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Abstract 
 

Analysis of n-Alkanes and n-Alkenes in Chukchi Sea Sediments 
 

By 
 

Salomey Asantewaa Sasu 
 

Major Advisor: Kurt Winkelmann, Ph.D. 
 
 

This study determined the concentrations, distribution and sources of n-alkanes 

in core sediments from four locations: Stations H24, H30, H32 and BarC5 in the Chukchi 

Sea, which is in the Arctic Ocean.  n-Alkanes are valuable tracers of aquatic, terrigenous 

and petroleum inputs and may give evidence to the extent of climate change. The study 

of climate change in the Arctic is important since the Arctic is warming faster than any 

other part of Earth. The increase in temperature is causing enhanced evaporation leading 

to a higher precipitation rate and hence enhanced erosion. 

The n-alkanes C12-C35 were analysed and characterized using GC-MS in all four 

core sediments. The core sediment concentrations varied from 6.3 µg/g dry weight at 

depth 12-14 cm in Station H24 to 136 µg/g at depth 10-12 cm in Station BarC5. In most 

cases, vertical profiles of n-alkane concentrations did not exhibit systematic trends. A 

predominance of odd and high molecular weight n-alkanes is observed which is indicative 

of terrestrial input in the sediments. Thus, the most abundant n-alkanes determined were 

C27, C29 and C31 which originate from higher plant waxes. n-Alkane source 

apportionment was quantified using carbon preference index (CPI), odd-even 

predominance (OEP), terrigenous aquatic ratio (TAR) and low molecular weight 



 

iv 
 

(LMW)/high molecular weight (HMW) ratio. Most of the CPI, OEP, TAR and LMW/HMW 

values suggest terrestrial over aquatic input of n-alkanes. Contribution of aquatic sources 

was minimal given the low concentrations of low molecular n-alkanes at all four stations. 

Predominance of even numbered short chain n-alkanes is unusual and is being reported 

for the first time in Chukchi Sea sediments. This predominance is attributed to various 

sources including bacteria, fungi and yeast. Unresolved complex mixtures (UCM), which 

is a sign of petroleum input, was observed in some core sediments at Station H24; 

however, odd-even predominance was observed which is indicative of biogenic input. 

Even numbered n-alkenes in the range C12-C20 were detected in some core sediments at 

Stations H30, H32 and BarC5. The even numbered n-alkenes are being reported for the 

first time in Chukchi Sea sediments and are thought to be derived from algae, 

cyanobacteria, zooplankton and phytoplankton. In general, results from this study clearly 

show terrestrial input is the main source of n-alkanes in Chukchi Sea sediments with a 

minor input from aquatic organisms. There was no apparent correlation between n-

alkane concentrations with sediment depth, total organic carbon or arsenic 

concentrations. The highest concentrations of n-alkanes determined at certain depths for 

Stations H24, H30 and BarC5 correlated to increase in temperatures in the Arctic Ocean. 

However, this relationship was only consistently observed for Station H30. Therefore, 

climate change was most apparent in Station H30 core since it was the only core that had 

the highest CPI and OEP values for the surface (0-1 cm) sample which decrease down the 

core. 
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Chapter 1 

                                                                   Introduction 
1.1 The Arctic 
 

The Arctic Ocean shown in Figure 1.1 is the smallest and shallowest ocean in the 

world. It occupies the region around the North Pole in the Arctic Circle (Globeil et al., 

2001). The Arctic Ocean can be divided into two domains: continental shelves which 

comprises about 30% of the total ocean’s area and basins with depth over 3500 m 

(Macdonald et al., 1998, Stein and MacDonald, 2003). The Arctic is quite biologically 

productive even though it is covered with ice and in darkness for much of the year (Belicka 

et al., 2002). During the summer period, primary productivity is usually high on the 

shelves. The Chukchi Shelf for example records a primary production of 2750 mg carbon 

m-2 day-1 (Gosselin et al., 1997).  The basins on the other hand are less productive.  

 

Figure 1.1: Map of the Arctic Ocean (National Snow and Ice Data Center, Boulder 

Colorado) 
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Over the past few decades, the effect of climate change is most apparent in the 

Arctic (Lantuit et al., 2012) since the Arctic (1.7 °C higher) is warming faster than any other 

part of Earth (0.83 °C higher) during the last century (Mcguire et al., 2009). Figure 1.2 

shows annual Arctic average temperatures between 1900 and 2017, relative to the 1951 

to 1980 average. Temperatures increased between the years 1920 to 1945 with a slight 

decrease in temperatures between the years 1946-1965. However, a steady increase in 

temperature is observed from 1966 to 2017. This historical temperature data is useful in 

interpreting the trends in concentrations of n-alkanes with depth during certain periods. 

 

 

 Figure 1.2: Arctic average temperature between 1900-2017 relative to the 1951-1980 

average temperature (Berkeley Earth, 2017).  
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The Arctic shows distinct effects of climate change, making it a useful area of study. In 

comparison to areas at lower latitudes, the Arctic is not affected by as many 

anthropogenic sources and thus is a relatively natural environment (Arrigo et al., 2008). 

The rise in temperatures in Arctic areas results in enhanced evaporation leading to a 

higher precipitation rate. Another consequence of the higher temperatures is more 

extensive melting, leading to reduced ice cover (Macdonald et al., 2005). This may provide 

better growing conditions for both terrestrial and marine organisms for longer periods of 

time (Arrigo et al., 2008) and therefore could alter the balance of marine and terrestrial 

components of the Arctic. One detrimental effect in the Arctic is coastal erosion, with 0.5 

m/year being eroded from Arctic coastlines (Lantuit et al., 2012). River input and coastal 

erosion coupled with discharge from Arctic sediments are the main contributors of 

terrigenous organic matter to the Arctic Ocean (Stein and MacDonald, 2004). The input 

of marine organic matter in the Arctic is about 250 ×106 t yr-1 whereas terrestrial organic 

carbon is 30 × 106 t yr-1 (Rachold et al., 2004).  Despite the significant input of marine 

organic matter, recent studies have shown that terrestrial organic matter is a major 

component of organic carbon in Arctic Ocean sediments (Stein and Macdonald, 2004a; 

Belicka et al., 2002, 2004). Therefore, the marine components are largely used or recycled 

while terrestrial organic matter is preserved in Arctic Ocean sediments (Belicka et al., 

2009, 2004).  

Organic compounds such as n-alkanes are resistant to environmental alterations 

and hence are preserved for a long period in sediments. Therefore, n-alkanes can be used 

as long-term biomarkers for characterizing the origin of n-alkanes as well as the origin of 
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organic matter in sediments (Apostolopoulou et al., 2015). The analysis and distribution 

of n-alkanes and their sources whether terrestrial, aquatic or a combination of the two 

may give evidence to the effects of climate change. The concentrations and sources of n-

alkanes have been studied in the Chukchi Sea, which is one of the largest continental 

shelves in the Arctic Ocean.  

Harvey et al. (2017) analyzed surface sediments at 0-1 cm depth for the same 

sampling sites as this study. Their study determined that sediments were dominated by 

low molecular weight n-alkanes with an average terrigenous to aquatic ratio of 0.20. This 

indicated aquatic input as the main source of n-alkanes in the sediments analyzed. This 

current study seeks to analyze n-alkane distribution and sources in both surface and core 

sediments from 0 to up to 24 cm depth.  

Sediment cores are tubes of marine sediments that are collected vertically from 

the sediment floor using a core drill and can provide valuable records of climatic and 

environmental changes. Therefore, concentrations and origins of n-alkanes will be 

evaluated to find out if climate change is reflected in sedimentary record. Additionally, 

concentrations of arsenic and total organic carbon (TOC) in our Chukchi Sea samples have 

been obtained from Dr. John Trefry’s research group. Therefore, it will be determined if 

concentrations of arsenic and TOC can be correlated to concentrations of n-alkanes with 

depth. This analysis will improve our understanding of biogeochemical processes that 

occur in this sensitive environment as well as the effects of climate change. 
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1.2 Organic carbon and total organic carbon 

Organic carbon is a significant component of organic matter in soils and sediments 

which are widely distributed on the Earth’s surface (Schnitzer, 1978). Naturally occurring 

organic carbon forms are derived from decomposition of plants and animals. 

Anthropogenic sources of organic carbon originate from oil spills and contaminants 

released into the environment. Soils and sediments contain a wide range of organic 

materials such as fats, sugars and waxes. Most forms of organic carbon in aquatic 

sediments are derived from sinking particles of organic materials produced in the ocean 

surface. However, most of the organic materials are decomposed by bacterial respiration 

during export from the ocean surface to the sediments (Opsahl and Benner, 1997). 

Total organic carbon is the percentage of organic carbon in soil or sediments. 

Average TOC content in marine sediments in deep oceans is usually 0.5% (Seiter et al., 

2004). Bioturbation of sediments by organisms living in the ocean or physical mixing 

processes can cause organic materials to be exposed to oxygen during burial. This could 

cause biodegradation of organic matter through aerobic digestion by bacteria (Bastviken 

et al., 2004). TOC in sediments have been used to reconstruct primary productivity (Felix, 

M. 2014) and can also be used to assess the nature of a sampling location. The 

determination of TOC is also used for ecological risk assessment. 
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1.3 Hydrocarbons 

Hydrocarbons and their derivatives are found everywhere in nature, including in 

coal, petroleum, natural gas, bacteria and plants. They can be used as fuels, solvents and 

raw materials for production of plastics and dyes (Weiner, 2000). Hydrocarbons easily 

accumulate in sediments due to their hydrophobic nature and affinity toward particulate 

matter. Their specific chemical structure can indicate their source (Charriau et al., 2009). 

Hydrocarbons in marine sediments can also form through biochemical processes which 

include decarboxylation and deamination of unsaturated compounds (Bordovskii and 

Smirnov, 1979).  

 

1.3.1 n-Alkanes and sources 

  n-Alkanes are released into the environment by natural and anthropogenic 

sources. The natural sources include aquatic organisms and terrestrial plant waxes (Tahir 

et al., 2009). Anthropogenic sources include transportation, oil operations and refineries, 

incinerators and urban waste (Mille et al., 2007). The odd carbon numbered n-alkanes 

found in sediments and soils largely originate from biogenic sources including plants and 

animals and may be synthesized through biochemical processes such as decarboxylation 

of fatty acids (Parrish, 1988). The even numbered n-alkanes may be a result of diagenesis 

in sediments through the reduction of odd numbered fatty acids (Welte and Ebhart, 1968) 

or may be derived from aquatic (bacteria, yeasts) and anthropogenic sources such as 

transportation (Sakaria et al., 2008A). The carbon number distribution of n-alkanes in soils 
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and sediments enables the determination of their origin. Table 1.1 summarizes some n-

alkane carbon ranges and their sources.  

Table 1.1: n-Alkane carbon range and their sources 

n-Alkanes Dominant source 

Low molecular weight (C12-C22) Algae and bacteria  

High molecular weight (C23-C35) Terrestrial vascular plants 

C12-C22 with odd-even predominance, 
particularly C15, C17 and C19 

Algae and bacteria 

C12-C22 with even-odd predominance Bacteria, fungi or possible petroleum 
input 

C23-C35 with odd-even predominance, 
particularly C27, C29, C31 

Terrestrial vascular plants 

C23-C35 with even predominance Bacteria and algae 

 

Generally, in marine environments, low molecular weight n-alkanes (C12-C22) are 

produced from aquatic algal and bacterial sources, particularly C15, C17 and C19 

(Wakeman, 1990). Also, the input of aquatic microorganisms such as bacteria, yeasts and 

fungi are characteristic of lower molecular n-alkanes with even carbon number 

predominance (Hu et al., 2009). High molecular weight n-alkanes (C23-C35) are produced 

from terrestrial vascular plants (Sakaria et al., 2008B). For example, leaf waxes which 

accumulate during leaf maturation have been isolated as the primary source of terrestrial 

hydrocarbon biomarkers found in sediments. The leaf waxes protect plants from water 

loss and serve as a physical barrier to insects and other microorganisms. They are 

composed of high molecular weight n-alkanes, particularly C27, C29 and C31, and usually 

with an odd-even predominance. The defined predominance of odd numbered high 

molecular weight n-alkanes in terrestrial plant waxes is a result of their biosynthetic 
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mechanism. It has been determined that fatty acid decarboxylation is the primary 

mechanism for alkane biogenesis in surface waxes (Simoneit, 1978).  

 

1.4 Methods of n-alkane source apportionment 
 

Several methods have been used to investigate the sources of n-alkanes in 

sediments, whether aquatic or terrestrial. The methods used for source apportionment 

of n-alkanes in this study are described below. 

1.4.1 Carbon Preference Index (CPI)  

CPI is defined as a measure of odd/even carbon number predominance expressed 

as the carbon preference index. It can be used to differentiate between biogenic and 

anthropogenic sources of hydrocarbons (Weifang et al., 2010). CPI values can be 

calculated by the method of Bray and Evans (1961): 

                                                                  𝐶𝑃𝐼 =
2Σ𝐶𝑖

Σ𝐶𝑖−1+  Σ𝐶𝑖+1  
 (1) 

Where i and C represent an odd carbon numbered alkane and its concentration, 

respectively. The values of CPI are usually calculated over the n-alkane range C12-C35. 

Values of CPI greater than 1 show a predominance of odd over even carbon numbered n-

alkanes. If CPI is greater than 1 for C23-C35, then this indicates terrestrial plant waxes are 

the greater source of n-alkanes (Stephanou and Stratigakis, 1993). The predominance of 

even numbered alkanes is characterized by CPI values less than 1. This is an indicator of 

aquatic material such as algae and bacteria for n-alkanes C12-C35. CPI values equal to 1 
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represent neither odd nor even numbered alkane predominance which is typical of 

petroleum and/or mixed sources (Miyake et al., 2006). 

 

1.4.2 Odd/Even Predominance (OEP)  

  

Odd/even predominance (OEP) is a ratio that characterizes a series of n-alkanes in 

samples. Scalan and Smith (1970) proposed that if Ci is the relative weight percent of an 

n-alkane containing i carbon atoms, then  

OEP =  [
𝐶𝑖 + 6𝐶𝑖+2 + 𝐶𝑖+4

4𝐶𝑖+1 + 4𝐶𝑖+3
]

(−1)𝑖+1

(2)  

 The equation enables one to calculate the ratio of odd carbon numbered alkanes to even 

ones of homologs. This method is useful because it includes five consecutive members of 

the homologous series centered about the alkane containing i+2 carbon atoms. Like the 

CPI values, when the OEP value is greater than 1, there is an odd over even carbon 

numbered alkane predominance and if less than 1, there is an even carbon numbered 

alkane predominance (Scalan and Smith, 1970). Odd over even carbon numbered alkane 

predominance reflects terrestrial origin whereas even over odd predominance indicates 

aquatic origin. Examples of typical aquatic and terrestrial distribution of n-alkanes are 

shown in Figures 1.3 and 1.4, respectively.  
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Figure 1.3: Gas Chromatogram showing typical aquatic n-alkane distribution 

characteristics: even predominance in the C16-C24 range (Hostetler et al., 1989) 

 

 

Figure 1.4: Gas Chromatogram showing typical terrestrial n-alkane distribution: odd 

predominance in C24- C34 range and maximize at C29 (Nishimura and Baker, 1985) 
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1.4.3 Terrigenous Aquatic Ratio (TAR) 
 

Predominance of the n-alkanes C27, C29 and C31 is characteristic of terrestrial 

higher plants whereas the predominance of n-alkanes C15, C17 and C19 indicates aquatic 

sources (Jaffé et al., 2001). Hence, the terrigenous aquatic ratio is useful for evaluating 

whether the main source of n-alkanes is terrestrial or aquatic. The formula for the 

calculation is as follows: 

𝑇𝐴𝑅 =
 𝐶27 + 𝐶29 + 𝐶31 

𝐶15 + 𝐶17 + 𝐶19
 (3) 

With C representing concentrations of n-alkanes. TAR < 1 means aquatic source and TAR 

> 1 means terrestrial source (Bourbonniere and Meyers 1996). 

 

1.4.4 Ratio of Low Molecular Weight (LMW) n-alkane to High Molecular Weight 

(HMW) n-alkanes 

Low molecular weight n-alkanes are produced by aquatic input whereas high 

molecular weight n-alkanes are indicators of terrestrial input. The formula is LMW/HMW. 

Ratios less than 1 indicate terrestrial sources and ratios greater than 1 indicate aquatic 

sources. 

The CPI, OEP, TAR and LMW/HMW ratios have been used widely for source 

apportionment. The CPI and OEP ratios give information on the odd and even features of 

different n-alkane chain lengths leading to their origin. The TAR and LMW/HMW use 

specific carbon number or chain lengths for n-alkane origin assessment. CPI and OEP 

methods can be used to distinguish aquatic, terrestrial and petroleum input whereas TAR 
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and LMW/HMW methods can only distinguish between aquatic and terrestrial input. The 

method of OEP incorporates many carbon chain lengths compared to the other methods 

and thus is a better choice for determining the sources of n-alkanes. However, results 

from all these methods can help to give a vivid description of n-alkane sources. 

 

1.5 Studies of n-alkanes from non-Arctic sediments 
 

n-Alkanes are the most prevalent hydrocarbons in sediments and many studies on 

n-alkanes in sediments have been performed. Table 1.2 summarizes n-alkane studies in 

non-Arctic sediments.  

Table 1.2: n-Alkanes studies in non-Arctic sediments. 

Sample site n-Alkane 
group 

Total 
concentration 

(µg/g) 

Surface/Core 
sample 

References 

Estuarine 
Lagoon 

System, Brazil 

C15--C35 2.50 - 24.70 Core Silva et al., 
2012 

Upper Scheldt 
river basin, 

France 

C12–C34 2.9 - 29 Core  Charriau et al., 
2009 

Cariaco 
trench, 

Caribbean Sea 

C15–C40 3.0 – 20.0 Surface Wakeham, 
1990 

Puck Bay, 
Poland 

C16–C23 
C25–C35 

< 3.00 
12.49 - 17.33 

Core Malinski et al., 
1988 

Deep sea, 
Morocco 

C2–C8 0.02 - 1.50 Surface Schaefer et al., 
1984 

Gabes Gulf, 
Tunisia 

C16–C25 90 – 1800 Surface Aloulou et al., 
2010 

Mediterranean 
Sea, Tunisia 

C15–C31 310 – 1406 Surface Zagden et al., 
2005 

Mediterranean 
Sea, France 

C14–C32 0.55 - 6.85 Core Mille et al., 
2007 
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The distribution of n-alkanes in sediments from the tropical Mundau–Manguaba 

estuarine–lagoon system, Brazil was determined by Silva et al. (2012) in order to 

characterize the sources of these compounds. They reported the total concentrations of 

n-alkanes (C15-C35) in sediment cores ranged from 2.50 to 24.70 µg/g sediment dry 

weight (Table 1.2). Varying distributions of these n-alkanes (C15-C35) were recorded 

which suggested varying sources, including terrestrial and aquatic input. However, 

terrigenous aquatic ratios and CPI indicated that terrigenous input of n-alkanes 

dominated.  

Charriau et al. (2009) assessed contamination levels and determined the 

hydrocarbon fingerprint and sources of pollution in sediments cores from the Upper 

Scheldt River Basin. The analysis of n-alkanes (C12-C34) in these sediments depicted n-

alkanes originating from mixed sources. The anthropogenic source was indicated by 

unresolved complex mixtures with high molecular weight n-alkanes originating from 

terrestrial sources (Charriau et al., 2009). Wakeham (1990) focused on the algal and 

bacterial hydrocarbons and their importance in surface waters. The report showed 

dominance of short chain n-alkanes (C15-C17) from the Cariaco trench, indicative of algal 

input. Concentrations of the n-alkanes (C15-C17) decreased with an increase in depth 

which can be associated with source organisms living only in surface waters and 

degradation of n-alkanes as particles sink to bottom sediments.    

A study by Malinski et al. (1988) on the analysis of n-alkanes in Puck Bay, Poland 

recorded the total concentration of short chain n-alkanes (C16-C23) to be less than 3.00 

µg/g sediment dry weight as shown in Table 1.2. The low concentrations were thought to 
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be due to removal by bacterial degradation and their source was believed to be of algal 

and cyanobacterial origin. Table 1.2 shows concentrations of long chain n-alkanes (C25-

C35) were as high as 17.33 µg/g sediment dry weight but decreased with depth to as low 

as 12.49 µg/g sediment dry weight. Vascular plants input was identified as the source of 

these long chain n-alkanes. Concentrations of even numbered n-alkanes (C22-C24) 

increased with depth and were believed to be due to the presence of cyanobacteria and 

microalgae and their biodegraded remains (Malinski et al., 1988, Welte and Ebhardt 

1968).  

Lower molecular weight n-alkanes in sediments from the deep sea off the coast of 

Morocco were determined by Schaefer et al. (1984) to investigate the distribution and 

migrations of these compounds. The n-alkane (C2-C8) concentrations varied from 0.02 – 

1.50 µg/g sediment dry weight (Table 1.2). Some of these n-alkanes such as C2H6 were 

found to migrate by diffusion to the surface. The analysis of n-alkanes and n-alkenes in 

surface sediments of Gabes Gulf in Tunisia was performed by Aloulou et al. (2010) to 

determine their sources. Total hydrocarbon concentrations ranged between 90 and 1800 

µg/g sediment dry weight (Table 1.2). n-Alkane (C16-C25) distributions exhibited neither 

odd nor even n-alkane predominance. This distribution together with the presence of 

phytane and pristane supports petroleum contamination as the major source material 

(Aloulou et al., 2010, Zaghden et al., 2005). Occurrence of only even numbered n-alkenes 

(C16-C26) in some of the sediments was attributed to microbial input (Aloulou et al., 

2010). 
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Mille et al. (2007) determined the levels of hydrocarbons and the potential 

sources of contamination in the marine sediments in the Gulf of Fos, France. Total 

concentrations of n-alkanes (C14-C32) varied from 0.55 to 6.85 µg/g sediment dry weight 

(Mille et al., 2007). A strong odd over even predominance was observed in the range (C23-

C31) which suggests input of terrestrial plants. 

 

1.6 Studies of n-alkanes from Arctic sediments 

Yunker et al. (1995) found that detailed organic geochemistry studies in estuaries 

are rare. Therefore, they analyzed n-alkanes together with other hydrocarbons in 

suspended particulate and sediment samples from the Mackenzie estuary to study 

seasonal variations in their source (terrestrial or marine) and distribution. Extraction of 

hydrocarbons was performed using 1:1 mixture of CH2Cl2/CH3OH in a water bath at 55 °C 

for 4 hr. The biomarkers, including n-alkanes, n-alcohols and sterols, had a dominant 

source of higher plants in the Mackenzie River. Concentrations of n-alkanes varied from 

1.10 to 2.10 µg/g (C15-C19) and 3.10 to 7.80 µg/g (C23-C33) in core samples as shown in 

Table 1.3. From the report, principal component analysis (PCA) was used to classify the 

sources of the hydrocarbons analyzed. PCA identifies patterns in data and expresses data 

in such a way as to highlight similarities and differences. The results show n-alkanes (C23-

C33) were higher in concentration with a well-defined odd-even predominance. Higher 

plant input was determined as the major source of n-alkanes in the Mackenzie River with 

low aquatic input.    



 
 

16 
 
 

Lipids such as alkanes, alcohol, fatty acids and sterols in surface sediments across 

the Arctic Ocean were determined in order to define the sources of organic carbon and 

the transport of organic carbon in the ocean basin by Belicka et al. (2002). Each extraction 

of lipids in sediments and particles was performed three times with a mixture of 1:1 

CH2Cl2/CH3OH. Samples were sonicated in a water bath at room temperature for 2 min 

prior to overnight extraction at 4 °C. Algal biomarkers were detected in all surface 

sediments from the central Arctic basin indicating that some primary production reached 

sediments. Marine biomarkers represented a small fraction of the total lipids analyzed. 

This suggested that the basins are less productive than shallow waters and therefore 

significant organic matter degradation occurs before reaching the sediment. However, 

the shelf was dominated by marine material compared to terrestrial biomarkers, 

demonstrating increased primary productivity (i.e., the rate at which plant and other 

photosynthetic organisms produce organic compounds in an ecosystem) in the shelf. 

Hydrocarbons in sediments were dominated by the n-alkanes C17-C33 with an odd to 

even predominance. The total concentration of n-alkanes was as high as 748 µg/g. The 

presence of biomarkers including HMW n-alkanes in sediments indicates a significant 

input of vascular plant-derived organic carbon to the central Arctic region and provides a 

key organic carbon component to examine carbon transport. Also, sediments from all 

locations had an odd-even predominance for HMW n-alkanes and fatty acids which is 

typical of vascular plant input.  

Belicka et al. (2004) examined a suite of organic biomarkers including n-alkanes, 

alcohols and fatty acids in six sediments cores in the Chukchi and Beaufort Seas in order 
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to compare the sources and preservation of organic carbon between the two Seas. The 

source of organic carbon whether terrestrial or marine will enable the understanding of 

carbon burial mechanisms within the Arctic and how the burial might change with altered 

ice cover or carbon supply. Sediments were extracted in the same way as in Belicka et al. 

(2002). Sediments of the Chukchi Shelf and Slope exhibited the dominance of marine 

carbon reflecting high primary productivity whereas lipids determined in the Beaufort Sea 

showed less marine input. Total concentrations for both LMW and HMW n-alkanes were 

higher in Beaufort Sea than the Chukchi Sea as seen in Table 1.3. HMW odd carbon n-

alkanes were predominant in both seas which indicates terrestrial input as the main 

sources of n-alkanes and hence organic carbon. There were no obvious down core trends 

in total concentrations of n-alkanes in sediments collected from either sea. This was 

attributed to periodic pulses of organic carbon that were not fully recycled by 

microorganisms in the ocean but sequestered and preserved for a long period of time in 

sediments. Furthermore, the shelf of the Beaufort Sea received significant terrestrial 

contributions to the total organic carbon as compared to the Chukchi Shelf. This was 

attributed to influence of the Mackenzie River.  

With the continuous climate warming and changes in the hydrological cycle, the 

fluxes of both marine and terrestrial organic matter to the Arctic are expected to be 

altered. Hence, Belicka et al. (2009), investigated molecular organic biomarkers together 

with trace element composition in sediments cores east of Barrow Canyon in the western 

Arctic Ocean to determine sources and recycling of organic carbon in sediments from the 

shelf to the basin. Methods for sediment extraction are the same as described in Belicka 
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et al. (2002). Results from this study showed marine sources of organic matter. However, 

the marine organic matter decreased due to intense metabolism by sea-ice algae. The 

abundance of long-chain n-alkanes, n-alcohols and n-alkanoic acids in sediments 

demonstrated the presence of terrestrial organic carbon, which increased with core 

depth as the intense metabolism removes more marine organic matter. Terrestrial 

organic matter input was prominent in the basin sediments supporting recent evidence 

for abundant land-derived organic carbon in locations away from coastlines. 

Concentrations of n-alkanes C23-C33 ranged from 41.90 to 93.30 µg/g. n-Alkanes in all 

sediments showed a strong odd-even predominance with concentrations dominated by 

HMW n-alkanes. This is consistent with higher vascular plants being the sources of n-

alkanes in analyzed sediments. Principal component analysis also showed strong evidence 

of terrestrial input of organic matter. 

A study by Faux et al. (2011) examined sediments from the Northern Chukchi Sea 

to identify and quantify organic carbon inputs over the last 9000 years. Molecular organic 

biomarkers such as n-alkanes, n-alcohols, fatty acids and sterols identified the sources of 

organic carbon and the changes in deposition. Sediments were extracted in the same way 

as described in Belicka et al. (2002). Results from the analysis of the biomarkers indicated 

major contributions of long chain alcohols and n-alkanes. Concentrations of n-alkanes 

ranged from 291.2 to 623.9 µg/g with HMW n-alkanes in the range C23-C33 ranging from 

167.30 to 418.70 µg/g. Odd-even predominance of n-alkanes C23-C33 was observed 

throughout the core suggesting terrestrial plant input. The report indicated minimal 

contributions of LMW n-alkanes.  
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Harvey et al. (2014) reported that the Chukchi Sea is one of the least exploited 

areas in North America given its potential as a notable source of oil and gas and research 

literature has limited information on distribution and concentrations of hydrocarbons 

present in sediments and biota. Hence, they aimed to establish a baseline dataset of 

aromatic and aliphatic hydrocarbons by determining their distribution, concentrations 

and sources in surface sediments and biota. Core sediments from three sites were also 

analyzed to establish historical patterns. Hydrocarbons in sediment samples were 

extracted with a mixture of 1:1 hexane:acetone at 80 °C for 30 min using a microwave 

assisted extraction system. Concentrations of n-alkanes (C15-C33) in surface sediments 

were higher than polyaromatic hydrocarbons (PAHs) and ranged from 1.80 to 17 µg/g 

with greater spatial variability throughout the study area. Although there was spatial 

variation, the n-alkanes C27, C29 and C31 showed the greatest mean concentrations in 

surface sediments with a well-defined odd-even predominance indicating terrestrial 

source of n-alkanes. Odd-even predominance was measured using the carbon preference 

index and results from this method supported the terrigenous sources of n-alkanes in the 

Chukchi surface sediments. Except for one of the core samples analyzed, n-alkanes 

concentrations in cores did not show any systematic trends with depth but a 

predominance of HMW odd n-alkanes was observed which further indicates terrestrial 

input. The vertical profiles of n-alkanes and polyaromatic hydrocarbons suggested intense 

mixing by marine organisms as well as changes in organic matter input. Sources of n-

alkanes and PAHs in surface sediments reflected a mixture of natural background and 
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petroleum hydrocarbons with significant vascular plant input. Detailed concentration 

data from these reports are found in Table 1.3.  

 

  Table 1.3: n-Alkane studies in Arctic sediments. 

Sample site n-Alkane 
group 

Total 
concentration 

(µg/g) 

Surface/Core 
sample 

References 

Mackenzie 
River 

C15-C19 

 
C23-C33 

 

1.10 – 2.10 
 

3.10 – 7.80 
 

 
Core 

Yunker et al., 
1995 

Chukchi Sea 
 

C17-C33 70 - 748 
 

Core Belicka et al., 
2002 

Beaufort Sea 
 

Chukchi Sea 
 

 
C23-C33 

180 - 1100 
 

74 - 670 
 

Core Belicka et al., 
2004 

Beaufort Sea 
 

Chukchi Sea 
 

 
C17-C22 

    100 - 470 
 

23 - 110 
 

Core Belicka et al., 
2004 

Beaufort Sea C23-C33 41.90 - 93.30 
 

Core Belicka et al., 
2009 

Chukchi Sea C23-C33 167.30 - 418.70 Core Faux et al., 
2011 

Chukchi Sea C15-C33 1.80-17.00 Surface Harvey et al., 
2014 

Chukchi Sea C15-C33 1.82-22.92 Core Harvey et al., 
2014 
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1.7 Alkenes 
 

n-Alkenes in sediments can originate from the microbial transformation of the 

corresponding n-alkane or direct input from organisms (Grimalt et al., 1991) including 

algae (Youngblood et al., 1971) and zooplankton (Saliot, 1981). The abundance of long 

chain n-alkenes have been found to be either equal or greater than that of the 

corresponding n-alkanes. This difference can be due to climate or physical or chemical 

changes in the sediments (Theissen et al., 2005).  

 

1.7.1 Investigations on n-alkenes 

Saturated and olefinic hydrocarbons in the Baltic Sea analyzed by Pihlaja et al. 

(1990) were associated with both marine and terrestrial sources. Mono-olefinic 

hydrocarbons C23, C25 and C27 were found in all sediments. They originated from higher 

plants and their distribution was parallel to that of n-alkanes (C23 - C33) from leaf waxes. 

Another study on n-alkenes from the Baltic Sea by Debyser et al. (1977) indicated that n-

alkenes were the product of the decarboxylation of fatty acids from cuticular waxes. 

Yunker et al. (1995) studied terrestrial and marine biomarkers in an ice-covered Arctic 

estuary and reported that the production of n-alkenes was associated with phytoplankton 

and zooplankton. This was observed in the water column and sediment trap samples. 

Sediment samples from Walvis Bay, West Africa analyzed by Hunt and Whelan (1978) 

yielded 2-methyl-butene as the dominant olefin. n-Alkenes were present in higher 

concentrations in the surface sediments than in the deep-sea cores. The decrease in 
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concentrations of n-alkenes with increase in depth can be due to microbial or chemical 

degradation (Barrick et al., 1980).  

The study of sediments from Gabes Gulf in Tunisia by Aloulou et al. (2010) 

demonstrated even numbered n-alkenes dominating over even numbered n-alkanes. The 

reported sources of these compounds include marine organisms as well as terrestrial and 

petrogenic input. Mono-unsaturated n-alkenes in sediments may be associated with 

microbial transformation of the corresponding n-alkanes or direct biogenic input (Jaffé et 

al., 2001). The analysis of long chain n-alkenes C25 and C27 in sediments from Lake Challa, 

East Africa, revealed that the production of n-alkenes was associated with phytoplankton, 

green algae and cyanobacteria (van Bree et al., 2014). Results from the analysis of 

Cambrian sediments yielded the occurrence of only even numbered n-alkenes (C16 – 

C28). This trend may be due to strong microbial activities (Asif and Iqbal, 2014). A study 

of long chain n-alkenes in sediments from Lake Lugu, China described the dominance of 

C25 and C27 compounds (Zhang et al., 2015). The abundance of n-alkenes was interpreted 

as being due to contributions from a variety of algal organisms. Eustigmatophyte and 

Chlorophyte were proposed as the probable sources of alkenes because of their 

dominance in the lake (Zhang et al., 2015). The sources of n-alkenes (C18 - C24) in surface 

sediments from the Niger Delta were associated with biogenic, terrestrial and microbial 

inputs. (Ebirien et al., 2012). Requejo et al. (1985) reported that C25 and C30 alkenes in 

estuarine sediments from a New England salt marsh are linked to the decay of Spartina 

debris. 
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1.7.2 Investigations on highly branched isoprenoid alkenes 
 

Many other investigations on the sources of alkenes in sediments have been 

performed, especially concerning the highly branched isoprenoid (HBI) alkenes. These 

HBI compounds are useful in distinguishing between algal, bacterial and terrigenous 

vascular sources of organic carbon in marine systems.  

Several studies (Kaiser et al., 2016; Cabedo-Sanz and Belt, 2015; Brown et al., 

2014; Aloulou et al., 2010; Dantse et., 2007; Masse et al., 2004; Volkman et al., 1997 and 

Nicholas et al., 1988) analyzed HBI alkenes and reported that species of diatoms including 

Pseudosolenia calcar-avis, Rhizosolenia setigera, Berkeleya, dinoflagellates and 

coccolithophorides were the sources of these compounds. The study of HBI n-alkenes by 

Rowland and Robson (1990) and Volkman et al. (1994) demonstrated that marine 

microalgae is the likely source of HBI alkenes. In summary, the biological sources of highly 

branched isoprenoids are group of algae (diatoms) while n-alkenes originate from a 

variety of algal, microbial and terrestrial sources. 

 

1.8 Arsenic remobilization 
 

Arsenic is an essential element needed in trace amounts by plants and animals. 

Despite the importance of this element, it can cause acute or chronic toxicity when 

ingested at higher concentrations (Bhattacharya et al., 2006). This element has a complex 

chemistry and behavior which has implications on its toxicity to organisms. Arsenic occurs 

naturally in four oxidation states (-3, 0, +3 and +5) the distribution of which depends on 
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the pH and the redox potential of the environment (Moore and Ramamoorthy, 1984). In 

the environment, As exists predominantly in the +3 and +5 forms. Arsenate (AsO4
3-) is the 

most dominant form of arsenic in oxidized marine sediments whereas arsenite (AsO3
3-) is 

the prevalent form in reduced sediments (Langmuir et al., 1999). Arsenate is reduced to 

arsenite by bacteria in reducing sediments. Bacteria in aerobic and anaerobic sediments 

accumulate arsenate and arsenic and convert them to methylated arsenic and vice versa 

(Turpeinen et al., 1999). Arsenite has been found to be more toxic than arsenate and 

much more toxic than methylated arsenic to humans (Reimer and Thompson, 1988).  

In sediments, arsenic is commonly found in the inorganic form. The total 

concentration of arsenic in marine and estuarine sediments generally ranges between 5 

and 15 µg/g (Langmuir et al., 1999). There is the tendency for dissolved arsenic to be 

mobilized during changes in redox potential. In an oxidized environment, arsenic in 

sediments can co-precipitate with metal oxides such as iron, manganese and aluminum 

(Andreae and Andreae, 1989). The dissolution of iron hydroxides, for example in pore 

water, causes arsenic and iron to be released into the pore water under reducing 

conditions (Dang et al., 2014). Arsenic in sediments can react with sulfur to produce the 

mineral realgar (As4S4) under reducing conditions. This sulfide has low solubility, mobility 

and bioavailability (Sadiq, 1990). Specific sequestration reactions and release of arsenic 

from sediments is not fully understood; there is currently limited knowledge on the 

interaction between organic matter and arsenic (Dang et al., 2014). Arsenite can be 

oxidized to arsenate by organic matter which may affect the speciation and toxicity of 
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arsenic (Sharma and Sohn, 2009). Spatial variability in the types of organic matter may 

affect remineralization rates of trace elements including arsenic.  

Sediments sampled for this study have been analyzed for concentrations of 

arsenic by Dr. John Trefry (2014), showing that sediments were rich in arsenic. Therefore, 

this study seeks to determine if there is any relationship between arsenic concentrations 

and n-alkane concentrations with sediment core depth, which would indicate a diagenetic 

process that could affect the concentrations of both arsenic and n-alkanes. 

 

1.9 Objectives 
 

Sediments are a repository for substances from both natural and anthropogenic sources 

and therefore may hold clues to past environmental conditions. Hence, this research 

seeks to analyze core sediments from the Chukchi Sea with the following objectives: 

1. Isolate and determine the identities of n-alkanes and n-alkenes in Arctic sediments 

using Gas Chromatography/Mass Spectrometry.  

2. Quantify the n-alkanes in the core samples using n-alkane standards. 

3. Use carbon preference index, odd/even predominance, terrigenous aquatic ratio 

and the ratio of LMW/HMW to trace possible sources of n-alkanes.  

4. Determine whether (i) concentrations of n-alkanes are related to concentrations 

of As and TOC in Chukchi Sea sediments at various depths and (ii) effects of climate 

change are reflected in the sedimentary record. 
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5. Explore the identification of low molecular weight n-alkenes indicated by initial 

GC-MS analyses of cores.  
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Chapter 2 

Materials and Methods 

 

2.1 Study area and sampling 
 

The Chukchi Sea as shown in Figure 2.1 is a marginal sea of the western Arctic 

Ocean located between Russia and Alaska and is north of the Pacific Ocean. Sediment 

core samples were collected by Dr. John Trefry’s research group in 2012 from Stations 

H24, H30, H32 and BarC5 in the Hanna Shoal region as outlined in Figure 2.1. Surface 

samples (0-6 cm) were divided into 1 cm increments in depth and deeper samples (6-24 

cm) were divided into 2 cm increments in depth. The samples were stored in acid washed 

I-Chem glass jars and frozen at -78 °C to prevent biodegradation before analysis. 

  

 

Figure 2.1: Sampling Stations (Harvey et al., 2017)  
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2.2 Reagents and Chemicals 
 

Methanol, toluene, hexane and hydrochloric acid were Fisher Scientific HPLC grade (Fair 

Lawn, NJ, USA) and were used as received without further purification. Copper powder 

was purchased from Acros Organics (Morris Plains, NJ, USA) and n-alkane standards were 

from AccuStandard, Inc (New Haven, CT, USA). 

 

2.3 Analytical Methods 
 

Sample preparation is the most important step to analytical methodologies 

because it is responsible for the sources of error and consumes much time (Luque de 

Castro and Luque-García, 2002). In this study, the Soxhlet extraction method was chosen 

to extract n-alkanes and n-alkenes in Chukchi Sea sediments. The Soxhlet extraction has 

been extensively used since it was developed in 1879 by von Soxhlet to separate lipids 

from a solid material. This method of extraction was chosen over other methods due to 

seveal advantages. Soxhlet extraction has been found to be efficient because the sample 

is brought into contact with the solvent several times which facilitates displacement of 

equilibrium. In comparison to other extraction methods, including Bligh and Dyer as well 

as Microwave Assisted Extraction (MAE), a large sample mass can be extracted at a time. 

Also, there is no filtration required after extraction. Drawbacks include longer extraction 

time and large amount of solvent used (Luque de Castro and Priego-Capote, 2010).  Figure 

2.2 shows the Soxhlet extraction apparatus.  
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Figure 2.2: Soxhlet Extraction Apparatus (Luque de Castro and Priego-Capote, 2010)   

 

The extraction is performed as follows: 

Approximately 50 g of wet sediment was placed in a 33 mm x 80 mm Whatman cellulose 

extraction thimble and this thimble was placed in the Soxhlet apparatus. Some of the wet 

sediment was weighed separately and dried to determine concentrations of n-alkanes in 

dry sediments. About 200 mL of 1:1 methanol/toluene solvent mixture was placed in the 

distillation flask and approximately 0.240 g of copper powder was added to the flask to 

remove sulfur during extraction. The extract was heated at the minimum temperature 

needed to affect refluxing for 48 hours. After the 48 hrs, the extract is cooled and acidified 

with 1 M HCl to a pH between 1.5 and 2.0 to bring any fatty acids in solution. The extract 

was then placed in a separatory funnel and extracted three times with 50 mL of toluene. 

The organic layer was recovered and reduced in volume to approximately 1 mL using 

rotary evaporation. The reduced volume extract was applied to a silica column (20 cm x 

2.5 cm) and 200 mL of hexane was passed through the column to elute n-alkanes and n-



 
 

30 
 
 

alkenes. Fatty acids were eluted with 200 mL of toluene for analysis by another 

researcher. The n-alkanes and n-alkenes extract was reduced to approximately 1 mL using 

a rotary evaporator. Fluoranthene was added as an internal standard (10 ppm) and the 

extract was analyzed with GC-MS.  

 Core samples were not large enough to perform three extractions in order to 

determine the precision of data obtained from the GC-MS. Therefore, three replicate 

samples were prepared from mixing remains of samples both manually and using a 

shaker. The samples were extracted in the same manner as the other samples. The 

extracts were analyzed to determine the analytical precision of the extraction method.  

 

2.4 Chromatographic analysis 
 

During preliminary analysis of sediments samples, n-alkanes were analyzed using 

an HP GCD series II GC-MS. The temperature program had an initial temperature of 60 °C 

with an injector temperature of 265 °C. The initial temperature was held for 2 mins and 

the temperature increased at a rate of 8 °C/min until 300 °C which was held for 5 mins. 

The mass spectrometer was operated in the electron impact ionization mode at 70 eV 

with a quadrupole mass analyzer which had a mass range of 45-425 m/z. The GCD series 

GC-MS had a good library for compound identification and it was through this feature that 

even numbered n-alkenes were identified for the first time in sediment samples. The GCD 

series GC-MS was better for qualitative analysis and therefore another GC-MS was used 

for quantitative analysis. 
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Therefore, n-alkanes and n-alkenes were analyzed on a Perkin Elmer Clarus 500 

gas chromatograph (GC) coupled to a Perkin Elmer Clarus 560D mass spectrometer (MS). 

The temperature program started with an initial temperature of 50 °C held for 2 mins and 

an injector temperature of 250 °C. The temperature increased at a rate of 8 °C/min from 

50 to 260 °C and then 4 °C/min from 260 to 300 °C and held for 10 minutes at 300 °C. The 

mass spectrometer was operated in the electron impact ionization mode at 70 eV with a 

quadrupole mass analyzer which had a mass range of 45-425 m/z. The extract (2 µL) was 

injected into the GC-MS. The GC-MS was used for quantification of n-alkanes using 

fluoranthene as the internal standard. The individual n-alkanes was identified by 

comparison with retention times of n-alkane external calibration standards and by their 

mass spectral patterns, which was compared to those of the GC-MS computerized library. 

The n-alkenes were identified by their mass spectral patterns due to the unavailability of 

n-alkene standards. 
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Chapter 3 

Results and Discussion 

 

3.1 Quantification of n-alkanes 
 

To quantify the n-alkanes, different concentrations (0.125 ppm, 1.25 ppm, 2.5 

ppm, 5 ppm, 10 ppm and 20 ppm) of both odd (C15-C35) and even (C12-C34) n-alkane 

standards were prepared and analyzed in order to create calibration curves. The GC-MS 

quantification program was created and concentrations of n-alkanes in sediments were 

determined. Figures 3.1 and 3.2 show 10 ppm odd and even n-alkane standard 

chromatograms with signal intensity versus retention time. The lower molecular weight 

n-alkanes, being more volatile, were eluted and detected before the higher molecular 

weight n-alkanes. Also, the signal intensity declines with time because the GC-MS is less 

sensitive to high molecular weight n-alkanes. These two chromatograms and the 

chromatograms obtained from the remaining concentrations prepared were used to 

ascertain the n-alkane compounds in the sediments based on their retention times as well 

as for quantitative analysis. The n-alkanes and their retention times are found in Table 

3.1. The internal standard, 10 ppm fluoranthene had a retention time of 24.93 mins which 

appears in the two chromatograms as the most intense peak. The 10 ppm fluoranthene 

was added to each sample before GC-MS analysis.  
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Figure 3.1: Gas chromatogram of 10 ppm odd n-alkane standard with 10 ppm 

fluoranthene added as internal standard 

 
 

 

Figure 3.2: Gas chromatogram of 10 ppm even n-alkane standard with 10 ppm 

fluoranthene added as internal standard 
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Table 3.1: Odd and even n-alkanes (C12-C23) with retention times 

n-Alkane formula n-Alkane name Retention time (min) 

C12H26 Dodecane 12.10 

C14H30 Tetradecane 15.54 

C15H32 Pentadecane 17.15 

C16H34 Hexadecane 18.62 

C17H36 Heptadecane 20.05 

C18H38 Octadecane 21.41 

C19H40 Nonadecane 22.57 

C20H42 Eicosane 23.92 

C21H44 Heneicosane 25.07 

C22H46 Docosane 26.25 

C23H48 Tricosane 27.27 

C24H50 Tetracosane 28.42 

C25H52 Pentacosane 29.33 

C26H54 Hexacosane 30.63 

C27H56 Heptacosane 31.58 

C28H58 Octacosane 33.03 

C29H60 Nonacosane 34.03 

C30H62 Triacontane 35.68 

C31H64 Hentracontane 36.63 

C32H66 Dotriacontane 38.40 

C33H68 Tritricosane 39.33 

C34H70 Tetratriacontane 41.44 

C35H72 Pentatricontane 42.94 

 
 

Figures 3.3 and 3.4 exhibit the mass spectra of n-alkanes C19 and C16, respectively. Each 

spectrum was determined to be an n-alkane based on the m/z 57, 71, and 85 signals 

corresponding to the ions C4H9
+, C5H11

+ and C6H13
+ and are characteristic ions for n-

alkanes.  
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Figure 3.3: Mass spectrum of C19 odd n-alkane standard 

 
Figure 3.4: Mass spectrum of C16 even n-alkane standard 

 

Figures 3.5 and 3.6 display examples of calibration curves for n-alkanes C19 and C16 that 

were generated. During the method development performed previously, the m/z 71 peak 

was chosen for quantitation since it produced the best correlation coefficients for the 
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calibration curves. The correlation coefficients for the n-alkane calibration curves ranged 

from 0.9836 to 0.9996.  

 

 

Figure 3.5: Calibration curve of C19 n-alkane standard with concentrations of 0.125 

ppm, 1.25 ppm, 2.5 ppm, 5 ppm, 10 ppm and 20 ppm 
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Figure 3.6: Calibration curve of C16 n-alkane standard with concentrations of 0.125 

ppm, 1.25 ppm, 2.5 ppm, 5 ppm, 10 ppm and 20 ppm  

 

3.2 Properties of Sampling Stations 

Apart from the difference in locations of Stations H24, H30, H32 and BarC5, there 

are other distinguishing features. Table 3.2 shows some properties of the sampling 

stations and sediments. Station H24 had a shallower water depth compared to the 

remaining stations. Sediments from all stations were composed of more than 80% of clay 

and silt except for Station H24 which was sandy. The sandy sediments in Station H24 may 

be a result of its shallow water depth which leads to winnowing away of the clay and silt 

by the high energy of ocean currents and waves. Average total organic carbon ranged 

from 0.5% for the entire core at Station H24 which is the furthest from land to 1.83% for 

the entire core at Station BarC5 which is closest to land. The sedimentation rate for 
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Station BarC5 is not known so a sedimentation rate of 0.12 cm/yr is used and is based on 

the average sedimentation rates of the other three sites. This sedimentation rate 

indicates that every 1 cm depth represents about 8 years of sediment accumulation 

(Trefry et al., 2014).  

 

Table 3.2: Properties of sampling stations and sediments (Trefry et al., 2014) 

Station Sediment 

composition of core 

Water 

depth (m) 

Average % 

TOC of core 

Sedimentation 

rate (cm/yr) 

H24 > 40% Sandy 42 0.50 0.15 

H32 > 80% Clay and Silt 50.9 1.32 0.10 

H30 > 80% Clay and Silt 62.8 1.49 0.12 

BarC5 > 80% Clay and Silt 118.3 1.83 ~0.12 

 

 

3.3 Concentrations and variations of n-alkanes in sediments 
 

Stations H24, H30, H32 and BarC5 sediment cores were analyzed for n-alkanes and 

n-alkenes. A total of 52 core sediments were analyzed. All concentrations of n-alkanes 

were calculated for dry weight sediments with an average relative standard deviation of 

17%. The process for determining this error is stated in Section 2.3. The n-alkanes were 

quantified in the range C15-C35 for odd n-alkanes and C12-C34 for even n-alkanes. This 

was done based on the n-alkanes in the standards used for creating the quantification 

program. Variations in concentration of n-alkanes with depth will be discussed for each 

station. In particular, sediments from the surface (0-1 cm) and the deepest depth will be 

discussed because sediments from depth 0-1 cm can give the most recent data on the 
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concentrations and sources of n-alkanes and n-alkenes compared to the deepest sample. 

Also, sediment samples that showed the highest concentrations of n-alkanes in each 

station will be discussed. This is followed by a description of sediment samples with n-

alkenes and their sources and a comparison of n-alkane concentrations and patterns 

among the four stations. Finally, relationships between concentrations of n-alkanes with 

arsenic concentrations and with total organic carbon will be analyzed along with evidence 

of climate change reflected in the sedimentary record.  

 

3.4 Station H24 

Station H24 (Figure 2.1) is a site on Hanna Shoal and has a shallow water depth of 

42 m with about 40% of sediments consisting of sand, which is sandier than the other 

stations. Station H24 is furthest from the shore. The average TOC content of sediments 

from this location is 0.50% for the entire core (Trefry et al., 2014). The values of TOC in 

sediments from Station H24 reached a minimum of 0.39% at 12-14 cm depth and a 

maximum of 0.9% at 7-8 cm depth. There was no systematic trend observed for 

concentrations of TOC with depth (Figure 3.7).  
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                                           Figure 3.7: Percent TOC with depth in Station H24 

 

The high TOC recorded in deeper sediments could be a result of sediments receiving large 

amounts of organic carbon during that period that were not degraded but were 

sequestered into sediments and preserved for a long period (Belicka et al., 2004). Also, 

the presence of more fine clay and silt than sand at deeper depths may be a cause of the 

high TOC. The TOC data can be found in Appendix A, Table A1. For the studied sediments, 

the total concentrations of n-alkanes with depth could not be correlated to TOC with 

depth (Figure 3.8).  
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Figure 3.8: %TOC plotted as a function of total n-alkane concentrations at the same depth in 

Station H24 

 

Figure 3.9 is an example of a chromatogram of compounds in sediments from Station 

H24 at 0-1 cm depth. The chromatogram shows the intensity signal of the compounds 

with retention time. The chromatogram also shows an unresolved complex mixture 

which is a sign of petroleum input and will be discussed in a later section with other 

depths of sediments having a similar feature.  
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Figure 3.9: Gas chromatogram of compounds in sediments at 0-1 cm depth from Station 

H24 with 10 ppm fluoranthene as internal standard 

 

3.4.1 Concentrations of total n-alkanes with depth in Station H24 core sediments 

The concentrations of total n-alkanes with depth in Station H24 are shown in 

Figure 3.10. The concentrations ranged from 6.25 µg/g at 12-14 cm depth to 16.6 µg/g at 

3-4 cm depth. Except for sediments from 3-4 cm, 10-12 cm and 12-14 cm depths, the 

concentrations of the remaining depths of samples are constant within a 95% confidence 

of 10.3 ± 1.15 µg/g which may suggest a relatively constant input and low rate of 

degradation of n-alkanes. The high concentration of n-alkanes in sediments at depth 3-4 

cm may be a result of increased concentration of biogenic materials or petroleum input 

which will be discussed in a later section. Concentrations of total n-alkanes with depth 

are specified in Appendix A, Table A1. 
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Figure 3.10: Concentrations of total n-alkanes (C12-C35) in H24 sediments with depth 

 

3.4.2 Concentrations of individual n-alkanes with depth in Station H24 

Apart from sediments from the 3-4 cm depth, concentrations of individual n-

alkanes in the remaining depths were below 2 µg/g. The distribution of n-alkanes at all 

depths were centered around the high molecular weight odd n-alkanes (C23-C29) except 

for the 5-6 cm depth sample. Analysis of individual n-alkanes at all depths showed 

concentrations of odd n-alkanes consistently greater than even n-alkanes (Figure 3.11) 

except for sediments from 2-3 cm and 12-14 cm depths which had some even n-alkane 

concentrations greater than odd n-alkane concentrations in the range C28-C35 (Figure 

3.12). From Figure 3.11, the pronounced odd-even predominance among all the n-alkanes 

(C21-C33) is indicative of significant terrestrial plant input (Gusso Maioli et al., 2012; Faux 

et al., 2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker 
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et al., 1995). Bacteria and algae input are depicted by the distribution of C15, C17 and C19 

(Harvey et al., 2017, 2014). 

 

 

Figure 3.11: Concentrations of individual n-alkanes in H24 sediments at 1-2 cm depth 

 

Sediments at 2-3 cm and 12-14 cm depths exhibited a similar trend in n-alkane 

distribution (Figure 3.12). These depths of sediments had a well-defined odd-even 

predominance of n-alkanes in the range C14-C27. The lack of odd-even predominance in 

the n-alkane range C28-C35 is due to bacterial degradation (Snedaker et al., 1995). In 

addition to the contribution of terrestrial input by the high concentrations of n-alkanes 

C23, C25 and C27, the presence of algae and bacteria is observed due to the contribution 

of the n-alkanes C15, C17 and C19. The n-alkanes C23 and C25 have been frequently found 

in Sphagnum mosses (Nott et al., 2000) and C27 is present in waxes of trees and shrubs 

(Meyers, 2003). 
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Figure 3.12: Concentrations of individual n-alkanes in H24 sediments at 12-14 cm depth 

 

The sediment from the 5-6 cm depth was a unique sample and its n-alkane distribution is 

shown in Figure 3.13. Like the samples from the remaining depths, it exhibited an odd-

even predominance in the n-alkane range C14-C27. However, this predominance was 

more apparent among the lower molecular weight n-alkanes indicating significantly more 

aquatic input of n-alkanes than terrestrial. Additionally, the n-alkanes C15 and C17 which 

are thought to be produced by bacteria and algae (Harvey et al., 2014, 2017) were present 

at high concentrations. Hence, among all the depths of sediments analyzed in the H24 

core, this was the only sample that illustrated more aquatic input of n-alkanes than 

terrestrial input. 
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Figure 3.13: Concentrations of individual n-alkanes in H24 sediments at 5-6 cm depth 

 

3.4.3 Sediment sample at 0-1 cm depth in Station H24 
 

Figure 3.14 depicts the individual concentrations of n-alkanes in the surface (0-1 

cm) sediments. The surface sample corresponds to a time period of 2005-2012. 

Concentrations of total n-alkanes recorded in this depth were 12.6 µg/g which is slightly 

higher than concentrations (10.8 µg/g) reported by Harvey et al., 2017 in surface 

sediments from the same location in the Chukchi Sea but within our margin of error of 

17%. The individual n-alkane concentrations ranged from 0.18 to 1.70 µg/g. The 

concentrations of the odd n-alkanes were higher than the even n-alkanes with a 

predominance of C15, C17 and C19 among the C12-C20 n-alkanes indicating input of algae 

and bacteria (Harvey et al., 2017, 2014) and an odd-even predominance in the n-alkane 

range C23-C31 suggesting significant terrestrial plant input (Gusso Maioli et al., 2012; 

Faux et al., 2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; 
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Yunker et al., 1995). CPI values from 0.43 to 8.65 (Appendix A, Table A2) illustrate even-

odd as well as odd-even predominance. This indicates n-alkanes are from both aquatic 

and terrestrial sources (Bray and Evans, 1961). Similarly, the OEP values ranged from 0.70 

to 6.02 (Appendix A, Table A3), further suggesting aquatic and terrestrial input of n-

alkanes (Scalan and Smith, 1970). The low concentrations of the even n-alkanes may 

suggest minimal aquatic and possible petroleum input (Brown et al., 2004; Steinhauer and 

Boehm, 1992). Therefore, the surface (0-1 cm) sample had more terrestrial plant input of 

n-alkanes specifically from Sphagnum mosses (C23, C25), trees and shrubs (C27) than 

aquatic input. 

 

 

Figure 3.14: Concentrations of individual n-alkanes in H24 sediments at 0-1 cm depth 
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3.4.4 Sediment sample at the greatest depth (18-20 cm) in Station H24 
 

The concentrations of individual n-alkanes in the greatest depth ranged from 0.15 

to 1.5 µg/g with C27 having the highest concentration (Figure 3.15). Sediments from this 

depth was deposited between the years 1878-1891. The high concentration of C27 may 

be due to increased inputs from plant waxes. The concentrations of the odd n-alkanes 

were consistently higher than the even n-alkanes with a distinct odd-even predominance 

in the entire sample especially between C23-C33 n-alkanes, indicating significant 

terrestrial sources of n-alkanes (Gusso Maioli et al., 2012; Faux et al., 2011; Tahir et al., 

2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 1995). The odd-

even number carbon preference is reflected in the CPI (1.89-6.87) and OEP (1.98-4.95) 

values again suggesting significant terrestrial plant input (Bray and Evans, 1961, Scalan 

and Smith, 1970). The CPI and OEP values are depicted in Appendix A, Tables A2 and A3, 

respectively. Additionally, the odd n-alkanes C23, C25 and C27 had the highest 

concentrations among all the n-alkanes analyzed, further indicating terrestrial sources 

(Yunker et al., 2005). The concentrations of the even n-alkanes were low compared to the 

odd n-alkanes which may be due to minimal aquatic input (Yu et al., 2016).  

In comparison to the surface sediments (0-1 cm), concentrations of n-alkanes in 

the deepest sediments (18-20 cm) were slightly lower. Also, odd-even n-alkane 

predominance was pronounced among n-alkanes C27-C35 in the sediments at 18-20 cm 

depth which indicates input of plant waxes as compared to the surface (0-1 cm) 

sediments. Algal and bacteria enhancement was apparent in both samples due to the 

contributions of C15, C17 and C19. The n-alkanes C18 and C22 had the lowest 
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concentrations in both sediments. Furthermore, the odd n-alkanes had the highest 

concentrations in both sediments. 

 

 

Figure 3.15: Concentrations of individual n-alkanes in H24 sediments at 18-20 cm depth 

 

3.4.5 Sediment sample with the highest concentration of n-alkanes in Station H24 
 

The concentrations of individual n-alkanes in the sediments at 3-4 cm depth 

ranged from 0.18 to 2.33 µg/g (Figure 3.16). Sediments from this depth accumulated 

within the years 1985-1992. The concentrations of the odd n-alkanes were consistently 

greater than the even n-alkanes with a well-defined odd-even predominance in the n-

alkane range C23-C33, demonstrating significant input from terrestrial plants (Gusso 

Maioli et al., 2012; Faux et al., 2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; 

Mille et al., 2007; Yunker et al., 1995). The n-alkanes C27 and C29 had the highest 

concentrations and are also reflective of terrestrial plant input. The CPI (2.69-6.28) and 
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OEP values of 2.87-6.02 (Appendix A, Tables A2 and A3) are all greater than 1 and are the 

highest values recorded among all the depths of Station H24, further indicating odd-even 

predominance. This suggests terrestrial plant input of n-alkanes was greatest at this depth 

compared to the remaining depths (Bray and Evans, 1961, Scalan and Smith, 1970). Again, 

the low concentrations of the even n-alkanes may be attributed to minimal aquatic input 

(Yu et al., 2016). 

 

 

Figure 3.16: Concentrations of individual n-alkanes in H24 sediments at 3-4 cm depth 

 

3.4.6 Patterns of individual odd and even n-alkanes throughout the H24 core 
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concentrations between 0-5 cm, 6-14 cm and 16-20 cm depths. High concentrations 

peaking at 5-6 cm and 14-16 cm depths were observed.  

 

 

Figure 3.17: Patterns of C15 n-alkane concentrations in H24 sediments with depth 
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mixing of the sediments by aquatic organisms while the decrease in concentrations is a 

result of biodegradation (Yunker et al., 2005; Charriau et al., 2009). 

 

 

Figure 3.18: Patterns of C31 n-alkane concentrations in H24 sediments with depth 

 

3.4.6.2 Even n-alkanes 
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Figure 3.19: Pattern of C16 n-alkane concentrations in H24 sediments with depth 

 

 

Figure 3.20: Pattern of C28 n-alkane concentrations in H24 sediments with depth 
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3.4.7 Concentrations of total odd and even n-alkanes in Station H24 
 

The concentrations of total odd and even n-alkanes in Station H24 sediments were 

determined as 108 µg/g and 41.6 µg/g, respectively. These results illustrate that the H24 

core sediments were abundant in odd n-alkanes which is similar to what was documented 

by Belicka et al. (2004) in sediments from a different location in the Chukchi Sea. The 

concentrations of total odd n-alkanes are depicted in Figure 3.21. Concentrations of total 

odd n-alkanes varied from 3.24 to 16.9 µg/g. Contributions of C15-C17 n-alkanes suggest 

algal and bacteria activities (Xiao et al., 2008; Wakeman, 1990). The n-alkanes C23 and 

C25 which are attributed to Sphagnum mosses (Nott et al., 2000) and C27 reflecting trees 

and shrubs (Meyers, 2003) showed the highest concentrations. The high concentrations 

of long chain n-alkanes indicates terrestrial input (Yunker et al., 2005). Also, the 

terrigenous aquatic ratio (TAR) was calculated for all the core samples. The ratios ranged 

from 0.49 to 5.49. Except for sediments from 0-1 cm and 5-6 cm depths, the remaining 

depths had ratios greater than 1 indicating significant terrestrial input in Station H24 

sediments (Bourbonniere and Meyers, 1996). There was no obvious correlation observed 

between TAR values with depth.  
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Figure 3.21: Concentrations of total odd n-alkanes in Station H24 

 

Concentrations of total even n-alkanes varied from 1.94 to 7.96 µg/g (Figure 3.22). The 

concentrations of even n-alkanes C12-C22 were constant within a 95% confidence interval 

of 2.35 ± 0.25 µg/g and may suggest a constant aquatic or petroleum input (Brown et al., 

2004; Steinhauer and Boehm, 1992). However, concentrations of n-alkanes C24-C34 

maximizing at C28 indicates terrestrial sources of n-alkanes (Yunker et al., 2005). 

Concentrations of total odd and even n-alkanes are specified in Appendix A, Tables A4 

and A5.  
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Figure 3.22: Concentrations of total even n-alkanes in Station H24 
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samples at depths 3-4 cm and 12-14 cm, little variation in concentrations of HMW n-

alkanes with depth is observed. This could be due to consistent input of terrestrial 

materials. Greater terrestrial input causes high concentrations of the HMW n-alkanes.  

 

Table 3.3: Concentrations of total low molecular weight and high molecular weight n-

alkanes in H24 sediments with depth 

Depth/cm Total conc. (µg/g) of 
LMW C12-C22 

Total conc. (µg/g) of 
HMW C23-C35 

LMW/HMW 

0-1  6.54 6.05 1.08 

1-2  5.90 7.51 0.79 

2-3  5.61 5.45 1.03 

3-4  4.88 12.00 0.41 

4-5  4.20 6.27 0.67 

5-6  4.76 4.20 1.13 

6-7  4.48 5.78 0.78 

7-8  3.46 5.86 0.59 

8-10  4.36 6.60 0.66 

10-12  3.23 4.66 0.69 

12-14  2.74 3.52 0.78 

14-16  4.76 6.82 0.70 

16-18  3.65 6.23 0.59 

18-20  4.12 7.17 0.57 

 

The total concentration of LMW n-alkanes in the surface (0-1 cm) was determined as 6.54 

µg/g which is slightly lower compared to 8.11 µg/g reported by Harvey et al. (2017) in the 

same location but is within the margin of error of the present study. The source of the 

LMW n-alkanes has been attributed to a mixture of algae/bacteria and possible petroleum 

sources (Harvey et al., 2017). The total concentration of HMW n-alkanes found in the 

surface (0-1 cm) sample was 6.05 µg/g and is higher than 2.70 µg/g documented by 



 
 

58 
 
 

Harvey et al. (2017) in the same location. Samples from the current study locations and 

Harvey et al. (2017) are expected to have similar results but this is not the case. Possible 

reasons for the differences in concentrations for all stations will be discussed in a later 

section.  

The LMW n-alkane concentrations were higher in the surface (0-1 cm) sample than 

the deepest sample (18-20 cm). However, concentrations of HMW n-alkanes in the 

deepest sample were slightly greater than what was observed in the surface (0-1 cm) 

sample. The ratio of LMW/HMW ranged from 0.41 at 3-4 cm depth to 1.13 at 5-6 cm 

depth. Apart from 0-1 cm, 2-3 cm and 5-6 cm depths, all the ratios were less than 1 

indicating increased terrestrial input than aquatic input. Vertical profiles of the ratios of 

LMW/HMW concentrations did not exhibit a consistent trend with depth. This was 

verified based on linear regression analysis with r2=0.2038. 

 

3.4.9 Analyzed sediments containing an unresolved complex mixture 
 

The presence of a hump in a gas chromatogram is attributed to an unresolved 

complex mixture (Figure 3.9). The UCM is usually composed of a mixture of branched and 

cyclic hydrocarbons unresolved by the capillary column and leading to its appearance 

(Charriau et al., 2009). Samples of biogenic origin are typically characterized by the 

absence of UCM in their chromatograms whereas samples of petrogenic origin exhibit a 

UCM.  Reports by Charriau et al. (2009), Wang et al. (1999) and Snedaker et al. (1995) 

illustrated the occurrence of UCM’s in biodegraded oils and petroleum contaminated 
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sediments. The H24 core sediments at depths 0-1 cm, 1-2 cm, 2-3 cm, 3-4 cm and 6-7 cm 

had a UCM in their gas chromatograms.  

 

 

Figure 3.9: Gas chromatogram of compounds in sediments at 0-1 cm depth from Station 

H24 with 10 ppm fluoranthene as internal standard 

 

Samples that contain hydrocarbons from oil seeps or fossil fuel should not show odd-even 

predominance. However, sediments from all these depths showed an odd-even 

predominance, indicating biogenic input. Therefore, it can be concluded that despite the 

presence of UCM, the sediments from these depths may not contain petrogenic 

hydrocarbons but may reflect characteristics of an ancient sedimentary environment (He 

et al., 2016) or bacterial degradation of natural organic matter input (Yu et al., 2016).  

 



 
 

60 
 
 

3.4.10 Correlation between arsenic and total n-alkanes in Station H24 

As stated in Section 1.8, sediments from this station showed high concentrations 

of arsenic. Therefore, this study aimed to determine if there could be a correlation with 

n-alkane concentrations since sediment diagenesis may affect the concentrations of both 

arsenic and n-alkanes. Concentrations of arsenic and total n-alkanes are found in 

Appendix A, Table A1. Concentrations of arsenic were high at the surface and decreased 

with increasing depth. However, there was no obvious patterns in the n-alkane 

concentrations with depth. Concentrations of arsenic and n-alkanes with depth were 

plotted but there was no correlation between the two concentrations (Figure 3.23). 

 

 

Figure 3.23: Concentrations of arsenic plotted as a function of total n-alkane 

concentrations with depth in Station H24 
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3.4.11 Station H24 summary 

Station H24 sediment has a sandy composition with low organic carbon content. 

The total concentration of n-alkanes was 150 µg/g with n-alkanes C23, C25 and C27 

showing the highest concentrations. These n-alkanes are indicative of terrestrial input. 

Sediments from depth 3-4 cm corresponds to a time period of 1985-1992 based on the 

sedimentation rate. From Figure 1.2, there is a corresponding steady increase in 

temperatures during 1985-1992 which may be the cause of high n-alkane concentrations 

at 3-4 cm. However, higher concentrations would also be expected in more recent years 

as the temperature continued to increase, which is not observed. The increase in n-alkane 

concentration during that time period may be due to additional biogenic material through 

erosion or other events unrelated to climate change. Odd to even predominance was 

apparent among most of the LMW and HMW n-alkanes except for sample from 5-6 cm 

depth which had apparent odd to even predominance mainly among the LMW n-alkanes. 

The sample at 5-6 cm depth which corresponds to the time period 1972-1978 was the 

only sample which had n-alkanes mainly from aquatic rather than terrestrial sources. The 

high concentrations of HMW n-alkanes with odd predominance compared to the LMW n-

alkanes as well as the CPI, OEP, TAR, LMW/HMW ratios indicate n-alkanes from this 

station are primarily from terrestrial rather than aquatic input. In general, the individual 

odd n-alkanes did not show any trends with depth, but the even numbered n-alkanes 

were relatively constant throughout the core. The lack of a correlation between n-alkane 

concentration and temperature does not illustrate prominent effects of climate change. 

There were no n-alkenes identified in the H24 core sediments.  
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3.5 Station H30 
 

The Station H30 as outlined in Figure 2.1 is located north of the Hanna Shoal with 

a water depth of 62.8 m, deeper than Stations H24 and H32. All the sediment samples 

from this location are composed of more than 80% silt and clay with an average TOC of 

1.49% (Trefry et al., 2014). TOC values varied from 1.38% at 10-12 cm depth to 1.73% at 

1-2 cm depth. In general, the TOC values were highest in the first 2 cm depth and values 

decreased down the core to 12 cm depth. This implies organic matter was being degraded 

down the core or the percentage of deposited carbon material has increased over time. 

Concentrations of TOC then remained the same between 14 and 18 cm depths. The TOC 

data can be found in Appendix B, Table B1. The total concentration of n-alkanes with 

depth could not be correlated to TOC with depth (Figure 3.24).  

 

 

Figure 3.24: %TOC plotted as a function of total n-alkane concentrations at the same 

depth in Station H30 
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Figures 3.25 and 3.26 are examples of gas chromatograms of compounds in the sediments 

analyzed. These are from 0-1 cm and 16-18 cm depths, respectively. Samples from depths 

3-4 cm, 5-6 cm and 16-18 cm had chromatograms showing the presence of n-alkanes and 

n-alkenes with n-alkene intensities consistently higher than n-alkane intensities. The high 

intensity peaks at retention times 11.99, 15.44 and 18.53 mins in Figure 3.26 for example 

indicate n-alkenes which will be discussed in a later section.  

 

 

Figure 3.25: Gas chromatogram of compounds in sediments at 0-1 cm depth from 

Station H30 with 10 ppm fluoranthene as internal standard  
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Figure 3.26: Gas chromatogram of compounds in sediments at 16-18 cm depth from 

Station H30 with 10 ppm fluoranthene as internal standard  

 

3.5.1 Concentrations of total n-alkanes with depth in Station H30 core sediments 
 

The concentrations of total n-alkanes in the range C12-C35 were analyzed in H30 

sediments from 0-18 cm depths except for depth 4-5 cm sediment which was not 

available. Figure 3.27 shows the concentrations and distributions of total n-alkanes with 

depth in Station H30; high concentrations of n-alkanes were observed in the samples at 

0-1 cm and at 6-8 cm depths. The total concentrations ranged between 13.2 to 49.0 µg/g 

with the highest total concentration of n-alkanes recorded at depth 6-8 cm and the lowest 

concentration of n-alkanes recorded at the greatest depth (16-18 cm). Except for 

sediment samples from 0-1 cm, 6-8 cm and 14-18 cm depths, concentrations of n-alkanes 

in the remaining depths were constant within a 95% confidence interval of 19.5 ± 2.66 
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µg/g. The high concentrations recorded at 0-1 cm and 6-8 cm depths may suggest that 

Station H30 sediments received episodic pulses of n-alkanes which were not degraded 

entirely but preserved. Results for n-alkane concentrations with depth are specified in 

Appendix B, Table B1.  

 

 

Figure 3.27: Concentrations of total n-alkanes (C12-C35) in Station H30 sediments with 

depth 
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C14-C19 and C22-C26 with an odd-even predominance of C27-C35. This indicates both 

aquatic and terrestrial inputs were significant in sediments from these depths. The 

predominance of short chain even numbered n-alkanes is being reported for the first time 

in Chukchi Sea sediments. This feature is considered unusual in sediments, soils and 

sedimentary rocks (Kuhn et al., 2010). However, it has been observed in coastal sediments 

(Grimalt et al., 1987; Nishimura and Baker, 1986; Ekpo et al., 2005; Mille et al., 2007), in 

lacustrine sediments (Wang et al., 2010), in plants and soils (Kuhn et al., 2010).  These 

studies suggested biogenic input as the general source of the even n-alkane 

predominance. Hu et al. (2009) reported that even predominance of n-alkanes C12-C22 

was mainly from bacteria, yeasts, fungi and possible petroleum sources.  Nishimura and 

Baker (1986) reported marine bacteria as the source of short chain n-alkanes (C12-C22) 

with even predominance while Wang et al. (2010) reported that certain special 

autochthonous bacteria are a possible source of this kind of distribution. The 

predominance of even n-alkanes C12-C22 has been reported in several specific bacteria: 

Desulfovibrio desulfuricans (Davis, 1968), Corynebacterium species (Jones, 1969), 

Escherichia coli (Han et al., 1980; Han and Calvin, 1969), and fungi: penicillium species 

(Fisher et al., 1972; Jones, 1969) and Rhizopus stolonifera (Fisher et al., 1972). This even 

carbon predominance has also been attributed to post-depositional reduction of fatty 

acids (Welte and Ebhardt, 1968; Debyser et al., 1977). Other studies (Dettweiler et al., 

2003; Wiesenberg et al., 2009) have shown that burning of biomass due to bush fires for 

example can cause the thermal breaking of long chain n-alkanes leading to short chain n-

alkanes with even predominance.  
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Figure 3.28: Concentrations of individual n-alkanes in H30 sediments at 10-12 cm depth  

 

The n-alkane pattern in sediments from 0-4 cm, 8-10 cm and 12-16 cm are similar. An 

example is shown in Figure 3.29. Aquatic sources were not apparent but higher 

concentrations of n-alkanes C22-C24 were observed with odd predominance indicating 

significant input of terrigenous materials (Gusso Maioli et al., 2012; Faux et al., 2011; Tahir 

et al., 2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 1995).  

 

Figure 3.29: Concentrations of individual n-alkanes in H30 sediments at 0-1 cm depth  
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3.5.3 Sediment at depth 0-1 cm in Station H30 

The total concentrations of n-alkanes in the surface (0-1 cm) sample is 43.3 µg/g 

and is significantly greater than 26.69 µg/g found in surface sediments from the same 

location in the Chukchi Sea reported by Harvey et al. (2017). Sediments from this depth 

accumulated between the years 2004-2012. The individual n-alkane concentrations 

ranged from 0.13 to 5.89 µg/g. Concentrations were low for the n-alkanes in the range 

C12-C22 as compared to the n-alkanes ranging from C23-C35 (Figure 3.25). The low 

concentrations of n-alkanes C12-C22 indicate minimal algal/bacteria input (Yunker et al., 

2005). The CPI values (Appendix B, Table B2) were in the range 0.98 to 5.27 which reflect 

petroleum and terrestrial input (Bray and Evans 1961) but the OEP surface values were 

all >1 (Appendix B, Table B3) indicating significant terrestrial plant input of n-alkanes 

(Scalan and Smith, 1970). Also, the abundance of C27, C29 and C31 is characteristic of 

terrestrial plant input of n-alkanes, especially plant waxes (Tuo et al., 2003, Kalkreth et 

al., 1998). Hence sediments from this depth had n-alkanes mainly from terrestrial rather 

than aquatic and petroleum sources. 

 

3.5.4 Sediment sample at the greatest depth (16-18 cm) in Station H30 
 

The concentrations of n-alkanes in the sample at the greatest depth (16-18 cm) 

are shown in Figure 3.30. This sample corresponding to the time period 1863-1879 had 

the lowest total concentration (13.2 µg/g) of n-alkanes in all H30 samples. The individual 

n-alkane concentrations ranged from 0.13 to 1.51 µg/g. The high concentration of n-
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alkane C24 is indicative of terrestrial input (Yunker et al., 2005). Sources of n-alkanes in 

the sample is apparent based on the CPI and OEP (Appendix B, Tables B2 and B3, 

respectively). The CPI values ranged between 0.48 and 1.37. Except for C27 and C29 which 

had values greater than 1, all CPI values were less than 1 indicating aquatic input (Bray 

and Evans, 1961). The presence of n-alkanes C27 and C29 are indicative of terrestrial 

inputs (Tuo et al., 2003; Kalkreuth et al., 1998). The OEP values were in the range 0.60-

1.12, indicating aquatic and terrestrial input (Scalan and Smith, 1970).  

Comparing this sample to the surface (0-1 cm) sample, a significant difference is 

observed in terms of concentrations and input sources. Concentrations of n-alkanes were 

higher in the surface (0-1 cm) than at 16-18 cm depth. The surface sample (0-1 cm) 

displayed clear terrestrial input whereas the deepest sample (16-18 cm) does not show 

pronounced terrestrial input but rather mixed sources.  

 

 

Figure 3.30: Concentrations of individual n-alkanes in H30 sediments at 16-18 cm depth  
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3.5.5 Sediment sample with the highest concentration of n-alkanes in Station H30 
 

The concentrations of individual n-alkanes in the sample at 6-8 cm depth are 

shown in Figure 3.31. The highest total concentration (49.0 µg/g) of n-alkanes in the H30 

core occurs at the depth which corresponds to the years 1946-1962. Concentrations of 

individual n-alkanes varied from 0.16 to 6.83 µg/g. The n-alkanes C12-C22 were very low 

in concentration which indicates low algal/bacteria input (Xiao et al., 2008; Wakeman et 

al; 1990). This sample was distinct because it showed the highest concentrations of the 

n-alkanes C27-C30 among the various sample depths. The predominance of n-alkanes in 

the range C27-C30 are a result of increased input of plant waxes (Faux et al., 2011; Tahir 

et al., 2009). CPI values shown in Appendix B, Table B2, varied from 0.04-2.46 which is 

indicative of inputs from terrestrial and aquatic sources (Bray and Evans, 1961). The OEP 

values (Appendix B, Table B3) ranged from 0.25 to 2.88 further indicating terrestrial and 

aquatic inputs (Scalan and Smith, 1970). Sources of n-alkanes may be attributed to greater 

terrestrial input than aquatic input due to the high concentrations of the HMW n-alkanes 

(Yunker et al., 2005). 

 



 
 

71 
 
 

 

Figure 3.31: Concentrations of individual n-alkanes in H30 sediments at 6-8 cm depth  

 

3.5.6 Patterns of individual odd and even n-alkanes throughout the H30 core 
 

Interestingly, the concentration patterns for the n-alkanes C12-C19 were similar 

throughout the H30 core (Figure 3.32). High concentrations of these n-alkanes were 

observed at 0-1 cm depth and 10-12 cm depths. Concentrations remained constant 

between 2-10 cm and 14-18 cm depths.  

 

 

Figure 3.32: Patterns of C17 n-alkane concentrations in H30 sediments with depth  
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 The n-alkanes C20 and C21 had high concentrations at 0-1 cm. Their concentrations 

decreased at depth 1-2 cm and remained constant throughout the remaining depths. The 

range of n-alkanes C23-C35 had similar patterns of concentrations throughout the core 

(Figure 3.33). Concentrations were higher at 0-1 cm and 6-8 cm depths. Concentrations 

remain lower and relatively constant in the remaining depths. The similar patterns 

observed may indicate similar input sources. In general, the LMW and HMW n-alkanes 

had highest concentrations at 10-12 cm and 6-8 cm depths, respectively. 

 

 

Figure 3.33: Patterns of C29 n-alkane concentrations in H30 sediments with depth  
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and C19 further indicates low algal enhancement in Station H30 (Xiao et al., 2008, 

Wakeman, 1990). The n-alkanes C27 and C29 are known to be major contributors to n-

alkane concentrations in the Arctic Ocean due to increased terrigenous materials from 

erosion and river runoffs (Belicka and Harvey 2009; Yamamoto et al., 2008; Guo et al., 

2007; Belicka et al., 2002) and this is evident in Station H30 sediments due to their high 

concentrations compared to the rest of the odd n-alkanes. The dominance of C27 and C29 

which is indicative of terrestrial inputs, especially trees and shrubs, has also been 

documented in the Beaufort Sea sediments (Yunker et al., 1993; Wainwright and 

Humphrey, 1984). Furthermore, the terrigenous aquatic ratios ranged from 1.55 µg/g at 

10-12 cm depth to 15.0 µg/g at 6-8 cm depth. Values greater than 1 indicate significant 

terrestrial input of n-alkanes in the H30 sediments (Bourbonniere and Meyers, 1996). 

 

 

Figure 3.34: Concentrations of total odd n-alkanes in Station H30 sediments 
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Concentrations of total even n-alkanes varied from 3.25 to 20.8 µg/g (Figure 3.35). 

Concentrations of even n-alkanes in the range C12-C20 were constant within a 95% 

confidence interval of 3.68 ± 0.47 µg/g which suggests consistent input of aquatic sources 

(Yunker et al., 2005). However, high concentrations were observed for the even n-alkanes 

in the range C22-C34 which is indicative of terrestrial input (Yunker et al., 2005). From 

Figures 3.34 and 3.35, it can be concluded that the H30 core sediments were dominated 

by odd n-alkanes which is similar to what was observed in other locations in the Arctic 

Ocean (Belicka et al., 2004 and Yunker et al., 1995). Results of total odd and even n-alkane 

concentrations are specified in Appendix B, Tables B4 and B5, respectively.  

 

 

Figure 3.35: Concentrations of total even n-alkanes in Station H30 sediments 
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3.5.8 Total concentrations of LMW and HMW n-alkanes in Station H30 
 

Table 3.4 depicts the total concentrations of LMW (C12-C22) and HMW (C23-C35) 

n-alkanes with depth. Concentrations of the LMW n-alkanes ranged from 1.99 to 8.05 

µg/g with the lowest and highest concentrations of LMW n-alkanes determined in 

samples from 2-3 cm and 10-12 cm depths, respectively. The HMW n-alkane 

concentrations ranged from 9.24 to 45.4 µg/g with the lowest and highest concentrations 

of HMW n-alkanes recorded in samples from depths 16-18 cm and 6-8 cm, respectively. 

The H30 sediments were dominated by HMW indicating high terrestrial input.  

 

Table 3.4: Concentrations of total low molecular weight (LMW) and high molecular 

weight (HMW) n-alkanes in H30 sediments with depth 

Depth/cm Total conc. (µg/g) of 

LMW C12-C22 

Total conc. (µg/g) of 

HMW C23-C35 

LMW/HMW 

0-1 7.09 36.24 0.20 

1-2 3.63 20.31 0.18 

2-3 1.99 15.64 0.13 

3-4 2.81 18.99 0.15 

4-5 N/A N/A N/A 

5-6 3.16 15.97 0.20 

6-8 3.65 45.39 0.08 

8-10 2.68 20.12 0.13 

10-12 8.05 11.07 0.73 

12-14 3.72 17.71 0.21 

14-16 4.24 11.28 0.38 

16-18 3.96 9.24 0.43 

   

 

The total concentration (7.09 µg/g) of LMW n-alkanes recorded in the surface (0-1 cm) 

sample as shown in Table 3.4 was lower than 25.44 µg/g observed in surface sediments 
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from the same site as the study location by Harvey et al. (2017). The abundance of the 

LMW n-alkanes was reported to represent a mixture of both algae/bacteria and 

petroleum sources (Harvey et al., 2017). The total concentration of HMW n-alkanes in the 

surface (0-1 cm) sample observed in the present study (36.2 µg/g) is greater than the 

concentration measured by Harvey et al. (2017) (1.25 µg/g) in surface sediments. In 

comparing the surface (0-1 cm) sediments to the sediments at depth 16-18 cm, 

concentrations of both HMW and LMW n-alkanes were greater in the surface (0-1 cm) 

sediments. Overall, the n-alkane distributions in the H30 core sample were dominated by 

HMW n-alkanes with concentrations which are comparable to that reported by Harvey et 

al. (2014) and Yunker et al. (1995) in other Chukchi Sea sediments. The LMW/HMW ratios 

varied from 0.08 at 6-8 cm depth to 0.73 at 10-12 cm depth. The ratios calculated were 

all less than 1 throughout the core further supporting terrestrial plant input as the major 

source of n-alkanes. Also, there were no systematic trends observed in concentration 

ratios of LMW and HMW n-alkanes down the core after performing statistical regression 

analysis (r2 = 0.3071).  

 

3.5.9 Correlation between arsenic and n-alkane concentrations in Station H30 

The concentrations of arsenic in the station ranged from 10.1 µg/g at depth 14-16 

cm to 26.9 µg/g at 1-2 cm depth whereas concentrations of n-alkanes varied from 13.2 

µg/g at depth 16-18 cm to 49.0 µg/g at depth 6-8 cm (Appendix B, Table B1). A plot of 

arsenic concentrations with n-alkane concentrations with depth did not show any 
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correlation (Figure 3.36). This indicates that changes in concentrations of arsenic do not 

affect changes in concentrations of n-alkanes in sediments.   

 

 

Figure 3.36: Concentrations of arsenic plotted as a function of total n-alkane 

concentrations with depth in Station H30 
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with concentrations of odd n-alkanes being greater than even n-alkanes. High 
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alkane concentrations at 0-1 cm depth. However, a slight decrease in temperatures was 

seen over the time period of 1946-1962, therefore the high concentrations of n-alkanes 

during that period may not be attributed to increase in temperatures. Except for 

sediments from 6-8 cm depth, total concentrations of n-alkanes in this station generally 

decreased from the surface (0-1 cm) which is consistent with the expected effects of 

climate change. Concentrations of LMW n-alkanes C12-C22 were low compared to the 

HMW n-alkanes in all depths of samples except for sample from 10-12 cm depth which 

had significant aquatic input. The sample at 10-12 cm depth is the only sample which 

indicated even-odd predominance among n-alkanes C14-C19 and C22-C26. The high 

concentrations of HMW n-alkanes together with their prominent odd to even 

predominance reflect terrestrial input as the major source of n-alkanes in the Station H30 

core. The calculated ratios for source apportionment also indicated terrestrial input as 

the major source of n-alkanes.  The CPI and OEP values were highest for the surface (0-1 

cm) sample which is the most recent sample. This is a further indication of climate change 

and that this sample might have received significant input of terrestrial materials 

compared to the remaining depths.   

 

3.6 Station H32 

Station H32 is located east of the shoal with a water depth of 50.9 m as outlined 

in Figure 2.1. The sediments from this station are composed of more than 80% of clay 

and silt. The average TOC content in sediments from Station H32 was 1.32% (Trefry et 

al., 2014). TOC values ranged from 1.12% at the greatest depth (14-16 cm) to 1.64% at 
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the surface (0-1 cm). The concentrations of TOC were high at the surface and decreased 

down the core. This is the only core sample which had a systematic decrease in 

concentrations of TOC throughout the core. This may be a result of degradation of 

organic carbon overtime down the core compared to the upper depth sediments or 

progressively greater input of organic materials with time. The TOC data can be found in 

Appendix C, Table C1. There was no apparent correlation between concentrations of 

total n-alkanes and TOC with depth. (Figure 3.37)  

 

 

Figure 3.37: %TOC plotted as a function of total n-alkane concentrations at the same depth in 

Station H32  
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3.39 indicates unresolved complex mixture (UCM) which is a sign of petroleum input 

(Tahir et al., 2009). 

 

 

Figure 3.38: Gas chromatogram of compounds in H32 (0-1 cm) sample with 10 ppm 

fluoranthene as internal standard 
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Figure 3.39: Gas chromatogram of n-alkanes and n-alkenes in H32 (12-14 cm) with 10 

ppm fluoranthene added as internal standard 

 

 

3.6.1 Concentrations of total n-alkanes with depth in Station H32 core sediments 
 

Figure 3.40 shows the concentrations of total n-alkanes with depth in Station H32 

sediments. The concentrations ranged from 16.5 to 52.6 µg/g with sediments from depth 

10-12 cm having the maximum concentration and sediments from depth 8-10 cm having 

the minimum concentration. Concentrations of n-alkanes were constant from depths 6-

10 cm within a 95% confidence interval of 17.3 ± 1.86 µg/g which may depict a consistent 

input, but concentrations appeared to be higher in deeper sediments. Therefore, 

sediments at deeper depths may have received high concentrations of biogenic materials 

which were preserved compared to the upper depth sediments. Results of total 

concentrations of n-alkanes with depth are depicted in Appendix C, Table C1. 
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Figure 3.40: Concentrations of total n-alkanes (C12-C35) in H32 sediments with depth 
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Figure 3.41: Concentrations of individual n-alkanes in H32 sediments at 4-5 cm depth 
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n-alkane distribution (Figure 3.42). These sediment samples had a well-defined odd-even 
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sources of n-alkanes (Gusso Maioli et al., 2012; Faux et al., 2011; Tahir et al., 2009; Belicka 

et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 1995). 
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Figure 3.42: Concentrations of individual n-alkanes in H32 sediments at 7-8 cm depth 
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LMW n-alkanes were higher than HMW n-alkane concentrations at this depth, indicating 

high aquatic than terrestrial input. Additionally, odd-even predominance was not 

apparent but even-odd predominance is observed in n-alkanes in the range C28-C35, 

further indicating input of algae and bacteria (Yu et al., 2016). 

 

 

Figure 3.43: Concentrations of individual n-alkanes in H32 sediments at 8-10 cm depth 
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3.6.3 Sediment sample at 0-1 cm depth in Station H32 
 

Station H32 sediments at 0-1 cm depth were deposited between 2002 and 2012. 

Concentrations of individual n-alkanes are shown in Figure 3.44. The total concentration 

(27.2 µg/g) of n-alkanes is greater than 19.79 µg/g documented in surface sediments from 

the same location (Harvey et al., 2017). Also, the concentrations of different alknaes 

ranged from 0.42 to 2.60 µg/g with the n-alkane C15 having the lowest concentration and 

C27 having the highest concentration. An even-odd predominance is observed in the n-

alkane range C14-C20 again indicating inputs of bacteria, yeasts and fungi (Yu et al., 2016; 

Hu et al., 2009) and an odd-even predominance observed between C25-C34 suggesting 

terrestrial input (Gusso Maioli et al., 2012; Faux et al., 2011; Tahir et al., 2009; Belicka et 

al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 1995). The CPI (1.07-2.22) and OEP 

(1.13-2.17) as shown in Appendix C, Tables C2 and C3, respectively, were greater than 1 

indicating terrestrial input as the major source of n-alkanes (C23-C35) (Bray and Evans, 

1961, Scalan and Smith, 1970). The odd n-alkanes C27, C29 and C31 had the highest 

concentrations which further suggest input of terrestrial plant waxes (Tuo et al., 2003, 

Kalkreth et al., 1998).  
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Figure 3.44: Concentrations of individual n-alkanes in H32 sediments at 0-1 cm depth 

 

3.6.4 Sediment sample at the greatest depth (14-16 cm) in Station H32 
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waxes (Harvey et al., 2017, 2014) had the highest concentrations among all the n-alkanes 

analyzed. 

 Most concentrations of n-alkanes in the deepest sample (14-16 cm) were higher 

than those in the surface sample (0-1 cm). Also, greater odd-even n-alkane predominance 

was apparent among all the n-alkanes detected in the 14-16 cm depth sample as 

compared to the surface (0-1 cm) sample. This shows that the deepest sample received 

larger terrestrial inputs than the surface (0-1 cm) sample. These samples had some 

similarities as well: the n-alkanes C27, C29 and C31 had the highest concentrations 

maximizing at C27 in both depths of samples. 

 

 

Figure 3.45: Concentrations of individual n-alkanes in H32 sediments at 16-18 cm depth 
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3.6.5 Sediment sample with the highest concentration of n-alkanes in Station H32 

The concentrations of individual n-alkanes (C12-C35) in the sample at 10-12 cm 

depth is depicted in Figure 3.46. Sediments at this depth corresponds to deposition 

between 1892 and 1912. Concentrations of n-alkanes ranged from 0.50 to 8.10 µg/g. 

Concentrations of n-alkanes in the range C12-C20 were low and concentrations were 

constant within a 95% confidence interval of 0.61 ± 0.08 µg/g. The low concentrations can 

be attributed to low aquatic input (Yunker et al., 2005). Higher concentrations were 

observed between C23-C35 especially among the odd n-alkanes. Also, the concentrations 

of odd n-alkanes were greater than the even n-alkanes in the range C23-C35 illustrating a 

well-defined odd-even predominance which is an indication of significant terrestrial 

source materials (Gusso Maioli et al., 2012; Faux et al., 2011; Tahir et al., 2009; Belicka et 

al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 1995). This sample recorded the 

highest concentrations of n-alkanes C27, C29 and C31 among all the n-alkanes analyzed 

as well as all depths in Station H32. The CPI values ranged from 3.35 to 13.19 and OEP 

values ranged from 1.63 to 6.78 as depicted in Appendix C, Tables C2 and C3, respectively, 

indicating significant terrestrial input.  
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Figure 3.46: Concentrations of individual n-alkanes in H32 sediments at 10-12 cm depth 

 

3.6.6 Patterns of individual odd and even n-alkanes concentrations in sediment cores 
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or mixing of sediments by microorganisms. 
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Figure 3.47: Patterns of C17 n-alkane concentrations in H32 sediments with depth 

 

Concentrations of odd n-alkanes in the range C23-C35 showed a consistent pattern 

throughout the core as shown in Figure 3.48. Concentrations were relatively constant in 
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decreased at depth 12-14 cm and increased again at 14-16 cm. The concentrations 

peaking at depth 10-12 cm may be due to inputs of more concentrated biogenic materials. 

A constant input may be a cause of the constant concentrations in the first 10 cm depth. 
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Figure 3.48: Patterns of C29 n-alkane concentrations in H32 sediments with depth 

 

3.6.6.2 Even n-alkanes 
 

Similar patterns of concentrations were observed for n-alkanes C12-C20 and C28 

as showed in Figure 3.49. Concentrations were relatively constant in the first 4 cm depth 

with an increase in concentration at 5-6 cm depth. A sharp decrease in concentration was 

observed at 6-7 cm depth and concentrations remained relatively constant down the 

core.  

 

Figure 3.49: Patterns of C18 n-alkane concentrations in H32 sediments with depth 
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The n-alkanes C24, C26, C32 and C34 concentrations fluctuated between 0.5 and 1 µg/g 

throughout the core except for a higher concentration at 10-12 cm depth as showed in 

Figure 3.50.  

 

 

Figure 3.50: Patterns of C26 n-alkane concentrations in H32 sediments with depth 
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whiles grasses are a source of C31 (Meyers et al., 2003). Terrigenous aquatic ratios ranged 

from 0.37 at depth 8-10 cm to 8.01 at 14-16 cm. Apart from the TAR value at 8-10 cm 

depth which is less than 1, the TAR values for the remaining depths were greater than 1 

which is indicative of significant terrestrial input (Bourbonniere and Meyers, 1996). No 

correlation was observed between the TAR values and depths of sediments (r2 = 0.176).  

 

 

Figure 3.51: Concentrations of total odd n-alkanes in sediments in Station H32 
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confidence interval of 9.79 ± 1.87 µg/g. This indicates consistent input of bacteria, fungi 

and yeast (Silva et al., 2012). The high concentration of C28 suggests terrestrial input 

(Yunker et al., 2005). Concentrations of total odd and even n-alkane are specified in 

Appendix C, Tables C4 and C5.  
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Figure 3.52: Concentrations of total even n-alkanes in sediments in Station H32.  
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Table 3.5: Concentrations of total low molecular weight and high molecular weight n-

alkanes with depth in Station H32 with depth 

Depth/cm Total conc. (µg/g) of 

LMW C12-C22 

Total conc. (µg/g) of 

HMW C23-C35 

LMW/HMW 

0-1 7.16 20.02 0.36 

1-2 5.73 18.50 0.31 

2-3 5.87 14.75 0.40 

3-4 8.98 13.75 0.65 

4-5 12.08 16.26 0.74 

5-6 14.39 18.65 0.77 

6-7 3.42 13.88 0.25 

7-8 4.86 13.09 0.37 

8-10 9.25 13.59 0.68 

10-12 10.40 45.33 0.23 

12-14 6.89 23.87 0.29 

14-16 7.26 35.56 0.20 

 

 

The total concentration of LMW n-alkanes in surface (0-1 cm) sample is 7.16 µg/g which 

is low in comparison to 16.11 µg/g documented by Harvey et al. (2017) in the same 

location. The high concentration of LMW n-alkanes determined by Harvey et al. (2017) 

was attributed to high contribution of algae and bacteria. The HMW n-alkane 

concentration measured in this study was 20.0 µg/g in the surface (0-1 cm) sample, which 

is greater than 2.68 µg/g reported by Harvey et al. (2017).  

Concentrations of both LMW and HMW n-alkanes were greater in the deepest 

sample (14-16 cm) compared to the surface (0-1 cm) sample. Concentrations of HMW n-

alkanes were greater than the LMW n-alkanes in all depths indicating significant 

terrestrial source materials (Tuo et al., 2003; Kalkreuth et al., 1998). This is similar to what 

was documented by Harvey et al. (2014) and Yunker et al. (1995) in other sites from 
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Chukchi Sea. Additionally, the ratio of LMW/HMW varied from 0.20 at 14-16 cm depth to 

0.77 at 5-6 cm depth. Ratios much less than 1 in all depths strongly imply terrestrial plant 

input of n-alkanes. Statistical regression analysis of LMW/HMW n-alkanes with depth did 

not show any significant correlation (r2=0.1166).  

 

3.6.9 Correlation between arsenic and n-alkane concentrations in Station H32 

The concentrations of arsenic in the station ranged from 9.70 µg/g at 12-14 cm 

depth to 22.20 µg/g at 0-1 cm depth whereas concentrations of n-alkanes varied from 

16.5 µg/g at depth 8-10 cm to 52.6 µg/g at depth 10-12 cm (Appendix C, Table C1). A plot 

of arsenic concentrations with n-alkane concentrations with depth did not show any trend 

with depth (Figure 3.53). This indicates changes in concentrations of n-alkanes do not 

correlate to changes in concentrations of n-alkanes in sediments.   

 

 

Figure 3.53: Concentrations of arsenic plotted as a function of total n-alkane 

concentrations with depth in Station H32 
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3.6.10 Station H32 Summary 

Sediments from this station were composed mainly of silt and clay with an average 

TOC of 1.32%. This station is closer to the shore compared to Stations H24 and H30. Total 

concentration of n-alkanes in this station was 335 µg/g with concentrations of odd n-

alkanes greater than even n-alkanes and concentrations of HMW n-alkanes greater than 

LMW n-alkanes. Total concentrations of n-alkanes were found to be higher in deeper 

sediments with the highest concentrations determined at 10-12 cm depth. The sediments 

from 10-12 cm depth were deposited in the period of 1892-1912. The temperature data 

(Figure 1.2) begins from the year 1900 and there was no apparent increase in 

temperatures recorded in the period 1900-1912 (Figure 1.2), hence the high 

concentrations of n-alkanes at 10-12 cm depth may not be attributed to increase in 

temperatures. The total and individual concentrations of n-alkanes did not show any 

trends with depth and hence effects of climate change were not apparent in Station H32. 

Even n-alkane predominance among the LMW n-alkanes (C14-C22) was observed in the 

first 5 cm depth of sediments which is indicative of bacteria, algae and fungi input. 

However, odd-even predominance was apparent among the HMW n-alkanes C25-34 for 

most of the samples which indicates consistently significant terrestrial input. The CPI, 

OEP, TAR and LMW/HMW ratios further indicate terrestrial input as the main sources of 

n-alkanes with minimal aquatic input.  
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3.7 Station BarC5 

Station BarC5 as outlined in Figure 2.1 is closest to the Alaskan shoreline compared 

to the remaining stations and has a water depth of 118.3 m, thus the deepest among the 

four stations. Composition of sediments in the entire core is more than 80% clay and silt 

with an average TOC of 1.83%. The BarC5 Station had TOC values from a minimum of 

1.76% at 20-22 cm depth to a maximum of 2.0% at the surface (0-1 cm). Values of TOC 

were highest in the first 2 cm depth which decreased until 6-8 cm. TOC content increased 

at depth 8-10 cm and decreased again with concentrations remaining relatively constant 

at a 95% confidence interval of 1.78 ± 0.01% between 10 and 24 cm depths. There was 

no correlation observed between total n-alkane concentrations and TOC (Figure 3.54). 

The TOC data can be found in Appendix D, Table D1.  

 

 

Figure 3.54: %TOC plotted as a function of total n-alkane concentrations at the same depth in 

Station BarC5  
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Figures 3.55 and 3.56 depict typical gas chromatograms of compounds in sediments from 

Station BarC5 from 0-1 cm and 16-18 cm depths. The chromatograms show the intensity 

signal of the compounds with retention time. Most of the samples analyzed yielded 

similar chromatograms with different peak intensities due to varying concentrations.  

Samples from 16-18 cm and 18-20 cm depths had different chromatograms due to the 

presence of n-alkenes (Figure 3.56).  

 

 

Figure 3.55: Gas chromatogram of compounds in sediments at 0-1 cm depth from 

Station BarC5 with 10 ppm fluoranthene as internal standard  
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Figure 3.56: Gas chromatogram of n-alkanes and n-alkenes in BarC5 (16-18 cm) 

sediments in a solvent with 10 ppm fluoranthene added as internal standard 

 

3.7.1 Concentrations of total n-alkanes with depth in BarC5 core sediments 
 

The total concentrations of n-alkanes in Station BarC5 sediments (Figure 3.57) 

ranged from 11.7 µg/g to 136 µg/g. Concentrations of n-alkanes were higher in two 

deeper sediments than in the shallower depth sediments which may be a result of 

bioturbation or input of increased biogenic materials. The highest total concentration 

(136 µg/g) of n-alkanes was recorded at depth 10-12 cm and the lowest concentration 

(11.7 µg/g) of n-alkanes was recorded at depth 20-22 cm. Results of concentrations of 

total n-alkanes with depth are depicted in Appendix D, Table D1. 
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Figure 3.57: Concentrations of total n-alkanes (C12-C35) in Station BarC5 sediments 

with depth 

 

3.7.2 Concentrations and distributions of individual n-alkanes with depth in Station 

BarC5 
 

Sediment samples analyzed in this core showed consistently higher 

concentrations of odd n-alkanes than even n-alkanes at depths 0-14 cm. Samples from 

14-18 cm and 20-24 cm depths had some concentrations of even n-alkanes greater than 

concentrations of odd n-alkanes. Concentrations of n-Alkanes C27 or C29 were highest 

among all other n-alkanes throughout the core except for 10-12 cm and 20-22 cm depths. 

For those sediments, the n-alkane C31 and C25, respectively, were the highest in 

concentration. These n-alkanes indicate terrestrial input as their source. n-Alkane 

concentration patterns in depths 0-4 cm, 5-6 cm, 8-14 cm and 18-20 cm were similar in 

that they showed a prominent odd-even predominance among all the n-alkanes (Figure 
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3.58). The prominent odd-even predominance of n-alkanes C23-C31 is indicative of 

significant terrestrial input (Gusso Maioli et al., 2012; Faux et al., 2011; Tahir et al., 2009; 

Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 1995). The contribution 

of C15, C17 and C19 is reflective of marine algae and bacteria (Xiao et al., 2008; Wakeham, 

1990).  

 

 

Figure 3.58: Concentrations of individual n-alkanes in BarC5 sediments at 1-2 cm depth 

 

Sediment samples from 14-18 cm and 22-24 cm depths also exhibited a similar n-alkane 
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and may be attributed to reduction of fatty acids. The n-alkane concentrations increased 
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Faux et al., 2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; 

Yunker et al., 1995). 

 

 

Figure 3.59: Concentrations of individual n-alkanes in BarC5 sediments at 16-18 cm 

depth 

 

The results of n-alkane concentrations in sediments from 4-5 cm depth showed a distinct 

feature compared to any of the other depths (Figure 3.60). The sample showed high 

concentrations of LMW n-alkanes C15, C17 and C19 which is due to input of algae and 

bacteria (Xiao et al., 2008; Wakeham, 1990). Also, the HMW n-alkanes C23, C25 and C27 

were high with an odd predominance and suggests terrestrial sources of n-alkanes 

(Harvey et al., 2014). The dominance of C23 and C25 has been found in Sphagnum mosses 

(Nott et al., 2000) while C27 reflects trees and shrubs (Meyers, 2003). 
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Figure 3.60: Concentrations of individual n-alkanes in BarC5 sediments at 4-5 cm depth 

 

Sediment samples from 6-8 cm depth is the only sample that showed very low 

concentrations of all n-alkanes except for n-alkanes C23, C25 and C27 (Figure 3.61). The 

n-alkanes C23, C25 and C27 again originate from terrestrial plants. Contributions of algae 

and bacteria were minimal based on the low concentrations of the LMW n-alkanes.   

 

 

Figure 3.61: Concentrations of individual n-alkanes in BarC5 sediments at 6-8 cm depth 
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The lowest concentration of n-alkanes was determined in sample at 20-22 cm depth and 

the n-alkane distribution is shown in Figure 3.62. There was even distribution of both 

LMW and HMW n-alkanes; the average concentration of the LMW and HMW n-alkanes 

are 0.49 ± 0.17 and 0.52 ± 0.29 µg/g. This was the only sample in the BarC5 core which 

had even-odd predominance observed between n-alkanes C14-C20 and C28-C35 

reflecting n-alkanes from bacteria, fungi and algae (Yu et al., 2016, Hu et al., 2009). The 

contributions of C23, C25 and C27 n-alkanes at this depth with odd-even preference 

suggests terrestrial sources.  

 

 

Figure 3.62: Concentrations of individual n-alkanes in BarC5 sediments at 20-22 cm 

depth 
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3.7.3 Sediment sample at depth 0-1 cm in Station BarC5 
 

Figure 3.63 shows the concentrations of individual n-alkanes in the BarC5 surface 

(0-1 cm) sample. This core sediment corresponds to a time period of about 2004-2012. 

The total concentration of n-alkanes in the surface (0-1 cm) sample was determined to be 

44.8 µg/g (Appendix D, Table D1) which is higher than 9.82 µg/g detected by Harvey et al. 

(2017) at the same depth in the same location. The individual n-alkane concentrations for 

the current study ranged from 0.20-7.37 µg/g with the n-alkanes C12 and C27 having the 

lowest and highest concentrations, respectively. The concentrations of the odd n-alkanes 

were higher than the even n-alkanes with a pronounced odd-even predominance in the 

whole sample (0-1 cm). Terrestrial higher plants are the main sources of n-alkanes C23-

C33 with a pronounced odd-even predominance (Gusso Maioli et al., 2012; Faux et al., 

2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 

1995) while algae and bacteria are the sources of C15, C17 and C19 (Xiao et al., 2008; 

Wakeman, 1990). The CPI values were in the range 3.78 to 12.62 and OEP values between 

4.71 and 9.82 for the surface (0-1 cm) sample as shown in Appendix D, Tables D2 and D3, 

respectively. CPI and OEP values were greater than 1, indicating terrestrial higher plant 

input (Scalan and Smith, 1970, Bray and Evans, 1961). Since this is the most recent sample, 

it shows that there is a significant amount of current terrestrial input from coastal erosion 

and rivers. Also, the odd n-alkanes C27, C29 and C31 had the highest concentrations 

maximizing at C27 among all the odd n-alkanes analyzed. These n-alkanes (C27, C29 and 

C31) are also a further indication of significant terrestrial input (Tuo et al., 2003, Kalkreth 

et al., 1998). The low concentrations of the even n-alkanes may suggest minimal 
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contributions of algae/bacteria and possible petroleum (Brown et al., 2004; Steinhauer 

and Boehm, 1992). 

 

 

Figure 3.63: Concentrations of individual n-alkanes in BarC5 sediments at 0-1 cm depth 

 

3.7.4 Sediment sample at the greatest depth (22-24 cm) in Station BarC5 
 

The n-alkane concentrations at the greatest depth (22-24 cm) are shown in Figure 

3.64. This sediment sample was deposited in the time period of about 1813-1829. The n-

alkane concentrations varied from 0.34 to 3.71 µg/g with C15 having the lowest 

concentration and C27 having the highest concentration. The concentrations of n-alkanes 

in the range (C12-C22) were low suggesting minimal aquatic input (Xiao et al., 2008, 

Wakeman, 1990) but higher concentrations were observed, especially among the odd n-
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2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; Mille et al., 2007; Yunker et al., 

1995). This terrestrial source of n-alkanes is evident in the CPI (1.61-3.52) and OEP (1.68-

3.33) values which were all greater than 1 (Scalan and Smith, 1970; Bray and Evans, 1961). 

The CPI and OEP values are found in Appendix D, Tables D2 and D3, respectively. Again, 

the n-alkanes C27, C29 and C31 which are indicative of terrestrial materials (Tuo et al., 

2003, Kalkreth et al., 1998) had the highest concentrations maximizing at C27. Hence, the 

sources of n-alkanes in this sample may be attributed to high terrestrial input with low 

aquatic input.  

In comparing this sample (22-24 cm) to the surface sample, differences in 

concentrations and inputs sources are observed. The concentrations of n-alkanes in the 

surface sample were greater than concentrations in the sample at greatest depth. Also, 

the surface sample (0-1 cm) had a distinct odd-even predominance among all the n-

alkanes analyzed while the sample at greatest depth only had predominance of odd 

numbered n-alkanes in the range C23-C33. Despite the differences, both samples showed 

the highest concentration for the n-alkane C27. CPI and OEP values were greater in the 

surface (0-1 cm) sample but the values were all greater than 1 in both samples. 
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Figure 3.64: Concentrations of individual n-alkanes in BarC5 sediments at 22-24 cm 

depth 

 

3.7.5 Sediment sample with the highest concentration of n-alkanes in Station BarC5 
 

The concentrations of individual n-alkanes in the sample at 10-12 cm depth is 

depicted in Figure 3.65. Sediment at this depth was deposited within the years 1912-1929. 

Concentrations of n-alkanes ranged from 0.21 to 28.1 µg/g with the n-alkane C12 and C31 

having the lowest and highest concentrations, respectively. The concentrations of the odd 

n-alkanes were consistently greater than the even n-alkanes with a well-defined odd-even 

predominance in the sample (10-12 cm) which is indicative terrestrial higher plants (Gusso 

Maioli et al., 2012; Faux et al., 2011; Tahir et al., 2009; Belicka et al., 2009, 2004 & 2002; 

Mille et al., 2007; Yunker et al., 1995). The CPI (10.83-29.39) and OEP (10.20-29.89) values 

were all greater than 1 and were the highest recorded for this core. These values, listed 

in Appendix D, Table D2 and D3, show that n-alkanes are from terrestrial sources (Bray 

and Evans, 1961, Scalan and Smith, 1970). This sample recorded the highest 
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concentrations of n-alkanes C27, C29 and C31, with the concentration of C31 being the 

highest among all the odd n-alkanes analyzed in this and all other depth samples. The 

dominance of n-alkanes C27, C29 and C31 are also an indication of significant terrestrial 

input especially plant waxes (Tuo et al., 2003; Kalkreuth et al., 1998). The contribution of 

C15, C17 and C19 indicates aquatic input. The low concentrations of the even n-alkanes 

may be a result of minimal contribution of algae, bacteria and/or low petroleum input 

(Brown et al., 2004; Steinhauer and Boehm, 1992).  

 

 

Figure 3.65: Concentrations of individual n-alkanes in BarC5 sediments at 10-12 cm 

depth 
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3.7.6 Patterns of individual odd and even n-alkanes throughout the BarC5 core 

 

3.7.6.1 Odd n-alkanes 
 

The concentrations of n-alkanes C15-C23 showed no apparent pattern down the 

core. Concentrations peaked at 10-12 cm and 18-20 cm depths. Concentrations of n-

alkanes C25 and C27 were constant throughout the core except for higher concentrations 

at 10 and 18 cm depth (Figure 3.66).    

  

 

Figure 3.66: Patterns of C27 n-alkane concentration in BarC5 sediments with depth 

 

Concentration of odd n-alkanes in the range C29-C35 had a similar pattern throughout 

the core as shown in Figure 3.67. The concentrations peaking at 10-12 cm and 18-20 cm 
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sediments by microorganisms in the Arctic Ocean. The low concentrations at certain 

depths may be a result of biodegradation. 
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Figure 3.67: Patterns of C33 n-alkane concentrations in BarC5 sediments with depth 

  

3.7.6.2 Even n-alkanes 
 

The trends in concentrations of individual even n-alkanes with depth were similar 

in the first 12 cm depth. Examples are shown in Figures 3.68 and 3.69. Concentrations 

were constant in the first 12 cm of the core. The LMW n-alkanes had concentrations 

peaking at 16-18 cm depth whereas the HMW n-alkanes peaked at 12-14 cm then 

decreased down the core. Constant biogenic input may be the cause of the constant 

concentrations observed.  

0

2

4

6

8

10

12

C
o

n
c.

(µ
g/

g)

Depths



 
 

114 
 
 

 

Figure 3.68: Patterns of C14 n-alkane concentrations in BarC5 sediments with depth 

 

 

Figure 3.69: Patterns of C26 n-alkane concentrations in BarC5 sediments with depth 
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3.7.7 Concentrations of total odd and even n-alkanes in Station BarC5 
 

The concentrations of total odd and even n-alkanes in Station BarC5 sediments 

were detected as 599 µg/g and 173 µg/g, respectively. These results indicate that the 

BarC5 core sediments were dominated by odd n-alkanes which accounted for the 

majority of n-alkanes detected and are comparable to what was observed in sediments 

from Chukchi and Beaufort Seas (Belicka et al., 2004) and the Arctic estuary (Yunker et al., 

1995). Figure 3.70 shows the total concentrations of the odd n-alkanes. Concentrations 

of odd n-alkanes ranged from 15.5 to 138 µg/g with C35 n-alkane having the lowest 

concentration and C27 the highest among all the odd n-alkanes detected.  The low 

concentration of n-alkanes C15-C21 suggests low aquatic input including algae and 

bacteria (Harvey et al., 2014). The n-alkanes C27, C29 and C31 which contributed to the 

elevated concentrations especially C27 in this BarC5 sample are indicative of prominent 

terrigenous input derived from higher plant waxes (Tuo et al., 2003, Kalkreuth et al., 

1998). The terrigenous aquatic ratios in the BarC5 core sediments varied from 0.91 to 

12.53. All the ratios were greater than 1 indicating significant terrigenous input except for 

sediments from 4-5 cm depth. No obvious patterns were observed in the TAR values with 

depth (r2=0.0866). The main terrestrial plants that contributed to the elevated n-alkane 

signal are trees, shrubs (C27 and C29) and grasses (C31) with input of Sphagnum mosses 

(C23 and C25).  
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Figure 3.70: Concentrations of total odd n-alkanes in BarC5 sediments 

 

Concentrations of total even n-alkanes varied from 8.25 to 23.1 µg/g with C34 and C28 

having the lowest and highest concentrations of even n-alkanes, respectively (Figure 

3.71). Concentrations of even n-alkanes in the range C12-C20 were constant within a 95% 

confidence interval of 11.2 ± 2.06 µg/g which may suggest consistent aquatic and or 

possible petroleum input (Brown et al., 2004; Steinhauer and Boehm, 1992). However, 

the concentrations increased slightly for n-alkanes between C22-C30, maximizing at C28 

which is indicative of terrestrial input (Yunker et al., 2005). Results of odd and even n-

alkane concentrations are specified in Appendix D, Tables D4 and D5.  
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Figure 3.71: Concentrations of total even n-alkanes in BarC5 sediments 

 

3.7.8 Concentrations of total low molecular weight (LMW) and high molecular weight 

(HMW) n-alkanes in Station BarC5 
 

Table 3.6 depicts the total concentrations of LMW (C12-C22) and HMW (C23-C35) 

n-alkanes with depth. Concentrations of the LMW n-alkanes ranged from 2.73 to 25.4 

µg/g with the lowest concentration of LMW n-alkanes detected in sample from 6-8 cm 

depth and the highest concentration was recorded in sample from 18-20 cm depth. The 

HMW n-alkane concentrations varied between 6.79 to 121 µg/g. The lowest 

concentration of HMW n-alkanes was detected in sample from 6-8 cm depth and the 

highest concentration was recorded in sample from 10-12 cm depth. 
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Table 3.6: Concentrations of total low molecular weight and high molecular weight n-

alkanes in Station BarC5 with depth 

Depth/cm Total conc. (µg/g) of low 

molecular weight C12-

C22 

Total conc. (µg/g) of high 

molecular weight C23-C35 

LMW/HMW 

0-1 9.03 35.75 0.25 

1-2 9.76 35.88 0.27 

2-3 5.59 20.59 0.27 

3-4 10.46 28.05 0.37 

4-5 8.88 18.21 0.49 

5-6 4.09 22.21 0.18 

6-8 2.73 12.81 0.21 

8-10 4.43 36.69 0.12 

10-12 14.43 121.43 0.12 

12-14 14.61 62.00 0.24 

14-16 11.77 36.61 0.32 

16-18 22.86 53.80 0.42 

18-20 25.44 102.33 0.25 

20-22 4.85 6.79 0.71 

22-24 6.87 22.68 0.30 

 

 

The total LMW n-alkane concentration of 9.03 µg/g in the surface (0-1 cm) sample (Table 

3.6) was higher than 6.01 µg/g reported in surface sediments from the same location by 

Harvey et al. (2017). Also, total concentration (35.8 µg/g) of HMW n-alkanes in the surface 

(0-1 cm) sample was greater than 3.81 µg/g measured by Harvey et al. (2017).  

Concentrations of both HMW and LMW n-alkanes were greater in the surface (0-1 cm) 

sample compared to the deepest sample (22-24 cm). In general, the n-alkane distributions 

in the BarC5 core sample were dominated by HMW n-alkanes which accounts for most of 

the n-alkanes in this sample and this is similar to what was reported by Harvey et al. (2014) 

and Yunker et al. (1995). High concentrations of HMW n-alkanes suggest significant 
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terrestrial source materials (Tuo et al., 2003; Kalkreuth et al., 1998). The ratio of 

LMW/HMW varied from 0.12 µg/g at 8-12 cm depth to 0.71 µg/g at 20-22 cm. The ratios 

indicated increased terrestrial plant input of n-alkanes. No consistent trend was observed 

in concentrations of LMW/HMW n-alkanes down the core based on statistical regression 

analysis.  

 

3.7.9 Correlation between arsenic and n-alkane concentrations in Station BarC5 

The concentrations of arsenic in the station ranged from 11.30 µg/g at 22-24 cm 

depth to 21.90 µg/g at 0-1 cm depth with concentrations of n-alkanes varying from 11.7 

µg/g at depth 20-22 cm to 136 µg/g at depth 10-12 cm (Appendix D, Table D1). A plot of 

arsenic concentrations as a function of n-alkane concentrations with depth did not show 

any trend with depth (Figure 3.72). This indicates changes in concentrations of n-alkanes 

do not correlate to changes in concentrations of n-alkanes in sediments.   

 

Figure 3.72: Concentrations of arsenic plotted as a function of total n-alkane 

concentration with depth in Station BarC5 

y = -0.0259x + 17.335
R² = 0.0714

0

5

10

15

20

25

0 20 40 60 80 100 120 140 160

C
o

n
c.

 o
f 

A
rs

en
ic

 (
µ

g/
g)

Conc. of n-alkanes (µg/g)



 
 

120 
 
 

3.7.10 Summary of Station BarC5 

Station BarC5 is the closest to the Alaskan shoreline among the four stations with 

sediments composition of clay and silt. The average TOC for this core is 1.83%. The total 

concentration of n-alkanes in this station was 772 µg/g with concentrations of odd n-

alkanes greater than even n-alkanes and concentrations of HMW n-alkanes greater than 

LMW n-alkanes. Total concentrations of n-alkanes in some deeper sediments were higher 

than at surface with the highest concentrations determined at 10-12 cm depth. The 

sediment sample from 10-12 cm depth corresponds to the time period of about 1912-

1929. An increase in temperatures were recorded during the time period of 1920-1929 

(Figure 1.2) which may partially contribute to the high concentrations of n-alkanes at this 

depth. However, the average temperature in the Arctic Ocean has steadily increased 

during the past 50 years with no apparent increase in n-alkane concentrations at Station 

BarC5. The total and individual concentrations of n-alkanes did not show any trends with 

depth and hence effects of climate change were not apparent in Station BarC5.Even n-

alkane predominance among the LMW n-alkanes (C14-C20) was observed in some deeper 

sediments (14-16 cm, 20-24 cm depths) which is indicative of bacteria, algae and fungi 

input. However, odd-even predominance was apparent among the HMW n-alkanes C23-

31 for most of the samples which indicates significant terrestrial input. The odd n-alkanes 

C25, C27, C29 and C31 had the highest concentrations of n-alkanes in this station. The 

CPI, OEP, TAR and LMW/HMW ratios further show terrestrial input as the main source of 

n-alkanes with minimal aquatic input.  
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3.8 Comparisons of concentrations of n-alkanes between current study and Harvey et 

al., 2017 
 

Table 3.7: Results from current study versus Harvey et al., 2017 at 0-1 cm depth 

Stations Conc. of LMW (µg/g) 
 

Conc. of HMW (µg/g) 
 

Total Conc. (µg/g) 

Current 
Study 

Harvey et 
al., 2017 

Current 
Study 

Harvey et 
al., 2017 

Current 
Study 

Harvey et 
al., 2017 

H24 6.54 8.11 6.05 2.70 12.6 10.81 

H30 7.09 25.44 36.2 1.25 43.3 26.69 

H32 7.16 16.11 20.0 2.68 27.2 18.79 

BarC5 9.03 6.01 35.8 3.81 44.8 9.82 

 
 

In the discussions on concentrations of n-alkanes in previous sections, it was noted that 

the results from all the stations at 0-1 cm depth in the current study differ with results 

reported by Harvey et al. (2017).  From Table 3.7, it can be inferred that the current study 

reported higher total concentrations of n-alkanes. Harvey et al. (2017) reported high 

concentrations of LMW n-alkanes whereas the current study shows high concentrations 

of HMW n-alkanes. The sediment cores for both studies were collected at the same time 

from the same locations and so properties of sediments for both studies are similar. 

Therefore, the differences in concentrations are likely due to the different extraction 

methods used. Harvey used microwave assisted extraction at 80 °C for 30 mins using a 

1:1 hexane and acetone mixture while the current study used a Soxhlet extraction at 

110.6 °C for 48 hrs. with a 1:1 methanol and toluene mixture. The low concentrations of 

the LMW n-alkanes measured in the current may be due to thermal decomposition of 

these n-alkanes as a result of the high temperature used for a longer period. The high 

concentrations of HMW n-alkanes may be attributed to the longer duration of the Soxhlet 



 
 

122 
 
 

extraction compared to the shorter extraction period used by Harvey. It is possible that 

there were some variations in n-alkane concentrations between both sets of sediments 

even though they are from the same core.   

 

3.9 Chukchi Sea core sediments containing n-alkenes 
 

During the analysis of n-alkanes in sediments from Chukchi Sea, some n-alkenes 

were identified in sediments from Stations H30, H32 and BarC5 as shown in Table 3.8.  

Table 3.8: Stations with depths of sediments containing n-alkenes 

Stations Depths 

H30 3-4 cm, 5-6 cm, 10-12 cm and 16-18 cm 

H32 12-14 cm 

BarC5 16-18 cm and 18-20 cm 

 

The presence of n-alkenes in sediments is rare and is being reported for the first time in 

Chukchi Sea sediments. Since n-alkene standards were not available for quantification, 

only qualitative analysis was performed based on the mass spectra. Figure 3.24 shows the 

chromatogram of compounds including n-alkanes and n-alkenes in the H30 (16-18 cm) 

sample. The n-alkanes in the range of C12-C35 were found in the sample together with 

even numbered n-alkenes in the range C12-C20. This range of n-alkenes were also found 

in Stations H32 and BarC5. From Figure 3.24, it was observed that the n-alkenes eluted 

first with higher peak intensities compared to their corresponding n-alkanes which is 

comparable to that reported by Zhang et al. (2015), Aloulou et al. (2010) and Matsumoto 
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et al. (1990). Table 3.9 shows the individual n-alkenes (C12-C20) with their corresponding 

n-alkanes and retention times.  

 

Table 3.9: n-Alkenes and n-alkanes (C12-C22) with retention times in H30 (16-18 cm) 

sample 

n-Alkene Retention time/mins n-Alkane Retention time/mins 

1-Dodecene (C12) 11.99 Dodecane (C12) 12.14 

1-Tetradecene (C14) 15.44 Tetradecane (C14) 15.56 

1-Hexadecene (C16) 18.53 Hexadecane (C16) 18.63 

1-Octadecene (C18) 21.30 Octadecane (C18) 21.40 

1-Eicosene (C20) 23.43 Eicosane (C20) 23.52 

 

 

Figure 3.73 shows the mass spectrum of the n-alkene C12H24 with Figure 3.74 displaying 

the mass spectrum of its corresponding n-alkane C12H26. The identity of n-alkenes was 

based on the fragments with m/z 55, 69 and 83 which are characteristic ions of n-alkenes 

1-butene, 1-pentene and 1-hexene. These n-alkenes may originate from algal, 

cyanobacteria (Matsomoto et al., 1990; Weete, 1976; Gelpi et al., 1970), phytoplankton 

(Mille et al., 2007) and zooplankton (Saliot, 1981) inputs. Microbial transformation or 

dehydrogenation of the corresponding n-alkanes may also be the sources of n-alkenes 

(Jaffé et al., 2001).  



 
 

124 
 
 

 

Figure 3.73: Mass spectrum of n-alkene C12H24 

 

 

Figure 3.74: Mass spectrum of n-alkane C12H26 
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3.10 Correlation of n-alkane concentrations with climate change  
 

Earth’s climate is changing and the Arctic Ocean is experiencing some of the most 

rapid and severe climate changes since it is warming faster than other regions. Apart from 

the changes in temperature, reduced sea ice cover and sea level rise, evidence of climate 

change can also be found in ocean sediments, tree rings and layers of sedimentary rocks. 

Core sediments were therefore analyzed to determine if climate change is reflected in 

sedimentary record. 

The Arctic Ocean’s temperature is increasing and therefore climate change is 

evident in the Arctic. Overall, the concentrations and distribution of n-alkanes in 

sediments varied widely with core depths and among the four Stations. Sediment samples 

that had the highest concentrations of n-alkanes at Stations H24, H30 and BarC5 were 

deposited at times when there was a momentary increase in temperature. However, 

other periods of increasing temperature do not show increases in n-alkane 

concentrations. Station H30 was the only station which showed significant evidence of 

climate change in the sediment core. Total concentrations of alkanes at Station H30 for 

sediment depths 0 to 3 cm were high and decreased with core depth. This is especially 

true for concentrations of C27, C29 and C31. Thus, concentrations of n-alkanes were high 

at the surface and the sources of n-alkanes were mainly terrestrial. It is unclear why 

Station H30 is the only location studied that shows evidence of climate change. Future 

work can study this. 
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3.11 Hydrocarbon patterns and comparisons between Stations 
 

Concentrations of n-alkanes were spatially variable, but all four cores were 

dominated by odd n-alkanes and high molecular weight n-alkanes which are indicative of 

significant deposition of terrestrial materials including plant waxes. The maximum 

concentrations of n-alkanes in H30 and H24 were found in sediments at depths of 6-8 cm 

and 3-4 cm, respectively. Concentrations of n-alkanes appeared to increase in deeper 

sediments in samples from Stations BarC5 and H32.  Both cores at Stations BarC5 and H32 

had their highest concentrations of n-alkanes determined at 10-12 cm depth. This pattern 

may imply that n-alkanes were preserved in surface sediments for Stations H24 and H30 

but in deeper sediments for Stations H32 and BarC5. Samples from depths 3-4 cm, 6-8 cm 

and 10-12 cm for the four stations showed the highest concentrations of the high 

molecular weight n-alkanes C25-C31 with an odd-even predominance. It is unclear why 

this is the case among these different sediment samples. Since their deposition rates are 

different, sediments at the same depth were deposited at different times. 

 The total concentrations of the n-alkanes C15-C19 in all four stations were 

relatively constant, illustrating constant algal/bacteria input.  Also, C27 was the major n-

alkane among all the n-alkanes analyzed in H32 and BarC5 cores whereas, the odd n-

alkanes C23 and C29 had the highest concentrations in H24 and H30, respectively. The 

odd n-alkanes C23, C27, C29 are indicative of terrestrial plant input to the sediments. 

Despite the varied spatial concentrations of n-alkanes, the n-alkanes C27, C29 and C31 

showed the greatest concentrations with a prominent odd-even predominance in 
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Stations BarC5, H32 and H30 in comparison to Station H24 which had higher 

concentrations of n-alkanes C23, C25 and C27. The dominance of n-alkanes C23 and C25 

have been reported in sphagnum mosses (Pancost et al., 2002; Nott et al., 2000). The n-

alkanes C27 and C29 have been documented to represent inputs from trees and shrubs 

with C31 representing inputs from grasses (Meyers 2003). The n-alkane C28 was the 

highest concentration of even n-alkane determined in all stations and is also indicative of 

terrestrial input.  

The predominance of even n-alkanes in sediments is uncommon (Kuhn et al., 

2010). However, Station H32 had sediments from the first 5 cm depths showing even 

predominance of n-alkanes (C14-C21) which is indicative of bacteria, yeast and fungi input 

(Hu et al., 2009). These microorganisms may have had a high reproduction rate in Station 

H32 compared to the remaining stations. Post-depositional reduction of fatty acids may 

also be the source of even n-alkane predominance (Welte and Ebhardt, 1968). 

Concentrations of total even n-alkanes in the range C12-C20 were constant which may 

suggest a constant aquatic input. Also, there was at least one depth of sample in each 

station which had higher aquatic than terrestrial input. 
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3.11.1 Comparisons of distribution of n-alkanes and TOC in surface (0-1 cm) sediments 

Concentrations of n-alkanes and %TOC in the surface (0-1 cm) sample in the four stations 

are shown in Table 3.10.  

 

Table 3.10: Stations with total concentrations of n-alkanes and %TOC at 0-1 cm 

Stations %TOC Total Conc. of n-alkanes 

(µg/g) 

H24 0.50 12.6 

H30 1.64 27.2 

H32 1.72 43.3 

BarC5 2.00 44.8 

 

Total organic carbon percentage in these stations is reflective of the total concentrations 

of n-alkanes even though there was no correlation between %TOC and sediment depth. 

The station with the minimum TOC had the minimum concentration of n-alkanes. This is 

similar to what was reported by Harvey et al. (2017). The highest concentrations of n-

alkanes determined in the BarC5 core is expected given its geographical location. The 

Station BarC5 is the closest to the Alaskan shoreline and hence receives more organic 

matter through coastal erosion and river runoff compared to the other stations which are 

further offshore. Station H24 on the other hand is the furthest from the shore and is much 

sandier compared to the other stations and hence had low organic carbon content leading 

to its low n-alkane concentrations. From the discussions so far, concentrations of n-

alkanes in surface (0-1 cm) sample from Stations H24 and BarC5 showed odd-even 

predominance among all the n-alkanes. Surface samples from Stations H30 and H32 
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showed even-odd predominance for low molecular weight n-alkanes and odd-even 

carbon predominance in the n-alkane range C25-C31. The terrigenous aquatic ratios for 

surface samples were all greater than 1 also indicating input of plant waxes except for 

Station H24 due to the low concentrations of the n-alkanes C27, C29, and C31. The CPI 

and OEP values recorded in the surface (0-1 cm) sediments for all four stations (Tables 

A2, B2, C2, D2 and A3, B3, C3 and D3, respectively, in Appendix A, B, C and D) were greater 

than 1 except for Station H24 which had values less than 1 for the n-alkanes C27, C29 and 

C31. The LMW/HMW ratio were all less than 1 suggesting terrestrial input of n-alkanes 

except again for Station H24. Station H24 may not be highly influenced by the Alaskan 

coastline since it is furthest from the shore. The surface (0-1 cm) sample from Station H32 

was the only surface (0-1 cm) sample among the other stations that had an even-odd 

predominance of the n-alkanes C14-C21. Generally, the variation in distribution of total 

n-alkanes with depth was more apparent in Stations H32 and BarC5 than H24 and H30. 

This may imply sediments from Station H32 and BarC5 received periodic pulses of organic 

carbon that were not entirely utilized by marine organisms but sequestered and 

preserved in sediments compared to Stations H24 and H30 (Belicka et al., 2004).  

 

3.11.2 Source apportionment  
 

In general, vertical profiles of the n-alkanes do not exhibit a systematic trend in 

concentrations with depth in all four cores which may suggest intense mixing by marine 

organisms as well as changes in organic matter inputs (Harvey et al., 2014). Periodic input 
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of high concentrations of biogenic materials that are not fully utilized but preserved could 

be a cause of the fluctuations in concentrations with depth. Odd and high molecular 

weight n-alkanes accounted for most of the n-alkanes detected which suggests n-alkanes 

are mainly from terrestrial materials especially vascular plant waxes in the four Stations 

with minimal aquatic input. Additionally, most of the ratios calculated to determine the 

sources of n-alkanes indicated n-alkanes were from terrestrial than aquatic sources. The 

significant terrestrial sources of n-alkanes in this study supports conclusions from several 

studies (Harvey et al., 2014; Taylor and Harvey 2011; Belicka et al., 2002, 2004, Boucsein 

and Stein, 2000) that have quantified erosional inputs, n-alkane concentrations and 

movements of terrestrial organic carbon in the Arctic Ocean due to its changing climate. 

 These studies demonstrated that the Arctic receives significant terrestrial inputs 

from coastal erosion and river runoff. Sources of n-alkanes in the Chukchi Sea include 

major inputs from the Mackenzie and Yukon Rivers and contributions by erosion from the 

Alaskan coastline. Furthermore, sea ice transport has been found to be one of the 

mechanisms linked to terrestrial inputs in the Chukchi Sea. During the period of freezing, 

sea ice incorporates significant amounts of terrestrial materials which are redistributed 

to the Chukchi Sea during melting (Eicken et al., 2005). The low concentrations of LMW 

n-alkanes compared to HMW alkanes confirms the fact that despite the high marine 

production versus terrestrial inputs in the Chukchi Sea, the marine organic carbon is 

greatly utilized or recycled with a large fraction of the terrestrial organic carbon preserved 

(Belicka et al., 2009, 2004).  
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Chapter 4 

Conclusions 
 

The concentrations, distribution and sources of n-alkanes in sediments from 

Stations H24, H30, H32 and BarC5 in the Chukchi Sea have been determined. The 

presence of even numbered n-alkenes (C12-C20) has been reported in Chukchi Sea for 

the first time and their sources attributed to algae, bacteria, zooplankton and 

phytoplankton. n-Alkane concentrations reported in this study show that n-alkanes varied 

widely with core depth, sea depth and locations of stations but with a predominance of 

odd and high molecular weight n-alkanes. The varied distributions suggest intense mixing 

by marine microorganisms and also sediments might have received episodic pulses of n-

alkanes that were not entirely used by microorganisms but instead were preserved in 

sediments. Odd-even predominance was more apparent among the high molecular 

weight n-alkanes which reflects n-alkanes from terrestrial plants. Thus, the most 

abundant n-alkanes determined were C27, C29 and C31 which originate from higher plant 

waxes.  

Even-odd predominance of lower molecular weight n-alkanes (C12-C21) was 

observed for the first time in surface sediments in Chukchi Sea and this has been 

attributed to different sources including bacteria, fungi and yeasts. Lower molecular 

weight n-alkanes mainly originated from algae and bacteria while high molecular weight 

n-alkanes had mainly terrestrial plant sources. The distribution of high molecular weight 

n-alkanes showed a pattern in which concentrations of HMW n-alkanes decreased as 
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offshore distance increased. The nearshore Station BarC5 received significant terrestrial 

organic carbon through coastal erosion and river runoff which resulted in the high 

concentrations of high molecular weight n-alkanes in its sediments. Analyses using CPI, 

OEP, TAR and LMW/HMW ratios all indicated terrestrial input as the main sources of n-

alkanes in the Chukchi Sea sediments. Concentrations of n-alkanes were lowest for 

Station H24 with the lowest total organic carbon. The sources of n-alkanes in this study 

are mainly terrestrial with minimal aquatic input. Concentrations of n-alkanes with depth 

from this study could not be correlated to arsenic and TOC. Evidence of effects of climate 

change was most apparent in Station H30 compared to the remaining stations. The 

highest concentrations of n-alkanes determined at certain depths for Stations H24, H30 

and BarC5 did occur at times at which temperatures in the Arctic increased but this 

relationship was only consistent for Station H30.  

 

4.10 Future work 
 

The results from this study provides an understanding of n-alkanes and n-alkenes 

and their sources in the Chukchi Sea as well as their relationship to effects of climate 

change in the Chukchi Sea. In future studies, it is important to analyze deeper core 

sediments from the current stations in order to discuss and better understand sources 

and distributions of n-alkanes as well as effects of climate change over a longer period. 

Also, enough sediments should be sampled for replicate analysis in order to increase the 

precision of results. 
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Appendices 

     Appendix A 

Table A1: Concentrations of total n-alkanes %TOC and Arsenic with depth in H24 Sediments 

Depth/cm 
Total concentrations of 

n-alkanes (µg/g) 

%TOC Arsenic (µg/g) 

0-1  12.58 0.50 9.39 

1-2  13.4 0.53 10.2 

2-3  10.56 0.54 8.82 

3-4  16.58 0.46 7.49 

4-5  10.47 0.54 8.34 

5-6  8.96 0.46 7.81 

6-7  10.26 0.89 8.88 

7-8 9.32 0.47 8.52 

8-10  10.96 0.42 8.19 

10-12  7.88 0.40 7.48 

12-14  6.25 0.39 7.53 

14-16  11.58 0.57 7.42 

16-18  9.88 0.65 8.15 

18-20  11.28 0.61 7.42 
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Table A2: Carbon Preference index (CPI) of high molecular weight n-alkanes with depth 

Depth/cm CPI 23 CPI 25 CPI 27 CPI 29 CPI 31 CPI 33 

0-1 8.65 6.13 2.67 0.43 0.68 1.06 

1-2  7.16 6.35 2.53 1.94 2.70 1.71 

2-3  8.09 5.39 2.22 0.30 0.47 0.62 

3-4  6.28 6.11 4.42 4.52 5.00 2.69 

4-5  6.00 4.04 2.28 1.81 2.66 1.30 

5-6  4.55 1.84 1.18 0.82 1.03 0.97 

6-7  5.54 3.65 2.23 1.38 2.56 1.12 

7-8  3.93 3.16 2.04 1.62 2.27 1.36 

8-10  7.55 5.82 2.97 2.26 2.93 1.35 

10-12  3.97 2.94 1.55 1.23 2.02 1.11 

12-14  3.37 2.57 1.63 0.44 0.90 0.80 

14-16  5.59 5.12 3.22 2.55 3.22 1.23 

16-18  5.59 4.18 2.41 1.82 2.65 1.11 

18-20  6.87 4.75 3.68 2.49 2.85 1.89 

 

 

 

Table A3: Odd Even Predominance (OEP) of high molecular weight n-alkanes with depth 

Depth/cm OEP C23 OEP C25 OEP C27 OEP C29 OEP C31 

0-1 5.99 2.49 0.70 0.71 1.03 

1-2  5.95 2.67 1.99 2.57 1.76 

2-3  5.29 2.11 0.53 0.48 0.60 

3-4  6.02 4.36 4.36 4.92 2.87 

4-5  4.06 2.26 1.85 2.47 1.48 

5-6  2.05 1.13 0.84 1.03 1.06 

6-7  3.73 2.14 1.52 2.29 1.28 

7-8  3.16 1.99 1.64 2.14 1.45 

8-10  5.68 2.97 2.29 2.76 1.51 

10-12  2.90 1.55 1.28 1.86 1.20 

12-14  2.58 1.47 0.60 0.84 0.82 

14-16  5.03 3.14 2.57 3.02 1.53 

16-18  4.16 2.37 1.87 2.44 1.28 

18-20  4.95 3.45 2.55 2.81 1.98 
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Table A4: Total concentrations of individual odd n-alkanes in H24 sediments 

Odd n-alkanes Total concentrations (µg/g) 

C15 6.45 

C17 7.37 

C19 6.15 

C21 10.89 

C23 16.93 

C25 16.72 

C27 15.31 

C29 10.76 

C31 9.73 

C33 4.88 

C35 3.25 

 

 

 

Table A5: Total concentrations of individual even n-alkanes in H24 sediments 

Even n-alkanes Total concentrations (µg/g) 

C12 1.94 

C14 2.54 

C16 2.61 

C18 2.26 

C20 2.42 

C22 2.33 

C24 3.30 

C26 4.12 

C28 7.96 

C30 4.69 

C32 3.82 

C34 3.57 
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Appendix B  

Table B1: Concentrations of total n-alkanes %TOC and Arsenic with depth in H30 

Sediments 

Depth/cm 

Total 
concentrations of 
n-alkanes (µg/g) 

%TOC Arsenic 
(µg/g) 

0-1 43.33 1.72 24.80 

1-2 23.94 1.73 26.90 

2-3 18.71 1.58 21.80 

3-4 21.8 1.52 17.80 

4-5 N/A N/A N/A 

5-6 19.13 1.43 11.70 

6-8 49.00 1.42 13.15 

8-10 22.8 1.39 11.00 

10-12 19.12 1.38 10.10 

12-14 21.43 1.41 12.30 

14-16 15.52 1.41 10.10 

16-18 13.2 1.41 10.50 

 

 

Table B2: Carbon Preference index (CPI) of high molecular weight n-alkanes with depth 

Depth/cm CPI C23 CPI C25 CPI C27 CPI C29 CPI C31 CPI C33 

0-1 0.98 1.05 2.63 3.48 5.27 2.37 

1-2 1.01 1.44 2.53 1.93 3.59 1.62 

2-3 1.05 1.13 0.04 3.08 3.52 0.48 

3-4 1.05 1.04 1.28 1.46 1.81 0.87 

5-6 0.75 0.76 0.91 1.04 1.07 0.73 

6-8 1.17 2.73 1.60 1.02 0.04 0.80 

8-10 1.31 2.40 2.46 1.51 1.69 1.17 

10-12 0.65 0.68 1.15 1.42 1.98 1.20 

12-14 0.58 0.69 1.44 1.56 1.82 0.91 

14-16 0.77 0.75 1.34 1.65 2.32 0.63 

16-18 0.48 0.60 1.14 1.37 0.45 0.86 
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Table B3: Odd Even Predominance (OEP) of high molecular weight n-alkanes with depth 

Depth/cm OEP C23 OEP C25 OEP C27 OEP C29 OEP C31 

0-1 1.10 2.48 2.48 4.77 2.79 

1-2 1.52 2.36 2.36 3.34 1.83 

2-3 0.94 0.39 0.39 3.95 0.72 

3-4 1.07 1.23 1.23 1.66 0.98 

5-6 0.77 0.89 0.89 1.02 0.76 

6-8 2.88 1.52 1.52 0.25 0.65 

8-10 2.49 2.30 2.30 1.61 1.27 

10-12 0.69 1.10 1.20 1.86 1.30 

12-14 0.70 1.37 1.37 1.70 1.03 

14-16 0.77 1.27 1.27 2.11 1.02 

16-18 0.60 1.11 1.12 0.62 0.76 

 

 

 

Table B4: Total concentrations of individual odd n-alkanes in H30 core sediments 

Odd n-alkanes Total concentrations 

(µg/g) 

C15 4.17 

C17 3.72 

C19 3.36 

C21 6.06 

C23 12.5 

C25 18.65 

C27 27.26 

C29 29.25 

C31 22.23 

C33 11.58 

C35 6.49 
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Table B5: Total concentrations of individual even n-alkanes in H30 core sediments 

Even n-alkanes Total concentrations (µg/g) 

C12 3.89 

C14 3.99 

C16 3.98 

C18 3.29 

C20 3.25 

C22 9.27 

C24 18.91 

C26 14.80 

C28 20.75 

C30 16.64 

C32 13.41 

C34 10.53 
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     Appendix C 

Table C1: Concentrations of total n-alkanes %TOC and Arsenic with depth in H32 Sediments 

Depth/cm 
Total concentrations 
of n-alkanes (µg/g) 

%TOC Arsenic (µg/g) 

0-1 cm 27.18 1.64 22.20 

1-2 cm 24.25 1.52 14.90 

2-3 cm 20.62 1.39 11.40 

3-4 cm 22.73 1.43 11.00 

4-5 cm 27.96 1.35 9.91 

5-6 cm 33.95 1.33 10.20 

6-7 cm 17.49 1.27 10.50 

7-8 cm 17.96 1.25 10.40 

8-10 cm 16.49 1.20 10.11 

10-12 cm 52.61 1.17 10.35 

12-14 cm 30.75 1.16 9.70 

14-16 cm 42.81 1.12 22.20 

 

 

 

Table C2: Carbon Preference index (CPI) of high molecular weight n-alkanes with depth 

Depth/cm CPI C23 CPI C25 CPI C27 CPI C29 CPI C31 CPI C33 

0-1 1.19 1.07 2.12 2.16 2.22 1.59 

1-2 1.04 0.97 1.49 0.71 0.75 0.93 

2-3 1.19 1.13 2.19 2.12 2.98 1.33 

3-4 0.72 0.92 0.73 1.08 1.11 0.60 

4-5 0.91 0.82 0.81 0.91 1.09 0.61 

5-6 1.58 1.90 0.88 0.78 1.49 0.34 

6-7 1.84 2.28 0.91 0.92 4.08 1.82 

7-8 1.07 1.13 2.06 1.85 2.69 1.95 

8-10 2.79 0.58 0.75 0.57 0.40 0.47 

10-12 1.63 1.93 3.55 4.93 6.78 2.64 

12-14 1.78 2.09 3.28 3.98 5.06 2.52 

14-16 3.35 3.69 6.34 7.69 13.19 6.17 
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Table C3: Odd Even Predominance (OEP) of high molecular weight n-alkanes with depth 

Depth/cm OEP C23 OEP C25 OEP C27 OEP C29 OEP C31 

0-1 1.13 2.02 2.17 2.09 1.65 

1-2 1.00 1.40 0.74 0.71 1.01 

2-3 1.22 2.05 2.19 2.70 1.53 

3-4 0.85 0.80 1.06 1.04 0.66 

4-5 0.83 0.80 0.88 1.04 0.68 

5-6 1.96 0.86 0.77 1.36 0.63 

6-7 2.21 0.90 0.93 3.75 2.05 

7-8 1.18 1.92 1.89 2.55 2.05 

8-10 0.88 0.67 0.55 0.48 0.48 

10-12 2.02 3.33 4.93 6.34 2.96 

12-14 2.08 3.13 4.06 4.76 2.78 

14-16 3.85 5.95 7.80 12.17 6.94 

 

 

 

Table C4: Total concentrations of individual odd n-alkanes in H32 sediments 

Odd n-alkanes Total concentrations (µg/g) 

C15 6.16 

C17 10.04 

C19 8.37 

C21 10.94 

C23 20.65 

C25 24.87 

C27 35.25 

C29 31.76 

C31 29.93 

C33 11.99 

C35 5.56 
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Table C5: Total concentration of individual even n-alkanes in H32 sediments 

Even n-alkanes Total concentrations 

(μg/g) 

C12 8.32 

C14 7.67 

C16 9.19 

C18 12.45 

C20 9.97 

C22 11.13 

C24 16.95 

C26 15.17 

C28 20.20 

C30 13.00 

C32 8.57 

C34 6.69 
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   Appendix D 

Table D1: Concentrations of total n-alkanes %TOC and Arsenic with depth in BarC5 Sediments 

Depth Total concentration of n-

alkanes (μg/g) 

%TOC Arsenic 

(µg/g) 

0-1 cm 44.77 2.00 21.90 

1-2 cm 45.66 1.99 21.00 

2-3 cm 26.17 1.85 19.20 

3-4 cm 38.48 1.89 18.90 

4-5 cm 27.10 1.85 18.40 

5-6 cm 26.29 1.86 16.40 

6-8 cm 15.55 1.83 18.35 

8-10 cm 41.12 1.91 17.10 

10-12 cm 135.85 1.78 16.00 

12-14 cm 76.62 1.78 14.00 

14-16 cm 48.39 1.77 11.50 

16-18 cm 76.67 1.77 12.30 

18-20 cm 127.77 1.78 12.00 

20-22 cm 11.67 1.76 11.70 

22-24 cm 29.55 1.80 11.30 

 

 

                           

Table D2: Carbon Preference index (CPI) of high molecular weight n-alkanes with depth 

Depth/cm CPI C23 CPI C25 CPI C27 CPI C29 CPI C31 CPI C33 

0-1 12.62 8.95 9.18 7.57 10.37 3.78 

1-2 12.93 10.37 9.71 7.30 9.60 5.58 

2-3 8.52 7.08 7.11 6.63 7.60 4.17 

3-4 11.90 9.46 8.76 8.87 9.97 4.78 

4-5 12.49 10.44 8.32 0.44 1.74 1.08 

5-6 5.73 5.39 6.65 6.52 8.44 3.84 

6-8 7.41 7.51 7.47 0.54 0.66 0.87 

8-10 8.00 7.49 8.27 8.32 9.33 5.39 

10-12 14.42 15.45 17.57 22.07 29.39 10.83 

12-14 1.32 1.26 2.21 2.73 4.36 2.27 

14-16 0.90 0.89 1.66 2.19 2.83 1.55 

16-18 1.98 2.55 4.16 4.28 5.34 3.03 

18-20 3.81 4.02 14.29 2.78 2.88 4.48 

20-22 1.79 2.66 1.51 0.24 0.41 0.34 

22-24 1.78 1.61 2.22 2.55 3.52 1.73 
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Table D3: Odd Even Predominance (OEP) of high molecular weight n-alkanes with depth 

Depth/cm OEP C23 OEP C25 OEP C27 OEP C29 OEP C31 

0-1 9.82 8.56 7.64 9.59 4.71 

1-2 10.98 9.11 7.38 9.06 6.01 

2-3 7.41 6.76 6.55 7.30 4.41 

3-4 9.97 8.44 8.55 9.66 5.38 

4-5 10.60 7.18 1.49 1.50 1.16 

5-6 5.81 6.30 6.45 7.86 4.25 

6-8 7.94 6.24 1.34 0.69 0.83 

8-10 7.92 7.91 8.04 8.96 5.88 

10-12 16.35 16.99 21.88 26.89 12.20 

12-14 1.35 2.07 2.75 4.03 2.61 

14-16 0.94 1.56 2.18 2.66 1.78 

16-18 2.59 3.87 4.39 5.03 3.44 

18-20 5.22 11.75 3.54 2.74 4.97 

20-22 2.59 1.37 0.39 0.41 0.40 

22-24 1.68 2.10 2.54 3.33 1.95 

 

 

Table D3: Total concentration of individual odd n-alkanes in BarC5 sediments 

Odd n-alkanes Total concentrations 

(μg/g) 

C15 17.73 

C17 18.81 

C19 19.36 

C21 28.51 

C23 62.36 

C25 73.74 

C27 137.99 

C29 98.36 

C31 91.08 

C33 35.75 

C35 15.41 
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Table D4: Total concentration of individual even n-alkanes in BarC5 sediments 

Even n-alkanes Total concentrations 

(μg/g) 

C12 8.33 

C14 12.09 

C16 12.49 

C18 11.47 

C20 11.73 

C22 15.28 

C24 19.83 

C26 21.26 

C28 23.11 

C30 18.00 

C32 10.70 

C34 8.25 
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