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Abstract 

Earth’s climate is prone to natural and episodic cycles. The most recent period of 

climate change, the only one to be caused by humans, is significantly affecting 

species composition and landscapes. Northern expansion of the Boreal Forest in 

Canada is one of the expected outcomes, and tree line migration northward is one of 

the anticipated changes. Previous studies have found that many human activities like 

agriculture, grazing, and pastoralism can significantly affect tree line movement. 

Improving our ability to examine past tree line dynamics can be achieved using 

archival records in lake sediments. In this study, we focused on three sediment 

biomarkers that may be related to the presence of trees in a lake’s catchment: n-

alkanes, lignin-derived phenols, and stable isotopes of carbon. We examined the 

composition of these markers in sediment from 19 lakes in Saskatchewan spanning 4 

ecoregions, from Prairie Grassland to Boreal Plain, to determine the biomarker 

signature for lakes in each ecoregion and relating them to land cover (trees vs 

herbaceous plants) in the catchments of each lake. The results showed that n-alkane 

composition was significantly correlated to the proportion of trees to herbaceous 

plants in a lake’s catchment, raising the possibility that these can be used to infer the 

presence of trees in sediment records. The C/N ratio and 13C were not effective in 

distinguishing ecoregions or land cover composition, likely due to algal production in 

the lake and agricultural activities in the surrounding farmland, while lignin-derived 

phenols appeared to be affected by unknown factors. 
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Chapter 1 Introduction 

Recent climate change is a major challenge facing modern society, but the Earth’s 

climate is prone to natural and episodic cycles. Recent climate change must therefore 

be examined in the context of long-term climate variability. For example, over the 

scale of hundreds of thousands of years, Earth’s climate has fluctuated between 

glacial and interglacial cycles, likely due to the cyclicity of the Earth’s orbit 

(Ruddiman, 2000), during which time air temperatures and CO2 concentration in the 

atmosphere have varied in tandem (e.g. Lüthi et al. 2008). In recent decades, global 

temperatures and atmospheric CO2 have drastically increased because of human 

activities (MacDonald, 2010; US Department of Commerce, 2022). A summary from 

the Intergovernmental Panel on Climate Change (IPCC 2021) reported that the global 

average temperature from 2011-2020 had increased by 1.09 °C since 1850-1900 

(Masson-Delmotte et al., 2021), and the World Meteorological Organization (WMO) 

similarly reported 1.2 °C warming in 2020 above the pre-industrial era (State of the 

Global Climate 2020, 2021). In contrast, little net warming was observed between the 

18th and 19th Centuries, and recent warming greatly exceeds natural variation 

estimates. This recent increase in temperature has caused impacts on populations, 

ecosystems, and landscapes over the past hundred years.  

 

Prior to the Industrial Age, temperature anomalies including the Medieval Warm 

Period (MWP, 950 AD – 1250 AD) the Little Ice Age (LIA, 1500 AD – 1700 AD), and 

the Roman Warm Period (250 BC-400 AD) are evidence that climate variability has 
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occurred at other times in history (Adhikari & Kumon, 2001; Carlson, 1977; Cronin et 

al., 2003; Lamb, 1965; Lécuyer et al., 2021; Yamada et al., 2010). These more recent 

climatic anomalies have been attributed to multiple factors, including variations in 

solar activity (Parker, 1999), volcanic activity (Aubry et al., 2022; Bryson & 

Goodman, 1980), and changes to oceanic circulation patterns (Bianchi & McCave, 

1999). Thus, recent climate change must be examined in the context of these other 

cyclical and episodic variabilities.   

 

Recent climate warming has had profound impacts on global ecosystems. For 

example, Leemans & Eickhout (2004) used the IMAGE model to implement IPCC-

SRES scenarios to study the impacts of human activities on ecosystems, and they 

found changes in temperature consistent with climate warming scenarios (1°C~2°C) 

can significantly affect species composition and landscapes. In northern areas like 

Canada, one of the expected outcomes of climate warming is the northern expansion 

of the Boreal Forest toward the tundra region (ACIA, 2005).  

 

The tree line refers to the edge of the forest, where the environmental conditions 

beyond the tree line do not support the growth of trees (Körner & Paulsen, 2004). 

Previous studies showed that the tree line is very sensitive to the impact of global 

temperature change (Bharti et al., 2012; Gaire et al., 2017; Mishra & Mainali, 2017; 

Weisberg et al., 2018). The projected increase in temperatures could cause the 

northward expansion of the Boreal Forest, which may also influence the forest’s 
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ability to sequester carbon (ACIA, 2005). Thus, it is meaningful and important to 

develop a method to track and estimate tree line migration over long-time scales 

(centuries-millennia). 

 

Several factors have been shown to contribute to tree line shifts. For example, Gehrig-

Fasel et al. (2007) studied the tree line shift in Switzerland between 1985 to 1997 and 

found that the forest grew back quickly to reduced alpine farming, reduced 

agriculture, and less intensive grazing. Cudlín et al. (2017) and other studies reported 

that land use affected tree line in different European mountains, as the alpine 

grassland was lost to uncontrolled grazing while burning and pastoral activities 

modified the species’ distribution in the Alp (Theurillat & Guisan, 2001) s. Naccarella 

et al. (2020) studied the tree line shift in the Victorian Alps and found that fire can 

strongly impact tree line dynamics. Wotton et al., (2017) evaluated the effect of 

climate change on potential crown fire occurrence and activity fire growth and 

reported that “the proportion of days in fire seasons with the potential for 

unmanageable fire will increase across Canada's forest”, which was realized in 2023 

when over 150000 km2 of forest was burned in Canada alone (CIFFC | Fire Statistics, 

2023). Thébault et al. (2014) suggested that soil microbial communities (fungal-

dominated communities) compete with trees for inorganic N through N 

immobilization, which could eventually limit tree line expansion in high latitudes. 

Given that there are so many factors that can affect tree line, improving our ability to 

project future tree line will have far-reaching implications for the role of Canada’s 
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Boreal Forest, as a major carbon sink, in the global carbon balance.  

 

To better predict the future of northern ecosystems, it is informative to see how and 

whether tree lines migrated in the past. Some methods to study tree line movements 

include dendrochronology and measurement of tree diameter, but these studies are 

limited to short time scales  (Prabinarana et al., 2017; Schweingruber, 2012). 

Dendrochronology can only reveal changes in the past few decades or at most 

centuries, whereas past changes in tree line relative to climate change have a much 

longer history. Comparatively, Viau & Gajewski (2009) tracked tree line positions 

from lake sediment cores using biogenic proxies such as pollen, macrofossils, 

charcoal, and diatoms. Although much information can be garnered from these 

approaches, they are limited due to varying levels of proxy sensitivity. For example, 

pollen can travel by air over hundreds of kilometers, challenging its use as a tree line 

marker.  

 

A longer perspective on past tree line dynamics can help inform predictions of future 

tree line dynamics. Paleolimnology is the study of lake sediment records that can 

often extend records back to the early Holocene or earlier. These studies focus on 

reconstructing the ecological history of inland waters (streams, lakes, and watersheds) 

using pollen records, diatoms, organic matter characterization, and other indicators 

from dated lake sediment deposits. These records can provide information on climate 

change, eutrophication, acidification, and other environmental changes. As the 
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environment changes, biological products in sediments, including organic molecules, 

can help us track those changes. Those biomarkers that flow into lakes quickly deposit 

on the bottom and become part of the lake sediment record. We may then collect the 

lake sediment cores and observe the biomarkers and how they changed over time to 

reconstruct the environment around the lake. Depending on the lakes in different 

ecoregions, we can reconstruct environmental and ecological history with a timeline 

of hundreds to thousands of years in the past. 

 

The objective of this study was to identify sediment biomarkers that may be useful to 

characterize sediments from the different ecotones in Saskatchewan. Ecotones are the 

steep transition areas between distinct ecosystems with different ecological features, 

like Prairie Grassland to Aspen Parkland (Riser, 1990). We focused our sampling on 

Saskatchewan (Canada), which has a complex ecological composition, spanning from 

Prairie Grassland, Aspen Parkland, Boreal Transition, and Boreal Plain Upland, 

including the southern tree line spanning between Prairie Grassland and Aspen 

Parkland. In total, we sampled sediments from 19 lakes from the following ecoregions 

in Saskatchewan: Prairie Grasslands, Aspen Parkland, Boreal Transition, and Boreal 

Uplands (Fig. 1.1).  
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Fig. 1.1. Sampled lakes and the ecoregions in Saskatchewan. Tree line is indicated in 

red. 

 

The Boreal Upland is bordered in the north by the Boreal Plain and Boreal Shield 
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transition, and in the south by the Boreal Transition ecoregion. It is a mix of 

coniferous trees (woody gymnosperms) like Pinaceae and Cupressaceae, and aspens 

(woody angiosperms) like trembling aspen (Populus spp.) (Brandt et al., 2013; 

Herbarium, 2008). The Boreal Transition ecoregion is at the southern end of the 

Boreal Plain ecozone. The dominant species are conifers and aspens, but conifers in 

Boreal Transition are less common than Boreal Upland (Herbarium, 2008). Aspen 

Parkland is the northern end of the Prairie ecozone, which is dominated by aspen, oak 

groves, mixed tall shrubs, and intermittent fescue (C3) grasslands (Herbarium, 2008). 

The Prairie Grassland is part of the temperate grasslands, savannas, and shrublands 

biome, dominated by spear grass and wheat grass (graminoids), and deciduous shrubs 

(woody angiosperms) (Herbarium, 2008). The variety of woody plants and grass 

should affect the chemical composition of sediments, which may be useful for 

tracking changes in ecotones based on lake sediment records (Saleem et al., 2019).  

 

Biomarkers are chemical indicators in organic matter. We can often determine the 

origin of organic matter based on the composition of biomarkers in lake sediment. 

Saleem et al. (2019) showed that many biomarkers like lignin-derived phenols and n-

alkanes had been used effectively for historical reconstructions, yet not integrated into 

tree line reconstruction. Saleem et al. (2019) proposed a unique metabolomics-derived 

methodology for untargeted analysis of sediment biomarkers, which provided a means 

to determine how organic matter composition differs among ecoregions, especially for 

studies of tree line.  
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Here I develop some targeted methods to determine the utility of chemical markers in 

sediment, including stable isotopes (13C), leaf epicuticular waxes (n-alkanes), and 

lignin-derived phenols, to characterize lake sediment from specific ecoregions in 

Saskatchewan and the Northwest Territories, specifically for the purpose of 

determining relative contributions from trees and herbaceous plants to sediments. 

Given that sediments can be dated precisely by radiometric methods, these sediment 

biomarkers may therefore be useful for determining when changes in tree line position 

occurred in the past.  

 

n-Alkanes: 

Leaf wax n-alkanes are long carbon chains of varying lengths (Fig. 1.2) produced as 

leaf epicuticular waxes and they function as a protection layer in leaves and needles 

(Post-Beittenmiller, 2003). All terrestrial, emergent, and submerged plants have these 

lipids to help retain water and/or provide leaf protection, but the composition of n-

alkanes can change depending on the plants (Lockheart et al., 1997) and may also 

have a small variance within species through the growing seasons (Sachse et al., 

2009). Furthermore, different environmental conditions (Sachse et al., 2010), species 

(Meyers, 2003), etc. can also affect the composition of n-alkanes (Lockheart et al., 

1997). 
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Fig. 1.2. An example of n-alkanes. The n refers to the ‘normal’ (i.e. straight-chain) 

configuration in the molecule. 

 

Due to the stability of the straight-chain hydrocarbons, n-alkanes can survive in a 

relatively stable sedimentary environment, even for millions of years (Eglinton & 

Logan, 1991). This project examines the composition of different n-alkanes in lake 

sediments from the different ecotones in Saskatchewan that have a wide range of 

dominant plant species in the catchments. n-Alkanes in plant waxes generally have a 

predominance of odd-number carbons (Cranwell, 1973; Eglinton & Hamilton, 1967; 

Otto, Simoneit, et al., 2005) because they are synthesized by decarboxylation of even-

numbered fatty acids. According to dominant species in different ecozones (mosses, 

wooden plants, or grasses), variations of n-alkanes in different plant species and 

environmental conditions have been studied and used to trace the source and delivery 

processes of terrestrial organic matter (Seki et al., 2010). The C17 alkane is primarily 

produced by algae (Cranwell et al., 1987), whereas Ficken et al. (2000) found C23-

C25 are mostly from non-emergent (aquatic) plants. Emergent (aquatic) plants were 

seen to have a similar n-alkane composition with terrestrial plants having n-

alkanes >C29. Cranwell (1973) suggested that C27 and C29 may be more abundant in 

lake sediments where the watersheds are dominated by deciduous and coniferous 

trees, and C31 should be more abundant in sediments of lakes where the major input 

is from grasses, but they did not demonstrate this quantitatively. These studies do 

suggest that the composition of n-alkanes can provide information about the 



10 

 

predominant sources of organic matter, which may therefore allow us to distinguish 

sediments with different land covers in their catchments. Considering the lake 

sediment is a mixture of biomaterials from both woody and nonwoody plants from 

various sources, we decided to focus our study on the relationship between n-alkane 

composition and the proportion of terrestrial woody plants in the watershed of the 

studied lakes. We focused on C27, C29, and C31 which are the dominant n-alkanes of 

grasses and trees. 

 

Lignin-derived phenols: 

Lignin-derived phenols are classified into four basic classes, which are p-hydroxyl, 

vanillyl, syringyl, and cinnamyl phenols (Fig. 1.3). Compared with other sediment 

biomarkers, lignin-derived phenols could better present the differences between 

ecoregions on land because lignin is produced entirely by terrestrial organic matter 

(Hedges & Mann, 1979a). Given that lignins are not produced by aquatic plants, they 

effectively track the organic matter influx from land to lake sediments and may help 

us distinguish between the ecotones considered here (Hedges & Mann, 1979a).  

 

Analyzing the concentration of lignin-derived phenols in the sediment can provide 

statistically meaningful results reflecting the woody plants present in an area, which 

can eventually be used to track long-term tree line movement in dated lake sediment 

cores. Moreover, Hedges & Mann, (1979b) plotted the lignin-derived phenols of 

different plants and showed that they produce distinctive types of phenols (Fig. 1.4). 
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Gymnosperm woods only contain vanillyl derivatives with low S/V and C/V ratios, 

while vanillyls and syringyls derivatives in angiosperms are about equal (Hedges & 

Mann, 1979a). Other than woody tissues, non-woody tissues in gymnosperms and 

angiosperms like leaves and grasses contains high cinnamyl derivatives (Iiyama et al., 

1990; Lam et al., 2001). Thus, we can analyze the phenol types in the lake sediment 

and plot the S/V and C/V ratios to determine relative contributions from 

gymnosperms (conifers) and angiosperms (mainly deciduous trees). We predict that 

the samples from the Boreal Upland will contain a more even mix of gymnosperm 

and angiosperm woody sources, whereas Boreal Transition samples will contain more 

angiosperms, Aspen Parkland will be weighted more toward angiosperm woody 

sources, and Prairie grasslands will fall into angiosperm nonwoody space as shown in 

Fig. 1.4. 

 

Fig. 1.3. Lignin-derived phenols with the alkaline CuO oxidation: H-type, V-type, S-

type, and C-type phenols. Figure from Thevenot et al. (2010). 
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Fig. 1.4. Plots of lignin parameters for surface sediments. S/V: Syringyl/Vanillyl. C/V 

= Cinnamyl/Vanillyl. The plot was generated based on the results from (Hedges & 

Mann, 1979b). 

 

Stable isotopes of carbon: 

Stable isotopes are elements that do not decay into other elements or other isotopes 

over time. Their abundance in various environmental media has been useful to reveal 

different sources of organic matter (Meyers, 1997). When plants perform 

photosynthesis, they absorb and reduce inorganic carbon (CO2) and release oxygen. 

The proportion of 13C (1.1%) as CO2 and CH4 is much lower than 12C (98.9%) 

(O’Leary, 1988), and the 13C/12C ratio is even lower in plants because photosynthesis 

tends to assimilate the lighter 12C preferentially over the heavier 13C. The different 

photosynthetic pathways used by C3 and C4 plants therefore result in different 13C 
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values, providing information on the source of C. 

 

The 13C of bulk organic C may also be used as a proxy to identify if the primary OM 

source is C3 or C4 plants. Differences between C3 and C4 plants on 13C and C/N 

ratios are in Fig. 1.5, where C3 plants (-33 to -24 ‰) have much lower 13C than C4 

plants (−16 to −10‰, (O’Leary, 1988). C4 plants convert CO2 into bicarbonate, then 

the enzyme phosphoenolpyruvate (PEP) carboxylase fixes it to oxaloacetate to 

produce malate (Hayes, 2001). Malate is then transported to the bundle sheath cells, 

re-oxidized, and decarboxylated back into CO2 and pyruvate to maintain high internal 

CO2 and avoid competing photorespiration reactions (Hayes, 2001). This process 

concentrates 13CO2 and results in higher 13C values in C4 plants (such as grasses in 

the studied ecoregions). In this study, we will determine 13C in bulk sediments using 

Equation 1: 

Equation 1.   

13C can therefore help us identify whether C3 or C4 plants predominate as sources of 

organic matter in lakes and should in principle be higher in Prairie Grasslands lake 

sediments than in the forested Aspen Parklands, Boreal Plains, and Boreal Uplands. 

  

Our goal is to determine a biomarker signature for sediments of lakes in the studied 

ecoregions using the results of the targeted biomarker analysis. If we can distinguish 

sediments in lakes from each of the different ecoregions, we hypothesize that the 
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composition of lake sediments in dated sediment cores may reveal details about 

changes in organic matter sources and therefore in land cover type over time in more 

detailed paleolimnological investigations. 

 

 

Fig. 1.5. Plotted 13C and C/N ratios of C3, C4, and algae in the lake sediment. Figure 

from Meyers (2003). 
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Chapter 2 Methods 

2.1 Sample site selection 

We sampled 19 lakes from the following 4 ecoregions in Saskatchewan (Canada): 

Prairie Grassland, Aspen Parkland, Boreal Transition, and Boreal Upland (from 

Southern and Northern end). For each ecoregion we have about an equal number of 

sampled lakes. The location and information of the lakes are summarized in Table 2.1. 

This selection spans a wide range of land cover, from grasslands with no trees to 

completely forested catchments. We selected only headwater lakes to minimize 

biomaterials transported from different ecoregions and to provide the clearest signals 

for the studied ecoregions. Similarly, we selected smaller lakes (ranging from 0.2-6.3 

km2) for consistency among sites, they had catchment area to lake area ratios that 

spanned from 1.6-126.3. Small lakes were also chosen to maximize OM contributions 

from catchments to sediments. To minimize the effect of human activities, we chose 

sites with low impact from residential and agricultural activities in lake catchments. 

For example, all lakes in the Prairie Grassland region of Saskatchewan were situated 

in parks, where agricultural impacts are minimized.  
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2.2 Sample collection 

In August 2021 and 2022, we used a Uwitec gravity corer and polycarbonate core 

tubes to collect 4 sediment cores from the deepest part of each lake, or the deep and 

flat region of the lakes if the deepest site was undetectable. One core was sectioned 

into 1 cm intervals, and the other three were sectioned for top sediments (0 - 2 cm) 

and deep sediments (20 - 22 cm). Sediment samples were then stored in Whirl-Pak® 

bags, frozen, and transported to the laboratory at the University of Ottawa, then stored 

at -20 °C. Subsamples were freeze-dried for further analysis. 

 

2.3 Sediment analyses  

2.3.1 n-Alkane analysis 

For each sampled lake, 0.5 g of dry sediment samples were mixed with the 

diatomaceous earth (rinsed with petroleum ether), packed in the accelerated solvent 

extractor (ASE) cells and extracted by ASE ( at 100 °C, 1450 psi) with 9:1 DCM: 

MeOH (21 ml for each sample). We also ran four blanks to test for analytical 

consistency. For each sample/blank we ran three cycles (5 min static, 90 secs purge 

for each cycle). The extracted lipids were dried with nitrogen gas, further dissolved 

and fractionated with Aluminum oxide column chromatography to separate non-polar 

(4 ml 9:1 Hexane:DCM), ketone (4 ml 1:1 Hexane:DCM), and polar lipids (4 ml 1:1 

DCM:MeOH). The Alumina column was made with 7.5g Al2O3 covered with 2.5g 

Na2SO4, held with a small amount of glass wood at the end of the column, and filled 

with 9:1 Hexane:DCM. 
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Since n-alkenes are also extracted and mixed with n-alkanes in nonpolar extractions, 

we then ran a silver-nitrate-infused silica gel column to separate n-alkenes from the  

n-alkanes (Patalano et al., 2020). The silver nitrate column was composed of 0.5g 

10% SiAgNO3 covered with 0.5g activated silica gel (Grade 923) and washed with 

4ml hexane. In total, 10g 10% SiAgNO3 was prepared for the column with 59 ml 

silver nitrate solution (0.1N) and 10g activated silica gel (Grade 923), stored in a 

drying oven at 75 °C until all water had evaporated. Identification and quantification 

of saturated n-alkanes were achieved using an Agilent Technologies 7890B GC 

system and Agilent Technologies 5977B MSD in electron impact (EI) mode using 

selected ion monitoring (SIM). The mass range for SIM was m/z 85. The column we 

used was the Agilent Technologies column (HP-5MS, 60 m x 250 μm x 0.25 μm). The 

GC oven temperature was isothermal for 2.5 min at 50°C and then programmed from 

50 to 310°C at 16°C/min. For the front injector, the syringe size was 5 μl, and the 

injection volume was 1 μl. More detailed settings are provided in Appendix A. 

 

Here, we focused on the long-chain n-alkanes (>= C19) in the surface sediment to 

evaluate their ability to distinguish the proportions of grasses and higher vascular 

plants in lake catchments. I analyzed the C19 – C35 n-alkanes which provided ratios of 

individual n-alkane abundances. I also applied another two indices, the average chain 

length (ACL) and the carbon preference index (CPI), to enhance our ability to 

characterize the n-alkane distribution in sediments. ACL is the weighted average 
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carbon number of n-alkanes in each sample, which may be useful as an indicator of 

the organic matter sources to sediment (aquatic vs terrestrial), and it is expressed as  

ACL = SUM (Cn x n) / SUM (Cn), 

where n is the number of carbon atoms, and Cn is their concentration in the sample. 

CPI represents the predominance of the odd/even carbon ratio of the n-alkanes and is 

expressed as:  

CPI = [SUModd(C21-C33) + SUModd(C23-C35)]/(2SUMevenC22-C34), 

which is to quantify the odd/even ratio of the n-alkanes (in μg/g) carbon numbers, and 

to capture the level of odd n-alkane dominance (Marzi et al., 1993). Long chain n-

alkanes with CPI greater than 1 suggest the n-alkane sources are weighted to more 

terrestrial plants relative to aquatic plants. We analyzed the concentrations of n-

alkanes in lake sediment as well as their ACL and CPI to characterize differences in 

carbon sources to lake sediments among the different ecoregions. 

 

2.3.2 Lignin-derived phenols 

The residues in the ASE cells from the n-alkane analysis were packed and sent to our 

collaborators (at the University of Toronto in Scarborough) for lignin-derived phenols 

and alkanoic acid analysis. The dried samples (around 0.5 g each) were packed and 

sent to the University of Toronto at Scarborough for the lignin-derived phenols 

isolation and analysis using CuO oxidation (Otto, Shunthirasingham, et al., 2005). 0.5 

g of dried sample was first mixed with 1g of CuO, 100mg of ammonium iron (II) 

sulfate hexahydrate [Fe(NH4)2 (SO4)2·6H2O], and 15 mL of 2 M sodium hydroxide. 
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We then loaded a Teflon-lined bomb with the mixture, purged with N2 gas and heated 

at 170 °C for 2.5 hours, the extracts were transferred to another Teflon tube. We then 

added 10 ml of deionized water to the residues, sonicated each sample for 15 minutes, 

then centrifuged, and combined with other supernatants in Teflon tubes (repeated 

twice). We then acidified the supernatants to pH 1 with hydrochloric acid and kept 

extracts in the dark at room temperature for an hour to prevent the polymerization of 

cinnamic acids. Samples were then centrifuged for 30 min at 2500 rpm and 

supernatants were collected. Supernatants were then extracted by solid-phase 

extraction, and eluted three times with 0.5 mL of 

dichloromethane:methylacetate:pyridine (70:25:5, v:v:v), followed by 0.5 mL of 

methanol (twice). We then dried the CuO oxidized products with anhydrous sodium 

sulfate and N2 gas. The soil extracts were then derivatized prior to gas 

chromatography-mass spectrometry (GC-MS) analysis (Man et al., 2022; Otto & 

Simpson, 2006). 

 

2.3.3 Delta 13C and C/N ratio analysis 

Carbon and nitrogen elemental and isotopic analysis for the sediments of the sampled 

lakes was performed at the Jan Veizer Stable Isotope Laboratory (Ottawa, Ontario). 

Prior to the organic carbon and 13C analysis, we removed the carbonates from the 

sediment by acid fumigation. We added a few drops of distilled water to the dried 

sediment in the glass scintillation vial, then acidified samples by HCl fumes in an acid 

desiccator for 24 hours. To rinse the acidified sediment, we filled 3/4 of the vial with 
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distilled water, left it for one day to settle, and then removed the overlying water 

(leaving 1 to 2 mm above the surface the of sediment). We then rinsed the sediment 

until the pH ~ 7. Acidified sediment samples were weighed out for isotopic analysis 

into tin capsules with Tungstic oxide (WO3, pre-heated overnight at 900 °C to remove 

organic residues). The capsules were then flash combusted at 1800°C in an Elementar 

Vario EL Cube elemental analyzer. The resulting gases were carried by Ultra-pure 

helium through the column and obtained N2, CO2, H2O, and SO2, then separated by 

“trap and purge” method. Details are provided in Appendix B. 

 

2.3.4 Lake trophic level analysis 

Surface water samples were collected using a 2 L Limnos closing water sampler 

(Limnos, Poland). The collected water sample was subsampled immediately for total 

phosphorus (TP) and total nitrogen (TN) into acid-washed plastic vials. The 

subsample for dissolved organic carbon (DOC) was filtered through pre-combusted 

Whatman GF/F filters (nominal pore size 0.7 μm) before being stored in acid-washed, 

brown glass bottles without head space. For chlorophyll a, three replicates of 500 ml 

water sample were filtered onto Whatman GF/F filters and stored frozen for later 

analysis. 

TP, TN, and DOC were analyzed by the GRIL-Université du Québec à Montréal 

(UQAM) analytical laboratory in Montreal following standard protocols (McKenna & 

Doering, 1995; Patton & Kryskalla, 2003; Wetzel & Likens, 2000). Chlorophyll-a 

(Chl-a) was extracted with hot ethanol, after which the extracts were filtered through 
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pre-combusted Whatman GF/F filters (0.2 μm) and analyzed with a Cary Eclipse 

spectrofluorometer (Agilent Technologies) at UQAC following Nusch (1980). The 

extracts were scanned before and after acidification to subtract phaeopigments. 

 

2.4 Watershed delineation  

2.4.1 Watershed boundary generation 

We delineated watershed boundaries using the flow direction and flow accumulation 

functions in ArcGIS Pro (version 3.1). We used the Canadian digital elevation model 

(CDEM, 30m resolution) to generate the flow direction and accumulation layers, 

which presented the accumulated weight of all cells flowing into the nearest 

downslope cell (Canadian Digital Elevation Model, 1945-2011 - Open Government 

Portal). D8 was the flow direction method used and the output data type for flow 

accumulation was float (floating point type). D8 flow direction is defined as the 

direction of flow from one cell to one of its eight adjacent or diagonal neighbors with 

the steepest downward slope. Each individual pour point was set at the highest 

accumulation value on the lake outline which depended on the different flow 

accumulation patterns of the area surrounding the lake. The latter was different for 

every sampled lake due to the varying topography. Then the resulting catchment 

outline from the watershed function was overlayed on the 2019 Global Land Cover 

data (Buchhorn et al., 2020). The Global land cover (100m resolution) included a total 

of 21 land cover types for open forest, closed forest, and other land cover. For both 

open and closed forests, land cover types included evergreen needle-leaved, 
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deciduous needle-leaved, evergreen broadleaved, deciduous broadleaved, mixed type, 

and unknown type. Other land covers considered were shrubland, herbaceous 

vegetation/wetland, moss and lichen, bare/sparse, cropland, built-up, snow and ice, 

and permanent water bodies. The ratio of each land cover type was calculated and 

compared with our n-alkane dataset for estimating the ability of n-alkanes to represent 

the relative proportions of land cover types. The watershed boundaries generated 

based on the CDEM were named Accumulation maps. We also generated zones using 

the buffer function in ArcGIS, which represented the lake shape expanded by 1 km 

from the shoreline, which we named Buffer maps. The combination of each lake 

Accumulation map and Buffer map was named the Combined map.  

 

 

2.4.2 Data collection 

We specified the land cover composition of pixels in our generated watershed 

boundary into shrub, herb vegetation, herb wetland, bare/sparse, evergreen needle-

leaved close/open forest, deciduous broadleaved close/open forest, mixed close forest, 

and unknown close/open forest. Details for the pixel number of each land cover type 

for sampled lakes are available in Table S1. For this analysis, all pixels referring to 

forests and shrubs were combined under the ‘Woody plant’ category, and herb 

vegetation and herb wetlands pixels were combined under the ‘Herbaceous plant’ 

category. The Herbaceous to Woody plant ratio (shorten as H/W ratio) was calculated 

by dividing the number of Woody plant pixels by the sum of the Woody and 

Herbaceous plant pixels for Accumulation, Buffer, and Combined maps. Then we did 
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the same calculation for n-alkane concentrations, where the n-alkanes that 

predominate in trees and shrubs (C27, C29), were compared with the n-alkanes that 

predominate in grasses and herbs (C31), as follows: C31/(C27 + C31), C31/(C29 + C31), 

and C31/(C27 +C29 + C31).  

 

2.5 Data analysis 

For all the biomarkers we tested, we calculated the mean and SD for each ecoregion 

and used one-way ANOVA to analyze the variance difference between ecoregions. We 

also performed regression analysis to compare our alkane ratios with the H/W ratios 

from the generated watershed boundaries and determined whether the n-alkane 

composition was correlated with land cover estimates of the lake’s watersheds. A 

p<0.05 was considered significant for regression analysis and one-way ANOVA. 
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Chapter 3 Results and Discussion 

3.1 Trophic status of studied lakes 

The study lakes ranged from oligotrophic to hypereutrophic (Table 3.1) based on the 

concentration of total phosphorus (TP) and Trophic Status Index based on chlorophyll 

a (TSI (Chl-a)). All the TN/TP ratios for the studied lakes were >7.2 by mass, 

suggesting phosphorus as the limiting nutrient for algal growth in these lakes 

according to the Redfield ratio (Abell et al., 2010; Redfield et al., 1963). The mean TP 

was 22.24µg/L (±10.85 SD) for Boreal Upland-North lakes, 16.79µg/L (±11.52 SD) 

for Boreal Upland-South lakes, 20.40µg/L (±10.81 SD) for Boreal Transition lakes, 

52.49µg/L (± 69.33 SD) for Aspen Parkland lakes, and 115.34µg/L (± 119.53 SD) for 

Prairie Grassland lakes. Although TP in lakes ranged from 7.76 µg/L to 251.28µg/L, 

comparisons of the ecoregions by one-way ANOVA didn’t find differences among the 

ecoregions (p=0.228. F(4, 13)=1.62). We further log-transformed the data to reduce the 

large differences in variance among ecoregions, and the ANOVA produced a p=0.16 

and F(4, 13)=1.99, which still showed no significant difference in TP among ecoregions. 

Thus factors other than ecoregion appear to influence TP concentrations.  

 

We also calculated the Trophic Status Index (TSI) based on chlorophyll a (Chl-a) 

(Carlson, 1977) to be 51.88 (±3.62 SD) for Boreal Upland-North lakes, 41.38 (±10.51 

SD) for Boreal Upland-South lakes, 49.06 (±5.81 SD) for Boreal Transition lakes, 

53.54 (± 12.34 SD) for Aspen Parkland lakes, and 47.58 (± 9 SD) for Prairie 

Grassland lakes. The one-way ANOVA for both the raw data and log-transformed data 
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showed no significant difference in TSI (Chl-a) among ecoregions (p-value was 0.39 

and 0.3, and F(4, 14) was 1.12 and 1.34, respectively).  

 

Based on TP, the results suggest that most of the lakes were meso-eutrophic (Wetzel, 

2001). However, Amber Lake was classified as oligo-mesotrophic, while Twin Lake 

and Antelope Lake were hypereutrophic. The TSI (Chl-a) results indicated that most 

lakes were mesotrophic or eutrophic, except for Twin Lake (hypereutrophic), 

Jeannette Lake (oligotrophic), and Zeden Lake (oligotrophic). Overall, the TP results 

were generally consistent with the TSI (Chl-a). The hypertrophic status in Twin Lake 

was shown by both methods, which may be the result of the farmland in the 

catchment area, which is associated with eutrophication elsewhere (e.g. Keatley et al., 

2011). In contrast, Antelope Lake’s trophic status varied between the two methods, its 

high phosphorus concentration was likely caused by the use of fertilizers by farms in 

the catchment. However, the low chlorophyll-a concentration and low TSI (Chl-a) 

suggest that Antelope Lake didn’t have very high algal productivity. The previous 

studies showed that Antelope Lake had a high salinity with a conductivity of 8.4, 

which could negatively influence algae growth (Hammer, 1978; Shetty et al., 2019). 

Other than salinity, Antelope Lake looked turbid during the sampling, which suggests 

light limitation could be another factor that caused low algae production in Antelope 

Lake (Bouterfas et al., 2002; Ganf & Oliver, 1982). 
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3.2 n-alkane analysis 

3.2.1 Composition of n-alkanes in lake sediments 

We compared the composition of n-alkanes in lake sediments among ecoregions to 

determine if lake and catchment characteristics (especially land cover type) affected 

them. We considered the C19 – C35 n-alkanes for sediments in all 19 lakes (Table 3.2, 

Fig. S2). The carbon preference index (CPI), which is related to the relative 

contributions of terrestrial/aquatic plant sources based on the predominance of 

odd/even carbon ratio of the n-alkanes, was greater than 1 in all the collected samples 

for C21-C33 n-alkanes (Table 3.2), indicating the long-chain n-alkanes likely derive 

from a predominance of terrestrial higher plants (relative to aquatic plants) in 

sedimented materials (Collister et al., 1994; Marzi et al., 1993).  

 

Average chain length (ACL) is the weighted average carbon number of n-alkanes in 

the sediment, calculated from C23 to C35, and is generally consistent with the carbon 

number maxima (Cmax) (Simoneit et al., 1991). C27 and C29 alkanes are generally most 

prevalent in the waxes of trees and shrubs, in contrast to grasses that are dominated by 

C31 (Bliedtner et al., 2018; Cranwell I et al., 1987; Cranwell, 1973; Struck et al., 

2020). As shown in Table 3.2, Boreal Upland-South, Boreal Transition, and Aspen 

Parkland had an ACL of around 27 which is consistent with the previous studies and 

the forest-dominated land cover around the lakes (Table S1). However, Boreal 

Upland-North and Prairie Grassland had lower ACLs than expected for trees or 
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grassed dominated areas. For Boreal Upland-North lakes (Amber Lake, Bray Lake, 

and Fontaine Lake) ACLs were very low considering their forest-dominated areas. 

These low ACLs may be the result of low amounts of fallen litter by the coniferous 

trees that predominate in these areas, resulting in undetectable concentrations of n-

alkanes from C25 to C35 that would normally derive from terrestrial litter. The ACLs in 

Prairie Grassland lakes were also lower than our expectation (around 31 for grasses), 

which may be caused by inputs from agriculture in the catchment area because certain 

grains like wheat contain a high proportion of C27 and C29 (Liu et al., 2016). The C/N 

ratios ranged from 7.78 to 13.35 (mean = 9.89, SD = 1.21), which were generally 

between phytoplankton and terrestrial plants (Table 3.1). 
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3.2.2 n-alkane comparisons between ecoregions 

We produced a series of ratios between C27, C29, and C31 as proxies of the relative 

proportion of herbaceous plants and woody plants (Schefuß et al., 2003; Schwark et 

al., 2002; Zhang et al., 2008), and to determine whether significant differences in n-

alkane composition exist among ecoregions (Table 3.2). Here we calculated the ratio 

of the C31 n-alkane to (C27 + C31), (C29 + C31), and (C27 +C29 + C31) as three separate 

proxies (referred to as Ratio27, Ratio29, and Ratio27+29, respectively) in the studied lake 

sediments (Table 3.2).  

 

We observed significant differences between ecoregions using a one-way ANOVA test 

for Ratio27, Ratio29, and Ratio27+29 (p-value = 0.0002, 0.0005, and 0.0004, 

respectively) (Fig. 3.1). Overall, Boreal Upland-North had a lower ratio than the other 

ecoregions for all three ratios, while Boreal Upland-South and Aspen Parkland did not 

show a significant difference in all three ratios (Table 3.2, Fig. 3.1). This result is 

consistent with the land cover of Boreal Upland-North watersheds that are dominated 

by forests and shrubs with a low proportion of herbaceous plants. Prairie Grassland 

had a significantly higher Ratio27 than the other ecoregions, and a significantly higher 

Ratio27+29 than Boreal Transition, but no significant difference was shown for Ratio29 

(Fig. 3.1). This may be due to the n-alkane contributions from crops in Prairie 

Grassland lakes, which may have increased the C29 concentration in the lake 

sediments (Fig. S2). The herbaceous plants in the watersheds of Boreal Transition and 
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Aspen Parkland could also increase the concentration of C31 and lead to an 

overlapping range of Ratio29 with Prairie Grassland. 
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3.2.3 n-alkane and land cover correlations 

To date, most of the studies on n-alkanes as biomarkers are focused on plant tissues 

like leaves and grasses collected at the watershed of target lakes. The complexity of 

the watershed land cover composition could decrease the reliability of designated 

ecoregions as accurate descriptors of lakes in our analysis. As shown in Table S1, the 

land cover proportion of herbaceous, shrubs, and evergreen/deciduous trees in each 

lake’s watershed boundary is variable, even within each ecoregion. Given that land 

cover maps and digital elevation maps are more accurate descriptions of individual 

lakes and have been recently updated to show current vegetation cover, we also used 

land cover maps to relate the sediment composition of n-alkanes directly to the land 

cover of each individual lake. We quantified the different land cover categories for 

each lake’s catchment (called the Accumulation map), and we also defined land cover 

within a 1 km distance of the lake’s shoreline (called the Buffer map). The combined 

Accumulation and Buffer maps were also considered (called the Combined map).  For 

simplicity, we defined the combined shrub, evergreen forest, and deciduous forest 

categories as Woody plant cover and we combined herbaceous vegetation and wetland 

as Herbaceous plant cover. 

 

We calculated the ratio of Herbaceous to Woody plant areal extent (H/W ratio) in 

Accumulation, Buffer, and Combined maps of each of the lakes.  We then correlated 

these areas with Ratio27, Ratio29, and Ratio27+29 (Fig. 3.2, Table 3.3, and Fig. S1). 

Some lakes (Amber Lake, Bray Lake, and Fontaine Lake) had sediments with 
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undetectable C27, C29, or C31, and were therefore removed from the analysis. Overall, 

the regression analysis showed that the H/W ratio was positively correlated with 

Ratio27 and Ratio27+29 (Table 3.3), and a post hoc Tukey’s test showed that correlations 

with Ratio27 were significantly higher than Ratio27+29 at p-value<0.05. In contrast, we 

observed no significant correlation between the H/W ratio and Ratio29 (Table 3.3). 

Moreover, the regression between the H/W ratio and Ratio27 had the highest R2 of 

0.549 and therefore the best fit. This result suggests that C27 is a relatively more 

representative n-alkane to reflect the relative proportions of herbaceous plants and 

woody plants in sediment, whereas C29 is less representative, at least based on this set 

of data. For all regressions, Combined maps always had the highest R2 (Table 3.3), 

suggesting this approach of calculating land cover was the best predictor of n-alkane 

composition in sediment (Fig. 3.2). The regression analysis between Chl-a and n-

alkanes showed no significant correlation (Table 3.3), which further supported the 

notion that the n-alkane ratios reflected land cover and not autochthonous (algal) 

production in the lakes. 
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3.3 Carbon isotopic compositions 

As shown in Fig. 3.2A, the C/N ratio ranges from 7.78 to 13.35 (mean = 9.89, SD = 

1.21), which suggests high contributions from autochthonous production. This result 

is possibly due to the high productivity in the studied lakes as shown by the high 

chlorophyll a concentrations and meso/eutrophic conditions (TP, Table 3.1). 

Especially for Prairie Grassland, the lakes had a significantly lower C/N ratio (mean = 

8.04, SD = 0.40) than other ecoregions which corresponds to the high nutrient 

concentrations. For the other ecoregions, the one-way ANOVA test showed that there 

was no significant difference in the C/N ratio between ecoregions (p=0.78, F(3, 

12)=0.36) which is generally could be explained by the meso-eutrophic nutrients in the 

Regression R
2 Standard Error

df

(Regression)

df

(Residual)
F p-value Correlation

H/W ratio vs. C31/(C27 + C31)

Accumulation 0.533 0.083 1 14 16.003 0.0013* 0.73

Buffer 0.554 0.081 1 14 17.422 0.0009** 0.74

Combined 0.559 0.080 1 14 17.769 0.0009** 0.75

H/W ratio vs. C31/(C29 + C31)

Accumulation 0.111 0.107 1 15 1.870 0.1917 0.33

Buffer 0.086 0.109 1 15 1.419 0.2521 0.29

Combined 0.114 0.107 1 15 1.929 0.1852 0.34

H/W ratio vs. C31/(C27 + C29 + C31)

Accumulation 0.398 0.058 1 15 9.921 0.0066* 0.63

Buffer 0.381 0.059 1 15 9.214 0.0083* 0.62

Combined 0.413 0.058 1 15 10.567 0.0054* 0.64

Chl-a vs. n -alkanes ratios

Chl-a vs. C31/(C27 + C31) 0.010 0.120 1 14 0.147 0.7067 0.10

Chl-a vs. C31/(C29 + C31) 0.006 0.114 1 15 0.090 0.7686 0.08

Chl-a vs. C31/(C27 + C29 + C31) 0.015 0.075 1 15 0.224 0.6428 0.12

Table 3.3. Summary of regression analysis between Herbaceous to Woody plants relative ratios (H/W ratio) and n -alkane

relative ratios for Accumulation, Buffer, and Combined maps, and regression analysis between n -alkane relative ratios and

chlorophyll a  concentration (Chl-a).

*p-value < 0.05, **p-value < 0.001, ***p-value < 0.0001
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lakes.  

 

Other than C/N ratio, the mean 13C was -29.47 (±3.91 SD) for Boreal Upland-North 

lakes, -30.66 (±2.30 SD) for Boreal Upland-South lakes, -30.66 (±1.56 SD) for Boreal 

Transition lakes, -26.76 (±2.33 SD) for Aspen Parkland lakes, and -22.63 (±3.88 SD) 

for Prairie Grassland lakes. Here we observed the highest mean 13C in Prairie 

Grassland lakes. However, the range fell into the range of C3 plants (13C around -25 

to -30) and overlapping with Aspen Parkland, suggests that 13C is not able to 

separate Prairie Grassland from other forest ecoregions (Fig. 3.3). A possible reason 

for this lower 13C is the contamination from the wheat farming (C3 plant) in the 

Prairie Grassland which caused the unexpected lower 13C results. Despite the Prairie 

Grassland, the 13C of forest ecoregions were overlapping with each other, and the 

one-way ANOVA showed that there is no significant difference between Aspen 

Parkland, Boreal Transition, and Boreal Upland (p=0.18, F(3. 12)=1.91).  

The differences between C3 and C4 plants based on their carbon fixation pathways 

lead to significantly higher 13C on the C3 plant leaf wax than in C4 plants 

(Chikaraishi et al., 2004; Collister et al., 1994; Duan et al., 2004; O’Leary, 1988; 

Rieley et al., 1993). In addition, the C/N ratio was used to distinguish between 

terrestrial and aquatic organic matter. The plot between 13C and C/N ratio is then 

used as a proxy to determine the biomaterial source (Meyers, 2003).  

 

The differences between C3 and C4 plants based on their carbon fixation pathways 
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lead to significantly higher 13C on the C3 plant leaf wax than in C4 plants 

(Chikaraishi et al., 2004; Collister et al., 1994; Duan et al., 2004; O’Leary, 1988; 

Rieley et al., 1993). In addition, the C/N ratio was used to distinguish between 

terrestrial and aquatic organic matter. The plot between 13C and C/N ratio is then 

used as a proxy to determine the biomaterial source (Meyers, 2003). In this study, the 

plot between 13C and C/N ratio is insufficient to determine the biomaterial source, 

especially under the effect of high autochthonous production. 

 

 

 

3.4 Lignin-derived phenols compositions 

Lignin-derived phenols composition of the sampled lakes is summarized in Fig. 
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3.4.A. Boreal Upland is characterized by angiosperm nonwoody and gymnosperm 

nonwoody plants. These S/V values fell into our expected range, but C/V values were 

higher than our expectations. For both north and south Boreal Upland, the watersheds 

of sampled lakes were dominated by evergreen needle-leaved trees like conifers, but 

with some unknown types of forest (Table S1). These unknown-type forests may 

include angiosperms like trembling aspen (deciduous broad-leaved), and the higher 

C/V value may result from the fallen aspen leaves (angiosperm nonwoody tissue). In 

Boreal Upland-South, Jeannette Lake and Zeden Lake had much higher C/V values 

than the expected angiosperm nonwoody range (Fig. 3.4A). These ratios may be 

affected by degradation either before or after they deposited into sediment may have 

altered these structures. Since carboxylic acid is oxidized from aldehyde, we further 

analyzed the ratio between carboxylic acid (Ad) and aldehyde (Al) of vanillyl and 

syringyl to reflect the degradation (Fig. 3.4.B, C), whereas increasing Ad/Al indicates 

more degradation in the material (Ertel & Hedges, 1984; Hedges et al., 1988; Vane et 

al., 2003). The mean (Ad/Al)v was 1.62 (±0.81 SD) for Boreal Upland-North lakes, 

1.93 (±0.45 SD) for Boreal Upland-South lakes, 1.77 (±0.11 SD) for Boreal Transition 

lakes, 1.59 (±0.25 SD) for Aspen Parkland lakes, and 1.80 (±0.36 SD) for Prairie 

Grassland lakes. The mean (Ad/Al)s was 1.40 (±0.39 SD) for Boreal Upland-North 

lakes, 1.14 (±0.20 SD) for Boreal Upland-South lakes, 1.07 (±0.0.22 SD) for Boreal 

Transition lakes, 1.17 (±0.05 SD) for Aspen Parkland lakes, and 1.01 (±0.12 SD) for 

Prairie Grassland lakes. The ANOVA test showed no significant difference between 

ecoregions for (Ad/Al)v (p=0.89, F(4,12)=0.27)and (Ad/Al)s (p=0.38, F(4,9)=1.18), and 



40 

 

the results suggested high degradation in the lake sediments, where some lakes had all 

aldehyde degraded to carboxylic acid (blanks in Fig. 3.4.B, C). This degradation of 

vanillyl may cause the increasing C/V value for Jeannette Lake and Zeden Lake. 

 

Boreal Transition and Aspen Parkland also fell into the angiosperm nonwoody range, 

the C/V value also higher than our expectation which the high proportion of 

deciduous broad-leaved trees could cause these results. An exception in the Boreal 

Transition is Matheson Lake, in which the S/V value was much lower than other 

lakes. As shown in Table S1, the watershed of Matheson Lake had a higher proportion 

of evergreen needle-leaved trees than deciduous broad-leaved trees, which could be 

the reason for its low S/V value. Prairie Grassland, which is dominated by 

herbivorous vegetation/wetland, fell into the angiosperm nonwoody range as we 

expected.  
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Chapter 4 Conclusion 

We studied 19 lake sediment cores in Saskatchewan across the following ecoregions: 

Prairie Grassland, Aspen Parkland, Boreal Transition, and Boreal Upland, with lakes 

spanning latitudes from 49° to 59°N. This large spatial and ecological scale provided 

an opportunity to analyze the different biomarker compositions among and within 

ecoregions. Overall, the lakes were mesotrophic to eutrophic, with some exceptions 

due to agriculture-induced hyper-eutrophication, lake salinity, or light limitation. The 

ACL values showed significant differences between ecoregions, where the lower ACL 

for Prairie Grassland suggesting high autochthonous production may have been 

influenced by nutrients from agriculture in some parts of Saskatchewan. The ratio 

C31/(C27+C31) showed the strongest positive correlation with the ratio of herbaceous to 

woody plants (H/W) in the catchments. This strong correlation revealed the potential 

to approximate changes in land cover (particularly related to tree line) based on the n-

alkane composition of lake sediments. The C/N ratio suggested major contributions of 

autochthonous (algal) production to bulk sediment organic matter, but CPI estimates 

of n-alkanes suggested a predominance of the alkanes in sedimentary organic matter 

derived from terrestrial plants. Lignin-derived phenols were generally unrelated to the 

different ecoregions, perhaps due to the complex composition of deciduous/evergreen 

trees and the degradation of the phenols in sediments. 
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Appendix A 

GC-MSD Control Parameters 

C:\MassHunter\GCMS\2\methods\F1-Alkanes_60m.M 

Sample Inlet: Gas Chromatograph, 7890B, Agilent Technologies, Santa Clara, 

California, United States 

Detector: Mass Selective Detector, 5977B, Agilent Technologies, Santa Clara, 

California, United States 

 

GC Information 

Run Time: 58.75 min 

Post Run Time: 1 min 

 

Oven 

Temperature 

Initial: 50 °C 

Hold Time: 2.5 min 

Post Run: 50 °C 

Program 

#1 Rate: 16 °C/min 

#1 Value: 310 °C 

#1 Hold Time: 40 min 

Equilibration Time: 1.25 min 

Max Temperature: 325 °C 

 

ALS (Automated Liquid Sampler) 

Front Injector 

Syringe Size: 5 μL 

Injection Volume: 1 μL 

Solvent A Washes (PreInj): 4 

Solvent A Volume: 4 μL 

Solvent B Washes (PostInj): 4 

Solvent B Volume:  4 μL 

Sample Pumps: 6 

 

Front Split/Splitless Inlet, Helium 

Mode: Pulsed Splitless 

Heater:  On    290 °C 

Pressure:  On    20.256 psi 

Total Flow: On    9.3624 mL/min 

Septum Purge Flow: On    3 mL/min 

Septum Purge Flow Mode:  Standard 

Gas Saver: On    15 After 2 min mL/min 

Injection Pulse Pressure: 20 psi Until 0.9 min 
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Purge Flow to Split Vent: 5 mL/min at 0.95 min 

Liner: 5188-5398 (740 μL, Helix double taper, deactivated), Agilent Technologies, 

Santa Clara, California, United States 

 

Thermal Aux 2 (MSD Transfer Line) 

Temperature: 300 °C 

 

Column 

Flow: 1.3624 mL/min 

Column Information: 19091S-436, Agilent Technologies, Santa Clara, California, 

United States 

HP-5ms                                        

Temperature Range: 0 °C—325 °C (350 °C) 

Dimensions:  60 m x 250 μm x 0.25 μm 

Column lock: Locked 

In: Front SS Inlet He 

Out: MSD  

(Initial): 50 °C 

Pressure: 20.256 psi 

Flow: 1.3624 mL/min 

Average Velocity: 31.748 cm/sec 

Holdup Time: 2.8275 min 

Control Mode: Constant Flow 

 

MSD Information 

Acquisition Mode : EI-SIM (Electron Impact - Selected Ion Monitoring) 

Solvent Delay (minutes): 7 

Tune file: C:\MassHunter\GCMS\2\5977\etune310.u 

EM Setting mode Gain: 1.000000 

Number of SIM Groups: 1 

[SIM Parameters] 

Group 1               Group ID: Alkanes 

Resolution: 0 

Group Start Time: 7 

Number of Ions: 2 

Ions: Mass 85.05, Dwell 20  

MS Source: 310 C   maximum 310 C 

MS Quad: 150 C   maximum 200 C 
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Appendix B 

Elemental Analysis and Stable Isotope Analysis 

Ján Viezer Laboratory, University of Ottawa, Ottawa, ON, Canada 

 

Methodology: 

Elemental analysis is the determination of the elemental composition of organic or 

inorganic compounds.  The Elementar Isotope Cube is used in the Ján Veizer Lab to 

determine %N, %C, %H, and %S. 

In general, 2-200mg of powdered material or liquid is weighed into tin capsules; 

material with concentrations down to 0.01% can be analysed on the Elemental Cubes 

due to their large capacity capabilities.  Tungstic oxide (WO3) which acts as a 

combustion catalyst and binder is added to the capsules in the case of resilient solids, 

such as salts, (inorganic) sulphur-bearing minerals, iron oxides or alkalis before being 

closed.  Capsules with liquid are flushed with UHP helium before being closed.  The 

closed capsules are re-weighed on the microbalance.  Calibrated standards are 

prepared in a range of weights and run with the samples.  A "blind" standard is also 

run as a check for the calibration. 

The prepared capsules are loaded into the carousel of the autosampler.  A sample 

drops down into the top of a column of solid chemicals at 1150°C and is flash 

combusted at 1800°C for a few seconds with the addition of oxygen. Ultra-pure 

helium is used to carry the resulting gases through the column of chemicals to finally 

obtain N2, CO2, H2O, and SO2, then through a series of adsorption traps to separate 

the gases: using a "trap and purge" method.  The thermal conductivity detector (TCD) 

measures the gases as they are released. Elementar's own software that controls the 

EA in stand-alone mode is used to process the results from the TCD using various 

calibration curves, usually linear regression. 

The analytical precision (2 sigma) for the analyses is +/- 0.2%. 

 

Instrumentation: 

NC: model Vario EL Cube, Elementar, Germany 

NCS, NCHS, Special N, S configurations: model Vario Isotope Cube, Elementar, 

Germany 
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Supplementary Data 
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