weaker, with coefficients of 0.81 and 0.74, respectively. Notably, using 

the WA values for both δ13C and δ2H of the even numbered alkanes in these graphs resulted in 

the grouping of certain stations when plotted against the bulk sediment δ13C, the more terrestrial 

stations (Sag05, DE and G ) of the Saguenay Fjord and the Upper St. Lawrence Estuary, with 

WA δ13C values around -32 ‰; then stations 25, 23, 21 and 18.5 with mixed terrestrial and 

marine OM inputs in the Lower St. Lawrence Estuary and values around -30.5 to -30 ‰; and 

finally the most marine stations 18 and 16 (located in the Gulf; values of about -29 ‰). Similar 

compound specific values were noted within each group, but with differences of between 1 and 

1.5 ‰ for carbon, and between 20 and 30 ‰ for hydrogen, between each group. These results 

suggest that the n-alkanes found in these three groups of stations originate from multiple sources 

mixed at different ratios, with the even n-alkanes better reflecting the major stepwise changes 

across the St. Lawrence Estuary and Gulf continuum (Fig. 2.8). In addition to these WA trends, 

the δ13C values for each individual n-alkane becomes progressively more depleted by about 1.5 

to 3 ‰ between nC23 and nC31 at all stations, followed by a progressive enrichment by 2 to 3 ‰ 

between nC31 and nC36 (Fig. 2.4a), suggesting that these changes in value are linked to a common 

R
2
 = 0.74 

R
2
 = 0.81 

Figure 2.8 Relationship between bulk sediment δ13C values and a) weighted average δ13C values of odd and even 

n-alkanes and b) weighted average δ2H values of odd and even n-alkanes. 
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biosynthetic and/or degradation pathway. However, the offset between the δ13C values profile for 

each n-alkane further support the idea of contrasting ratios of OM sources between the three 

groups of stations. 

As shown in Fig. 2.4a and b, there is a clear sawtooth pattern of δ13C and δ2H values from 

nC23 to nC36, similar to patterns found in other sediments (C. Li et al., 2009; Ahad et al., 2011). 

Plant material, such as certain C3 angiosperms and gymnosperms, have been shown to 

significantly contribute to the n-alkane pool found in sediments and have the potential to affect 

their carbon isotope values (Diefendorf et al., 2011, 2015a, b; Bush and McInerney, 2013; 

Freimuth et al., 2019; Schlanser et al., 2020). These plants contribute significantly to the pool of 

longer chain n-alkanes (nC27 to nC35) and isotopically, gymnosperms have been shown to be 

more enriched in 13C than their angiosperm counterparts (Chikaraishi and Naraoka, 2003; 

Diefendorf et al., 2015b; Schlanser et al., 2020). Studies have also shown 13C enrichment of the 

even numbered n-alkanes versus their neighbouring odd n-alkane for certain C3 plants, though 

the opposite was found for hydrogen isotope values (Chikaraishi and Naraoka, 2007). Contrarily, 

Duan et al. report 2H enrichment of the even numbered n-alkanes versus their neighbouring odd 

n-alkanes in terrestrial herbaceous plants and tree leaf extracts, in agreement with our results 

(Duan et al., 2011). The tree leaf n-alkanes were also more enriched overall compared to the 

herbaceous plants. Based on the change of vegetation along the St. Lawrence seaway and the 

rivers that feed into this waterway, the forests gradually change from a mixed hardwood forest 

(predominantly angiosperm) in the St. Lawrence Valley near the more terrestrial stations, to 

boreal forest (predominantly gymnosperms) being most prominent in the areas surrounding the 

gulf and on the closest land to these stations, Anticosti Island, where white spruce, balsam fir, 

and black spruce are the most abundant tree species. This gradual change is confirmed by the 

analysis of sedimentary lignin oxidation products that shows decreasing syringyl phenols over 

vanillyl phenols ratios going seaward, indicative of an increasing proportion of gymnosperm over 

angiosperm plant OM (unpublished results).   

Additionally, sediment age in the Gulf is higher than that of the more terrestrial stations, 

which could lead to more degraded OM resulting in enriched values at these stations 

(Brittingham et al., 2017). However, Brittingham et al. reported an increase in δ2H values over a 

3-year period, but a decrease in δ13C. With this in mind, the general enrichment of 13C and 2H 

along the continuum, from terrestrial to more marine stations likely results from variations in the 
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type of terrestrial OM inputs originating from these forests, especially for the higher chain 

lengths n-alkanes (>nC27), where there appears to be more variation between stations, as well as 

the age of the sediments and an increase in marine sourced OM.   

Higher (less negative) δ2H values have also been found in leaf wax n-alkanes (nC27, 

nC29, Cn31) from trees, relative to grasses and herbs (trees -190 to -121 ‰, grasses -227 to -182 

‰; Hou et al., 2007). This could be due to the differences in water uptake or physiological 

differences of the plant, and not likely due to a change in the isotopic value of the source water 

(Hou et al., 2007; Pedentchouk and Turich, 2018). Pedentchouk et al. present leaf wax n-alkane 

(nC27) data for angiosperm and gymnosperm species in a similar environment which show 

differences in both carbon and hydrogen isotope values, with gymnosperms being enriched in 

13C but depleted in 2H relative to the angiosperm plants. While there are published data 

supporting the hypothesis of changes in the isotope values across the continuum owing to 

change in forest vegetation, there are also data contradicting this hypothesis. Due to the limited 

amount of data published on carbon and hydrogen isotopic values of individual alkanes in 

sediments, and even less for both odd and even chain length n-alkanes, it is difficult to come to a 

conclusive explanation for the differences of isotope values along the continuum and between 

the odd and even n-alkanes. While compound specific isotope analysis is a very powerful tool 

for identifying the possible origins of individual n-alkanes, there is much work that still needs to 

be done to fully understand the patterns in values found in samples such as these. However, the 

similarity in patterns between the compound specific δ13C and δ2H values (saw tooth 

distribution, gradual enrichment of the value between nC30 or nC29 and nC36, grouping of 

stations among three isotopically distinct clusters) suggest that the variations in δ2H values are 

caused by the same factors as those for the δ13C values.  

When coupled with other proxies, the grouping of stations is further revealed by the 

results of principal component analysis (PCA) performed using the following variables: CPI, 

ACL, TAR values calculated with even n-alkanes (equation 1), bulk sediment δ13C, 

concentration of individual n-alkanes (nC23 to nC36), δ
13C and δ2H values of each n-alkane (nC23 

to nC36), and weighted average δ13C and δ2H differences between odd and even n-alkanes (Fig. 

2.9). δ15N and C/N ratios were not included, as the main goal of this study was to investigate the 

use of carbon and hydrogen isotope ratios, and n-alkanes in source apportionment along the St. 

Lawrence waterway. Since n-alkanes do not include any nitrogen atoms, the plot would not be 
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representative of the hydrocarbons if those variables were added. Close to 82% of the variability 

between stations is explained by the first two components of the PCA. The three more terrestrial 

stations (Sag05, DE and G) group together, while the two stations located in the Gulf, stations 16 

and 18 overlap at the other end of the loading plot. The intermediate stations with inputs of OM 

from both terrestrial and marine origin (stations 25, 23, 21 and 18.5) group in between, with 

stations 18.5 and 25 slightly separated from stations 21 and 23 in the coordinate space (Fig. 2.9). 

Together, the isotopic and molecular characterization of sediments and their n-alkanes can 

differentiate stations along a transect with varying OM inputs. The loading plot shown in Fig. 2.9 

highlights δ2H as an important variable in the first two dimensions, as it is the most positive 

loading, followed by δ13C of individual n-alkanes. The loading plot also shows bulk sediment 

δ13C values as positively correlated with ACL, but negatively correlated to CPI, TAR, and the 

weighted average δ13C and δ2H differences between the odd and even n-alkanes.   

 

Figure 2.9 Principal component analysis of all stations: a) scores with 95% confidence ellipses. Individual 

data points are individual n-alkanes at each station, and the larger symbol within each group represents the 

average for all the individual n-alkanes; b) loadings. Note that the TAR variable used in the PCA is the 

modified TAR index as presented in the discussion. 

These data present a comprehensive study of the molecular abundances, distributions, and 

isotopic characterization of sediments along a terrestrial to marine gradient and confirm the need 

for multiple variables when analyzing OM inputs in sediments. Carbon and hydrogen isotope 

values of both odd and even numbered n-alkanes are shown to be an extremely valuable tool in 

discriminating between locations having varying OM input from different sources. Notably, 

molecular data alone, including any of the molecular ratio proxies, and bulk sediment stable 
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isotope values (δ13C and δ15N) do not allow separation of the stations into these three distinct 

groups.  

2.6 Conclusions  

OM source apportionment based solely on proxies using relative abundances of n-alkanes 

should be used with caution and ideally in conjunction with other more sensitive measurements, 

such as compound specific stable isotope values. Although proxies such as CPI, ACL, TAR, 

NAR and Paq are more accessible measurements, not requiring any specialized instrumentation, 

they are prone to under- or overestimation of OM inputs and do not hold up well when multiple 

OM sources are present. With the addition of isotopic values, whether bulk sediment or 

compound specific, our data show that the n-alkanes along the St. Lawrence waterways are 

predominantly derived from natural, rather than anthropogenic sources, with variations being 

driven by changes in the type of vegetation and differing ratios of terrestrial and marine OM 

inputs along the waterway. In a complex system such as this one, it is imperative to sample at 

multiple locations as we have shown that local variations caused by river discharge, or deep-

water upwelling driven primary productivity contribute to the changes seen between terrestrial 

and marine stations. Additionally, significant differences were found between the values of the 

odd and even chain n-alkanes, which are less frequently reported in the literature as it can be 

more difficult to obtain sedimentary n-alkane concentrations high enough for accurate isotopic 

analysis. Our study indicates the even-numbered n-alkanes may prove to be more sensitive to 

OM sources than the odd n-alkanes and they should be considered when determining OM origins 

in sediments.   

These LMW and HMW even numbered n-alkanes appear to be linked in part to marine 

sources of organic matter, either planktonic or bacterial, but more work should be carried out to 

pinpoint their exact origins, in addition to the commonly assumed terrestrial plants. Additional 

work is also needed to characterize the vegetation along the transect to confirm the exact origins 

of the odd and even n-alkanes found in the sediments, along with studies of how and if the 

organic matter, including n-alkanes, is isotopically fractionated during the processes of transport 

long-term burial in the sediments. The application of isotopes alongside traditional diagnostic 

ratios could be a powerful tool in determining variations in OM sources in sediments, temporally. 

More importantly, compound specific isotope analysis of the even numbered n-alkanes would 

allow identifying and tracking of petroleum-derived contaminants, as molecular data alone are 
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ineffective owing to the similarity in CPI values for petroleum-derived contaminants and highly 

degraded OM being discharged by the St. Lawrence River.  
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3.1 Abstract 

 The St. Lawrence River, Estuary and Gulf are an integral part of commercial shipping 

including the transportation of crude oil along the St. Lawrence Seaway and comes with an 

inevitable risk for minor and major oil spills into this aquatic system. Methods should thus be 

developed and optimised to allow for the detection of oil-derived contamination in the water 

column and in the sediment of the Seaway. In this work, fluorescence excitation and emission 

matrices (EEM) and parallel factor analysis (PARAFAC) modeling was used to characterize the 

OM along the freshwater-saltwater continuum to determine the applicability of using these 

methods to tease out oil contamination. Our study included water samples collected from various 

depths along the St. Lawrence Seaway, as well as samples exposed to oil and subsequently photo 

oxidised. With this sample set, we found that the OM could be characterized using 4 fluorescent 

components (C1, C2, C3 and C6) associated with natural OM and identified 2 additional 

components (C4 and C5) linked to oil-derived compounds. C1, C2 and C3 were found to contain 

OM coming from terrestrial sources while C6 was marine OM in origin. PARAFAC analysis, 

specific ultraviolet absorbance (SUVA) and spectral slope (SR) allowed for the characterization 

of OM along the St. Lawrence River, Estuary and Gulf and provided insight into the molecular 

size and aromaticity of the OM present as well. With these results, a C4 to C1 total fluorescence 

ratio was determined to adequately differentiate oil contribution from natural OM in the St. 

Lawrence waterway, with values over 2.0 being indicative of oil contamination. These 

fluorescence measurements and proxies could allow for the detection of minor and major oil spill 

events in the St. Lawrence River, Estuary and Gulf, as well as in the Saguenay Fjord. 
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3.2 Introduction 

The St. Lawrence River, Estuary and Gulf make up a large portion of the St. Lawrence 

Seaway system (Fig. 3.1). This aquatic highway spans over 3700 km between Canada and the 

United States and is utilized commercially to ship grain, ore, steel products as well as petroleum 

products including crude oil (The St. Lawrence Seaway Management Corporation, 2021). The 

transport of petroleum products by tankers increases the risk for oil spills and oil leaks from the 

transport vessels themselves. Currently estimated at about 70 MT, the volume of oil transported 

through the Seaway is likely to escalate in the next decades (D’Arcy, 2004), increasing the 

concerns surrounding the potential for oil spills along this transect.  

The St. Lawrence system is one of the largest coastal estuaries in the world, where 

physico-chemical characteristics of both fresh and salty waters meet, and where inputs of organic 

matter (OM) from both terrestrial and marine sources vary in proportions along the freshwater-

seawater continuum. The St. Lawrence is also a haven of biodiversity, being home to countless 

living species, such as birds, marine mammals, fish, and flora. It is thus of extreme importance to 

preserve the health of this environment to prevent negative detrimental effects on these species 

and degradation of its physico-chemical properties. Specifically, it is essential to protect this 

ecosystem from anthropogenic sources of contaminants such as polycyclic aromatic 

hydrocarbons (PAH) found in petroleum and petroleum products (Wakeham et al., 1980; 

Corminboeuf et al., 2022). Anthropogenic PAHs are attributed to one of two groups of 

polyaromatic compounds, either pyrolytic (from wood combustion), or petrogenic (from fuel 

combustion, oil spills and urban runoffs; Simpson et al., 1996; Abdel-Shafy and Mansour, 2016). 

The well-known toxic, mutagenic and carcinogenic properties of this group of compounds pose a 

significant threat to organisms exposed to PAHs in their environment (Menzie et al., 1992; 

Ikenaka et al., 2013). While parent PAH compounds are of environmental concern, so are their 

oxidized alteration products (Perera et al., 1998; Knecht et al., 2013). Oxygenated PAHs are 

produced by the incomplete combustion, chemical oxidation, photooxidation or biological 

transformation of the parent PAHs (Yu, 2002; Shen et al., 2011), and due to the addition of 

hydroxyl and carbonyl groups, oxygenated PAHs become more polar, and therefore more soluble 

in water (Lundstedt et al., 2007).  

Although chromatography is the most commonly used technique for the detection of 

PAHs and oxygenated PAHs in the water column (Pham and Proulx, 1997; Pham et al., 1999; 
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Luo et al., 2004; Liu et al., 2021), fluorescence spectroscopy has also been employed as a viable 

approach for their quantitative and qualitative analysis, as well as for other chromophoric 

compounds present in water samples and petroleum contaminated waters (Coble, 1996; Zhou and 

Guo, 2012; Zhou et al., 2013; de Bruyn et al., 2018). Excitation emission matrices (EEM), 

produced by combining emission scans over a range of excitation wavelengths to create a 3D 

representation of a sample’s fluorescence (Stedmon and Bro, 2008), have been successfully 

exploited to identify different components of dissolved OM, going as far back as 1996 (Coble, 

1996). Dissolved OM is a complex mixture of largely uncharacterized organic molecules, 

making it difficult to identify individual compounds using traditional analytical techniques 

(Leenheer and Croué, 2003). Methods such as fluorescence and their corresponding EEMs can 

however provide information about distinct groups of compounds that share common 

fluorescence characteristics (Stedmon and Markager, 2005).  

With the addition of parallel factor analysis (PARAFAC), a multi way data 

decomposition method, the various groups of fluorophores in a water sample can be discerned, 

which allows the sources of dissolved OM to be inferred (Coble, 2007; Murphy et al., 2008; 

Stedmon and Bro, 2008; Tfaily et al., 2015). With PARAFAC, the EEMs can be decomposed 

into 3-8 main components (EEMs), which are correlated to specific OM chromophore groups 

(Murphy et al., 2013).  

In this study, we utilize PARAFAC analyses of EEMs from a set of water column 

samples collected along the St. Lawrence River, Estuary and Gulf, as well as the Saguenay Fjord, 

to track changes in chromophoric dissolved OM composition, along with water samples 

containing UV irradiated petroleum products to determine its efficiency at teasing out 

components indicative of oil contamination along a terrestrial-marine continuum. We also test 

whether its efficiency at confirming the presence of oil-derived components changes along the 

continuum. The resulting PARAFAC components and dissolved organic carbon (DOC) 

measurements are compared to further our understanding of OM sources along the St. Lawrence 

system, and the changes in DOC concentration and EEMs as a result of an oil spill event.  
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3.3 Materials and methods 

3.3.1 Sampling location and collection 

 Water samples were collected in June 2017 and June 2018 aboard the R/V Lampsilis and 

R/V Coriolis II using a CTD Rosette fitted with 12.5 L Niskin bottles (estuary and gulf), or a 

single 12.5 L Niskin bottle mounted on a wire (river). Samples were collected at various stations 

along the St. Lawrence River, Estuary, Gulf, as well as in the Saguenay Fjord, as shown in Fig. 

3.1. Surface water of depths 2-3 m was collected at all stations. Additional depths were sampled 

between 10-400 m for stations with a stratified water column. The water samples were filtered 

through combusted 0.7-µm glass fiber filters into combusted 40-mL EPA borosilicate vials with 

PTFE lined caps for DOC analysis and 60-mL USP Type III soda-lime amber Boston round 

bottles with PTFE lined caps for absorbance and fluorescence analysis. Surface water samples 

collected for use in the photooxidation experiment were filtered through 0.7-µm glass fiber filters 

followed by filtration through 0.2-µm filters and stored in a 1-L USP Type III soda-lime amber 

Boston round bottle with PTFE lined caps. Samples for DOC analysis were acidified to pH 2 

using clean concentrated HCl and all samples were stored at 4°C in the dark until the time of 

their analysis. Ancillary data for each sampling station is listed in Table B.1 (Supplementary 

Material). 
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3.3.2 Photooxidation set-up 

 Approximately 1 g of conventional crude oil (mixed sweet blend, abbreviated MSW) was 

added to 20 g of filtered surface water from station E1 in a 50-mL beaker. The uncapped beaker 

was placed under a beam of light produced by a Newport Xe arc lamp passed through a 5-cm 

long deionized water filter and an Air Mass 1.5 global filter to approximate the solar spectrum 

(Shankar 2015). The beam of light was turned at a 90° angle using a full spectrum mirror 

resulting in a vertical projection of the light onto the oil’s surface (Hounjet AMOP 2018). Using 

the Solar Electricity Handbook (Solar Irradiance Calculator), the average annual solar irradiance 

in Montreal, Canada, is 0.145 kW/m2, whereas the irradiance of the Xe Arc lamp reaching the 

surface of the oil corresponds to 2.39 kW/m2, or a 16.5-fold amplification of irradiance. The 

irradiation time periods were 0.5, 4.5, 18, 30 and 96 hours, with the amplification corresponding 

to 8.25, 74.25, 297, 495, and 1584 hrs (or approximately 0.35, 3, 12, 21, and 66 days) of 

continuous light. Each time point was carried out in duplicate with a control sample treated 

identically but kept in the dark. Post irradiation, the samples were weighed and transferred into a 

separatory funnel to isolate the aqueous fraction from the oil. The aqueous fraction was collected 

Figure 3.1 Map showing study sites across the St. Lawrence River, Estuary and Gulf, as well as the Saguenay Fjord in 

Quebec, Canada. 
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in 40-mL EPA borosilicate vials with PTFE lined caps, wrapped in aluminum foil and kept at 

4°C prior to analysis.  

3.3.3 DOC measurements 

DOC concentrations for all 154 samples were measured on a Shimadzu TOC-VCSH 

organic carbon analyzer. Natural filtered water (pre-combusted glass fiber filters, porosity 0.7 

µm) collected at the different stations was acidified to pH <2 with concentrated HCl upon 

collection, while samples collected at different time points (UV-irradiation experiment) were 

acidified to pH <2 with concentrated HCl right after the separation of the aqueous and oil phases.  

3.3.4 Absorption and fluorescence spectroscopy 

Water samples were allowed to reach room temperature prior to analysis. Absorption 

spectra were collected between 190 nm and 750 nm at 1-nm intervals on an Agilent 8453 UV-

Visible Spectrophotometer with a 1-cm path-length quartz cuvette. The samples were treated 

similarly for fluorescence analysis. The excitation emission matrices (EEM) were generated 

using a Varian Cary Eclipse Fluorescence Spectrophotometer. EEMs were recorded at 5-nm 

intervals for excitation spectra between 240 and 450 nm and emission spectra from 245 to 600 

nm at an integration time of 0.1 s. Ultrapure water blank spectra were measured in the same way 

and used to eliminate water Raman peaks.  

3.3.5 Indices 

Typical indices used to evaluate the OM sources using EEMs include the specific 

ultraviolet absorbance at 254 nm (SUVA254), slope ratio (SR), humification index (HIX), 

biological index (BIX), and the fluorescence index (FI). SUVA254 was calculated by dividing the 

UV absorption measured at 254 nm by the sample’s DOC concentration and was used to assess 

the aromatic content (Weishaar et al., 2003) and average molecular weight (MW) of DOM, 

whereas the SR is the spectral slope between 275 nm and 295 nm divided by the slope between 

350 nm and 400 nm. SR is inversely correlated with DOM average molecular weight, with higher 

values indicating lower MW distribution (Helms et al., 2008).  

The FI is the ratio of fluorescence at emission wavelengths 450 nm and 500 nm at a fixed 

excitation of 370 nm and is described as an indicator of aromaticity of DOM in freshwaters 

(McKnight et al., 2001). HIX is calculated as the ratio of the sum of fluorescence between 435 

nm and 480 nm at an excitation wavelength of 254 nm to that between 300 to 345 nm at the same 
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excitation wavelength and allows to gauge the degree of humifaction and aromaticity in samples 

(Zsolnay et al., 1999; Ohno, 2002). Finally, BIX is used to characterize biological production of 

DOM and is a ratio of the fluorescence measured at an excitation of 310 nm and emitted at 380 

nm over the fluorescence measured at excitation 310 nm and emitted at 430 nm (Huguet et al., 

2009). 

3.3.6 PARAFAC analysis 

PARAFAC pre-processing was done using the eemR package in R (Massicotte, 2019). 

This package allowed for the removal of water blanks from the EEMs as well as the removal of 

both Raman and Rayleigh scattering. Additionally, the samples were corrected for inner-filter 

effect and normalisation of EEM fluorescence intensities. The PARAFAC analysis was 

performed using the staRdom package, also in R (Pucher et al., 2019). The PARAFAC model 

was validated using split-half analysis and Tucker’s congruence coefficients as well as 

examining residuals. The leverage of each sample and wavelength were examined and 27 

samples were removed as outliers. Excitation wavelengths below 250 nm and emission 

wavelengths below 300 nm were also removed based on previous literature (Stedmon and 

Markager, 2005). After numerous iterations, the PARAFAC analysis resulted in a robust model 

consisting of 6 components describing the different fractions of total DOC in the sample set.  

3.4 Results 

3.4.1 DOC and indices of surface waters along the St. Lawrence River, Estuary, and Gulf, 

as well as the Saguenay Fjord 

The surface DOC concentrations in the Saguenay Fjord, which drains Lake St. Jean in the 

Laurentian highlands, range from 3.90 to 6.39 mg/L with minimal variation between the two 

years. A decrease in DOC concentrations can be seen from station S1, the inner most station in 

the Fjord, towards the St. Lawrence River, as shown in Fig. 3.2A. Fig. 3.2B shows the DOC 

concentrations for the remaining stations from the river (furthest left) to the Gulf (furthest right), 

for both 2017 and 2018. The DOC concentrations generally decrease from the freshwater to the 

marine stations, with some higher values close to the various north shore river plumes (stations 

P1, P2, and P3). The reason for the higher concentrations in 2018 at stations E3, E4 and E5 is 

unknown. 
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Figure 3.2 DOC concentrations in the surface waters of A) the Saguenay Fjord and B) the St. Lawrence 

River, Estuary and Gulf for both 2017 and 2018 samples 

The SUVA254 and SR values for the surface waters of the Saguenay Fjord, as well as the 

St. Lawrence River, Estuary and Gulf can be found in Fig. 3.3. The SUVA254 values show a 

slight increase from the most upstream freshwater stations (Station R1) towards the Estuary and a 

decrease from the Estuary to the Gulf. There is also a slight decrease from the inner most station 

of the Saguenay Fjord towards the river mouth. The SR values in the Saguenay range from 0.77 

to 0.91 with no apparent trend along the Fjord. Similarly, the SR values along the River, Estuary 

and Gulf show little variation until Station 20, where the SR values show differences for the 2 

different years sampled. The 2017 samples show a slight increase in SR values towards the 

marine stations, whereas the 2018 samples have scattered values in this same region.  
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Figure 3.3 SUVA254 and SR values for surface waters along the Saguenay Fjord (A and C) and the St. 

Lawrence River, Estuary and Gulf (B and D) for both 2017 and 2018 samples. 

Fig. 3.4 shows the changes in BIX, HIX and FI in the surface of the freshwater stations 

along the St. Lawrence River and the freshwater portion or the Estuary, as well as in the 

Saguenay Fjord. Both BIX and FI values show a general decrease in values as the stations near 

the transition zone at station E4 (in the maximum turbidity zone), while HIX values increase 

slightly. The BIX, FI and HIX values in the surface waters of the Saguenay Fjord range from 

0.35 to 0.44, 1.17 to 1.24, and 0.95 to 0.97 respectively. 
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Figure 3.4 BIX, HIX and FI values calculated in surface waters of the Saguenay Fjord (A, C, E) and the 

freshwater stations along the St. Lawrence River and Estuary until the maximum turbidity zone at station 

E4 (B, D, F) for both 2017 and 2018 samples. 

3.4.2 Photooxidation effects on DOC and EEMs of oil 

The measured DOC concentration of the underlying water collected during the 

photooxidation study increased from 8.45 to 84.32 mg/L as irradiation time increased, while 

control samples ranged from 7.91 to 14.55 mg/L across the various time points, indicating a 

production and transfer of the more hydrophilic components of the oil sample to the water 

subphase occurring mostly during the first few hours (Fig. 3.5). 

 

Figure 3.5 DOC concentrations in the water subphase for both irradiated and control samples at varying 

timepoints. 
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The excitation and emission wavelengths for the major and minor peaks were determined 

from the EEMs of the control and post irradiation samples and are reported in Table 3.1. The 

control samples had excitation/emission values ranging from <245/358 nm to <245/363 nm for 

the major peak and from 275/335 nm to 290/357 nm for the minor peak. The location of the 

major peak did not vary much among the different time periods in the control sample while the 

minor peak shifted to a slightly higher wavelength as irradiation time progressed. Both the major 

and minor peaks shifted to higher emission wavelengths in the post irradiation samples as 

irradiation time increased.  

Table 3.1 Excitation and emission wavelengths for the major and minor peaks determined from the EMMs 

of the control and irradiated samples 

* Measured fluorescence λEx/λEm 

SUVA254 and SR values are shown for both controls and irradiated samples in Fig. 3.6. 

Interestingly, there is a significant decrease in the SUVA254 values between the controls and 

irradiated samples at the 30- and 96-hour mark. Irradiated values generally show lower SR values 

than the controls, as well as a generally decreasing trend for both controls and irradiated samples 

with time, contrary to other studies in which the SR of CDOM generally increased with 

irradiation time (Helms et al., 2008). 

 Control Post-Irradiation 

Sample Max peak  Minor Peak  Max peak  Minor Peak  

0.5hrs - 1 <245/358* 275/338 <245/356 275/335 

0.5hrs - 2 <245/357 275/338 <245/356 275/335 

4.5hrs - 1 <245/359 275/338 <245/367 280/337 

4.5hrs - 2 <245/358 275/336 <245/365 275/339 

18hrs - 1 <245/361 275/335 <245/378 280/339 

18hrs - 2 <245/358 280/340 <245/370 280/344 

30hrs - 1 <245/359 280/338 <245/371 285/345 

30hrs - 2 <245/363 285/343 <245/378 285/357 

96hrs - 1 <245/362 285/343 <245/377 285/357 

96hrs - 2 <245/360 290/357 <245/380 280/363 
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Figure 3.6 SUVA254 and SR values, A and B respectively, for both the irradiated and control samples as 

irradiation time progressed. 

Finally, the BIX, HIX and FI were calculated and are presented in Supplementary Table 

B.2. BIX values for the control samples ranged from 0.92 to 1.51 and generally increased with 

time, whereas the irradiated samples had values ranging from 0.94 to 1.38 and were generally 

lower than the control values for irradiation times of 18 hrs and more. Conversely, HIX values 

for the irradiated samples were consistently higher than the corresponding control samples and 

increased with irradiation time. FI values ranged from 1.14 to 1.29 for both controls and 

irradiated samples with no clear trend for either group.  

3.4.3 PARAFAC model results 

PARAFAC results indicate four main components making up the CDOM in the waters along the 

St. Lawrence River, Estuary, Gulf and the Saguenay Fjord, together with two additional 

components attributed to oil derived compounds. The spectral characteristics of the six 

components identified by the PARAFAC modelling of EEMs are shown in Fig. 3.7A with the 

light blue and dark blue lines representing the excitation and emission wavelengths, respectively. 

The contour plots describing the intensities as a function of emission and excitation wavelengths 

are found in Fig. 3.7B. Table 3.2 describes the classification of each component based on 

previous literature results.  
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Figure 3.7 Excitation and emission wavelengths of the 6 components (A) and contour plots describing 

the intensities as a function of their spectral characteristics (B) identified by the PARAFAC model. 
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Table 3.2 Classification of the six components identified by PARAFAC analysis based on previous 

literature results. 

Component  Excitation/ 

Emission Maxima 

Classification Reference 

1 Ex: <250 (315) 

Em: 431 

Terrestrial/autochthonous, 

Fulvic acid fluorophore group 

A peak (260/380–460) 
 

Stedmon and 

Markager, 2005 

Walker et al., 2009 

2 Ex: 270 (380) 

Em: 490 

A peak (260/380–460) 

C peak (350/420–480) 

Coble, 1996 

3 Ex: <250 (365) 

Em: 443 

A peak (260/380–460) 

C peak (350/420–480) 

Tfaily et al., 2015 

4 Ex: 275 

Em: 330 

Naphthalene like, Oil related Zhou et al., 2015 

Araujo et al., 2021  
5 Ex: <250 

Em: 370 

Oil related, degradation product Zhou et al., 2013 

6 Ex: 310 

Em: 408 

Marine humic-like  

M peak (312/380–420) 

Coble, 1996 

 

3.5 Discussion 

3.5.1 DOC and indices along the St. Lawrence River, Estuary, and Gulf, as well as the 

Saguenay Fjord 

The DOC concentrations for samples collected in both 2017 and 2018 along the St. 

Lawrence Estuary and Gulf, as well as the Saguenay Fjord, are comparable to those previously 

reported in the literature for this region (Barber et al., 2017). The surface DOC concentrations 

decrease from the inland stations towards the more marine stations in the Gulf with increases in 

DOC near the river plumes where fresh terrestrial OM is introduced to the St. Lawrence, as 

shown in Fig. 3.8A. The Saguenay Fjord is where the highest concentrations of DOC were found, 

again in agreement with the findings of Barber et al. (2017). The Saguenay Fjord’s high DOC 

concentrations are caused by terrestrial OM runoff from the surrounding boreal forest and carried 

by the Saguenay River. It is an important section of the St. Lawrence waterway as it discharges a 

large amount of terrestrial OM into the Estuary, mostly in the dissolved phase. A series of north 

shore rivers also discharge terrestrial DOC into the Estuary, as can be seen for samples collected 

at stations located near the mouth of the Des Outardes and Manicouagan Rivers (Stations P2 and 
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P3), where DOC concentrations are higher than in the main channel of the Estuary (Thomas, 

2014). 

The SUVA254 values, and therefore the aromaticity of the DOC, increased from the River 

towards the Estuary, with the highest values found in the Saguenay Fjord (Fig. 3.8B). These high 

SUVA254 values along the Saguenay Fjord and towards the mouth of the Fjord are due again to 

the contribution of terrestrial OM originating from the boreal forest, which contains high 

proportions of aromatic-rich lignin and tannin, as well as their degradation products. Conversely, 

the more marine stations show lower SUVA254 values, again in agreement with the less aromatic 

and more labile marine OM found at those locations. Interestingly, the SUVA254 values along the 

freshwater stations of the St. Lawrence River (Station R1 to E1) were characterized by SUVA254 

values similar to those measured at the marine stations and lower than those found at the 

estuarine stations. The main water source feeding the river is discharged from the Great Lakes 

and is influenced by several riverine lakes along its course. These lakes have a lower water flow 

compared to the river, leading to clearer surface waters owing to the sedimentation of particulate 

matter and greater sunlight penetration. DOC in these lakes is therefore more efficiently exposed 

to UV radiation, which results in better degradation of the aromatics and thus lower SUVA254 

values.  

While DOC and SUVA254 values showed little to no variance between the two sampling 

years, SR values varied broadly from station to station and for the different years in a way that is 

difficult to explain at the marine stations of the Gulf (Fig. 3.3D). SR values have been reported as 

diagnostic for photodegradation (positive correlation) and for microbial processing and average 

Figure 3.8 DOC concentrations (A) and SUVA254 (B) trends along the St. Lawrence waterway from the river to the gulf. 
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molecular weight of the DOC (negative correlation), but this index might be inapplicable in our 

system. 

Lastly, the BIX and HIX values of the surface waters for the freshwater stations (stations 

R1 to E4) can be found in Fig. 3.9. Low BIX values, such as those found in the St. Lawrence 

River, indicate that the CDOM in these samples comprises a low contribution from 

autochthonous OM components. BIX values are usually lower where the CDOM is mainly 

derived from terrestrial inputs and higher where the CDOM is dominated by biological sources 

such as plankton-derived DOC and bacteria metabolic products (Huguet et al., 2009; Singh et al., 

2010; Li et al., 2022). The highest BIX values in the St. Lawrence River were found in Lake St. 

Pierre where the water flow rate is low compared to the river, allowing for increased UV 

penetration and increased productivity and bacterial activity, likely leading to a high BIX index.  

The HIX index showed an increasing trend from Lac St. Pierre at station R2 towards the 

maximum turbidity zone at station E4, indicating a higher degree of CDOM humification closer 

to the estuary and lower values in Lake St. Pierre, again suggesting a biological origin for 

CDOM. Finally, there was no obvious trend in the FI values measured along the St. Lawrence 

River. However, all the FI values were below 1.4 indicating a mainly terrestrial origin of humic 

substances (McKnight et al., 2001), which disagrees with the findings derived from the other 

ratios. However, the BIX and HIX indices are interpreted relative to the rest of the stations; while 

the FI suggests mainly terrestrial origins, the other indices provide further information on the 

source of OM relative to one another. 

 

Figure 3.9 BIX and HIX trends along the freshwaters of the St. Lawrence River and Estuary, from station 

R1 to station E4. 
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3.5.2 Photooxidation effects on DOC and EEMs of oil  

The water used for the photooxidation experiments was collected from the surface (3m) 

of station E1 in 2018. Station A has a salinity level of 0.098 p.s.u and the DOC concentration at 

this station prior to the addition of the oil was 3.69 mg/L. Following the deposition of the oil on 

the surface of the water, the DOC concentrations of the water ranged from 7.91 mg/L to 14.55 

mg/L, averaging a 3-fold increase in DOC concentration. This increase suggests a quick transfer 

of the more polar compounds from the oil layer to the underlying water in the first few hours, 

prior to any external manipulations. This water-amendable fraction of oils has been found to 

contain benzene, toluene, ethylbenzene and xylene (BTEX) compounds as well as other 

compounds such as naphthalenes and naphthalic acids (Faksness and Brandvik, 2008; Jaggi et 

al., 2017). Additionally, when exposed to UV light, aromatic components of oil are photo-

modified to more water-soluble compounds such as phenols and epoxides, further increasing the 

DOC concentration as irradiation progresses to a concentration as high as 84 mg/L after 96 hours 

(Fig. 3.5). SUVA254 values (Fig. 3.6), which have been shown to be strongly correlated to DOC 

aromaticity (Traina et al., 1990; Weishaar et al., 2003), are also distinctly different between the 

control and irradiation samples after about 20 hours of irradiation, suggesting that the aromatic 

compounds in the oil are being effectively degraded. These results agree with many studies 

showing the role of photooxidation in the long-term weathering of oils (Dutta and Harayama, 

2000; Prince et al., 2003). The shift of the major peak of the EEMs of the irradiated samples to 

higher emission wavelengths relative to those of the control samples (Table 3.1) also suggests 

that there are changes in chemical composition due to photooxidation. This shift to longer 

emission wavelengths again likely reflects the partial oxidation of the aromatic components of 

the oil.  

The SR has been found to be inversely correlated with DOM average molecular weight 

(MW), with higher values indicating lower molecular weight distribution (Helms et al., 2008). 

Interestingly, the spectral slope for both control and irradiated samples decreased as irradiation 

time progressed. Contrary to the trends seen for natural samples free of oil, the apparent MW of 

the DOM in the water samples with an oil slick increased as irradiation progressed. Typically, 

photodegradation of natural OM would result in a decrease in MW (Helms et al., 2008; Du et al., 

2016) whereas with our samples, the apparent MW of DOM increased as the components in the 

oil were amended to become more water soluble. The controls shielded from irradiation also 



65 
 

showed a decrease between 0.5 to 90 hrs, but to a lesser extent than the irradiated samples. These 

results suggest that the more water amenable components in the oil slowly diffuse into the 

underlying aqueous subphase in both the controls and the samples, but that this process was 

enhanced with photooxidation as components with increasingly higher MW were transferred 

from the oil to the aqueous subphase.  

While the FI and BIX do not add any supplementary information as there are no obvious 

differences between the control and the irradiated samples, as well as no trends as time 

progressed (Supplementary Table B.2), the HIX results reiterate that the irradiated samples 

allowed for the alteration of compounds in the oil to become more water soluble and move from 

the oil slick to the underlying water as irradiation advances.  The HIX values increased from 0.36 

to 0.66 as irradiation time progressed from 0.5 to 90 hrs, respectively, indicating the partial 

oxidation of humic-like compounds in the oil, followed by their transfer to the subphase.  

3.5.3 Component interpretation and variations along the freshwater-seawater continuum 

Six individual fluorescent components were identified in the oil-amended samples using 

PARAFAC analysis (Fig. 3.7). The first three components in our model (C1, C2 and C3) have 

two excitation peaks and one emission peak, which according to previous studies correlate with 

terrestrial OM peak A in the ultraviolet region and C peak in the visible region (Table 3.2). These 

regions are associated with terrestrial, humic, allochthonous sources for peak A, and terrestrial, 

anthropogenic, agriculture sources for peak C (Coble, 2007). Components 4 and 5 appear to be 

oil related based on a study by Zhou et al 2013. The contribution of the components to total 

fluorescence in the oil samples (Fig. 3.10) corroborate this assumption as these 2 components 

make up the majority of the total fluorescence. The final component, C6 resembles the M peak 

identified by Coble (2007), which corresponds to marine humic-like sources and are mostly 

derived from plankton. They are predominantly aliphatic in composition, with a low aromatic 

content (Harvey et al., 1983; Coble, 1996; Whitby et al., 2020).  
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Figure 3.10 Relative contribution of each component to total fluorescence for the control (A) and irradiated 

(B) samples at all time points. 

While C1, C2 and C3 all correspond to terrestrial OM sources, there is additional 

information that can be teased out from the variations in the excitation and emission wavelengths 

of the major peaks. Because C2 absorbs at longer excitation and emission wavelengths than C1 

and C3, the expectation is that it consists of high MW, hydrophobic compounds, according to a 

critical review of reoccurring PARAFAC components (Ishii and Boyer, 2012). Conversely, C1 

corresponds to shorter excitation wavelengths and is therefore more likely to consist of low MW 

compounds. C3 falls between C1 and C2 in terms of excitation wavelengths and thus is expected 

to contain compounds that are intermediate in MW relative to C1 and C2.  

Interestingly, there is a strong correlation in the relative contribution of C1 and C3 for the 

majority of surface waters along the St. Lawrence River, Estuary and Gulf (both years included). 

However as shown in Fig. 3.11, the surface waters of the Saguenay Fjord and the river mouth 

stations (Stations P1, P2 and P3) do not fall on the same trend line. The relative contribution of 

C1 to total fluorescence for these stations averages around 29 to 30% with stations P1 and P2 

having slightly lower percent contributions, whereas C3 varied much more along these stations. 

These findings indicate the OM sources for C1 is similar at every station of the Saguenay Fjord, 

with the same sources contributing to DOC discharged from the north shore rivers. Terrestrial 

OM sources at these stations is greatly influenced by relatively fresh terrestrial OM from the 

forested watersheds of the boreal forest, as also suggested from alkane-specific stable isotope 

ratios (∂13C and ∂2H) in another study (Imfeld et al., 2022).  
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Figure 3.11 Relative contribution of C1 and C3 to total fluorescence for all surface samples along the St. 

Lawrence River, Estuary, Gulf and Saguenay Fjord, for both 2017 and 2018. 

While C4 and C5 are associated with oil-derived DOC, there are again differences 

between the two components. C4 has longer excitation wavelengths compared to C5 suggesting 

that the compounds contributing to the C4 fluorescence regions have a higher average MW. C3 is 

strongly correlated with both C4 and C5 (Fig. 3.12), which likely correspond to aromatic 

structures found in both humic substances (C3) and oil components (C4 and C5). The 

contribution of natural humic substances to both C4 and C5 also explains the presence of C4 and 

C5 to the total fluorescence of the water samples across the St. Lawrence system. Additionally, 

the fluorescence region of C5 is associated with aromatic proteins, such as tryptophan and 

tyrosine (Chen et al., 2003), which unfortunately suggests that C5 and marine OM compounds 

containing proteins may not be fully distinguishable from oil-derived compounds. This 

conclusion is supported by the increase in the relative contribution of C5 in surface waters going 

from the more terrestrial stations to the more marine stations for both sampling years (Fig. 3.13), 

where the aromatic amino acids in proteins and peptides, which are relatively more abundant in 
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marine OM compared to terrestrial OM, would make up a larger percentage of the total 

fluorescence. 

Figure 3.12 Relationship between C4 and C5 with C3 in all samples in contact with oil (control and 

irradiated samples). 

Fig. 3.13 also shows the more than 10-fold decrease in total fluorescence along the 

terrestrial to marine continuum, which linearly correlates with the changes in DOC 

concentrations measured in the surface waters at the same stations (Appendix Fig. B.1). 

However, changes in the total fluorescence intensity and in the relative contributions of the 

different components identified using PARAFAC were not limited to surface waters as large 

variations with depth were measured in the water column for both sampling years (Fig. 3.14). 

There is a large decrease in total fluorescence at all stations from surface to the deep waters, due 

to primary production reworking the majority of DOM in the surface waters. 

Interestingly, C6 shows a generally higher relative contribution to the total fluorescence 

in the 2018 sampling year compared to the 2017 sampling year. Component 6 is associated to 

marine-humic substances, which could be a result of reworked planktonic OM. It is possible that 

during the 2018 sampling mission, the annual algal bloom occurred shortly before the sampling 

mission, and thus the higher plankton-derived DOC concentration associated with blooms is 

reflected in the relative contribution to total fluorescence of C6 compared to samples from 2017. 

This hypothesis could be corroborated with chlorophyll data, which unfortunately was not 

collected in 2018.  
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Figure 3.13 Relative contribution of each component to total fluorescence for surface waters collected along the Saguenay 

Fjord in 2017 (A) and 2018 (C) and along the St. Lawrence River, Estuary and Gulf in 2017 (B) and 2018 (D). The stations 

labelled P (2017 only) correspond to water sampled in the plume of north shore rivers. 

Figure 3.14 Relative contribution of each component to total fluorescence for waters at all depths collected along the 

Saguenay Fjord in 2017 (A) and 2018 (C) and along the St. Lawrence River, Estuary and Gulf in 2017 (B) and 2018 (D) 
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3.5.4 Proposed ratio for distinguishing natural OM from petroleum OM 

The water samples containing UV irradiated petroleum products show variations in the 

contribution of C4 and C5 between the control samples and those exposed to irradiation, 

particularly at longer exposure times (Fig. 3.15). C5 is likely correlated to some degree to 

photodegraded oil components as the differences between the control and the irradiated samples 

are greater than those of C4. Using the knowledge gained from the irradiation of oil on water 

samples, C4 and C5, which are strongly correlated to the oil compounds, can be exploited to 

define a proxy ratio allowing the detection of oil in the St. Lawrence waterways.  

 

Figure 3.15 Comparison of the absolute fluorescence value of C4 (A) and C5 (B) between the irradiated 

and control samples at all time points. 

Intuitively, C4 should be considered in such proxy because it is associated only to oil 

derived products while C5 is affected by aromatic amino acids in proteins and peptides. Fig. 3.16 

shows the calculated fluorescence intensity ratio between C4 and that of the most prominent 

terrestrial component, C1. There are large differences between samples contaminated with 

irradiated oil products versus natural water samples, at any depth and location along the St. 

Lawrence River, Estuary and Gulf, as well as in the Saguenay Fjord. Not only are there large 

differences, but additionally both the oil-contaminated, non-irradiated control samples and oil-

contaminated samples that underwent irradiation for varying durations clearly stand out from the 

natural water samples, showing the potential sensitivity of this ratio for the detection of oil 

contamination in the St. Lawrence water system. The C4/C1 values for the natural water samples 
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collected along the St. Lawrence and Saguenay continuum ranged from 0 to 1.22, while those for 

water samples contaminated with oil and oil degradation products ranged between 5.50 and 12.21 

respectively. These results indicate that any samples with C4/C1 values over 2.0 would have 

some degree of oil contamination in this environment. This threshold value of 2.0 represents a 6-

sigma process, where the set limit is 6 standard deviations above the average fluorescence of all 

the natural samples analyzed. It allows for a threshold to be established along the St. Lawrence 

River, Estuary and Gulf, as well as the Saguenay Fjord, and future samples could be compared to 

the values in this paper if a spill event occurred. Noteworthy, the fluorescence intensity ratio 

between C5 and C1, which shows an increase in ratio value with UV exposure time (data not 

shown), could also possibly be used to assess the degree of photodegradation of the oil 

contaminants, but would require a lot more work to better understand the potential and 

limitations of such proxy. 

Figure 3.16 Ratio of C4 to C1 for all waterway samples at all depth (2017 and 2018), alongside the samples 

exposed to oil. 

3.6 Conclusion  

Compared to other heavily industrialised coastal systems, the St. Lawrence Estuary and 

Gulf is considered to be in relatively good ecosystem health. The deep waters of the Estuary are 

however affected by permanent hypoxia, with dissolved O2 levels that have decreased in a 
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stepwise fashion since the beginning of the last century (Gilbert et al., 2005), reaching critically 

low levels (<40 µM) in the past few years. This system is thus already under stress from 

anthropogenic activities taking place in its large watershed, which results in a discharge of 

nutrients, dissolved and particulate organic matter, as well as organic and inorganic pollutants. 

The threat associated with the continuous and increasing oil transit through this important 

ecosystem is thus of great concern and should lead to the characterization of the baseline 

hydrocarbon levels in the sediment (Corminboeuf et al., 2022; Imfeld et al., 2022) and in the 

water column, as well as to the development of methods allowing rapid and efficient detection of 

petroleum-derived contaminants (this work; Imfeld et al., 2022). 

PARAFAC analysis was used in this work to tease out 6 components from a set of water 

samples that included samples containing water soluble oil compounds and photooxidized oil 

products. Four components, C1, C2, C3 and C6, were found to originate from natural OM 

including terrestrial humic-like and marine humic-like compounds. The other two components, 

C4 and C5, were correlated with the presence of oil and oil degradation products in the water 

samples. With these 6 components, we were able to infer information not only about the origin of 

the chromophoric dissolved OM present at the various stations along the St. Lawrence River, 

Estuary and Gulf, but more specifically about its aromaticity and apparent molecular size. While 

C1, C2 and C3 were associated with terrestrial humic-like compounds, the subtle differences 

between them were likely linked to contrasting freshness and/or origin of the dissolved OM, as 

shown by the results obtained for the Saguenay Fjord samples in Fig. 3.11. 

Our data shows that EEMs and PARAFAC are powerful tools to characterize the 

chromophoric OM along a terrestrial to marine continuum, but also that it is possible to identify 

the presence of oil products and their degradation products in these water samples. Although a lot 

more work is needed to evaluate its robustness, we propose a new proxy for the St. Lawrence 

Waterway, based on the ratio of the fluorescence intensity of C4 over that of C1, to determine if 

oil-derived contamination is present. In particular, additional experiments are needed to test the 

effect of the concentration of oil-derived products on this proxy. Furthermore, a second 

fluorescence intensity ratio, between C5 and C1, appears related to the degree of degradation of 

the oil and could possibly be used following a more rigorous analysis. The changes in chemical 

composition of oil-derived compounds caused by photooxidation can potentially result in more 

toxic soluble compounds that should be monitored in aquatic environments. These fluorescence 
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measurements and proxies could allow for the detection of minor and major oil spill events in the 

St. Lawrence River, Estuary and Gulf, as well as in the Saguenay Fjord.  
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Chapter 4: Conclusions, Perspectives and Future Work
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The overall goal of this research was to characterize the OM along the St. Lawrence 

Waterway and determine if the techniques used could aid in differentiating natural OM from oil-

derived contaminants. While both methods, spectroscopic and biomarker analysis, are useful in 

characterizing OM, a series of limitations and caution must be considered when these techniques 

are exploited for OM source identification. Spectroscopic techniques, such as the application of 

indices and PARAFAC analysis, have the benefit of being rapid, simple and cost-effective while 

still having the capability to differentiate bulk OM changes along the waterway. Additionally, for 

the detection of oil-derived compounds, we found that EEMs and PARAFAC analysis showed 

promises at teasing out the photo oxidized oil derived OM from naturally occurring OM in the 

water column. We were able to establish a new ratio proxy that would allow to detect an eventual 

spill and follow its dispersion and degradation if it were to occur in the future in the water 

column of the St. Lawrence Waterway. However, spectroscopic analysis only allows for the 

detection of fluorescent dissolved OM and for the general grouping of compounds, not the 

characterization of individual compounds.  

Contrarily, biomarker analysis, while requiring extensive work up prior to analysis, and 

an important mass of sample for CSIA, allows for more in-depth data to be collected. Unlike 

spectroscopic analysis, specific compounds can be detected and quantified instead of groups of 

compounds bearing similar fluorescent functional groups. In our study, the selected biomarkers 

were n-alkanes, which were analysed both molecularly and isotopically. Compared to EEM and 

PARAFAC, these analyses gave better insights to the origin of the compounds and specifically 

with stable carbon and hydrogen stable isotopes analysis, relative changes in OM sources along 

the St. Lawrence Waterway. With molecular characterization and diagnostic ratios alone, we 

found that the interpretation of the OM source was not always accurate, especially when there 

was more than one source input. Diagnostic ratios also could not always distinguish between 

marine OM and petroleum-derived OM as results for both look similar, and therefore without 

prior knowledge of the sample, the source could be misinterpreted. With the addition of isotopic 

analysis, we could further probe the source and origin of the n-alkanes. Specifically, we found 

that the even n-alkanes showed greater differences in both hydrogen and carbon stable isotopes 

values between the stations analyzed compared to the more abundant odd n-alkanes. Even carbon 

chain length n-alkanes can thus be more efficiently used to identify subtle changes in the source 

of the OM at specific stations such as Station 25 for example. To the best of our knowledge, our 
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research resulted in the first complete set of molecular and isotopic data along a terrestrial-

marine continuum with both hydrogen and carbon analysis of individual n-alkanes, both odd and 

even chain lengths. Because the odd n-alkanes are more abundant, they are the easier compounds 

to analysis for stable isotope values, and therefore, the more challenging analysis of the even n-

alkanes is often missing in the literature. Unfortunately, it means that an abundance of 

information is then being missed as well, including the sawtooth pattern that is seen between the 

isotope values of odd and even n-alkanes, as well as the absolute difference in concentrations 

between the neighbouring n-alkanes. Just like the spectroscopic analyses of samples from the 

water column, the baseline abundance and compound specific stable isotopes values that have 

been measured in the sediment along the St. Lawrence Waterway as part of this research will 

allow for the tracking and detection of an oil spill should one occur in the future. Specifically, 

stable carbon and hydrogen isotope analysis of both even and odd n-alkanes will be vital to 

assess any contamination as it is the difference between the stable isotope carbon and hydrogen 

values of the even and odd n-alkanes that provides the most powerful approach to distinguish 

between the natural and petroleum-derived OM.  

It is important for researchers who are applying these techniques to other natural systems 

to be aware that not all diagnostic ratios can be used interchangeably from one system to the 

next, for both spectroscopic and biomarker analysis, and some ratios may not be useful at all for 

tracking changes in their systems. It would be beneficial to systematically determine the extent to 

which these ratios can be applied in a system, and to determine at what degree contamination 

starts to alter the diagnostic ratio from being perceived as natural vs. anthropogenic. This could 

be achieved by measuring the terrestrial and marine end members within in a system as well the 

contaminant end member (i.e. various petroleum samples). Furthermore, systematically 

determining the limits that carbon and hydrogen isotopes of individual n-alkanes can 

differentiate between sources when the input of anthropogenic petroleum source increases.   

Through our research, we presented spectroscopic, molecular, and isotopic analyses for 

water and sediments of the St. Lawrence Waterway and how these characterizations could be 

applied to differentiate natural OM from petroleum-derived OM. We hope that the approaches 

used here will promote the use of stable isotope analysis on both odd and even chain length n-

alkanes in biogeochemical analyses, especially in terrestrial OM to better understand the changes 

in isotopic values we found along the terrestrial-marine continuum. While our research has 
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highlighted the changes in molecular and isotopic values in the surface sediments across a 

continuum (spatial variations), it could be further applied to sediments at depth to evaluate the 

changes in molecular and isotopic values with depth (temporal variations). This would allow for 

a historic record to be established to probe changes in the environment through time. It would 

also be interesting to see PARAFAC analysis coupled with carbon isotope analysis of the 

dissolved organic carbon along the St. Lawrence continuum to tease out further information from 

OM pool in the surface and deep water samples. These techniques are so versatile, when applied 

in conjunction with traditional methods, that there seems to be a plethora of information still 

available to assess the various OM source inputs along a dynamic system such as the St. 

Lawrence Waterway.  
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Appendix A 
 

Supplemental Material for: 

 

Complete molecular and stable isotope analysis (δ13C, δ2H) of sedimentary n-alkanes in 

coastal systems: the importance of even numbered n-alkanes in the St. Lawrence Estuary 

and Gulf, Quebec, Canada  

 

(A. Imfeld, A. Ouellet, P. Douglas, G. Kos, and Y. Gélinas) 

 

This section presents the individual concentrations for the n-alkanes (nC17 to nC36) extracted at 

each station, Table A.1, as well as the individual δ13C and δ2H of nC23 to nC36 in Table A.2 and 

A.3 respectively. Additional visual graphics are included to show the relationship of the TAR 

values calculated using the two different methods and the bulk δ13C values in Figure A.1, as well 

as the relationship between the bulk δ13C and bulk δ15N, Figure A.2.  
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Table A.1 Concentration (µg/gOC) and standard deviation of individual n-alkanes at each station (n=3) 

 

 

n-alkane 
Station 

Sag05 DE G 25 23 21 18.5 18 16 

nC17 

8.84 

± 1.1 

11.36 

± 1.9 

10.34 

± 0.87 

9.21 

± 0.13 

5.90 

± 0.36 

4.82 

± 0.44 

4.20 

± 0.41 

4.31 

± 0.03 

3.00 

± 0.24 

nC18 

6.94 

± 0.96 

7.90  

± 1.18 

7.09  

± 0.57 

9.61 

± 0.08 

5.36 

± 0.32 

4.45 

± 0.35 

3.72 

± 0.34 

5.06 

± 0.07 

4.17 

± 0.23 

nC19 

7.47 

± 0.93 

8.03  

± 1.32 

7.30  

± 0.54 

7.60 

± 0.13 

4.83 

± 0.23 

3.98 

± 0.36 

3.23 

± 0.27 

3.31 

± 0.07 

2.34 

± 0.13 

nC20 

6.95 

± 0.93 

7.92 

± 1.44 

6.88 

± 0.54 

10.86 

± 0.32 

5.72 

± 0.20 

4.84 

± 0.51 

3.64 

± 0.25 

5.53 

± 0.12 

4.84 

± 0.33 

nC21 

11.58 

± 1.18 

13.47 

± 2.17 

12.86 

± 0.88 

12.65 

± 0.20 

8.66 

± 0.40 

7.02 

± 0.60 

4.44 

± 0.31 

4.30 

± 0.09 

3.68 

± 0.28 

nC22 

8.83 

± 1.01 

12.59 

± 3.57 

11.27 

± 0.63 

15.72 

± 0.42 

9.03 

± 0.40 

7.31 

± 0.55 

4.79 

± 0.35 

7.18 

± 0.04 

6.36 

± 0.43 

nC23 

17.43 

± 2.20 

27.90 

± 4.77 

28.60 

± 2.46 

25.95 

± 0.54 

17.66 

± 0.64 

13.67 

± 1.23 

7.41 

± 0.57 

5.88 

± 0.10 

5.80 

± 0.47 

nC24 

8.74 

± 1.33 

12.41 

± 2.29 

12.70 

± 1.18 

17.21 

± 0.22 

10.10 

± 0.52 

7.91 

± 0.83 

5.07 

± 0.35 

7.04 

± 0.03 

6.70 

± 0.48 

nC25 

29.37 

± 3.95 

42.65 

± 7.23 

40.43 

± 3.46 

33.64 

± 0.97 

24.67 

± 1.24 

18.21 

± 1.75 

9.76 

± 0.95 

7.24 

± 0.14 

8.01 

± 0.70 

nC26 

9.12 

± 1.15 

13.48 

± 2.64 

13.95 

± 1.12 

17.88 

± 0.22 

11.34 

± 0.37 

8.87 

± 0.80 

5.50 

± 0.40 

6.85 

± 0.09 

6.86 

± 0.51 

nC27 

54.49 

± 7.05 

69.29 

± 11.01 

59.98 

± 4.88 

51.58 

± 1.42 

37.87 

± 1.57 

29.22 

± 2.72 

15.62 

± 1.31 

11.22 

± 0.29 

13.36 

± 1.10 

nC28 

8.93 

± 1.14 

13.35 

± 2.25 

13.73 

± 0.85 

17.73 

± 0.28 

10.85 

± 0.57 

8.22 

± 0.99 

5.22 

± 0.34 

5.92 

± 0.12 

6.18 

± 0.47 

nC29 

46.43 

± 6.22 

73.90 

± 12.09 

63.31 

± 4.94 

52.86 

± 0.95 

38.61 

± 1.44 

30.04 

± 2.96 

17.82 

± 1.48 

13.48 

± 0.34 

17.45 

± 1.21 

nC30 

6.49 

± 0.71 

9.55 

± 1.59 

9.96 

± 0.60 

14.82 

± 0.92 

9.21 

± 0.31 

7.28 

± 0.61 

4.51 

± 0.28 

4.71 

± 0.14 

4.88 

± 0.48 

nC31 

31.42 

± 3.67 

55.86 

± 8.61 

51.35 

± 3.69 

45.52 

± 0.88 

33.00 

± 2.00 

25.40 

± 2.96 

15.60 

± 1.09 

11.94 

± 0.32 

15.54 

± 1.14 

nC32 

5.95 

± 0.58 

7.32 

± 1.30 

8.00 

± 0.63 

12.20 

± 0.70 

7.41 

± 0.57 

6.18 

± 0.78 

4.16 

± 0.16 

3.53 

± 0.10 

4.07 

± 0.31 

nC33 

12.82 

± 1.24 

19.29 

± 2.93 

18.38 

± 0.84 

18.91 

± 0.42 

13.83 

± 0.42 

11.31 

± 1.16 

7.16 

± 0.47 

5.20 

± 0.14 

6.48 

± 0.49 

nC34 

3.64 

± 0.30 

3.74 

± 0.83 

4.24 

± 0.53 

7.58 

± 0.13 

4.32 

± 0.31 

3.57 

± 0.59 

2.08 

± 0.11 

1.91 

± 0.16 

1.95 

± 0.13 

nC35 

4.56 

± 0.38 

6.16 

± 0.97 

6.41 

± 0.66 

7.44 

± 0.41 

5.10 

± 0.21 

3.98 

± 0.43 

2.40 

± 0.14 

1.48 

± 0.12 

1.68 

± 0.13 

nC36 

3.03 

± 0.35 

2.46 

± 0.40 

3.50 

± 0.79 

6.22 

± 0.12 

3.07 

± 0.53 

2.30 

± 0.23 

1.33 

± 0.15 

1.03 

± 0.10 

1.04 

± 0.04 
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Table A.2 δ13C value (‰) and standard deviation of individual n-alkanes at each station (n=3) 

n-alkane 
Station 

Sag05 DE G 25 23 21 18.5 18 16 

nC23 -32.53 

± 0.45  

-31.01 

± 0.08 

-31.25 

± 0.44 

-30.57 

± 0.08 

-31.39 

± 0.22 

-30.87 

± 0.22 

-29.99 

± 0.62 

-30.22 

± 0.96 

-30.62 

± 1.50 

nC24 -31.49 

± 0.19 

-31.51 

± 0.09 

-31.78 

± 0.22 

-29.40 

± 0.17 

-30.08 

± 0.44 

-30.02 

± 0.19 

-30.22 

± 0.22 

-28.09 

± 0.40 

-27.95 

± 0.41 

nC25 -32.93 

± 0.28 

-31.87 

± 0.33 

-31.76 

± 0.28 

-31.25 

± 0.20 

-31.51 

± 0.23 

-31.24 

± 0.43 

-31.12 

± 0.30 

-31.31 

± 0.13 

-30.60 

± 0.22 

nC26 -31.73 

± 0.20 

-31.87 

± 0.12 

-31.91 

± 0.22 

-29.97 

± 0.17 

-30.58 

± 0.36 

-30.36 

± 0.18 

-30.41 

± 0.21 

-28.56 

± 0.20 

-28.55 

± 0.22 

nC27 -33.37 

± 0.12 

-32.66 

± 0.86 

-32.47 

± 0.60 

-31.73 

± 0.25 

-31.42 

± 0.10 

-31.25 

± 0.35 

-31.13 

± 0.33 

-31.13 

± 0.23 

-30.75 

± 0.12 

nC28 -32.16 

± 0.19 

-32.47 

± 0.30 

-32.58 

± 0.34 

-30.48 

± 0.38 

-31.06 

± 0.35 

-30.57 

± 0.51 

-30.52 

± 0.40 

-29.13 

± 0.38 

-29.19 

± 0.07 

nC29 -33.83 

± 0.21 

-33.40 

± 0.94 

-33.50 

± 1.07 

-31.80 

± 0.10 

-32.53 

± 0.66 

-31.71 

± 0.40 

-31.43 

± 0.48 

-31.36 

± 0.27 

-31.20 

± 0.76 

nC30 -31.95 

± 0.30 

-33.02 

± 0.16 

-32.82 

± 0.04 

-30.20 

± 0.50 

-30.46 

± 0.67 

-30.58 

± 0.49 

-30.42 

± 0.52 

-29.99 

± 0.24 

-29.29 

± 0.36 

nC31 -33.63 

± 0.17 

-34.28 

± 0.71 

-34.08 

± 0.20 

-32.35 

± 0.42 

-32.56 

± 0.16 

-32.44 

± 0.19 

-31.26 

± 0.41 

-31.71 

± 0.29 

-31.20 

± 0.43 

nC32 -31.71 

± 0.05 

-32.71 

± 0.31 

-32.83 

± 0.27 

-30.58 

± 0.68 

-31.06 

± 0.31 

-30.90 

± 0.32 

-30.41 

± 0.48 

-29.91 

± 0.21 

-29.37 

± 0.08 

nC33 -33.29 

± 0.49 

-33.33 

± 0.27 

-33.24 

± 0.37 

-31.62 

± 0.28 

-32.47 

± 0.53 

-31.76 

± 0.36 

-31.02 

± 0.25 

-31.26 

± 0.20 

-30.28 

± 0.31 

nC34 -31.38 

± 0.64 

-31.41 

± 0.11 

-31.74 

± 0.21 

-30.09 

± 0.13 

-30.10 

± 0.17 

-30.17 

± 0.59 

-29.87 

± 0.89 

-29.33 

± 0.51 

-28.36 

± 0.31 

nC35 -32.22 

± 0.52 

-32.02 

± 0.28 

-32.94 

± 0.66 

-31.28 

± 0.48 

-31.77 

± 0.69 

-30.69 

± 0.68 

-30.06 

± 0.85 

-30.59 

± 0.96 

-30.24 

± 0.69 

nC36 -31.35 

± 0.53 

-31.75 

± 0.28 

-32.05 

± 0.80 

-29.76 

± 1.12 

-30.30 

± 0.37 

-29.02 

± 1.68 

-29.30 

± 0.31 

-28.95 

± 0.94 

-28.37 

± 0.38 
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Table A.3 δ2H value (‰) and standard deviation of individual n-alkanes at each station (n=3) 

n-alkane 
Station 

Sag05 DE G 25 23 21 18.5 18 16 

nC23 -198.78 

± 6.58 

-189.51 

± 1.01 

-187.74 

± 3.61 

-188.85 

± 4.44 

-184.91 

± 4.10 

-183.07 

± 1.71 

-174.08 

± 9.81 

-151.12 

± 6.11 

-150.25 

± 19.94 

nC24 -182.38 

± 1.20 

-172.66 

± 5.74 

-183.71 

± 2.70 

-124.58 

± 0.68 

-136.88 

± 3.14 

-135.14 

± 2.16 

-137.85 

± 3.16 

-96.64 

± 6.51 

-89.06 

± 9.74 

nC25 -210.47 

± 2.00 

-198.94 

± 1.04 

-200.10 

± 2.11 

-197.62 

± 0.44 

-196.82 

± 3.32 

-190.79 

± 1.58 

-180.10 

± 4.53 

-166.42 

± 2.19 

-172.08 

± 5.61 

nC26 -172.57 

± 2.79 

-169.93 

± 1.19 

-172.16 

± 2.06 

-138.02 

± 0.69 

-148.81 

± 1.46 

-148.21 

± 0.73 

-133.23 

± 2.55 

-96.20 

± 2.16 

-106.99 

± 3.44 

nC27 -209.26 

± 1.44 

-202.23 

± 1.09 

-202.43 

± 1.11 

-198.36 

± 0.59 

-199.10 

± 1.55 

-194.93 

± 1.72 

-186.36 

± 2.23 

-175.00 

± 2.54 

-179.43 

± 2.46 

nC28 -161.76 

± 2.44 

-167.17 

± 1.70 

-166.35 

± 1.70 

-140.22 

± 0.95 

-148.42 

± 1.28 

-143.87 

± 3.52 

-136.57 

± 1.12 

-103.97 

± 3.27 

-115.67 

± 1.80 

nC29 -204.80 

± 1.88 

-202.47 

± 1.46 

-201.17 

± 0.78 

-197.07 

± 0.18 

-196.41 

± 1.75 

-192.92 

± 1.48 

-182.65 

± 1.86 

-172.22 

± 2.89 

-177.02 

± 1.08 

nC30 -141.13 

± 2.74 

-148.29 

± 0.44 

-147.22 

± 1.51 

-125.56 

± 3.65 

-129.45 

± 2.00 

-128.33 

± 1.41 

-121.56 

± 1.04 

-99.19 

± 3.25 

-111.42 

± 0.45 

nC31 -192.89 

± 1.00 

-191.81 

± 2.58 

-190.76 

± 0.61 

-186.76 

± 0.72 

-189.89 

± 4.78 

-181.04 

± 2.06 

-177.89 

± 2.75 

-170.20 

± 6.18 

-177.92 

± 6.75 

nC32 -138.64 

± 3.08 

-139.34 

± 3.07 

-144.74 

± 9.38 

-117.59 

± 0.45 

-120.50 

± 3.64 

-124.52 

± 0.58 

-117.42 

± 3.59 

-94.73 

± 2.77 

-104.53 

± 1.87 

nC33 -177.78 

± 5.06 

-177.89 

± 2.73 

-176.96 

± 3.29 

-170.91 

± 2.29 

-166.55 

± 3.39 

-169.20 

± 5.32 

-159.26 

± 3.21 

-148.07 

± 3.84 

-157.96 

± 1.85 

nC34 -106.51 

± 4.79 

-105.90 

± 2.93 

-109.44 

± 1.79 

-97.82 

± 4.01 

-98.16 

± 3.29 

-103.22 

± 2.15 

-97.85 

± 7.13 

-75.20 

± 3.87 

-89.50 

± 7.64 

nC35 -125.67 

± 6.69 

-132.83 

± 2.18 

-130.55 

± 0.33 

-125.34 

± 0.61 

-123.31 

± 3.22 

-124.19 

± 3.28 

-121.56 

± 2.57  

-110.92 

± 2.78 

-122.07 

± 2.42 

nC36 -102.21 

± 3.65 

-98.37 

± 11.21 

-107.82 

± 2.58 

-96.20 

± 2.63 

-91.97 

± 5.22 

-100.38 

± 3.67 

-92.03 

± 5.75 

-72.63 

± 3.78 

-76.91 

± 6.34 
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Figure A.1 Regression of TAR values vs bulk carbon isotope values, R2 values shown for TAR values 

calculated with odd n-alkanes compared to even n-alkanes in the denominator. Error bars represent 

standard deviations. 

 

 
Figure A.0.2 Relationship between bulk nitrogen and carbon isotope values with regression not including 

stations DE and G. Error bars represent standard deviations. 

 

R2 = 0.6222 

R2 = 0.365 
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Appendix B 
 

Supplemental Material for: 

 

Tracking changes in dissolved organic matter along the St. Lawrence River, Estuary and 

Gulf using PARAFAC analysis, and distinguishing natural organic matter from oil-derived 

compounds 

 

(A. Imfeld, L. Hounjet, C. Guéguen, G. Chaillou, A. Ouellet, and Y. Gélinas) 
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Table B.1 Traditional nomenclature for stations samples, along with the name assigned for the purpose of this paper, as well as longitude, latitude, 

depth, bottom depth, salinity, DOC, temperature, dissolved oxygen transmissivity and density for each sample collected 

Traditional Name  Name 

in this 

Paper  

Year Latitude 

 

 

(degree) 

Longitude 

 

 

(degree) 

Depth  

 

 

(m) 

Water 

Column 

Depth 

(m) 

Salinity  

 

 

(p.s.u) 

DOC  

 

 

(mg/L) 

Temp.  

 

 

(˚C) 

Dissolved 

Oxygen  

 

(µM) 

Transmissivity  

 

 

(%) 

Density 

Stn St-Fulgence S1 2017 48.4211 -70.8577 2 69 6.2 6.4 12.2 302.3 69.4 4.3 

Stn St-Fulgence S1 2017 48.4211 -70.8577 9 69 21.5 2.6 2.6 312.5 90.1 16.7 

Stn St-Fulgence S1 2017 48.4211 -70.8577 60 69 27.4 2.2 1.0 286.0 95.1 21.9 

Stn Sag 05 S2 2017 48.4125 -70.8210 3 89 5.8 6.3 12.3 300.3 68.9 3.9 

Stn Sag 20 S4 2017 48.3703 -70.5763 2 259 6.1 6.3 12.6 319.1 73.0 4.1 

Stn Sag 20 S4 2017 48.3703 -70.5763 100 259 28.1 1.9 1.5 282.5 95.8 22.5 

Stn Sag 20 S4 2017 48.3703 -70.5763 245 259 29.8 1.6 2.5 237.7 93.2 23.8 

Stn Sag 30 S5 2017 48.3593 -70.3899 2 268 5.7 5.5 12.8 311.3 73.2 3.9 

Stn Sag 30  S5 2017 48.3593 -70.3899 100 268 28.3 1.4 1.9 278.2 95.7 22.6 

Stn Sag 30 S5 2017 48.3593 -70.3899 253 268 29.9 1.2 2.5 237.7 92.8 23.8 

Stn Sag 42 S7 2017 48.2288 -69.9133 2 157 7.9 5.4 11.7 310.1 81.1 5.6 

Stn Sag 48 S8 2017 48.1357 -69.7479 3 184 16.2 3.9 8.2 305.9 85.3 11.8 

Stn St-Ignace R1 2017 46.0553 -73.1225 2 12.5 0.1 3.3 
    

Stn Lac St-Pierre R2 2017 46.1848 -72.8640 2 12.5 0.1 2.9 
    

Stn Nicolet R3 2017 46.2587 -72.6657 2 12.5 0.1 2.9 23.3 
   

Stn R. St-Maurice P1 2017 46.2587 -72.6657 2 12.5 0.1 5.9 22.9 
   

Stn Trois-Rivières R4 2017 46.3277 -72.5408 2 12.5 0.1 3.1 22.7 
   

Stn Lac St-Pierre-les-Becquets R5 2017 46.4725 -72.2508 2 12.5 0.1 3.6 22.9 
   

Stn Grondines R6 2017 46.5768 -72.0427 2 12.5 0.1 3.7 22.8 
   

Stn Porneuf R7 2017 46.6800 -71.8617 2 12.5 0.1 3.4 22.8 
   

Stn Plage Maurice R8 2017 46.6530 -71.7550 2 12.5 0.1 3.4 22.8 
   

Stn B E2 2017 46.9138 -70.8754 3 22 0.1 3.4 17.9 278.1 49.5 0.0 

Stn D E3 2017 47.1294 -70.6843 2 10 4.8 3.4 14.7 272.2 0.4 2.8 
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Stn DE E4 2017 47.1794 -70.6199 3 17 3.0 3.3 15.7 275.4 0.6 1.5 

Stn DE E4 2017 47.1794 -70.6199 15 17 7.9 2.9 13.4 276.7 1.4 5.4 

Stn E E5 2017 47.2437 -70.5562 2 29 4.6 2.6 15.5 275.1 0.7 2.9 

Stn E E5 2017 47.2437 -70.5562 25 29 13.3 3.2 10.6 283.6 10.2 10.1 

Stn F1 E6 2017 47.4080 -70.2822 3 47 8.5 2.7 13.0 284.7 8.9 6.0 

Stn F1 E6 2017 47.4080 -70.2822 28 47 14.6 2.2 10.0 287.1 4.5 11.1 

Stn H E8 2017 47.5952 -70.0016 3 62 19.1 1.8 7.8 293.1 48.0 14.7 

Stn J E9 2017 47.9176 -69.7769 3 128 18.6 1.8 9.1 293.2 56.0 14.3 

Stn J E9 2017 47.9176 -69.7769 119 128 30.4 0.8 1.3 290.5 87.6 24.4 

Stn K E12 2017 48.1136 -69.4174 3 104 24.2 1.7 5.2 288.5 72.2 19.2 

Stn K E12 2017 48.1136 -69.4174 50 104 30.8 0.9 1.5 273.9 89.3 24.6 

Stn 25 E13 2017 48.2923 -69.3817 3 325 26.7 1.5 4.7 297.7 90.0 21.1 

Stn 25 E13 2017 48.2923 -69.3817 50 325 31.3 0.9 0.3 315.0 95.7 25.1 

Stn 25 E13 2017 48.2923 -69.3817 300 325 34.4 0.5 5.3 52.8 80.5 27.1 

Stn 25 E13 2017 48.2923 -69.3817 322 325 34.4 0.6 5.3 52.6 78.6 27.1 

Stn 23 E19 2017 48.7013 -68.6514 2 345 25.2 1.5 6.7 296.3 81.4 19.7 

Stn 23 E19 2017 48.7013 -68.6514 60 345 31.9 0.6 0.0 294.4 96.1 25.6 

Stn 23 E19 2017 48.7013 -68.6514 300 345 34.4 0.5 5.5 46.3 95.2 27.2 

Stn 23 E19 2017 48.7013 -68.6514 335 345 34.5 0.5 5.5 45.1 89.5 27.2 

Stn Panache R. Outardes P2 2017 48.9918 -68.5900 2 
 

16.7 4.9 9.6 321.9 85.0 12.8 

Stn 22.5N E20 2017 48.9830 -68.5215 2 
 

23.2 1.8 7.2 324.9 81.5 18.0 

Stn 22 E21 2017 48.9340 -68.0923 3 352 22.4 2.0 9.5 380.1 68.0 17.2 

Stn Panache R. Manicouagan P3 2017 49.2012 -68.0870 3 
 

18.7 3.6 8.2 322.1 85.5 14.6 

Stn 21.5N E22 2017 49.1689 -67.9574 2 
 

23.3 1.8 9.5 378.9 74.1 17.9 

Stn 21 E23 2017 49.0769 -67.3011 2 325 22.1 1.8 9.8 384.2 71.7 16.9 

Stn 21 E23 2017 49.0769 -67.3011 310 325 34.6 0.8 5.9 59.4 91.6 27.3 

Stn 20 G1 2017 49.4285 -66.3169 2 332 28.2 1.4 11.8 288.6 91.5 21.7 

Stn 20 G1 2017 49.4285 -66.3169 33 332 33.5 1.0 -0.3 300.3 95.6 25.7 

Stn 20 G1 2017 49.4285 -66.3169 285 332 34.6 0.7 
 

62.2 98.1 27.2 

Stn 19 G2 2017 49.4917 -65.2198 2 362 27.6 1.8 
 

308.2 90.2 20.9 
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Stn 19 G2 2017 49.4917 -65.2198 275 362 34.6 0.6 
 

63.3 97.9 27.2 

Stn 18 G4 2017 49.2551 -64.2416 2 364 22.7 2.3 
 

379.2 71.8 16.8 

Stn 18 G4 2017 49.2551 -64.2416 35 364 31.7 1.0 
 

322.2 97.9 25.4 

Stn 18 G4 2017 49.2551 -64.2416 270 364 34.5 0.8 
 

72.1 98.4 27.2 

Stn 18 G4 2017 49.2551 -64.2416 372 364 34.8 0.6 
 

87.3 95.0 27.4 

Stn Anticosti G5 2017 49.3674 -63.9454 3 
 

28.1 1.4 
 

293.5 90.4 21.6 

Stn Anticosti G5 2017 49.3674 -63.9454 50 
 

32.0 1.0 
 

321.9 97.9 25.7 

Stn Jupiter P4 2017 49.4744 -63.6605 3 
 

30.4 1.3 
 

317.1 91.8 23.8 

Stn St-Fulgence S1 2018 48.4211 -70.8577 3 69 0.3 6.4 5.1 366.1 53.2 0.2 

Stn St-Fulgence S1 2018 48.4211 -70.8577 60 69 28.9 1.7 0.9 248.2 95.9 23.2 

Stn Sag 05 S2 2018 48.4125 -70.8210 3 89 0.9 5.9 4.9 365.9 55.9 0.7 

Stn Sag 15 S3 2018 48.3952 -70.6892 3 234 3.1 5.8 4.5 362.8 59.9 2.7 

Stn Sag 20 S4 2018 48.3703 -70.5763 3 259 3.0 6.0 4.5 365.8 60.8 2.0 

Stn Sag 30 S5 2018 48.3593 -70.3899 3 268 3.0 5.7 4.5 368.9 62.0 2.3 

Stn Sag 30 S5 2018 48.3593 -70.3899 80 268 29.1 1.3 0.6 268.6 95.8 23.3 

Stn Sag 30 S5 2018 48.3593 -70.3899 256 268 30.6 1.2 1.5 219.1 93.9 24.5 

Stn Sag 36  S6 2018 48.2628 -70.1474 3 228 3.4 5.5 5.8 363.0 64.1 2.6 

Stn Sag 42 S7 2018 48.2288 -69.9133 3 157 5.1 5.3 5.7 354.6 63.7 4.0 

Stn Sag 48  S8 2018 48.1357 -69.7479 3 184 13.6 4.3 4.7 330.5 76.2 10.7 

Stn Sag 48 S8 2018 48.1357 -69.7479 170 184 29.9 1.1 1.3 280.0 90.5 24.0 

Stn Sag EXT1 E10 2018 48.1147 -69.6030 3 34 26.2 1.7 2.9 292.1 85.2 20.8 

Stn Sag EXT2 E11 2018 48.1524 -69.5824 3 148 24.9 1.8 5.9 298.5 77.5 19.7 

Stn Sag EXT2 E11 2018 48.1524 -69.5824 20 148 27.3 1.3 3.9 292.2 83.9 21.7 

Stn A E1 2018 46.8459 -71.1614 3 26 0.1 3.9 13.5 292.6 46.8  

Stn D E3 2018 47.1294 -70.6843 3 10 0.6 4.6 12.6 288.8 0.2  

Stn DE E4 2018 47.1794 -70.6199 3 17 2.9 4.3 11.5 286.1 0.2 1.8 

Stn DE E4 2018 47.1794 -70.6199 12 17 7.2 4.1 9.7 281.3 0.2 5.3 

Stn E E5 2018 47.2437 -70.5562 3 29 6.6 4.0 10.2 284.0 1.6 4.0 

Stn E E5 2018 47.2437 -70.5562 25 29 13.6 3.2 7.3 279.0 0.2 10.6 

Stn F1 E6 2018 47.4080 -70.2822 3 47 13.5 2.9 8.4 280.2 10.1 10.3 
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Stn F1 E6 2018 47.4080 -70.2822 25 47 25.8 1.8 2.6 266.9 2.4 20.6 

Stn G E7 2018 47.5115 -70.1629 3 62 15.8 2.7 6.8 279.5 21.0 13.6 

Stn G E7 2018 47.5115 -70.1629 46 62 25.1 1.8 2.9 267.2 0.6 20.0 

Stn 25 E13 2018 48.2923 -69.3817 3 325 25.2 1.6 5.1 303.3 69.2 20.1 

Stn 25  E13 2018 48.2923 -69.3817 72 325 31.8 0.9 -0.7 306.1 97.0 25.5 

Stn 25 E13 2018 48.2923 -69.3817 200 325 33.5 0.9 3.3 131.3 96.5 26.7 

Stn 25 E13 2018 48.2923 -69.3817 315 325 34.4 0.7 5.5 56.9 83.9 27.1 

Stn 24  E14 2018 48.4227 -69.1177 3 310 26.9 1.5 3.1 288.4 86.2 22.1 

Stn 24  E14 2018 48.4227 -69.1177 58 310 32.2 0.7 -0.1 267.8 96.7 25.8 

Stn 24  E14 2018 48.4227 -69.1177 294 310 34.4 0.8 5.6 49.6 82.2 27.2 

Stn 23A  E15 2018 48.7713 -68.8864 3 88 25.0 1.7 6.7 351.4 63.6 19.5 

Stn 23A  E15 2018 48.7713 -68.8864 75 88 32.3 0.8 0.1 256.9 94.5 25.9 

Stn 23B E16 2018 48.7436 -68.8511 3 123 25.1 1.6 5.9 283.0 71.0 19.7 

Stn 23B E16 2018 48.7436 -68.8511 115 123 33.0 0.7 1.8 193.1 88.8 26.4 

Stn 23C  E17 2018 48.6994 -68.7958 3 197 24.9 1.7 5.8 285.8 69.1 19.6 

Stn 23E  E18 2018 48.5565 -68.6059 3 45 25.3 1.7 4.8 279.1 68.3 19.9 

Stn 23  E19 2018 48.7013 -68.6514 3 345 25.6 1.8 6.3 285.5 69.2 19.3 

Stn 23 E19 2018 48.7013 -68.6514 50 345 31.8 1.0 -0.7 306.7 98.1 25.6 

Stn 22  E21 2018 48.9340 -68.0923 2 352 23.4 1.9 6.1 397.3 60.7 18.3 

Stn 22 E21 2018 48.9340 -68.0923 338 352 34.6 0.7 5.8 54.7 90.0 27.2 

Stn 21 E23 2018 49.0769 -67.3011 3 325 27.3 1.6 5.3 393.5 81.3 21.6 

Stn 21 E23 2018 49.0769 -67.3011 200 325 34.0 0.7 4.7 80.4 97.1 27.0 

Stn 21 E23 2018 49.0769 -67.3011 310 325 34.6 0.7 6.0 60.9 89.6 27.3 

Stn 20 G1 2018 49.4285 -66.3169 3 332 27.5 1.5 5.7 392.9 87.9 22.3 

Stn 20 G1 2018 49.4285 -66.3169 30 332 31.7 1.1 -0.6 319.4 95.4 25.5 

Stn 19  G2 2018 49.4917 -65.2198 3 362 30.9 1.2 5.6 308.6 98.4 24.1 

Stn 19  G2 2018 49.4917 -65.2198 36 362 32.0 1.0 0.0 282.4 97.3 25.8 

Stn 19 G2 2018 49.4917 -65.2198 260 362 34.6 0.7 6.0 61.5 98.5 27.2 

Stn 19 G2 2018 49.4917 -65.2198 347 362 34.8 0.7 6.2 70.5 94.5 27.3 

Stn 18.5 G3 2018 49.3253 -64.3934 3 389 28.3 1.3 5.0 349.3 90.1 22.3 
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Stn 18.5 G3 2018 49.3253 -64.3934 70 389 31.8 0.9 -0.7 309.4 97.7 25.5 

Stn 18.5 G3 2018 49.3253 -64.3934 280 389 34.6 0.6 6.0 63.4 98.6 27.2 

Stn 18.5 G3 2018 49.3253 -64.3934 375 389 34.8 1.3 6.2 71.3 94.2 27.4 

Stn 18 G4 2018 49.2551 -64.2416 3 364 29.0 1.3 5.3 329.9 92.4 22.9 

Stn 18 G4 2018 49.2551 -64.2416 58 364 31.8 0.9 -0.8 307.8 98.1 25.5 

Stn 18  G4 2018 49.2551 -64.2416 200 364 34.3 0.6 5.4 79.2 98.3 27.0 

Stn 18  G4 2018 49.2551 -64.2416 375 364 34.8 0.5 6.3 89.1 96.2 27.4 

Stn 17 G6 2018 48.8004 -62.5253 3 379 30.0 1.2 6.1 313.0 97.6 23.6 

Stn 17  G6 2018 48.8004 -62.5253 28 379 31.3 1.2 0.2 322.7 90.4 25.1 

Stn 17  G6 2018 48.8004 -62.5253 64 379 31.8 0.9 -0.8 311.8 99.1 25.5 

Stn 17  G6 2018 48.8004 -62.5253 270 379 34.7 0.7 6.7 94.6 98.8 27.3 

Stn 17  G6 2018 48.8004 -62.5253 365 379 34.9 0.7 6.4 103.3 95.0 27.4 

Stn 16 G7 2018 48.4944 -61.4124 3 418 30.9 1.0 3.4 110.5 96.4 27.5 

Stn 16 G7 2018 48.4944 -61.4124 61 418 31.6 0.9 -0.3 93.9 99.0 27.2 
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Table B.2 BIX, HIX and FI values calculated at the various time points for both control and irradiated 

samples. 

Sample BIX HIX FI 

Control Irradiated  Control Irradiated  Control Irradiated  

0.5hrs - 1 0.92 0.94 0.39 0.36 1.14 1.20 

0.5hrs - 2 1.08 0.97 0.32 0.39 1.18 1.22 

4.5hrs - 1 1.02 1.29 0.40 0.49 1.29 1.22 

4.5hrs - 2 1.07 1.19 0.38 0.48 1.24 1.20 

18hrs - 1 1.35 1.21 0.33 0.62 1.28 1.21 

18hrs - 2 1.51 1.38 0.33 0.51 1.25 1.21 

30hrs - 1 1.38 1.35 0.37 0.55 1.17 1.24 

30hrs - 2 1.21 1.29 0.47 0.61 1.29 1.20 

96hrs - 1 1.47 1.19 0.41 0.66 1.26 1.16 

96hrs - 2 1.41 1.25 0.48 0.66 1.27 1.23 

 

 
Figure B.0.1 Relationship between DOC concentration and total fluorescence for surface waters along the 

St. Lawrence River, Estuary and Gulf as well as the Saguenay Fjord 
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Appendix C 
 

Additional data collected throughout the research presented in this thesis including molecular 

and/or isotopic characterization of various oil samples. Included in this section are hydrocarbons 

extracted from a crude oil and a terrestrial sediment (station G). The alkanes and PAH fraction 

were combined at various levels (10% crude oil, 90% natural, etc.) and measured for 

concentration and carbon isotope values.  
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Table C.1 Carbon isotope values (‰) of n-alkanes for various oil samples analyzed in triplicate with their standard deviations 

 
L040457-04 
Sweet 4 

L35070-01 
Petrolia 
Haldiman #4 

L035228-05 
Suncor Light 
Sahara 

L035228-05 
Suncor Light 
Troll 

L035071-01 
Junex 

Bakken Shale L040457-21 
Synth 1 

L040457-06 
Medium Sour 2 

L040457-05 
Medium Sour 
1 

L040457-23 
Synbit 1 

L040457-24 
Synbit 2 

chain 
length  

avg SD avg SD avg SD avg SD avg SD avg SD avg SD avg SD avg SD avg SD avg SD 

20 -31.36 0.24 -31.80 0.29 -29.88 0.49 -28.93 0.47 -30.86 0.22 -29.96 0.32 -31.72 0.16 -31.32 0.26 -31.74 0.05 -31.82 0.03 -31.33 0.32 

21 -31.16 0.23 -31.48 0.24 -30.58 0.17 -29.29 0.15 -30.99 0.23 -30.31 0.06 -31.57 0.21 -31.19 0.05 -31.67 0.08 -31.29 0.26 -31.22 0.22 

22 -31.18 0.21 -31.43 0.22 -30.37 0.18 -29.70 0.20 -31.08 0.18 -30.83 0.20 -31.60 0.13 -31.18 0.12 -31.57 0.13 -31.76 0.22 -31.30 0.29 

23 -30.73 0.03 -31.30 0.25 -30.25 0.18 -29.31 0.07 -31.10 0.20 -30.47 0.10 -31.47 0.05 -31.10 0.20 -31.55 0.06 -31.38 0.01 -31.18 0.31 

24 -30.95 0.12 -31.11 0.58 -30.06 0.11 -29.10 0.05 -30.99 0.20 -30.42 0.14 -31.82 0.08 -31.34 0.10 -31.75 0.13 -31.72 0.05 -31.39 0.23 

25 -30.40 0.17 -31.18 0.37 -29.74 0.63 -29.23 0.10 -30.52 0.17 -30.51 0.22 -31.29 0.25 -31.00 0.09 -31.65 0.14 -31.19 0.08 -31.26 0.14 

26 -30.48 0.41 -31.10 0.45 -30.02 0.14 -28.94 0.21 -30.84 0.37 -30.03 0.17 -31.25 0.17 -30.68 0.07 -31.41 0.06 -31.60 0.57 -30.97 0.39 

27 -30.16 0.17 -31.19 0.24 -30.12 0.18 -28.99 0.20 -30.81 0.25 -30.32 0.18 -31.21 0.58 -30.37 0.26 -31.35 0.40 -31.30 0.40 -30.65 0.19 

28 -30.25 0.28 -31.13 0.22 -30.00 0.07 -28.99 0.14 -30.78 0.11 -30.14 0.10 -30.82 0.22 -30.01 0.53 -30.95 0.05 -31.58 0.39 -30.29 0.15 

29 -30.35 0.25 -31.10 0.23 -30.00 0.14 -29.45 0.76 -30.89 0.09 -30.11 0.10 -31.28 0.16 -31.18 0.85 -31.59 0.21 -32.32 0.13 -30.75 0.37 

30 -30.29 0.03 -31.06 0.30 -30.08 0.14 -29.21 0.78 -31.02 0.81 -30.09 0.10 -30.74 0.47 -31.38 0.80 -31.62 0.17 -31.04 0.86 -30.63 0.36 

31 -30.63 0.61 
  

-30.01 0.16 -29.25 0.33 -30.94 0.17 
  

-30.28 0.39 -31.07 0.57 -31.39 0.35 
  

-31.25 1.60 

32 -28.92 0.87 
  

-30.15 0.07 -29.31 0.07 -31.04 0.27 
    

-29.92 1.13 -30.83 0.31 
  

-30.76 1.45 

33 -29.19 1.94 
  

-30.40 0.22 -29.48 0.21 
      

-30.29 0.82 -32.54 1.93 
  

-29.71 1.71 

34   
  

-30.45 0.19 -29.52 0.17 
      

-31.92 0.15 -31.38 0.02 
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 Table C.2 PAH concentrations (ppm) of mixed hydrocarbon samples 

 

 
  

 
0% oil  10% oil  20% oil  30% oil  40% oil  50% oil  60% oil  70% oil  80% oil  90% oil  100% oil  

Compound Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD 

NP 0.01 0.00 0.53 0.04 1.12 0.05 1.71 0.09 2.17 0.05 2.59 0.12 3.06 0.06 3.84 0.05 4.17 0.07 4.86 0.21 5.29 0.08 

2-MNP 
 

 1.50 0.10 3.14 0.13 4.76 0.22 5.93 0.14 6.85 0.30 8.04 0.11 9.93 0.10 10.84 0.22 12.36 0.45 13.29 0.24 

1-MNP 
 

 1.05 0.07 2.27 0.10 3.52 0.16 4.45 0.12 5.23 0.31 6.20 0.04 7.65 0.11 8.45 0.16 9.70 0.39 10.48 0.17 

FL 
 

 0.15 0.01 0.32 0.02 0.44 0.05 0.60 0.02 0.69 0.05 0.83 0.04 1.08 0.01 1.17 0.04 1.39 0.06 1.55 0.04 

PHE 1.15 0.05 1.32 0.06 1.46 0.07 1.65 0.08 1.74 0.04 1.77 0.12 1.90 0.04 2.18 0.04 2.23 0.05 2.48 0.11 2.59 0.03 

ANT 0.07 0.01 0.07 0.02 0.04 0.01 0.03 0.01 0.01 0.00             

FLA 2.15 0.07 2.02 0.09 1.78 0.09 1.61 0.07 1.34 0.02 1.01 0.07 0.75 0.05 0.51 0.03 0.52 0.02 0.09 0.02 
 

0.00 

RET 4.44 0.09 4.16 0.18 3.76 0.17 3.39 0.16 2.88 0.06 2.23 0.17 1.75 0.06 1.40 0.02 0.97 0.05 0.50 0.04 
 

0.01 

PYR 1.70 0.05 1.62 0.07 1.47 0.07 1.36 0.08 1.16 0.03 0.93 0.09 0.72 0.04 0.57 0.02 0.56 0.01 0.22 0.02 
 

0.02 

BaA 0.75 0.03 0.66 0.05 0.56 0.03 0.45 0.05 0.33 0.01 0.20 0.04 0.09 0.01 0.02 0.01       

CHR 0.98 0.05 0.92 0.05 0.78 0.06 0.70 0.06 0.56 0.01 0.43 0.05 0.28 0.05 0.22 0.01 0.10 0.01     

BbF 1.18 0.04 1.09 0.07 0.93 0.03 0.84 0.05 0.68 0.03 0.47 0.04 0.33 0.02 0.24 0.02 0.08 0.02     

BkF 0.41 0.02 0.35 0.01 0.29 0.01 0.24 0.03 0.16 0.00 0.04 0.02           

BaP 0.83 0.01 0.77 0.03 0.68 0.04 0.59 0.03 0.48 0.01 0.29 0.03 0.18 0.01 0.11 0.01       

PER 7.33 0.17 6.83 0.28 6.16 0.24 5.53 0.23 4.70 0.06 3.83 0.23 3.05 0.08 2.40 0.07 1.52 0.04 0.63 0.05 
 

 

IcdP 0.39 0.02 0.37 0.03 0.26 0.03 0.17 0.02 0.07 0.02 0.14 0.03 0.04 0.01         

BghiP 0.41 0.01 0.36 0.03 0.27 0.02 0.20 0.03 0.09 0.01             
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Table C.3 Alkane concentrations (ppm) of mixed hydrocarbon samples 

 

 

  

 
0% oil  10% oil  20% oil  30% oil  40% oil  50% oil  60% oil  70% oil  80% oil  90% oil  100% oil  

chain 
length 

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD 

12 2.55 0.10 3.26 0.09 3.65 0.15 4.49 0.14 4.75 0.18 5.86 0.10 5.93 0.37 6.85 0.10 7.78 0.56 7.79 0.02 8.75 0.54 

13 0.12 0.04 1.00 0.03 1.71 0.09 2.64 0.12 3.21 0.14 4.39 0.06 5.08 0.37 6.26 0.08 7.43 0.53 7.74 0.01 8.89 0.56 

14 2.85 0.11 3.52 0.09 3.83 0.18 4.54 0.12 4.77 0.19 5.73 0.09 5.84 0.36 6.64 0.04 7.43 0.56 7.41 0.03 8.20 0.51 

15 1.18 0.04 1.94 0.05 2.47 0.10 3.28 0.11 3.69 0.16 4.71 0.06 5.05 0.33 6.01 0.06 6.97 0.51 7.09 0.03 8.06 0.48 

16 1.02 0.06 1.78 0.07 2.23 0.16 2.98 0.12 3.36 0.18 4.39 0.08 4.78 0.39 5.66 0.05 6.59 0.59 6.63 0.01 7.57 0.51 

17 2.54 0.09 3.10 0.10 3.37 0.12 3.97 0.08 4.13 0.17 4.96 0.06 5.14 0.31 5.82 0.07 6.56 0.52 6.48 0.02 7.28 0.51 

18 0.80 0.06 1.42 0.05 1.83 0.11 2.50 0.13 2.81 0.11 3.72 0.04 3.97 0.27 4.77 0.06 5.60 0.51 5.65 0.01 6.52 0.46 

19 1.61 0.04 2.06 0.05 2.36 0.10 2.87 0.07 3.11 0.08 3.80 0.05 3.98 0.28 4.63 0.06 5.24 0.46 5.18 0.03 5.85 0.40 

20 1.25 0.05 1.72 0.04 1.99 0.09 2.50 0.07 2.73 0.10 3.39 0.05 3.63 0.20 4.17 0.04 4.79 0.41 4.81 0.03 5.47 0.33 

21 2.57 0.07 2.91 0.07 2.99 0.08 3.36 0.11 3.35 0.12 3.93 0.09 3.99 0.24 4.40 0.03 4.88 0.46 4.72 0.03 5.15 0.31 

22 2.09 0.09 2.52 0.06 2.71 0.14 3.12 0.08 3.23 0.12 3.85 0.07 3.99 0.20 4.48 0.05 5.07 0.40 4.98 0.02 5.53 0.35 

23 5.97 0.16 6.03 0.12 5.66 0.20 5.76 0.09 5.33 0.18 5.62 0.13 5.14 0.36 5.23 0.04 5.22 0.48 4.61 0.00 4.54 0.29 

24 2.50 0.07 2.74 0.09 2.72 0.12 3.01 0.08 3.01 0.10 3.42 0.11 3.20 0.26 3.67 0.01 3.98 0.37 3.81 0.02 4.10 0.26 

25 8.37 0.31 8.22 0.18 7.56 0.24 7.41 0.17 6.79 0.13 6.81 0.16 6.03 0.43 5.83 0.05 5.37 0.54 4.51 0.03 3.81 0.20 

26 2.90 0.14 2.96 0.08 2.80 0.11 2.94 0.07 2.72 0.11 3.01 0.06 2.70 0.19 2.86 0.01 2.92 0.27 2.66 0.01 2.69 0.19 

27 11.70 0.30 11.44 0.24 10.36 0.21 9.97 0.17 8.74 0.27 8.45 0.19 6.95 0.50 6.19 0.13 5.03 0.54 3.40 0.02 1.76 0.10 

28 2.95 0.14 3.00 0.10 2.71 0.08 2.73 0.04 2.43 0.08 2.53 0.06 2.02 0.24 2.01 0.02 1.74 0.20 1.36 0.01 1.17 0.10 

29 12.14 0.28 11.86 0.24 10.69 0.29 10.21 0.19 8.80 0.25 8.37 0.23 6.60 0.48 5.64 0.14 4.27 0.53 2.70 0.05 0.91 0.07 

30 1.90 0.22 1.93 0.07 1.65 0.06 1.57 0.03 1.34 0.05 1.34 0.03 0.91 0.15 0.92 0.01 0.75 0.09 0.58 0.00 0.38 0.02 

31 10.56 0.30 10.31 0.23 9.15 0.23 8.63 0.10 7.25 0.25 6.87 0.16 5.00 0.47 4.38 0.10 3.11 0.39 1.83 0.03 0.68 0.04 

32 1.83 0.15 1.91 0.07 1.74 0.07 1.73 0.04 1.50 0.05 1.51 0.03 1.23 0.08 1.19 0.03 1.07 0.04 1.01 0.02 0.84 0.03 

33 4.47 0.30 4.57 0.17 3.95 0.14 3.73 0.03 3.09 0.11 3.00 0.05 2.16 0.24 2.09 0.04 1.61 0.11 1.25 0.01 0.90 0.00 

34 1.49 0.14 1.59 0.02 1.46 0.04 1.42 0.03 1.29 0.02 1.26 0.04 1.12 0.03 1.14 0.04 1.09 0.03 1.02 0.01 0.97 0.01 

35 2.14 0.19 2.18 0.03 1.96 0.05 1.87 0.07 1.64 0.06 1.66 0.06 1.33 0.07 1.33 0.01 1.23 0.02 1.13 0.01 1.08 0.00 

36 1.40 0.08 1.52 0.03 1.43 0.04 1.43 0.02 1.29 0.03 1.32 0.02 1.21 0.02 1.21 0.02 1.19 0.02 1.17 0.00 
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Table C.4 Carbon isotope values (‰) of n-alkanes of mixed hydrocarbon samples 

 

 

 
0% oil  10% oil  20% oil  30% oil  40% oil  50% oil  60% oil  70% oil  80% oil  90% oil  100% oil  

Chain 
Length 

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD 

20 -31.88 0.32 -31.86 0.32 -31.58 0.12 -31.43 0.54 -31.09 0.32 -30.70 0.62 -31.16 0.05 -31.44 0.12 -31.00 0.55 -31.08 0.12 -31.36 0.24 

21 -31.56 0.12 -31.36 0.17 -31.19 0.09 -31.28 0.31 -31.23 0.08 -31.10 0.20 -31.06 0.13 -31.17 0.09 -30.72 0.55 -30.93 0.04 -31.16 0.23 

22 -32.23 0.10 -32.04 0.10 -31.88 0.09 -31.67 0.14 -31.22 0.23 -31.05 0.19 -31.32 0.36 -31.37 0.04 -30.89 0.55 -30.90 0.10 -31.18 0.21 

23 -31.22 0.03 -31.01 0.12 -30.90 0.08 -30.88 0.14 -30.77 0.10 -30.74 0.05 -30.88 0.32 -30.94 0.07 -30.55 0.57 -30.59 0.09 -30.73 0.03 

24 -33.26 0.10 -32.91 0.04 -32.61 0.09 -32.39 0.14 -31.77 0.04 -31.39 0.28 -31.92 0.94 -31.84 0.10 -31.26 0.41 -31.14 0.06 -30.95 0.12 

25 -30.97 0.03 -30.79 0.03 -30.52 0.06 -30.60 0.13 -30.53 0.16 -30.63 0.27 -30.96 0.95 -30.70 0.07 -30.83 0.50 -30.29 0.12 -30.40 0.17 

26 -34.05 0.04 -33.68 0.23 -31.93 1.13 -31.89 1.13 -30.87 0.07 -30.67 0.10 -30.43 0.02 -30.92 0.14 -30.51 0.48 -30.54 0.14 -30.48 0.41 

27 -31.76 0.04 -31.59 0.05 -31.29 0.13 -31.53 0.05 -31.36 0.04 -31.08 0.13 -31.13 0.32 -31.37 0.16 -30.95 0.43 -31.07 0.06 -30.16 0.17 

28 -31.66 0.22 -30.78 0.94 -31.62 0.13 -31.35 0.38 -31.12 0.23 -30.86 0.29 -30.96 0.22 -30.98 0.41 -30.72 0.65 -30.50 0.34 -30.25 0.28 

29 -32.26 0.02 -32.12 0.03 -31.87 0.06 -32.06 0.05 -31.85 0.03 -31.77 0.09 -31.77 0.19 -31.98 0.04 -31.43 0.46 -31.51 0.11 -30.35 0.25 

30 -32.07 0.09 -31.85 0.09 -31.73 0.04 -31.58 0.10 -31.42 0.26 -31.37 0.11 -31.42 0.38 -31.46 0.30 -30.75 0.30 -31.18 0.21 -30.29 0.03 

31 -32.79 0.07 -32.68 0.09 -32.46 0.00 -32.51 0.13 -32.34 0.05 -32.40 0.10 -32.42 0.23 -32.58 0.09 -32.02 0.56 -31.73 0.19 -30.63 0.61 

32 -30.61 0.02 -29.93 0.79 -31.30 0.25 -30.27 0.41 -30.11 0.44 -30.22 0.56 -30.58 0.16 -30.53 0.74 -30.69 0.05 
  

-28.92 0.87 

33 -32.06 0.15 -31.99 0.04 -32.02 0.17 -31.82 0.09 -31.79 0.05 -32.06 0.39 -31.79 0.20 -32.23 0.22 -31.55 0.55 
  

-29.19 1.94 

34 -31.96 0.04 -31.03 0.05 -31.27 0.43 -31.12 0.42 -30.98 0.10 -31.32 0.36 -30.77 0.04 
        

35 -32.03 0.44 -30.62 0.21 -30.44 0.57 -30.93 0.36 -31.14 0.85 -31.93 1.33 -30.09 0.71 
        


