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Abstract 

Analysis of Fatty Acids in Chukchi Sea Sediments 

By 

Damilola Ajadi 

Major Advisor: Kurt Winkelmann, Ph.D. 

The Arctic Ocean and its marginal seas are key areas for understanding the global 

climate system. Climate change causes increased terrigenous materials to be carried into 

the ocean as well as higher production of marine organic matter in the ocean. This study 

determined the concentrations, distribution, and sources of fatty acids in core sediments 

from four locations: Stations H32, H30, BarC5 and H24 in the Chukchi Sea, which are in 

the Arctic Ocean. Fatty acids are valuable tracers of marine or terrigenous inputs and may 

give evidence to the extent of climate change. Fatty acids were analyzed, characterized 

using GC-MS in all four core sediments in the Chukchi Sea. The core sediment 

concentrations varied from 5.93 µg/g at depth 18-20 cm in station H24 to 173 µg/g at depth 

22-24 cm in station BarC5. Principal component analysis was used to determine the 

sources of fatty acids. In general, results from this study clearly show marine input is the 

main source of fatty acids in the Chukchi Sea sediments with a minor terrestrial input due 

to the low concentrations of long-chain saturated fatty acids at all four stations. The 

relationship between fatty acid concentrations and alkane, total organic carbon and 

arsenic concentrations were studied but there was no apparent correlation. Historical 

temperature data was used to interpret the trends in fatty acid concentrations with depth 

during its sedimentation periods, but the distribution of fatty acid concentrations did not 

exhibit any systematic trends with the temperature data except in core H30. 
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CHAPTER ONE 

Introduction 

1.1 The Arctic  

The Arctic is commonly viewed as the part of Earth above 66.5 °N latitude (the 

Arctic Circle). The Arctic is often characterized as a bit of the northern ocean that is 

typically secured by ice during part of the year. The Arctic Ocean is the smallest and 

shallowest ocean, with an area of 1.39×107 km2. It contains the most extended of all 

continental shelves, expanding 1210 km from the coastline at certain sites off Siberia and 

the central basin (with a mean depth of 3700 m) which is partitioned by three submarine 

ridges. The Arctic Ocean comprises about 5% by area and 1.5% by volume of the world’s 

ocean (Clark et al. 1982). The Arctic Ocean is almost landlocked by Greenland, Canada, 

Norway, Alaska, and Russia, and the central part is ice-shrouded consistently (Figure 

1.1). 

  
Figure 1.1: Map of the Arctic Ocean 
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Its most significant influx of water takes place via the Fram Strait between 

Greenland and Spitzbergen (Svalbard), with essential influx also taking place via the 

Bering Strait between Alaska and Siberia and throughout the Barents Sea shelf. The 

Bering Sea gets water from the Gulf of Alaska through the Aleutian Islands chain and the 

Chukchi Sea receives water through the Bering Strait. The surge from the Arctic Ocean 

happens principally through the Greenland Sea into the Atlantic Ocean and structures the 

East Greenland Current. In the end, this outflow joins the North Atlantic currents system. 

The Arctic Ocean's surface water is cold and relatively fresh. Mean surface temperatures 

are similar to the seawater freezing point, except for the ice-free shelf waters, which are 

a few degrees warmer in summer. Bottom water temperatures are among the lowest found 

in the world's oceans, and the Canadian and Eurasian basin temperatures range between 

0.53 to 0.96 ºC, respectively. The Arctic has relatively low precipitation, averaging 51 

cm yr-1. The Arctic Ocean's ice cover and marginal waters differ seasonally, but at an 

average thickness of 4 m, about 70 percent of the Arctic is covered by sea ice. Ice forms 

from year to year in some regions. In response to stresses from the winds and currents, 

the ice continually deforms, forming open leads and ice ridges of up to 10 m high. 

Summer melting occurs around the edges of the permanent ice pack, opening up the 

marginal seas. During the ice growth season, open water areas called polynyas form in 

localized regions within the ice pack (Broecker et al. 1992).  

The Arctic Ocean is a fascinating natural laboratory to perform chemical 

oceanography work and gain a basic understanding of biogeochemistry in cold regions. 

While both the Arctic and the Antarctic have high seasonal variability environments (e.g., 

light availability, primary production, and particle flux) and food chains that vary from 
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their temperate and tropical counterparts, the Arctic is better suited to research cold 

regions biogeochemistry than the Antarctic due to the semi-enclosed nature of the Arctic 

Ocean. Its chemical budgets are easier to establish, as the fluvial and oceanic inputs in 

this region can be quantified more accurately due to the extensive continental boundaries 

and relatively confined exchange routes with other ocean basins. This advantage in setting 

chemical budgets allows for the study of detailed chemical processes and mechanisms 

which are often difficult to examine in more open systems (Mcguire et al. 2009).  

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

Arctic since it is warming faster than any other part of the Earth (Grebmeier et al. 1991). 

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 biogeochemicals with depth during 

certain periods. 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 (Lantuit et al. 

2012). 
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Figure 1.2. The arctic average temperature between 1900-2017 relative to the 1951-1980 average 

temperature (Berkeley Earth, 2017).  

 

1.1.1 Biogeochemical Cycles 

The Arctic Ocean has gone through physical changes over the past few decades 

as climate change warms it more quickly than anywhere else on Earth. The effect of 

these changes on biota and biochemical systems of the planet is not completely known 

(Globeil et al. 2001). One detrimental issue in the Arctic is coastal erosion, with 0.5 m/yr 

being eroded on the average form Arctic coastlines (Stein et al. 2004). River input and 

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

of terrigenous organic matter to the Arctic Ocean (Arrigo et al. 2008). 

Climate change causes increased terrigenous materials to be carried into the ocean 

as well as higher production of marine organic matter in the ocean; the rise in 

temperatures in Arctic areas results in more extensive melting, leading to reduced ice 

cover. This may provide better growing conditions for both terrestrial and marine 
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organisms for longer periods of time (Smith et al. 1995). Due to these conditions, large 

loads of organic matter are being deposited in the coastal areas.  

The ocean's absorption and release of CO2 are partially governed by 

biogeochemical processes, such as carbon fixation in surface water and deposition of 

organic carbon at the bottom of the ocean. Sea-ice biota can also play an important role 

in atmospheric CO2 sequestration. Since global climate change models generally predict 

relatively large increases in tropospheric temperatures in the Arctic, and because this may 

lead to significant changes in the ice cover, Arctic biogeochemical cycling may be 

particularly sensitive to climate change (Sarmiento et al. 1992). 

The high latitude climate influences the movement of energy from pole to equator, 

and thus atmospheric circulation. The Arctic is thus a critical area for understanding 

global climate change. The sediment cores collected in the Arctic can be used to 

determine fluctuations in surface nutrient levels (caused by changes in precipitation and 

riverine input), depositional processes and ice cover during the past few million years. A 

variety of chemical proxies (e.g., stable oxygen and carbon isotopes) may be used to 

reveal changes in the history of ice cover, sea surface temperature and productivity 

(Honjo et al. 1995). 

 

1.2 Chukchi Sea  

The Chukchi Sea is the Arctic Ocean's marginal sea, bordered on the west by the 

De Long Strait, off Wrangel Island, and on the east by Point Barrow, Alaska, beyond 

which the Beaufort Sea is located (Polyak et al. 2007). The Bering Strait forms the 

Chukchi Sea's southernmost boundary and ties it to the Bering Sea and the Pacific Ocean 
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(Figure 1.3). The Chukchi Sea has an area of approximately 5.95×105 km2 and is 

navigable for about four months per year. Roughly 56% of the Chukchi Sea is less than 

50 m deep, making it the world's largest sea shelf (Weingartner et al. 2005). This sea 

plays a key role in organic carbon cycling in the Arctic Ocean, particularly when it 

receives massive amounts of terrestrial organic carbon and marine organic carbon during 

the melting season. The sediment's organic carbon loading has a strong influence on flux 

projections and predetermines the Arctic Ocean's response to climate change. 

 
Figure 1.3: Map of the Chukchi Sea in the Arctic Ocean (Worldatlas). 

 

1.2.1 Food Web Organization 

  The Chukchi Sea food web base is supplied by primary production from two main 

sources: ice algae growing underneath and within the sea ice, and phytoplankton found 

in the water and near the edge of the ice. Due to low light conditions, primary production 

declines substantially in the winter, and annual primary production is influenced by the 
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degree and timing of the ice cover retreat (Bluhm et al. 2009). Ice algae blooming begins 

in late winter when daylight returns and continues until ice melting (Dunton et al. 2005). 

Food may be limited during this period, and the ice algal bloom provides early-season 

forage for a community of invertebrates living in association within the sea ice underneath 

(Bradstreet et al. 1982). These ice-associated invertebrates are prey to fish, including 

Arctic cod, which can become prey to seabirds, beluga whales, and seals themselves, 

which can be prey to polar bears in turn (Fall et al. 2011). The seasonal melting and 

breaking of ice strengthen the stratification of the water columns and sets the stage for an 

ice-edge phytoplankton bloom following the northward retreating ice edge (Aydin et al. 

2007). This production pulse in cold water at the edge of the ice can account for as much 

as 50% of total annual primary production in some areas of continental shelves within the 

Arctic (Carmack et al. 2006). As summer progresses, primary production is concentrated 

in the area of the retreating ice edge to the north and in the southern Chukchi Sea, where 

a stream of nutrient-rich Pacific-origin water maintains open water production from the 

Bering Sea (Feder et al. 1994). Maximum primary production estimates in the South of 

the Chukchi Sea are among the highest in the global ocean (Barber et al. 1997). Several 

ecological studies in recent years have recorded a large and diverse group of benthic 

invertebrates in the Chukchi Sea (such as clams, amphipods, marine worms, and snow 

crabs) (Cota et al., 1991). This abundant seafloor community is partly favored by the 

distribution of phytoplankton from the column of water. The grazing damage inflicted by 

zooplankton on phytoplankton is small in the cold waters of the Chukchi Sea (Gautier et 

al. 2009) The combination of high primary production rates, low grazing by zooplankton, 

and the shallower depths of the Chukchi continental shelf enables most of the primary 
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production to slowly sink out from the water column and settle down to the seafloor, 

where it supports the abundant and characteristic benthic community (Coyle et al. 2002). 

In terms of biomass, benthic invertebrates dominate the food web at the Chukchi Sea. 

This benthic community forms a significant prey resource for several specialists in 

benthic foraging, including gray whales, Pacific walrus, bearded seals, and spectacled 

eiders. In previous Chukchi Sea studies, the fish population was not abundant and fish 

sizes were generally small. But when present, gadids, including Arctic cod and saffron 

cod, have dominated fish (Feder et al., 1978). The Chukchi Sea's low temperatures 

exclude many of the larger subarctic groundfish populations common in the adjacent 

Bering Sea, such as the walleye pollock and Pacific cod (Christensen et al. 2005). While 

fish are not a significant part of the biomass, they are essential prey to piscivorous 

predators including belugas, seals, and seabirds. Human beings participate in the food 

web of the Chukchi Sea through the harvesting of marine mammals and fish (Blanchard 

et al. 2002). Marine mammals and fishes are important resources and have historically 

been used for food, boat coverings, clothing, cultural crafts, and tools. 

 

1.3 Total Organic Carbon 

Organic carbon is the single largest constituent of organic matter and provides the 

most obvious production proxy. Primary producers in the photic zone (ocean surface layer 

receiving sunlight) take up carbon dioxide from the atmosphere to form organic matter 

through photosynthesis. A substantial portion of carbon fixed via photosynthesis (primary 

productivity) is recycled within the mixed ocean-surface layer (which varies spatially and 

temporally but is generally from ten to a few hundred meters deep), while the remainder 



9 
 

sinks into the thermocline and deep ocean as necromass and fecal pellets. Most organic 

carbon in sediments comes from sinking particles of organic material produced in the 

surface ocean, along with a component of terrigenous organic carbon in some marginal 

marine environments (Hedges et al. 2002). The marine sediment's total organic carbon 

(TOC) content ranges from < 2.5 mg of carbon per gram of dry sediment weight (mg C 

gdw
-1) in the open ocean (pelagic) sediments to 200 mg C gdw

-1, in organic-rich coastal 

and continental margin sediments. Organic matter in marine sediments is being derived 

from either marine or terrestrial sources. The “end-member” for organic matter in marine 

sediments is generally considered to be phytoplankton debris or detritus whose chemical 

constituents are predominantly proteins, carbohydrates, and lipids. Terrestrial organic 

matter consists of living biomass, plant debris, and organic soil matter, the latter primarily 

consisting of heavily altered and degraded remnants of this living terrestrial biomass, such 

as humus soil (Romankevich et al. 1984). Rivers largely transport terrestrial organic 

matter to the oceans, either in a dissolved or a particulate form. 

Lignins are a class of phenolic compounds found primarily in vascular plants and 

constitute important terrestrial organic matter tracers (Killops et al. 2005). In vascular 

plant tissues, they occur specifically and are generally associated with cellulose and 

hemicellulose, forming a compound collectively referred to as lignocellulose. Unlike 

biopolymers such as proteins and carbohydrates, lignin consists of non-repeatable units 

that are connected by carbon-carbon and ether bonds in a random network. (Whelan et 

al. 1992). Certain possible allochthonous sources of sediment organic matter (originating 

in a location other than where it is found) include black carbon (mainly the result of 

incomplete biomass burning) and weathered (or recycled) kerogen that was transported 
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back to the oceans after its uplift and weathering from sedimentary rocks. At the same 

time, some fraction of the organic sediment that undergoes remineralization during early 

diagenesis is re-assimilated, usually at the level of the monomer or oligomer, and re-

packaged as new bacterial biomass in situ. This bacterial biomass is better understood as 

organic matter originating from bacteria and is not a new source of organic sediment in 

the same way as these other primary sources. Nevertheless, bacterial production of 

organic matter in sediments can play a role in preserving organic matter in the sediment 

(Martens et al. 1992). 

 

1.4 Arsenic Remobilization 

Arsenic ranks 20th in abundance on the Earth's crust and occurs naturally in four 

oxidation states: As(V) (arsenate) under oxidized conditions, As(III) (arsenite) under 

reduced conditions, As0 (elemental As), and As3− (arsine) as traces of anoxic 

gases (Sohrin et al. 1997). Arsenic toxicity, mobility, and bioavailability differ according 

to the oxidation state. As(III) exhibits greater environmental hydrological mobility and is 

25-60 times more toxic than As(V) (Woolson et al. 1977). The high affinity of As(V) for 

hydrous ferric, aluminum, and manganese oxides results in this disparity in mobility. 

Arsenic compounds pose a serious health hazard due to increased oxidative stress and 

oxidative phosphorylation damage in living tissues (Buchet et al. 1981). The most 

observed types in soil and water environments are highly toxic arsenous acid (H3AsO3) 

and arsenic acid (H3AsO4) (Moore et al. 1984). Methylated species such as monomethyl 

arsenic acid (MMAA) and dimethyl arsenic acid (DMAA), which are less toxic, dominate 

biomass but have also been found in soil (Moore et al. 1984).  
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Several environmental factors such as pH, redox potential, presence of other 

elements, the content of organic matter, texture, fungal or bacterial activity, and fauna 

affect the abundance of different forms of arsenic in soil (Andreae et al. 1989). Arsenic 

speciation and mobility may vary as environmental conditions change. For example, 

microbial activity is enhanced in the presence of vegetation and increasing soil organic 

matter, which can have a great impact on the cycling of the elements. Microbes initiate 

many reactions that lead to changes in arsenic speciation; As(III) can be oxidized to 

As(V), or As(V) can be reduced to As(III). Such inorganic forms may also be 

biomethylated to gaseous arsines or to MMAA and DMAA by certain microbes, while 

other microbes may demethylate organic forms to inorganic species (Leonard et al. 1991). 

The total concentration of arsenic in marine and estuarine sediments generally 

ranges between 5 and 15 µg/g (Dang et al. 2014). Arsenic in sediments is co-precipitated 

with metal oxides such as iron, manganese, and aluminum (Sadiq et al. 1990). The 

dissolution of iron and manganese oxides causes a decrease in redox potential and iron 

and manganese sulfides increase redox potential. Both cause arsenic to be released into 

the pore water (Langmuir et al. 1991). Specific sequestration reactions and release of As 

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

interaction between organic matter and As (Dang et al. 2014). 
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1.5 Biolipids and Lipid Biomarkers 

Lipid biomarkers can be used in marine sediments to infer past variations of 

important climate system drivers. Higher-plant cuticles, for example, contain waxes, 

corresponding to long-chain n-alkanes, n-alcohols, and n-fatty acids that are transported 

by aerosols over remote ocean areas (Brocks et al. 2011). Such preserved lipids in 

sediments have helped to recreate past variations in land vegetation cover combined with 

wind direction and strength (Pancost et al. 2004). 

Lipid biomarkers such as intact biolipids in soil sediments and sedimentary rocks 

that may contain various information about the compositions of biotic precursor 

molecules and the environmental factors under which they formed. Thus, they 

have become increasingly common resources in the reconstruction of past biological 

assemblages, climate, and environmental conditions (Killops et al. 1992). 

Biolipids are water-insoluble but are extractable by organic solvents such as 

chloroform, dichloromethane, and toluene that dissolve fats (Simoneit et al. 1991). 

Different molecules present in organisms such as fatty acids (FA), hydrocarbons, 

alcohols, maleimides, chlorophyll, carotenoid pigments, as well as complex glycerol 

esters and glycerol ethers may be categorized as biolipids. Some of them are essential cell 

membrane components such as fatty acids (Briggs et al. 2014). 

Diagenetic (which explains physical and chemical changes caused by increasing 

temperatures and pressures) and burial processes turn biolipids into fossil lipids or 

hydrocarbon biomarkers via complex pathways like oxidation, reduction, and cyclization 

(Poynter et al. 1989). Such transitions are commonly associated with ambient conditions 

in the early diagnostic setting. Despite changes affecting carbon-hydrogen bonds and 
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functional groups, the lipid biomarker's carbon backbone structures are relatively stable. 

Relative to other molecular biomarkers, such as DNA and proteins, lipids are highly 

resistant to degradation and can be preserved in sediment (Simoneit et al. 1977). 

 

1.6 Fatty Acids 

Fatty acids and their related derivatives are essential components of lipids. They 

are crucial for the hydrophobic properties exhibited by lipids. Fatty acids consist of 

carbon chains that contain a methyl group at one end and a carboxyl group at the other 

end. The methyl group is called the omega (ω) and the carbon atom next to the carboxyl 

group (COOH) is called "α," carbon, followed by carbon "β," etc. The fatty acid 

molecules also have two chemically distinct regions: (i) a long, less reactive hydrophobic 

hydrocarbon chain; and (ii) a highly reactive hydrophilic carboxylic group (Gurr et al. 

1991). 

Fatty acids differ based on the number of carbons they contain, although this is 

commonly an even number since they are synthesized in cells in a stepwise cyclic reaction 

by successive additions of two-carbon acetate groups. This chain can be two carbons 

chains or much longer for the required functions. Since these carbons are in the 

chemically inert (non-reactive) part of the molecule, the number of carbons plays a more 

important role in the structural properties than in the reactive properties (Duplus et al. 

2000). 
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1.6.1 Types of Fatty Acids 

Saturated fatty acids 

Saturated fatty acids are saturated with single carbon-carbon bonds with an even 

number of carbon atoms for most straight-chain hydrocarbons. The most common fatty 

acids hold 12–22 carbon atoms. Figure 1.4 shows the structure of a saturated fatty acid 

(Muller et al. 2001). 

 

Figure 1.4: Structure of dodecanoic acid 

 

Monounsaturated fatty acids 

Monounsaturated fatty acids (MUFA) contain one carbon-carbon double bond 

which can be found across the fatty acid chain at different positions. Most 

monounsaturated fatty acids have between 16 and 22 carbons in a chain and contain a cis 

double bond, incorporating a bend into the molecule. The cis structure is associated with 

thermodynamic instability and hence, have a lower melting point relative to trans and 

saturated fatty acids. Figure 1.5 shows the structure of a monounsaturated fatty acid 

(Muller et al. 2001). 

 

Figure 1.5: Structure of oleic acid  
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Polyunsaturated fatty acids 

Polyunsaturated fatty acids (PUFA) contain more than one carbon-carbon double 

bond. When the first double bond is between the third and fourth carbon atoms from the 

carbon-oxygen bond, it is referred to as ω-3. When the first double bond is between the 

sixth and seventh carbon atoms from the carbon-oxygen bond, it is referred to as ω-6. 

Figure 1.6 shows the structure of a polyunsaturated fatty acid (Muller et al. 2001). 

 

Figure 1.6: Structure of linoleic acid (18:2ɷ6) 

 

Long-chain Fatty Acids 

Long-chain fatty acids (C18 and greater) can be either saturated or 

mono/polyunsaturated depending on the presence of one or more carbon-carbon double 

bonds. Oleic acid is the most common long-chain monounsaturated fatty acid, with an 

18-carbon chain length and a carbon-carbon double bond between C9 and C10 from the 

methyl end (C18:1 [cis-9]) (Muller et al. 2001).  

 

Short-chain Fatty Acids 

Short-chain fatty acids are the main end products of bacterial metabolism in the 

large intestine of humans. Also, while anaerobic micro-organisms form short-chain fatty 

acids from diverse precursors, carbohydrates are the most common progenitor of short-

chain fatty acids (Muller et al. 2001). 
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1.6.2 Functions of Fatty Acids 

Fatty acids have important roles in (i) signal-transduction pathways, (ii) cellular 

fuel sources, (iii) the composition of lipids, (iv) the modification of proteins, and (v) 

energy storage within adipose tissue in the form of triacylglycerols. 

 

Biological Signaling 

Fatty acids participate in a wide variety of biological signaling pathways. 

Following the dietary intake of polyunsaturated lipids, lipid peroxidation products can 

serve as the precursors for important signaling mediators. Examples of such signaling 

include eicosanoid synthesis, LDL peroxidation, and metabolic and neurological 

pathways modulation (Terry et al. 2003). 

 

Metabolism of Fatty Acids as a Fuel Source 

Fatty acid metabolism involves the absorption of free fatty acids by cells through 

fatty acid-binding proteins that carry the fatty acids intracellularly from the plasma 

membrane. The free fatty acids are then activated through acyl-CoA and transferred to: 

(i) the mitochondria or peroxisomes to be converted into ATP and heat as a form of energy 

(ii) promote gene expression via binding to transcription factors, or (iii) the endoplasmic 

reticulum for esterification into different classes of lipids that can be used as energy 

storage (Terry et al. 2003). 

 

 

 

https://biologydictionary.net/tissue/
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Cell Membrane Formation 

One of the fatty acids' most critical function is cell membrane formation, which 

envelops all cells and the associated intracellular organelles. Cell membranes in particular 

consist of a phospholipid bilayer composed of two fatty acid chains bound to glycerol and 

a group of hydrophilic phosphates joined to a smaller hydrophilic compound (e.g., 

choline). Hence, each phospholipid molecule has a hydrophobic tail consisting of two 

fatty acid chains and a phosphate hydrophilic head group. Cellular membranes are 

produced when two monolayers of phospholipids attach the tails in an aqueous solution 

to create a phospholipid bilayer (Terry et al. 2003). 

 

Protein Modification 

Fatty acids play several critical roles through their interaction with different 

proteins. Protein acylation is an essential function of polyunsaturated fatty acids since it 

is necessary for multiple protein folding and function. Additionally, fatty acids can also 

interact with different nuclear protein receptors and enhance gene expression, as several 

fatty acid-protein complexes function as transcription factors. In this way, fatty acids have 

been found to regulate the transcription of genes in metabolism, cell proliferation and 

apoptosis (Terry et al. 2003). 

 

Energy Storage 

Fatty acids such as fat droplets can also be used as energy storage. They are 

composed of hydrophobic triacylglycerol within specialized fat cells called adipocytes. 

Fatty acids are good sources of thermal and electrical insulation when stored in this form, 
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as well as protection as a function of mechanical compressions. Fatty acids are preferred 

over glucose for energy storage, as they create about six times the amount of energy that 

can be used. Storage in the form of triacylglycerol molecules consists of three fatty acid 

chains attached to a glycerol molecule (Terry et al. 2003). 

 

1.6.3 Sources of Fatty Acids 

Fatty acids are structurally diverse, and they have been widely studied in 

cyanobacteria (Dunstan et al. 2005), microalgae (Volkman et al. 1998) and higher plants 

(Dussert et al. 2008). Straight-chain fatty acids are usually the most abundant class of 

lipids present in both recent sediments and seawater, as well as in most organisms (Petkov 

et al. 2007). Fatty acid distributions are often indicative of their source and derive from 

terrestrial, marine, and bacterial sources (Belicka et al. 2002). Fatty acids have even-

numbered carbon atoms between 18 and 30 in vascular plants (Berge et al. 2005). Waxy 

coatings on plant leaves, flowers, and pollen are made up of long-chain fatty acids (Parker 

et al. 1969). Branch-chain fatty acids, particularly those with an odd carbon number such 

as 15:1 and 17:1 are predominantly synthesized by bacterial communities and widely 

used as a bacterial biomarker due to their predominance in microorganisms (Ahlgren et 

al. 1992). The fatty acid types exclusively found in phytoplankton are reported to be 

saturated acids 12:0, 13:0 and 14:0 (Wakeham et al. 1995), the MUFA 16:1ɷ7, and the 

PUFA 20:5ɷ3 and 22:6ɷ3 (Budge et al. 2001). More specifically, 20:5ɷ3 is a common 

biomarker for diatoms and 22:6ɷ3 (Volkman et al. 1998) for dinoflagellate. Berge and 

Barnathan (2005) published a comprehensive review of the different markers that could 

be used for a wide range of marine organisms. 
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Fatty acid degradation is monitored in sediments because they are more labile 

than other biomarkers but vary in lability. For example, saturated fatty acids are less labile 

than polyunsaturated FA (Canuel et al. 1996). The origins of fatty acids (terrigenous or 

marine), as well as their composition (e.g., saturated vs. unsaturated, long-chain vs. short-

chain), are factors that affect their degradation and lability (Sun et al. 1994). Degradation 

of fatty acids principally occurs through decarboxylation (the opposite of 2-C unit 

condensations). Terrigenous FAs tend to be long-chain and thus have higher molecular 

weights than marine FAs which tend to be of medium-chain length. This molecular 

weight difference is true for terrigenous organic matter and marine organic matter in 

general (Sun et al. 1997). 

 

1.6.4 Studies of Fatty Acids in Sediments 

Studies of both Arctic and Antarctic samples have shown that fatty acids are 

widely distributed in sediments ranging in geologic age in polar regions. Table 1.1 

summarizes data collected from different sampling sites with different concentrations of 

fatty acids. 
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Table 1.1: Concentrations of fatty acids from different sampling sites 

Sample site Nature of 

sample 

Fatty acid Range Concentration 

(µg/g dw) 

References 

Chukchi shelf 

in the Arctic 

Ocean 

Sediment Saturated C14-C30 168 Belicka et 

al. 2002 

Beaufort shelf 

in the Arctic 

Ocean 

Sediment Saturated 

Unsaturated 

C12-C30 

C14:1-

C24:1 

49 

69 

MacDonald 

et al. 1998 

Canada Basin 

in the Arctic 

ocean 

Sediment Saturated 

Unsaturated 

C12-C30 

C14:1-

C24:1 

1.7 

0.85 

MacDonald 

et al. 1998 

Lake Bonney, 

Ross Island in 

Antarctica 

Sediment Saturated 

and 

unsaturated 

C8-C32 140 Matsumoto 

et al. 1979 

Taylor Valley, 

Antarctica 

Soil Saturated 

and 

unsaturated 

C8-C40 0.81 Matsumoto 

et al. 1998 

Wright Valley, 

Antarctica 

Soil Saturated 

and 

unsaturated 

C10-C32 4.1 Matsumoto 

et al. 1998 

 

Matsumoto et al. (1998) reported features of the distributions of organic 

components in soil samples from the Wright and Taylor Valleys of southern Victoria 

Land, Antarctica, in relation to their source materials. Normal alkanoic acids ranging 

from C8 to C14 were found with a predominance of even carbon numbers in the soil 

samples together with small amounts of n-alkenoic acids. The concentrations of fatty 
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acids ranged from 0.33 to 48 µg/g of dry soil which were generally much lower 

concentrations than those in lake and pond sediments in the same area. The TOC contents 

in soil samples from these valleys were extremely low as a result of the harsh environment 

for biological activity. 

Belicka et al. (2002) reported lipid biomarker compositions of sediment and water 

column particles from major Arctic Ocean's basins. The researchers identified biomarkers 

that were most useful for tracking sources of organic matter and then used these 

biomarkers to identify patterns in organic carbon production and transportation within 

and across shelves and basins. They determined the concentrations and sources of fatty 

acids in the northwestern part of the Chukchi Sea. They collected samples in 1994 from 

2 sites in the Chukchi Sea and are shown in Figure 1.7. These sites are 1200 km from this 

research study area and will be discussed in detail in the next chapter. Belicka et al. 

detected different fatty acid concentrations at different depths with no specific pattern of 

fatty acid concentrations seen down the core.  

 

Figure 1.7: Study area locations for Belicka’s station (points 5 and 6) and stations for this study (points 1-

4) 
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Sediments from the Beaufort Shelf and Canada Basin in the Arctic Ocean have 

also been analyzed by MacDonald et al. (1998) for fatty acids. The FA concentrations 

were separated into saturated FAs ranging from C12 to C30 and unsaturated FAs ranging 

from C14:1 to C24:1. The Beaufort shelf had higher concentrations of both fatty acid 

groups than the Canada Basin. 

 During the 1976-77 austral, geochemical studies were carried out to elucidate the 

distribution of organic constituents in sediments and soil from Ross Island of the 

McMurdo Sound region of the Antarctic (Matsumoto et al. 1979). Fatty acids were found 

with a dominance of even carbon numbered acids ranging from C8:0 to C32:0, including 

unsaturated and branched acids. The total concentration of FAs ranging from C8 to C32 

was found to be 140 µg/g. 

It can be concluded from these previous studies that location is an important factor 

for concentration of fatty acid biomarkers.  

 

1.7 Multivariate Data Analysis  

Geological and geochemical data are usually quantitative, complex, and consist 

of many variables or attributes recorded in a large number of samples or objects. 

Multivariate data analysis provides valuable methods for the exploratory interpretation of 

these data. Multivariate data sets consist of a set of multiple objects (individuals, sampling 

units, samples), each of which is described by several variables (characters, attributes) 

(Birks et al. 1987).  

Exploratory data analysis is useful in the geosciences in several ways. 
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(i)  Data simplification and reduction. Multivariate geological data may be so 

complex that it is difficult to assimilate and understand them.  

(ii) Display and description of complex data. These can be interpretive aids, can 

help detect features in data that could otherwise escape notice if the data were 

only tabulated and can point to new and potentially profitable lines of 

research. 

(iii) Data exploration. It can be useful to analyze an existing data set to see where 

new data could be collected.  

(iv) Communication. By simplifying and summarizing patterns in complex data, 

multivariate data analysis can help to communicate results from large and 

often incoherent data sets in a form that is easily understood by non-

specialists. 

(v) Repeatability. Multivariate data analysis techniques are powerful and can 

analyze large data sets quickly and accurately in a repeatable manner, 

assuming that different researchers use the same data and statistical method 

Types of multivariate data analysis include factor analysis, canonical correlation 

analysis, principal components analysis, correspondence analysis, redundancy analysis, 

and linear discriminant analysis.  

 

1.7.1 Principal Component Analysis 

Principal Component Analysis (PCA) is possibly the most common and oldest 

multivariate technique, used by nearly all scientific disciplines. It is a way to identify data 

patterns and express the data in such a way that their similarities and differences are 
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highlighted. Since data patterns can be difficult to find in a high dimensional dataset, 

where the comfort of graphical representation is not available, PCA is a strong tool for 

analyzing such data. The other major advantage of PCA is that after reducing the number 

of dimensions to find those patterns, little data is lost. PCA extracts from the important 

data information and expresses this information as a set of new orthogonal variables 

called principal components. PCA also shows the similarity pattern of the observations 

and the variables by displaying them as points in maps (Saporta et al. 2009). 

The principal components of the original variables are obtained as linear 

combinations. The first principal component must have the highest possible variance (i.e., 

inertia) and therefore this component will explain or extract the largest part of the data 

table's inertia. The second component is calculated under the constraint of being 

orthogonal to the first component and has the largest possible inertia. The other 

components are likewise computed. The values of these new observational variables are 

referred to as factor scores and can be interpreted geometrically as the estimate of the 

observations on the principal components (Saporta et al. 2009). 

The methods in PCA involves  

(i) Collect data of high dimension,  

(ii) Subtract the mean from each of the data dimensions, 

(iii) Calculate the covariance matrix,  

(iv) Calculate the eigenvectors and eigenvalues of the covariance matrix, 

(v) Choose components and form a feature vector (i.e., the eigenvector with the 

highest eigenvalue is the principle component of the data set), and 

(vi) Derive the new data set (Hotelling et al. 1983). 
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1.7.2 Studies on Biomarkers using Multivariate Analysis 

Many studies have been performed using a multivariate biomarker analysis. 

Belicka et al. (2009) have used complex statistical methods that combine regression of 

multiple lipid structures with PCA. The method uses a linear regression on the biomarker 

loadings from the PCAs and the source end-members are allocated to each end of the 

regression line. The regression line serves as a mixing line between molecular biomarkers 

derived solely from terrestrial organic matter and those derived from marine organic 

matter. In the case of markers that are less precise and fall between the two end-members, 

the relative contribution of each organic matter compartment is determined by projecting 

the biomarker in PCA space onto the mixing line using the geometric distance formula. 

The concentration of individual biomarkers is then scaled to represent the contribution of 

the biomarker to marine or terrestrial carbon and summarized to estimate the preservation 

of terrestrial carbon. 

Yunker et al. (2005) applied the geometric mean (GM) linear regression and the 

multivariate chemometric analysis technique of PCA to their data set. PCA provides a 

viable approach to modeling the terrigenous and marine content of samples, while GM 

regression provides insight into the removal mechanisms for labile carbon during burial. 

They reported that both techniques grasp the full potential inherent in such a large, 

complex data set and provide better insight into the shelf-to-basin processes in the western 

Arctic Ocean. 
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1.8 Objectives 

   The objectives of this study are: 

1. Isolate and determine the identities of saturated and unsaturated fatty acids in 

Arctic sediments using Soxhlet extraction and Gas Chromatography/Mass 

Spectrometry (GC-MS). 

2. Determine possible relationships between these compound classes, if any.  

3. Quantify fatty acid concentrations in the cores using saturated and unsaturated fatty 

acids standards. 

4. Use principal component analysis to determine the source (i.e. marine versus 

terrestrial) of FA.  

5. Determine if there is a correlation between vertical profiles of fatty acids and 

vertical profiles of arsenic, alkanes, and TOC in Chukchi Sea sediments. 

6. Determine if the effects of climate change are reflected in sedimentary records. 
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CHAPTER TWO 

Experimental Procedure and Materials 

2.1 Sample and Sampling Sites  

 Sampling sites were located in the Chukchi Sea off the northeast coast of Alaska 

(Figure 2.1), at depths between 30 and 120 meters. Four sediment cores (~30 cm in 

length) were collected from stations H24, H30, H32 and BarC5. Surface samples (0-8 

cm) were divided into 1-cm increments (for increased resolution) and deeper samples (9-

30 cm) were divided into 2-cm increments. The samples were frozen and transported in 

acid washed I-Chem glass jars; the samples were stored in a freezer at -78 ˚C before the 

final analysis. Table 2.1 shows the longitude, latitude, depths, dates collected, time 

collected, and the official names for each sample station.  

Figure 2.1: Sampling sites of different cores (Trefry et al. 2014) 
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Table 2.1: Location, depth, date and time of the sample station 

 

 

2.2 Reagents and Chemicals 

Methanol, toluene, and hexane were all purchased from Fisher Scientific (Fair 

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

trifluoride, 12% (1.5 M) in methanol and copper powder were purchased from Acros 

Organics (NJ, USA). Two fatty acid methyl ester (FAME) mix standards were purchased 

from Restek (Bellefonte, PA, USA) and AccuStandard (New haven, CT, USA).  

 

2.3 Analytical Methods 

2.3.1 Extraction of Fatty Acids 

Fatty acids were extracted using Soxhlet extraction as developed by Franz von 

Soxhlet (Soxhlet et al. 1879) in each of the soil samples. This method had been used in 

the past to extract organic matter from soil and proven to be effective (Dean et al. 1997). 

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. Figure 2.2 shows 

a Soxhlet extractor. A 200 mL solution of 1:1 methanol/toluene was placed in the 

distillation flask and about 0.24 g of copper powder was added to the solvent to remove 

Official 

Station Name  

Date Time IN 

(ADT) 

Time OUT 

(ADT) 

Latitude 

(Dec.Deg.) 

Longitude 

(Dec.Deg.) 

Depth 

(m) 

H30 8/15/2012 9:57 10:12 72º44’N -163º40’W 62.8 

H32 8/21/2012 18:11 18:24 71º46’N -158º59’W 50.9 

H24 8/13/2012 6:02 6:14 71º37’N -164º47’W 39.6 

Bar C5 8/22/2012 18:02 18:19 71º24’N -157º32’W 118.4 
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sulfur from the samples. The solvent was heated to the minimum temperature (50 ˚C) 

needed to affect refluxing for 48 hours. The extract was removed and stored in a sealed 

round bottom flask. The extract was placed in a separatory funnel and layers were allowed 

to separate. The aqueous layer was acidified with 1 M HCl to a pH between 1.5 and 2.0 

to bring the fatty acids into the organic layer. 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 and 200 mL of toluene was passed through the 

column to elute the fatty acids. The eluted fatty acid was reduced to approximately 1 mL 

using a rotary evaporator. Alkanes were eluted with 200 mL of hexane and were analyzed 

by another researcher (Sasu 2019).  

 
Figure 2.2: Soxhlet extractor (Luque de Castro et al. 2010) 
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2.3.2 Derivatization 

Fatty acids in the 1 mL toluene fraction were derivatized. The conversion of the 

fatty acids to the fatty acid methyl ester (FAME) was performed to increase volatility. 

The methyl esters of the fatty acids were prepared by adding 1 mL of BF3, 12% (1.5M) in 

methanol to the reduced toluene fractions and the mixture was placed in a boiling water 

bath for two minutes. Figure 2.3 shows the esterification reaction of a fatty acid. After 

cooling, 10 mL hexane and 5 mL distilled water were added to separate the fatty acid 

methyl ester from the excess BF3. The hexane fraction was reduced in volume and 

analyzed by GC-MS after the addition of the internal standard (10 ppm fluoranthene). 

 

Figure 2.3: Chemical equation for esterification of fatty acids 

 

2.3.3 Chromatographic Analysis 

Fatty acid methyl esters were analyzed on a Perkin Elmer Clarus 500 gas 

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

Figure 2.4 shows a gas chromatography quadrupole mass spectrometer. The temperature 

program started with an initial temperature of 50 ˚C and an injector temperature of 250 

˚C, with ramping of 8 ˚C /min from 50-260 ˚C and then 4 ˚C /min from 260 to 300 ˚C. 

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

a mass range of 45-425 m/z. The extract (2 µl) was injected into the GC-MS. The GC-

MS was also used for the quantification of FAMEs using the internal standard 
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fluoranthene. The individual FAMEs were identified by comparison with retention times 

of external calibration standards and by their mass spectral patterns, which was compared 

to those of the GC-MS computerized library. Saturated fatty acids spectra were 

determined based on the m/z values of 55 representing [C4H7]
+, 74 representing 

[CH3OCOCH3]
+ and 87 representing [CH3OCO(CH2)2]

+. Unsaturated fatty acids spectra 

were determined based on the m/z values of 55 representing [C4H7]
+, 83 representing 

[C6H11]
+and 97 representing [C7H13]

+ which are characteristic ions for fatty acid methyl 

esters. 

 
Figure 2.4: Gas chromatography quadrupole mass spectrometer 

 

2.3.4 Quantification analysis of Fatty Acids 

Calibration curves were generated for each individual saturated and unsaturated 

fatty acid methyl ester using FAME standards from peak areas of the mass spectra. 

Concentrations were determined by the GC-MS quantitation program using linear 

regression from standards. Each concentration of saturated and unsaturated FAME was 

converted back to fatty acids using Anders Moller fatty acids molecular weights and 

conversion factors (Anders Moller et al. 1992). These factors are listed in Appendix E, 
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Table 1-3. This conversion factor accounts for the amounts of the fatty acids that might 

have been degraded during the conversion to FAME 

Vertical profiles of fatty acids were compared to vertical profiles of TOC to find 

out if there is a correlation between concentrations of fatty acids and TOC with depth. 

Trefry et al. (2014) determined the concentrations of sediment TOC by first treating dried 

sediment (60 ˚C) with 10% HCl to remove inorganic carbon, followed by combustion at 

900 ˚C and infrared quantification of CO2. 

Degradation of fatty acids to hydrocarbons were analyzed by correlating the 

concentrations of fatty acids and the concentrations of alkanes with depth. Alkane 

concentrations were determined previously by Dr. Salomey Sasu (2019). Vertical profiles 

of fatty acids were compared to vertical profiles of As from Dr. Trefry’s research (Trefry 

et al. 2014) to find out if there is a correlation between concentrations of fatty acids and 

the concentrations of arsenic with depth. The effect of climate change on sedimentary 

records were observed by correlating the historical temperature data with the vertical 

profile of fatty acids. 

Additionally, three replicate samples were prepared from mixing leftover portions 

of samples both manually and using a shaker. Three extractions were performed 

separately, and the extracts were analyzed to determine the analytical precision of the 

extraction method.  

 

2.3.5 Principal Component Analysis 

Principal component analysis was performed to ascertain the origin of some 

individual fatty acids. Originpro software was used because it allowed a detailed 
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examination of both scores and loadings. Its measure of statistical significance is set at a 

confidence level of 95%. The position of the sample point in the projection is determined 

by the sample score and the differences between the samples are related to the proximity 

of the sample point. The loading plot shows quantitatively how each original variable 

relates to each principal component. Positions reflect the direction and magnitude of each 

variable and the influence their presence has on the position of the sample. The variables 

that contribute most to the discrepancies between samples have the highest loading. 
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CHAPTER THREE 

Results and Discussion 

3.1 Quantification of Fatty Acids 

Different concentrations of the standard fatty acid methyl esters were prepared 

and analyzed by GC-MS. Figure 3.1 shows the chromatogram of the standard fatty acid 

methyl esters signal intensities as a function of their retention time. The lower molecular 

weight fatty acid methyl esters eluted before the higher molecular weight fatty acid 

methyl esters because they are more volatile while the internal standard (fluoranthene) 

was eluted after 24.92 minutes. Figures 3.2 and 3.3 show the mass spectra signals for a 

saturated fatty acid methyl ester with its greatest peak at 74 m/z and an unsaturated fatty 

acid methyl ester with its greatest peak at 55 m/z. Table 3.1 shows the retention time of 

each fatty acid methyl ester in the standard solution. These were used to identify each 

fatty acid methyl ester in the sediments and also used to generate two calibration curves 

(one for saturated FAME and the other for unsaturated FAME). Figures 3.4 and 3.5 show 

the calibration curves of a saturated and an unsaturated fatty acid standard with 

concentrations of 1.87 ppm, 3.75 ppm, 7.5 ppm, 15 ppm, 30 ppm and 45 ppm. This 

calibration was saved as the GC-MS quantifying program on the instrument and later used 

to analyze fatty acid methyl ester concentrations in each sediment after 5 ppm 

fluoranthene was added to all sediments.  
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Figure 3.1: Chromatogram of FAME standards in 5ppm fluoranthene 

 

 

 
Figure 3.2: Mass spectrum of decanoic acid methyl ester (saturated FAME) 
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Figure 3.3: Mass spectrum of pentadecenoic acid methyl ester (unsaturated FAME) 

 

 

 

 
Figure 3.4: Calibration curve of C8 (saturated fatty acids) standard with concentrations of 1.87 ppm, 3.75 

ppm, 7.5 ppm, 15 ppm, 30 ppm and 45 ppm 
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Figure 3.5: Calibration curve of C14:1 [cis-9] (unsaturated fatty acids) standard with concentrations of 

1.87 ppm, 3.75 ppm, 7.5 ppm, 15 ppm, 30 ppm and 45 ppm 

 

Table 3.1: Retention time for FAME standards 

Retention time (min)  FAME Standards 

10.70 Caprylic acid methyl ester (C8) 

14.30 Decanoic acid methyl ester (C10) 

15.95 Undecanoic acid methyl ester (C11) 

17.50 Dodecanoic acid methyl ester (C12) 

18.97 Tridecanoic acid methyl ester (C13) 

20.39 Tetradecanoic acid methyl ester (C14) 

21.58 Myristoleic acid methyl ester (C14:1 [cis-9]) 

21.71 Pentadecanoic acid methyl ester (C15) 

22.74 Pentadecenoic acid methyl ester (C15:1 [cis-10]) 

23.00 Hexadecanoic acid methyl ester (C16) 

23.97 Palmitoleic acid methyl ester (C16:1 [cis-9]) 

24.20 Heptadecanoic acid methyl ester (C17) 
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24.92 Fluoranthene 

25.10 Heptadecenoic acid methyl ester (C17:1 [cis-10]) 

25.37 Octadecanoic acid methyl ester (C18) 

26.88 Octadecenoic acid methyl ester (C18:1 [trans-9]) 

26.97 Oleic acid methyl ester (C18:1 [cis-9]) 

27.07 Linolelaidic acid methyl ester (C18:2 [trans-9,12]) 

27.29 Linoleic acid methyl ester (C18:2 [cis-9,12]) 

27.54 Eicosanoic acid methyl ester (C20) 

28.14 Linolenic acid methyl ester (C18:3 [cis-9,12,15]) 

28.30 Eicosenoic acid methyl ester (C20:1 [cis-11]) 

28.58 Heneicosanoic acid methyl ester (C21) 

28.92 Eicosadienoic acid methyl ester (C20:2 [cis-11,14]) 

29.40 Erucic acid methyl ester (C22:1 [cis-13]) 

29.65 Docosanoic acid methyl ester (C22) 

30.77 Tricosanoic acid methyl ester (C23) 

31.70 Docosadienoic acid methyl ester (C22:2 [cis-13,16]) 

31.95 Tetracosanoic acid methyl ester (C24) 

 

 

3.2 Station Properties 

In the Hanna Shoal boundary, each station core varied in location, water depth, 

average TOC, and sedimentation rate. The sedimentation rates were calculated using the 

time of peak deposition of 137Cs from nuclear bomb fallout (~1963 -1964) and the decay 

correction since the collection of the cores (Trefry et al. 2014). Station H24 is quite 

different from all other stations observed in the sense that it is mostly sandy, it had the 

shallowest water depth (39.6 m), a sedimentation rate of 0.15 cm/yr and an average of 

TOC of 0.50%. The sandy sediments in Station H24 may be as a result of its shallow 



39 
 

water depth which leads to winnowing away of the clay and silt by the high energy of 

ocean currents and waves. Sediments from all other stations are composed of mostly clay 

and slit. The sedimentation rates of H32 and H30 are 0.10 and 0.12 cm/yr respectively 

but that of Station BarC5 is not known. A sedimentation rate of 0.12 cm/yr is used and is 

based on the average sedimentation rates of the other three sites. The average TOC of 

H32, H30 and BarC5 are 1.32%, 1.49% and 1.83% respectively. Also, Station BarC5 is 

deepest at 118.4 m. Table 3.2 summarizes these properties.  

Table 3.2: Properties of sampling station 

* estimated 

  

3.3 Concentrations and Variations of Fatty Acids in Sediments  

A total of 52 core sediments from Stations H24, H30, H32, and BarC5 were 

analyzed for fatty acid methyl esters (FAME). Each FAME concentration was converted 

to a fatty acid concentration using Andres Moller’s conversion factors. The dry weight 

concentrations of the fatty acids in each sediment were later calculated with a coefficient 

of variation of 10.2% (Appendix F, Table 1). The coefficient of variation describes the 

dispersion of data points around the mean. It is the ratio of the standard deviation to the 

Station Water depth 

(m) 

composition of core Sedimentation rate 

(cm/yr) 

Average 

TOC (%) 

H32 50.9 Mostly Clay and Silt 0.10 1.32 

H30 62.8 Mostly Clay and Silt 0.12 1.49 

H24 39.6 Mostly sandy 0.15 0.50 

BarC5 118.4 Mostly Clay and Silt 0.12* 1.83 
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mean. In soil analysis, a coefficient of variation of less than 10% is very good, 10-20% is 

good and 20-30% is acceptable. The fatty acids were quantified in the range C12 to C24 

for saturated fatty acids and C14:1[cis-9] to C22:2[cis-13, 16] for unsaturated fatty acids. 

This was done based on the fatty acid methyl esters in the standards used for creating the 

quantification program. Variations in concentration of fatty acids with depth will be 

discussed for each station. Sediments from each station will be compared to Belicka’s 

station at the same sedimentation period to see how fatty acids vary in both the eastern 

and western parts of the Chukchi Sea. Also, sediment samples at the surface and the 

greatest depth analyzed at each station will be discussed. Relationships between 

concentrations of fatty acids with total organic carbon and arsenic concentrations will be 

analyzed. Finally, relationships between concentrations of fatty acids with alkane 

concentrations will also be analyzed along with evidence of climate change reflected in 

the sedimentary record. 

 

3.4 Station H32 

Station H32 sediments are comprised mostly of clay and silt. These sediments are 

located in the eastern part of the shoal (outlined in Figure 2.1 above) with a water depth 

of 50.9 m. Twelve sediments from 0 to 16 cm depth were analyzed at this station and 

were deposited between 1852 and 2012. Figure 3.6 shows the chromatogram of fatty acid 

methyl esters at depth 0-1 cm analyzed from this station.  
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 Figure 3.6: Gas chromatogram of compounds in H32 (0-1 cm) sample with 5 ppm fluoranthene as the 

internal standard. 

 

In 2014, Trefry et al. reported the TOC values from sediments in this station. They 

ranged from 1.12% at the greatest depth (14-16 cm) to 1.64% at the surface (0-1 cm) and 

an average of 1.32%. The plot of TOC as a function of depth is given in Figure 3.7. There 

is a gradual decrease of TOC from the surface sediment to the greatest depth. This is the 

only core sample that had a systematic decrease in concentrations of TOC throughout the 

core. This may be as a result of the degradation of organic carbon over time down the 

core or progressively greater input of organic materials with time. Both will be discussed 

further in a later section. The TOC data can be found in Appendix A, Table 1. 
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Figure 3.7: Total organic carbon (%) in H32 sediments with depth 

 

  Also, total concentration of fatty acid, total saturated fatty acid concentration and 

total unsaturated fatty acid concentrations were plotted as a function of TOC in each 

sediment depth. Figure 3.8 shows the plot of total fatty acid concentration as a function 

of TOC. This could show the influence of fatty acids in the total organic carbon, but it 

was seen that there was no correlation between these variables. This indicates that fatty 

acids and other organic matter were introduced or degraded in the sediments at different 

rates.  

 
Figure 3.8: Total fatty acid concentration as a function of TOC (%) at the same depth in station H32. 
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Belicka et al. (2004) reported the TOC from samples that were collected in 1994 

in two different locations in the Chukchi Sea. Table 3.3 shows the depths and TOC values 

from these locations. These 2 different locations are within 1150 km of station H32 in the 

Chukchi Sea. Comparing the average TOC shows the variation of TOC occurring around 

these regions over the years. Location 1 average TOC was 0.1% more than what was 

found at station H32 and location 2 was 0.08% more than what was found at station H32. 

The differences in the average TOC are not much and implies that TOC does not vary 

considerably with location. There was no gradual decrease of TOC from the surface 

sediment to the greatest depth reported by Belicka et al.  

Table 3.3: Location and TOC ranges at depths 0-16 cm reported by Belicka et al. 2004 and station H32 

Location Latitude Longitude Depth 

(cm) 

TOC range 

(%) 

Average TOC 

(%) 

1 72º08’N 168º50’W 0 - 16 1.32 - 1.60 1.42 

2 73º27’N 166º15’W 0 - 16 1.32 - 1.60 1.40 

H32 71º46’N 158º59’W 0 - 16 1.12 - 1.64 1.32 

 

3.4.1 Sources of Individual Fatty Acids in Station H32 

The relative abundances of individual fatty acids are useful in determining the 

respective importance of inputs from bacteria, microalgae, marine fauna, and continental 

higher plants (Sargent et al. 1981). Long-chain saturated fatty acids (C21-C24) are 

predominant components of terrestrial higher plant epicuticular waxes (Parkes et al. 

1987). The presence of such components in ocean sediments is frequently interpreted as 

indicating a terrestrial input via riverine or aeolian transport (Napolitano et al. 1997). 

Short-chain saturated fatty acids such as C8-C14 fatty acids are present in phytoplankton 

especially in diatoms and to a lesser extent in dinoflagellates (Colombo et al. 1996). The 
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presence of such components in ocean sediments is frequently interpreted as indicating a 

marine input. 

 Monounsaturated fatty acids (MUFAs) such as C15:1 [cis-10] and C18:1 [cis-9] 

are commonly considered as being predominantly synthesized by bacterial communities 

and they have been used as markers of bacteria in marine sediments (Budge and Parrish, 

1988). MUFAs such as C16:1 [cis-9] is also used as signals of diatom derived organic 

matter (Reitan et al. 1994). Polyunsaturated fatty acids (PUFAs) such as C20:2 [cis-

11,14] has been detected in diatoms and has been used as a diatom marker in marine 

environments (Tulloch et al. 1976). Furthermore, the PUFAs such as C18:2 [cis-9,12] 

and 18:3 [cis-9,12,15] have been used as markers of green algae (Shi et al. 2001). 

The origins of the remaining 9 out of 27 individual fatty acids were determined 

using PCA which reduces the dimension of the samples to principal components and 

shows how strongly variables are related to each other. Both positive PCs or both negative 

PCs indicate that the two variables are proportional. One positive PC and one negative 

PC values indicate that the two variables are inversely proportional. The dataset contained 

a total of 12 observations (samples) and 27 variables (biomarkers). Based on the loading 

plot, a relative scale from 100% marine material (correspondingly to 0% terrestrial 

material) to 100% terrestrial material is provided to known biomarkers. The relative 

contributions of marine or terrestrial sources for the 9 individual fatty acids were 

calculated using linear distance along the scale. The relative position determined the 

terrestrial/marine content for the 9 individual fatty acids (Yunker et al. 2005). Figure 3.9 

shows the biomarker variable loading of station H32. C18:0 and C20 are correlated with 

C21-C24 which means they are produced by higher plant waxes of the terrestrial origin. 
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C14:1 [cis-9] and C16:1 [cis-9] showed a strong correlation with C18:1 [cis-9] which 

means they are synthesized by bacterial communities. C15, C16 and C17 are correlated 

with C8-C14 which means they are produced by phytoplankton, especially in diatoms 

and to a lesser extent in dinoflagellates. Lastly, C22:2 [cis-13,16] showed a correlation 

with C20:2 [cis-11,14] which means they are synthesized by diatoms in the marine 

environment.  

 
Figure 3.9: Biomarker variable loading of station H32 

 

3.4.2 Concentrations of Individual Fatty Acids with Depth in Station H32 

Analysis of individual saturated fatty acids showed that C18, C20, C21, C22, C23 

and C24 had similar depth profiles and originated from terrestrial plants. The contribution 

of these long-chain saturated fatty confirms the presence of plants such as the Arctic 

willow (Martens et al. 1992) and dwarf birch (Helen et al. 2009). C18 had the highest 

range of individual fatty acid concentrations. It ranged from 0.50 μg/g to 52.68 μg/g with 
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the highest concentration at the greatest depth (14 -16 cm) and the lowest concentration 

at depth 6-7 cm. Both features are observed in the plot of total fatty acid concentration 

with depth. The concentrations of C18 fatty acid with depth is shown in Figure 3.10. 

There were higher concentrations at depths 1-2 cm and 14-16 cm and lower 

concentrations in the remaining depths. 

 
Figure 3.10: Concentration of C18 fatty acid (μg/g) in H32 sediments with depth 

 

In addition to the contribution of terrestrial input due to the high concentration 

range of C18 fatty acid, the presence of green algae is observed due to the contribution 

of PUFAs such as C18:2 [cis-9,12], C18:3 [cis-9,12,15] and C20:2 [cis-11,14]. They have 

been frequently found in organisms like Melosira arctica (Feder et al. 1994). C18:3 [cis-

9,12,15] individual fatty acid had the lowest concentration range. It ranged from 0.090 

μg/g to 0.56 μg/g with the highest concentration at depth 8-10 cm which did not follow 

the trend of total fatty acid concentrations in the core. The lowest concentration was at 

depth 7-8 cm which also did not follow the trend of total fatty acid concentrations in the 
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core. The concentrations of C18:3 [cis-9,12,15] fatty acid with depth is shown in Figure 

3.11.  

 
Figure 3.11: Concentration of C18:3 [cis-9,12,15] fatty acids (μg/g) in H32 sediments with depth 

 

Short-chain saturated fatty acids such as C10, C11, C13 and C15 had depth 

profiles similar to each other and had been reported that their presence indicates diatoms 

origin. Smith et al. (1995) reported diatoms like Nitschia frigida and Volkman et al. 

(1993) reported genus Navicula as source of short-chain saturated fatty acids. These fatty 

acids had the highest concentration at the surface (0-1 cm) and all were absent at 3-4 cm, 

6-7 cm and at the greatest depth observed (14-16 cm). This might be as a result of fatty 

acid degradation to alkanes by microorganisms at these depths and will be discussed 

further in a later section. An example of this depth profile is shown in Figure 3.12.  
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Figure 3.12: C11 fatty acid concentration in H32 sediments with depth 

 

3.4.3 Concentrations of Subsets of Fatty Acids with Depth in Station H32 

Saturated fatty acid concentrations were more dominant among the classes of fatty 

acid analyzed. They constituted a range from 40% of the total fatty acid concentration at 

depth 4-5 cm to 90.2% of the total fatty acid concentration at depth 12-14 cm. The 

saturated fatty acid concentrations demonstrated a pattern similar to the total fatty acid 

concentrations throughout the core. The saturated fatty acid concentrations ranged from 

5.8 μg/g to 62.2 μg/g throughout this core. The highest concentration was at the greatest 

depth analyzed (14-16 cm) which followed the trend of total fatty acid concentrations in 

the core. The lowest concentration was found at depth 6-7 cm which also followed the 

trend of total fatty acid concentrations in the core. Figure 3.13 shows the total saturated 

fatty acid concentrations with depth. Moving down the core, there were higher 

concentrations at depths 1-2 cm and 14-16 cm and lower concentrations in the remaining 

depths. The contribution of saturated fatty acid concentrations to the total fatty acid 

concentrations in this station was compared to other stations including Belicka’s and will 
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be discussed later. Values of saturated fatty acid concentrations are depicted in Appendix 

A, Table 2. 

 
Figure 3.13: Total concentration of saturated fatty acids (μg/g) in H32 sediments with depth 

 

The monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) 

concentrations ranged from 60% of the total fatty acid concentration at depth of 4-5 cm 

to 7.7% of the total fatty acid concentration at depth of 12-14 cm. The concentrations of 

unsaturated fatty acids ranged from 1.7 μg/g to 36.1 μg/g in this core. The highest total 

concentration of unsaturated fatty acids was 1-2 cm depth and the lowest total 

concentration of unsaturated fatty acids was at 12-14 cm depth. The trend of concentration 

with depth for total unsaturated fatty acids did align with the trend for total fatty acid 

concentrations. The total concentrations of unsaturated fatty acids with depth is shown in 

Figure 3.14. Higher concentrations at depths 1-2 cm and 14-16 cm and lower 

concentrations at the remaining depths were found. The proportion of unsaturated fatty 

acid concentrations to the total fatty acid concentrations in this station has been contrasted 
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to other stations, including Belicka's, which will be addressed later. Values of unsaturated 

fatty acid concentrations are listed in Appendix A, Table 3. 

 

Figure 3.14: Total concentration of unsaturated fatty acids (μg/g) in H32 sediments with depth 

 

Long-chain fatty acid (C18-C24) concentrations were greater than the short-chain 

fatty acid (C8-C17) concentrations. Long-chain fatty acid concentrations ranged from 

31.5% of the total surface fatty acid concentration to 76.5% of the total fatty acid 

concentration at depth 12-14 cm. Long-chain fatty acid concentrations varied from 5.1 

μg/g to 60.3 μg/g in this core with the maximum concentration at the greatest depth (14-

16 cm) and the lowest concentration at the depth 6-7 cm. All followed the pattern of total 

fatty acid concentrations in the core. The total concentration of long-chain fatty acids with 

depth is seen in Figure 3.15. Going down the core, there were higher concentrations at 1-

2 cm and 14-16 cm depths and lower concentrations at the remaining depths. The 

contribution of long-chain fatty acid concentrations to the total fatty acid concentrations 
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at this station was linked to other stations, including Belicka's, which will be addressed 

later. 

 
Figure 3.15: Total concentration of long-chain fatty acids (μg/g) in H32 sediments with depth 

 

Short-chain fatty acid concentrations constituted a range from 68.5% of the total 

fatty acid concentration at the surface depth (0-1 cm) to 23.5% of the total fatty acid 

concentration at depth 12-14 cm. Short-chain fatty acid concentrations ranged from 5.3 

μg/g to 33.7 μg/g throughout this core with the highest concentration was at the surface 

depth and the lowest concentration at depth 12-14 cm. The trend of concentration with 

depth for short-chain fatty acids did not align with the trend for total fatty acid 

concentrations. The total concentration of short-chain fatty acids with depth is shown in 

Figure 3.16. There were higher concentrations at depths 0-1 cm and 14-16 cm and lower 

concentrations in the remaining depths. The contribution of short-chain fatty acid 

concentrations to the total fatty acid concentrations in this station was compared to other 

stations including Belicka’s and will be discussed later.  
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Figure 3.16: Total concentration of short-chain fatty acids (μg/g) in H32 sediments with depth 

 

Marine fatty acid concentrations were more dominant than the terrestrial fatty acid 

concentrations throughout the core. Marine fatty acid concentrations ranged from 90.2% 

of the total fatty acid concentration at the surface to 26.1% of the total fatty acid 

concentration at depth 12-14 cm. Marine fatty acid concentrations ranged from 5.9 μg/g 

at depth 12-14 cm to 46.5 μg/g at depth 1-2 cm. Terrestrial fatty acid concentration ranged 

from 9.8% of the total fatty acid concentration at the surface to 73.9% of the total fatty 

acid concentration at depth 12-14 cm. Terrestrial fatty acid concentration ranged from 

55.2 μg/g at depth 14-16 cm to 2.7 μg/g at depth 6-7 cm. They did not demonstrate a 

pattern similar to the total fatty acid concentrations throughout the core. 

 

3.4.4 Total Fatty Acid Concentrations with Depth in Station H32  

The total fatty acid concentrations constituted 27 different individual fatty acids 

which ranged from C8 to C24 and the depths ranged from 0-16 cm. Among these 

individual fatty acids, 15 were saturated fatty acids, 7 were monounsaturated fatty acids 
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and 5 were polyunsaturated fatty acids. The total fatty acid concentrations ranged from 

11.02 μg/g to 84.9 μg/g throughout the core. Figure 3.17 shows the total fatty acid 

concentrations as a function of depth. No distinct patterns were seen in distribution over 

the depths of the entire core. The lowest concentration was at 6-7 cm depth interval and 

the highest concentration was at 14-16 cm depth interval. There were higher 

concentrations at depths 1-2 cm and 14-16 cm and lower concentrations in the remaining 

depths. Sediments deposited within a specific period in this station will be compared to 

Belicka’s sediments at the same time period. These will be discussed further in the next 

sub-section. Values of total concentrations of fatty acids with depth are depicted in 

Appendix A, Table 1. 

 
Figure 3.17: Total fatty acid concentration (μg/g) in H32 sediments with depth 

 

3.4.5 Sediment Sample at 2-3 cm Depth in Station H32  

Station H32 sediment at 2-3 cm depth was deposited between 1992 and 1982. It 

has the sixth-highest concentration of fatty acids in all the 12 different depths analyzed. 

The total fatty acid concentration at depth 2-3 cm in station H32 was 24.7 μg/g. The 
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concentrations ranged from 0.04 μg/g to 3.13 μg/g with C20:2 [cis-11,14] having the 

lowest concentration and C15:1 [cis-10] having the highest concentration.  

Belicka et al. 2004 reported the total fatty acid concentrations at the surface 

sediment in the two different locations in the Chukchi Sea from samples that were 

collected in 1994. Based on the sedimentation rate of 0.9 cm/year, this surface sediments 

were deposited between the year 1994 and 1983. This is shown in Table 3.4. Comparing 

Belicka’s surface fatty acid concentrations to station H32 at depth 2-3 cm which were 

both measured at the same historical period could show the variation occurring around 

these regions. With the same total individual fatty acids and based on sedimentation 

period, location 1 was 42.9 μg/g greater than the sediment at depth 2-3 cm in this station 

and location 2 was 34.58 μg/g greater than the sediment at depth 2-3 cm in this station. 

This implies that the distribution of fatty acids at same sedimentation period varies 

considerably with location. 

Table 3.4: Location and surface fatty acid concentration reported by Belicka et al. 2004 and station H32 

Location Latitude Longitude Depth 

(cm) 

Sedimentation 

period 

Total FA (μg/g) 

1 72º08’N 168º50’W 0 - 1 1994 - 1983 67.6 

2 73º27’N 166º15’W 0 - 1 1994 - 1983 59.28 

H32 71º46’N 158º59’W 2 - 3 1992 - 1982 24.7 

 

3.4.6 Sediment Sample at 0-1 cm and the Greatest Depth (14-16 cm) in Station H32  

Station H32 sediment at 0-1 cm depth was deposited between 2002 and 2012. It 

has the third-highest concentration of fatty acids in all the 12 different depths analyzed. 

Figure 3.18 shows the plot of concentration as a function of individual fatty acid types at 

depth 0-1 cm. With a total of 27 different individual fatty acids, the total concentration of 
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fatty acids in H32 surface sediment was 49.3 μg/g. The concentrations ranged from 0.06 

μg/g to 13.3 μg/g with C20:2 [cis-11,14] having the lowest concentration and C15:1 [cis-

10] having the highest concentration. The concentrations of marine fatty acid were far 

greater than the terrestrial fatty acid concentrations. This may be because of increased 

light availability from reduced ice cover which enhances primary production on the 

surface depth compared to deeper depths (Matsumoto et al. 1987; Harvey et al. 1987).  

 

Figure 3.18: Concentration of individual fatty acid in H32 sediments at 0-1 cm depth 

 

Station H32 sediment at 14-16 cm depth was deposited between 1852 and 1872. 

Figure 3.19 shows the plot of concentration as a function of individual fatty acid types at 

depth 14-16 cm. Sediments from depth 14-16 cm had the greatest concentration of fatty 

acid among all other depths. This may be because this sediment received a high 

concentration of biogenic materials which were preserved compared to other depth 

sediments. Sediments from depth 1-2 cm and 3-4 cm had distribution profiles of 

individual fatty acids similar to 14-16 cm depth. The total concentration of fatty acids at 

this sediment depth was 84.9 μg/g and was comprised of 27 fatty acids. Six fatty acids 
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(C10, C11, C13, C15, C17:1 [cis-10], C22:2 [cis-13,16]) were not found and are from 

marine sources. C18 had the highest concentration (52.6 μg/g) and is a terrestrial fatty 

acid. In comparison with the surface depth (0-1cm), the proportion of bacterial fatty acids 

was high, implying that microbial processes were more active. These observations 

suggest that marine products like PUFAs, which are labile compounds, have been 

significantly degraded (Harvey et al. 1987), leaving behind more terrestrial markers 

which are more resistant. The 3 most abundant fatty acid shown in Figure 3.19 do not 

have the same origin. They are from marine and terrestrial sources. 

 

Figure 3.19: Concentration of individual fatty acid in H32 sediments at 14-16 cm depth 

 

3.4.7 Correlation between Arsenic and Fatty Acid Concentrations in Station H32  

Organic matter content had been known to influence the abundance of different 

arsenic forms in soil. When organic content matter changes, the speciation and mobility 

of arsenic may also change (Andreae et al. 1989). One objective of this study is to 

determine if there could be a correlation with fatty acid concentration since sediment 

diagenesis may affect the concentration of both fatty acids and arsenic. Total fatty acid 
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concentrations and arsenic concentrations are found in Appendix A, Table 1. The arsenic 

concentration at this station was ranged from 9.70 μg/g at 14-16 cm depth to 22.20 μg/g 

at 0-1 cm depth. Figure 3.20 shows a plot of arsenic concentrations as a function of depth.  

 
Figure 3.20: Concentration of arsenic (μg/g) in H32 sediments with depth 

 

Total fatty acid, saturated fatty acid, unsaturated fatty acid, and the most 

concentrated individual fatty acid (C18) concentrations were all plotted as a function of 

arsenic concentrations at each depth, but none showed any trend with depth. For example, 

Figure 3.21 shows a plot of total fatty acid concentration as a function of arsenic 

concentration with depth. This indicates changes in concentrations of fatty acids do not 

correlate to changes in concentrations of arsenic in sediments. It can be concluded that 

fatty acids did not influence the abundance of arsenic in the sediments at this station.  
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Figure 3.21: Total fatty acid concentration as a function of arsenic concentration with depth in station H32 

 

 

3.4.8 Correlation between Fatty Acid and Alkane Concentrations in Station H32  

Degradation of fatty acids principally occurs through decarboxylation and hence, 

produces alkanes (Sun et al. 1994). Another objective of this study is to determine if there 

could be a correlation between fatty acid and alkane concentrations since fatty acids are 

more labile than alkanes and their degradation in sediments can be monitored. Total fatty 

acid concentrations and total alkane concentrations are found in Appendix A, Table 1. 

Total alkane concentrations at this station ranged from 16.5 μg/g to 52.6 μg/g. Sediments 

from depth 10-12 cm had the maximum concentration and sediments from depth 8-10 cm 

had the minimum concentration.  

Total fatty acid, saturated fatty acid, and unsaturated fatty acid concentrations 

were all plotted as a function of alkane concentrations at each depth. Each individual fatty 

acid concentration was also plotted with its alkane product concentration. These did not 

show any trend with depth. This indicates that changes in concentrations of fatty acids do 

not correlate to changes in concentrations of alkanes in sediments. It can be concluded 
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that the decarboxylation of fatty acid in sediments at this station did not occur to give 

corresponding alkanes but decarbonilation may have occurred to give corresponding 

alkenes. Figure 3.22 shows a plot of total fatty acid concentration as a function of alkane 

concentration with depth.  

 
Figure 3.22: Total fatty acid concentration as a function of alkane concentration with depth in station H32 

 

3.4.9 Correlation of Fatty Acid Concentrations at Station H32 with Climate Change 

The Arctic Ocean is experiencing some of the most rapid and severe climate 

changes since it is warming faster than other regions. Evidence of climate change can be 

found in ocean sediments via the changes in concentration and distribution of 

biogeochemicals (Grebmeier et al. 1991). The historical temperature data was used to 

interpret the trends in station H32 concentrations to determine if climate change is 

reflected in the sedimentary record. The surface sediments should have larger 

concentrations and distribution of fatty acids compared to lower depths. Station H32 

overall showed varied concentration and distribution of fatty acids down the core. From 

1 to 7 cm, sediments showed a gradual decrease in concentration which corresponded to 
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years 2002-1942. From Figure 1.2 above, there is a corresponding increase in temperature 

from 1960 to 2002 which may be the cause of increasing concentration of fatty acids at 

those depths which might be evidence of climate change. Sediments from depth 7-12 cm 

showed varied fatty acid concentrations and the highest concentrations within this depth 

range were deposited at times when there was a momentary increase in temperature. 

However, other periods of increasing temperature did not show increases in fatty acid 

concentrations. Sediments from depth 12-16 cm could not be correlated with the average 

arctic temperature since the temperature data only goes back to 1900. 

 

3.10 Station H32 Summary 

Sediments from this station were composed mainly of silt and clay. This station 

is closer to the shore compared to stations H24 and H30 but farther than BarC5. Principal 

Component Analysis showed that individual fatty acids such as C18 and C20 were 

produced from terrestrial plants, C14:1 [cis-9] and C16:1 [cis-9] were synthesized from 

bacterial communities, C15, C16 and C17 were produced by phytoplankton. The 

contribution of long-chain fatty acid concentrations to the total fatty acid concentrations 

was greater than the short-chain fatty acid concentrations. The contribution of saturated 

fatty acid concentrations to the total fatty acid concentrations was greater than unsaturated 

fatty acid concentrations. The contribution of marine fatty acid concentrations to the total 

fatty acid concentrations was greater than the terrestrial fatty acid concentrations. The 

total fatty acid concentrations in this station ranged from 11.02 µg/g to 84.9 µg/g with no 

distinct patterns seen in distribution over the entire core. Total concentrations of fatty 

acids were found to be highest in the deepest sediment (14-16 cm) analyzed, reflecting 



61 
 

the dependence of preservation on productivity. The sediment from 14-16 cm depth were 

deposited in the period of 1852-1872. The total fatty acid, saturated fatty acid, unsaturated 

fatty acid, and individual fatty acid concentrations did not show any trends with depth in 

this station. Changes in total fatty acid, saturated fatty acid, unsaturated fatty acid, and 

the most abundant individual fatty acid (C18) concentrations do not correlate to changes 

in concentrations of arsenic in sediments. Also, changes in these fatty acids do not 

correlate to changes in concentrations of alkanes in sediments. The total fatty acid 

concentrations from depth 1-7 cm showed gradual decrease in concentration as the 

temperature increases with the corresponding years which might be evidence of climate 

change. 

 

3.5 Station H30 

Station H30 sediments are found in the northern part of the shoal (see Figure 2.1 

above) with a water depth of 62.8 m. These sediments are mainly composed of clay and 

silt. Eleven sediments at varying depths have been examined at this site. Sediments at a 

depth of 0-18 cm (except for depth 4-5 cm sediment which was not available) were 

deposited between 1863 and 2012. The chromatogram of fatty acid methyl esters at 0-1 

cm depth examined from this station is shown in Figure 3.23. 
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Figure 3.23: Gas chromatogram of compounds in H30 (0-1 cm) sample with 5 ppm fluoranthene as the 

internal standard 

 

The TOC levels for sediment at this station ranged from 1.38% at depth of 10-12 

cm to 1.73% at depth of 1-2 cm with an average of 1.49% (Trefry et al. 2014). Figure 

3.24 shows the plot of TOC as a function of depth. The first 2 cm depth shows the highest 

TOC values and they 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 which will be discussed further in the later section. Concentrations 

of TOC then remained the same between 12-18 cm depth. The TOC data can be found in 

Appendix B, Table 1.  
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Figure 3.24: Total organic carbon (%) in H30 sediments with depth 

 

In addition, total fatty acid concentration was plotted as a function of TOC at each 

sediment depth (as seen in Figure 3.25). It was found that there was little relation between 

such variables. It means that fatty acids and other organic matter have been introduced or 

degraded within the sediments at varying rates. 

 
Figure 3.25: Total fatty acid concentration as a function of TOC (%) at the same depth in station H30 
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TOC from the two separate sites in the Chukchi Sea documented by Belicka et al. 

(2004) is compared to the average TOC from the H30 station. The depth distribution and 

the TOC values from these sites are seen in Table 3.5. These two separate sites are within 

1020 km of the H30 station. The comparison of the average TOC to station H30 indicates 

the recent variability in TOC in these areas. Location 1 average TOC is 0.05% lower at 

this station and location 2 average TOC is 0.08% lower at this station. The variations in 

the average TOC are not very wide and indicate that the TOC does not vary considerably 

with location. 

Table 3.5: Location and TOC ranges at depths 0-18 cm reported by Belicka et al. 2004 and station H30 

Location Latitude Longitude Depth 

(cm) 

TOC range 

(%) 

Average TOC 

(%) 

1 72º08’N 168º50’W 0 - 18 1.32 - 1.60 1.44 

2 73º27’N 166º15’W 0 - 18 1.32 - 1.60 1.41 

H30 72º44’N -163º40’W 0 - 18 1.38 - 1.73 1.49 

 

3.5.1 Sources of Individual Fatty Acids in Station H30 

Individual fatty acid availability is useful in determining the corresponding 

importance of contributions from bacteria, microalgae, aquatic fauna, and higher 

continental plants (Sargent et al. 1981). Short-chain saturated fatty acids, such as C8-

C14, are present in phytoplankton, especially in diatoms and to a lesser degree in 

dinoflagellates (Colombo et al. 1996). Long-chain saturated fatty acids (C21-C24) are 

prevalent components of terrestrial higher plant epicuticular waxes (Parkes et al., 1987). 

The occurrence of these components in ocean sediments is often interpreted as suggesting 

terrestrial contribution through riverine or aeolian transport (Napolitano et al. 1997).  
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 Monounsaturated fatty acids MUFAs such as C15:1 [cis-10] and C18:1 [cis-9] 

are commonly considered as being predominantly synthesized by bacterial communities 

and they have been used as markers of bacteria in marine sediments (Budge and Parrish, 

1988). MUFAs such as C16:1 [cis-9] are also used as signals of diatom derived organic 

matter (Reitan et al. 1994). Polyunsaturated fatty acids (PUFAs) such as C20:2 [cis-

11,14] has been detected in diatoms and has been used as a diatom marker in marine 

environments (Tulloch et al. 1976). Furthermore, the PUFAs such as 18:2 [cis-9,12] and 

18:3 [cis-9,12,15] have been used as markers of green algae (Shi et al. 2001). 

The source of the remaining 9 out of 27 specific fatty acids is calculated using 

PCA. A total of 12 measurements (samples) and 27 variables (biomarkers) were used in 

the dataset. The relative position determined the percent terrestrial/marine content for the 

9 individual fatty acids (Yunker et al. 2005). Figure 3.26 shows the biomarker variable 

loading of station H30. C14 and C16 are close on the scale and are therefore correlated. 

C17 and C18 are correlated with C8-C12 which means they are produced by 

phytoplankton. C20 are correlated with C21-C24 which means they are produced by 

higher plant waxes from the terrestrial origin. Lastly, C14:1 [cis-9], C17:1 [cis-10] and 

C22:2 [cis-13,16] showed correlation with C15:1 [cis-10] and C18:1 [cis-9] which means 

they are synthesized by bacterial communities.  



66 
 

 

Figure 3.26: Biomarker variable loading of station H30 

 

3.5.2 Concentrations of Individual Fatty Acids with Depth in Station H30 

C15:1 [cis-10] had the highest range of individual fatty acid concentration. It is 

predominantly synthesized by bacterial communities. This common group within the 

Chukchi seafloor includes alphaproteobacteria, gammaproteobacteria and crenarchaeota. 

The concentration of C15:1 [cis-10] ranged from 1 μg/g to 31.1 μg/g with the highest 

concentration at the surface depth (0 -1 cm) and the lowest concentration at depth 10-12 

cm except for depth 4-5 cm sediment which was not available. The trend of concentration 

with depth for C15:1 [cis-10] fatty acid aligned with the trend for total fatty acid 

concentrations. The concentrations of C15:1 [cis-10] fatty acid with depth is shown in 

Figure 3.27.  

-4 -2 0 2 4

-4

-2

0

2

4

C8

C10
C11

C12
C13

C14

C15

C16

C17

C18

C20

C21

C22

C23 C24

C14:1cis9C15:1cis10
C16:1cis9C17:1cis10

C18:1trans9

C18:1cis9

C18:2trans9,12

C18:2cis9,12

C18:3cis9,12,15

C20:2cis11,14

C22:1cis13

C22:2cis13,16P
C

 2
 (

1
6
.0

5
%

)

PC 1 (26.84%)



67 
 

 
Figure 3.27: Concentration of C15:1 [cis-10] fatty acid (μg/g) in H30 sediments with depth 

 

A high bacterial fatty acid concentration implies that PUFAs (such as C18:3 [cis-

9,12,15]) which are labile have been degraded (Harvey et al. 1987). C18:3 [cis-9,12,15] 

had the lowest concentration range of individual fatty acids. They have been frequently 

found in organisms like Melosira arctica (Feder et al. 1994). The maximum 

concentration (0.46 μg/g) was found at depth 2-3 cm and none was found at depth 1-2 

cm. The trend of concentration with depth for C18:3 [cis-9,12,15] fatty acid did not align 

with the trend for total fatty acid concentrations. The concentrations of C18:3 [cis-

9,12,15] fatty acid with depth is shown in Figure 3.28. There were higher concentrations 

at depths 2-3 cm and 14-16 cm and lower concentrations in the remaining depths. 
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Figure 3.28: Concentration of C18:3 [cis-9,12,15] fatty acids (μg/g) in H30 sediments with depth 

 

Short-chain saturated fatty acids such as C10, C12, C14 and C15 display identical 

distribution down the core. It has been stated that their appearance implies diatoms origin. 

Smith et al. (1995) identified diatoms such as Nitschia frigida and the genus Navicula 

was reported by Volkman et al. (1993) as a source of short-chain saturated fatty acids. 

Apart that the sample from depth 4-5 cm was not analyzed, the rest all had relatively low 

concentrations at depth 8-10 cm and 12-14 cm. The maximum concentration was 

measured at the greatest depth (16-18 cm). This is seen in Figure 3.29.  

 
Figure 3.29: C12 fatty acid concentration in H30 sediments with depth 
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In addition, the depth profiles of C21, C22, C23 and C24 all followed the same 

trend and had previously been recorded to come from terrestrial plants. The inclusion of 

these long-chain saturated fatty acids supports the identity of plants such as the Arctic 

willow (Martens et al. 1992) and the dwarf birch (Helen et al. 2009). These had lower 

concentrations at depths 3-4 cm and 12-14 cm, although they had the maximum 

concentration at the greatest depth. Figure 3.30 displays a plot of this trend. 

 
Figure 3.30: C22 fatty acid concentration in H30 sediments with depth 

 

3.5.3 Concentrations of Subsets of Fatty Acids with Depth in Station H30 

Unsaturated fatty acid concentrations were predominant than the saturated fatty 

acid concentrations. Both monounsaturated fatty acid and polyunsaturated fatty acid 

concentrations contributed a variation of 27.4% of the total fatty acid concentration at a 

depth of 12-14 cm and 77.1% of the total fatty acid concentration at a depth of 0-1 cm. 

Total unsaturated fatty acid concentrations ranged from 3.7 μg/g to 58.4 μg/g throughout 

this core. Trends in unsaturated fatty acid concentrations are comparable to the trend of 

total fatty acid concentrations in the core. The highest total concentration of unsaturated 
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fatty acids was measured at the surface depth (0-1 cm) and the lowest concentration at 

the depth of 12-14 cm. The total concentrations of unsaturated fatty acids as a function of 

depth shown in Figure 3.31. Higher concentrations at depths 0-1 cm and 5-6 cm and lower 

concentrations at the remaining depths were found. The input of unsaturated fatty acid 

concentrations to the overall fatty acid concentrations in this station has been contrasted 

to other stations, including Belicka's, which will be explored later. Values of unsaturated 

fatty acid concentrations are provided in Appendix B, Table 2. 

 

Figure 3.31: Total concentration of unsaturated fatty acids (μg/g) in H30 sediments with depth 

 

 The saturated fatty acid concentrations ranged from 72.6% of the total fatty acid 

concentration at depth 12-14 cm to 22.9% of the total fatty acid concentration at depth 0-

1 cm. The total saturated fatty acid concentrations ranged from 9.9 μg/g to 23.9 μg/g 

throughout this core. The total saturated fatty acids had its highest concentration at the 

greatest depth analyzed (16-18 cm) and had its lowest concentration at depth 12-14 cm. 

The trend of saturated fatty acid concentrations did not demonstrate a pattern similar to 

the total fatty acid concentrations down the core. Total concentrations of saturated fatty 
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acids with depth is shown in Figure 3.32. There were higher concentrations at depths 1-2 

cm and 14-18 cm lower concentrations in the remaining depths. The contribution of 

saturated fatty acid concentrations to the total fatty acid concentrations in this station was 

compared to other stations including Belicka’s and will be discussed later. Values of 

saturated fatty acids concentrations are depicted in Appendix B, Table 3. 

 
Figure 3.32: Total concentration of saturated fatty acids (μg/g) in H30 sediments with depth 

 

Short-chain fatty acid (C8-C17) concentrations were more prominent than long-

chain fatty acid (C18-C24) concentrations. Short-chain fatty acid concentration ranged 

from 47.1% of the total fatty acid concentration at a depth of 5-6 cm to 71.3% of the total 

fatty acid concentration at a depth of 14-16 cm. Total short-chain fatty acid concentrations 

ranged from 9.6 μg/g to 46.8 μg/g in the core. The maximum concentration was at surface 

depth (0-1 cm) while the lowest concentration was at depth 12-14 cm. A higher 

abundance of short-chain fatty acids compared to long-chain fatty acids implies that the 

contribution of aquatic microorganisms in sediments is greater than that of terrigenous 

higher plants (Matsumoto et al. 1979). The change in concentrations of short-chain fatty 
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acids revealed a pattern close to the total concentrations of fatty acids across the core. 

The total concentration of short-chain fatty acid with depth is seen in Figure 3.33. The 

contribution of short-chain fatty acid concentrations to the total fatty acid concentrations 

in this station has been contrasted to other stations, including Belicka's, which will be 

covered later. 

 
Figure 3.33: Concentration of short-chain fatty acids (μg/g) in H30 sediments with depth 

 

Long-chain fatty acid concentrations constituted a range from 52.9% of the total 

fatty acid concentration at depth 5-6 cm to 28.7% of the total fatty acid concentration at 

depth 14-16 cm. The total long-chain fatty acid concentrations ranged from 4 μg/g to 30.3 

μg/g throughout this core. The highest concentration was at depth (5-6 cm) and the lowest 

concentration was at depth 12-14 cm. The trend of long-chain fatty acid concentrations 

with depth did align with the trend for total fatty acid concentrations. The total 

concentration of long-chain fatty acid with depth is shown in Figure 3.34. There were 

higher concentrations at depths 0-3 cm and 5-6 cm lower concentrations in the remaining 

depths. The contribution of long-chain fatty acid concentrations to the total fatty acid 
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concentrations in this station was compared to other stations including Belicka’s and will 

be discussed later. 

 
Figure 3.34: Concentration of long-chain fatty acids (μg/g) in H30 sediments with depth 

 

Marine fatty acid concentrations became more prevalent than terrestrial fatty acid 

concentrations. Marine fatty acid concentrations accounted for a distribution of 72.4% of 

the total fatty acid concentration at depth of 16-18 cm to 92.1% of the total fatty acid 

concentration at depth 0-1 cm. Marine fatty concentrations ranged from 10.1 μg/g at 

depth of 12-14 cm to 69.7 μg/g at depth 0-1 cm. They also shown a trend close to total 

fatty acid concentrations in the core. Terrestrial fatty acid concentrations ranged from 5.6 

μg/g at depth of 12-14 cm to 10.4 μg/g at depth of 16-18 cm. They did not display a trend 

comparable to total fatty acid concentrations in the core. 

 

3.5.4 Total Fatty Acid Concentrations with Depth in Station H30  

The total fatty acid concentrations were analyzed in H30 sediments from 0-18 cm 

depths. There were 27 individual fatty acids present. Fifteen were saturated fatty acids, 
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seven were monounsaturated fatty acids and five were polyunsaturated fatty acids. The 

total fatty acid concentrations throughout the core ranged from 13.7 μg/g (12-14 cm) to 

75.6 μg/g (0-1 cm). Sediment at the surface depth may have received a high concentration 

of biogenic materials recently and not yet degraded. The plot of total fatty acid 

concentrations as a function of depth is shown in Figure 3.35. There was a gradual 

decrease in concentration from depth 0-4 cm (deposited between 2012 and 1980) and also 

depth 6-14 cm (deposited between 1964 and 1895) while an increase in concentration was 

observed in depths 4-6 cm and 14-16 cm. Sediments accumulated in this station over a 

fixed span of time will be linked to Belicka's sediments at the same moment. This will be 

explored in the next sub-section. Values of the total concentrations of fatty acids 

with depths are displayed in Appendix B, Table 1. 

 

Figure 3.35: Total fatty acid concentration (μg/g) in H30 sediments with depth 

 

3.5.5 Sediment Sample at 2-3 cm Depth in Station H30  

Station H30 sediment at 2-3 cm depth was accumulated between the years 1995-

1987. It had the fourth-highest concentration of fatty acids out of the 11 different depths 
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analyzed. The total concentration of fatty acid in H30 at depth 2-3 cm was 40.4 μg/g. 

C18:2 [cis-9,12] had the lowest concentrations of individual fatty acid (0.2 μg/g) 

indicating green algae origin while C15:1 [cis-10] had the highest concentration of 

individual fatty acid (8.4 μg/g) indicating bacteria origin 

 Belicka et al. (2004) recorded the total concentration of fatty acids in the surface 

sediment at two separate locations in the Chukchi Sea from samples obtained in 1994. 

Based on the sedimentation rate of 0.9 cm / year, this surface sediment was accumulated 

between 1994 and 1983, as seen in Table 3.6. Comparing Belicka's surface fatty acid 

concentration to H30 at a depth of 2-3 cm, both measured at the same historical period, 

may indicate the variability in these areas. For the same total individual fatty acids and 

depending on the sedimentation period, location 1 was 27.2 μg/g higher than the 2-3 cm 

depth sediment at this station and location 2 was 18.8 μg/g higher than the 2-3 cm depth 

sediment at this station. This indicates that the distribution of fatty acids at the same 

sedimentation time differs considerably with location. 

Table 3.6: Location and surface fatty acid concentration reported by Belicka et al. 2004 and station H30 

Location Latitude Longitude Depth 

(cm) 

Sedimentation 

period 

Total FA (μg/g) 

1 72º08’N 168º50’W 0 - 1 1994 - 1983 67.6 

2 73º27’N 166º15’W 0 - 1 1994 - 1983 59.28 

H30 72º44’N 163º40’W 2 - 3 1995 - 1987 40.4 

 

3.5.6 Sediment Sample at 0-1 cm the Greatest Depth (16-18 cm) in Station H30  

Sediment H30 at a depth of 0-1 cm was deposited during 2004 and 2012. This has 

the highest concentration of fatty acids throughout the 11 separate depths measured. It 
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may be attributed to the fact that this sediment has acquired a large abundance of biogenic 

materials that have been retained relative to other deeper sediments. The concentration 

plot as a function of the individual type of fatty acid at depth 0-1 cm can be seen in Figure 

3.36. The total concentration of fatty acids in H30 surface sediment was 75.6 μg/g with a 

record of 27 separate individual fatty acids. C18:3 [cis-9,12,15] had the lowest 

concentrations of individual fatty acid (0.14 μg/g) indicating green algae origin while 

C15:1 [cis-10] had the highest concentration of individual fatty acid (31.18 μg/g) 

indicating bacteria origin. The 3 most abundant fatty acids shown in Figure 3.36 were all 

from the marine origin. Marine fatty acid concentrations were significantly higher than 

terrestrial fatty acid concentrations, and this may be attributed to enhanced supply of light 

from decreased ice cover, which improves primary growth at surface depth relative to 

deeper depths (Matsumoto et al. 1987; Harvey et al. 1987).  

  

Figure 3.36: Concentration of individual fatty acid in H30 sediments at 0-1 cm depth 

 

Station H30 sediment at 16-18 cm depth was deposited between 1863-1879. 

Figure 3.37 shows the plot of concentration as a function of individual fatty acid types at 
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depth 16-18 cm. The total concentration of fatty acids at this sediment depth was 37.8 

μg/g. The concentrations ranged from 0.13 to 3.9 μg/g with C18:3 [cis-9,12,15] having 

the lowest concentration and C15:1 [cis-10] having the highest concentration. Sediments 

from depth 14-16 cm had distribution profiles of individual fatty acid similar to 16-18 cm 

depth. The proportion of bacterial fatty acids was high, implying that microbial processes 

were active. These observations suggest that marine products like PUFAs which are labile 

compounds have been significantly degraded (Harvey et al. 1987). 

  
Figure 3.37: Concentration of individual fatty acid in H30 sediments at 16-18 cm depth 

 

3.5.7 Correlation between Arsenic and Fatty Acid Concentrations in Station H30 

The composition of organic matter was considered to affect the concentration of 

various types of arsenic in the soil. As organic matter varies, the speciation and movement 

of arsenic can also vary (Andreae et al. 1989). One purpose of this analysis is to evaluate 

if there could be a relationship between fatty acids and arsenic concentrations, because 

sediment diagenesis could influence the concentration of both fatty acids and arsenic. 

Total fatty acid concentrations and arsenic concentrations are found in Appendix B, Table 
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1. Arsenic concentration in this station ranged from 10.1 μg/g at 14-16 cm depth to 26.90 

μg/g at 1-2 cm depth. Figure 3.38 shows a plot of arsenic concentrations as a function of 

depth. 

 
Figure 3.38: Concentrations of arsenic (μg/g) in H30 sediments with depth 

 

Total fatty acid, saturated fatty acid, unsaturated fatty acid, and the most prevalent 

individual fatty acid (C15:1 [cis-10]) concentrations were all plotted as a function of the 

concentrations of arsenic at each level, but none of these revealed any level patterns. 

Figure 3.39 displays a plot of total concentrations of fatty acids as a function of 

concentrations of arsenic with depth but did not indicate any pattern with depth. It means 

that differences in concentrations of fatty acids do not correspond with differences in 

concentrations of arsenic in sediments. It may be inferred that the arsenic in the sediments 

at this station was not affected by fatty acids. 
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Figure 3.39: Total concentration of fatty acid as a function of arsenic concentration with depth in station 

H30 

 

 

3.5.8 Correlation between Fatty Acid and Alkane Concentrations in Station H30 

Degradation of fatty acids happens mainly by decarboxylation and thus produces 

hydrocarbons (Sun et al. 1994). Another purpose of this research is to assess if there may 

be a relationship between fatty acid and alkane concentrations, as fatty acids are more 

labile than alkanes and their degradation in sediments can be tracked. Total fatty acid 

concentrations and total alkane concentrations are found in Appendix A, Table 1. The 

total alkane concentrations ranged between 13.2 μg/g to 49.0 μg/g with the highest 

concentration at depth 6-8 cm and the lowest concentration at the greatest depth (16-18 

cm).  

Total fatty acid, saturated fatty acid and unsaturated fatty acid concentrations were 

all plotted as a function of alkane concentrations at each depth. Each individual fatty acid 

concentration was also plotted with its alkane product concentration. They did not display 

any depth pattern. Figure 3.40 shows the plot of total fatty acid concentration as a function 

of alkane concentration with depth. It means that variations in fatty acid concentrations 
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do not correspond with variations in sediment concentrations of alkanes. It may be 

inferred that the decarboxylation of fatty acids in the sediments at this station did not 

result in corresponding alkanes but decarbonilation may have occurred to give 

corresponding alkenes. 

 
Figure 3.40: Total concentration of fatty acid as a function of alkane concentration with depth in station 

H30 

 

 

3.5.9 Correlation of Fatty Acid Concentrations at Station H30 with Climate Change 

The Arctic Ocean is undergoing some of the quickest and most extreme climate change 

because it is warming faster than other areas. Evidence of climate change can be detected 

in ocean sediments by shifts in the abundance and distribution of biogeochemicals 

(Grebmeier et al. 1991). Historical temperature measurements are used to analyze 

changes in H30 concentrations and assess if climate change is evident in the sediment 

record. Station H30 overall showed a close correlation between temperature and 

concentration of fatty acids down the core. There was a gradual decrease in concentration 

from depth 0-4 cm (corresponding to year 1978-2012), 6-14 cm (year 1895-1962) and 

16-18 cm (year 1862-1878). From Figure 3.41 shows the Trends of total fatty acid 
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concentration and temperature data in station H30. There is an increase in temperature 

from 1960 to 2012 which may be the cause of the decrease in concentration of fatty acids 

at depth 0-4 cm which might be evidence of climate change. Sediment from depth 4-5 cm 

was not available and could not be correlated with climate change. Also, concentration 

decreased in sediments at depth 8-12 cm which might be the results of increase in 

temperature from 1920 to 1940. Sediment from 14-18 cm could not be correlated with 

the average arctic temperature since the temperature data only goes back to 1900. 

 

Figure 3.41: Trends of total fatty acid concentration and temperature data in station H30 
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3.5.10 Station H30 Summary 

The sediment makeup of Station H30 was composed mainly of clay and silt. This 

station is farther off the coast relative to stations H32 and BarC5. Total fatty acid 

concentrations ranged from 13.7 μg/g to 75.6 μg/g with a steady decline in concentrations 

within depth 0-4 cm (deposited between 2012 and 1980) and depth 6-14 cm (deposited 

between 1964 and 1895). The contribution of unsaturated fatty acid concentrations to the 

total fatty acid concentrations was greater than that of saturated fatty acid concentrations. 

The contribution of short-chain fatty acid concentrations to the total fatty acid 

concentrations was greater than that of long-chain fatty acid concentrations. The 

contribution of marine fatty acid concentrations to the total fatty acid concentrations was 

greater than that of terrestrial fatty acid concentrations. High concentration of fatty acids 

was detected in 0-1 cm depth which corresponds to the years 2004-2012 when the 

sediment was accumulated. Only saturated fatty acid concentrations did not show any 

trends with depth in this station. Changes in total fatty acid, saturated fatty acid, 

unsaturated fatty acid, and the most prevalent individual fatty acid (C15:1 [cis-10]) 

concentrations did not correspond with changes in the concentrations of arsenic in 

sediments. Furthermore, variations in these fatty acid concentrations do not correspond 

with shifts in sediment concentrations of alkanes. The total fatty acid concentrations from 

depth 0-4 cm and 8-12 cm showed a gradual decrease as the temperature increases with 

the corresponding years, which could be indicative of climate change. 
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3.6 Station BarC5 

The sediments at Station BarC5 is composed mainly of clay and silt. Those 

sediments are closest to the Alaskan coast relative to the other stations (see Figure 2.1 

above) with a water depth of 118.4 m. Fifteen sediments at different depths were analyzed 

at this site. Sediments at a depth 0-24 cm were accrued between 1813 and 2012. Figure 

3.42 displays the 0-1 cm depth chromatogram of the fatty acid methyl esters analyzed 

from this station. 

 
Figure 3.42: Gas chromatogram of compounds in BarC5 (0-1 cm) sample with 5 ppm fluoranthene as the 

internal standard 

 

 

The published TOC values by Trefry et al. (2014) at this station ranged from 

1.76% at depth 20-22 cm to 2.0% at surface area (0-1 cm) and an average of 1.83%. The 

TOC plot as a function of depth as seen in Figure 3.43. TOC values were highest in the 

first 2 cm depth and a gradual decline at 5-18 cm depth was observed. This could be 

attributable to the breakdown of organic content over time at these depths or 

increasingly input of organic materials over time, all of which will be explored further in 

a later section. The details regarding TOC can be located in Appendix C, Table 1. 
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Figure 3.43: Total organic carbon (%) in BarC5 sediments with depth 

 

Also, total fatty acid concentration was plotted as a function of TOC in each 

sediment depth and there was no correction between the two variables (Figure 3.44). 

Additionally, the TOC values were plotted with total saturated fatty acid concentration 

and total unsaturated fatty acid concentration, but no correlation was observed. The lack 

of any relationship between FA concentrations and TOC might be a result of input of 

other types of organic carbon at this core.  
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Figure 3.44: Total fatty acid concentration as a function of TOC (%) at the same depth in station BarC5 

 

The reported TOC in 2 different locations in the Chukchi Sea by Belicka et al. 

(2004) from samples that were collected in 1994 is listed in Table 3.7. The sites are within 

1205 km of station BarC5. Comparing the average TOC to station BarC5 shows the 

variation of TOC occurring around these regions over the years. Location 1 average TOC 

was 0.43% less TOC found at this station and location 2 average TOC is 0.45% less TOC 

found at this station. This implies that the distribution of TOC in this region of the Arctic 

varies considerably with location. Another explanation is that the increase in TOC might 

be due to high concentration of organic material deposited recently, which could be a 

result of climate change. 

Table 3.7: Location and TOC ranges at depths 0-24 cm reported by Belicka et al. 2004 and station BarC5 

Location Latitude Longitude Depth 

(cm) 

TOC range 

(%) 

Average TOC 

(%) 

1 72º08’N 168º50’W 0 - 24 1.28 - 1.60 1.402 

2 73º27’N 166º15’W 0 - 24 1.28 - 1.60 1.38 

BarC5 71º24’N 157º32’W 0 - 24 1.76 - 2.0 1.83 
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3.6.1 Sources of Individual Fatty Acids in Station BarC5 

The relative abundances of individual fatty acids are useful in evaluating the 

respective importance of inputs from bacteria, microalgae, marine fauna, and continental 

higher plants (Sargent et al. 1981). Long-chain saturated fatty acids (C21-C24) are 

predominant components of terrestrial higher plant epicuticular waxes (Parkes et al. 

1987). The presence of such components in ocean sediments is frequently interpreted as 

indicating a terrestrial input via riverine or aeolian transport (Napolitano et al. 1997). 

Short-chain saturated fatty acids such as C8-C14 fatty acids are present in phytoplankton 

especially in diatoms and to a lesser extent in dinoflagellates (Colombo et al. 1996). The 

presence of such components in ocean sediments is frequently interpreted as indicating a 

marine input. 

 Monounsaturated fatty acids MUFAs such as C15:1 [cis-10] and 18:1[cis-9] are 

commonly considered as being predominantly synthesized by bacterial communities and 

they have been used as markers of bacteria in marine sediments (Budge and Parrish, 

1988). MUFAs such as C16:1 [cis-9] are also used as signals of diatom derived organic 

matter (Reitan et al. 1994). Polyunsaturated fatty acids (PUFAs) such as C20:2 [cis-

11,14] has been strongly detected in diatoms and has been used as a diatom marker in 

marine environments (Tulloch et al. 1976). Furthermore, the PUFAs such as 18:2 [cis-

9,12] and 18:3 [cis-9,12,15] have been used as markers of green algae (Shi et al. 2001). 

The origins of the remaining 9 out of 27 individual fatty acids were determined 

using PCA. The dataset contained a total of 12 observations (samples) and 27 variables 

(biomarkers). The relative contributions of marine or terrestrial sources for the 9 

individual fatty acids were calculated using linear distance along the scale. The relative 
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position determined the percent terrestrial/marine content for the 9 individual fatty acids 

(Yunker et al. 2005). Figure 3.45 shows the biomarker loading variables for station 

BarC5. C15 and C16 are correlated with C8 which means they are produced by 

phytoplankton. C18 and C20 are correlated with C21-C24 which means they are produced 

by higher plant waxes from the terrestrial origin. Lastly, C14:1 [cis-9] and C17:1 [cis-10] 

showed correlation with C16:1 [cis-10] which means they are synthesized by diatoms. 

C22:2 [cis-13,16] showed correlation with C18:1 [cis-9] which means they synthesized 

by bacterial communities. 

 

Figure 3.45. Biomarker variable loading of station BarC5 

 

3.6.2 Concentrations of Individual Fatty Acids with Depth in Station BarC5 

C15:1 [cis-10] had the highest concentration spectrum of specific fatty acids. 

They ranged from 1.04 μg/ g to 98.6 μg/g. It is generally known to be primarily 

synthesized by bacterial groups. This specific community in the Chukchi seafloor 

includes alphaproteobacteria, gammaproteobacteria and crenarchaeota. The maximum 
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concentration was at the greatest depth (22-24 cm) matching the pattern of total fatty acid 

concentrations in the core. The lowest concentration was at 4-5 cm depth, which matched 

the pattern of total fatty acid concentrations in the core. The concentrations of C15:1 [cis-

10] fatty acid with depth are seen in Figure 3.46. Higher concentrations at depths 20-22 

cm and 22-24 cm and lower concentrations at the remaining depths were found.

 

Figure 3.46: Concentration of C15:1 [cis-10] fatty acids (μg/g) in BarC5 sediments with depth 

 

A high concentration of bacterial fatty acids means that PUFAs (such as C18:2 

[cis-9,12]) which are labile have been degraded (Harvey et al. 1987). C18:2 [cis-9,12] 

had the lowest concentration range of individual fatty acids. They have often been 

detected in species such as Melosira arctica (Feder et al. 1994). Fatty acids were not 

observed at 10 separate depth intervals and the highest concentration (0.7 μg/g) was at 22-

24 cm depth. The concentrations of C18:2 [cis-9,12] fatty acid as a function of depth are 

seen in Figure 3.47. The concentration at depth of 22-24 cm was greater and the other 

depths had lower concentrations. 
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Figure 3.47: Concentration of C18:2 [cis-9,12] fatty acids (μg/g) in BarC5 sediments with depth 

 

C20, C22, C23 and C24 all exhibited common patterns down the core and were 

recorded to come from terrestrial plants. The involvement of these long-chain saturated 

fatty acids confirms the presence of plants such as the Arctic willow (Martens et al. 1992) 

and the dwarf birch (Helen et al. 2009). These fatty acids were not observed at a depth of 

16-18 cm, which may be attributed to the breakdown of fatty acids at this depth. Allhad 

maximum concentration at depth 1-2 cm, a rise in concentration at depths 3-4 cm and 18-

20 cm. An example of this depth profile as seen in Figure 3.48.   
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Figure 3.48: C20 fatty acid concentration in BarC5 sediments with depth 

 

3.6.3 Concentrations of Subsets of Fatty Acids with Depth in Station BarC5 

Unsaturated fatty acid concentrations were more dominant among the classes of 

fatty acids analyzed. They constituted a range from 36.7% of the total fatty acid 

concentration at depth 2-3 cm to 94.7% of the total fatty acid concentration at depth 22-

24 cm. The total unsaturated fatty acid concentrations ranged from 12.9 μg/g to 173.5 

μg/g. The total unsaturated fatty acids had its highest concentration at the greatest depth 

analyzed (20-22 cm) and had its lowest concentration at depth 2-3 cm. The unsaturated 

fatty acid concentrations demonstrated a pattern similar to the total fatty acid 

concentrations throughout the core. Figure 3.49 shows total concentrations of unsaturated 

fatty acids with depths. The contribution of unsaturated fatty acid concentrations to the 

total fatty acid concentrations in this station was compared to other stations including 

Belicka’s and will be discussed later. Values of unsaturated fatty acids concentrations are 

depicted in Appendix C, Table 2. 
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Figure 3.49: Total concentration of unsaturated fatty acids (μg/g) in BarC5 sediments with depth 

 

Saturated fatty acid concentrations constituted a range from 63.3% of the total 

fatty acid concentration at depth 2-3 cm to 5.3% of the total fatty acid concentration at 

depth 22-24 cm. The total saturated fatty acid concentrations ranged from 4.3 μg/g to 15.5 

μg/g with the highest concentration at depth 1-2 cm and the lowest concentration at depth 

16-18 cm. The trend of concentration with depth for saturated fatty acids did not align 

with the trend of total fatty acid concentrations. Figure 3.50 shows the total concentrations 

of saturated fatty acids with depths. The contribution of saturated fatty acid 

concentrations to the total fatty acid concentrations in this station was compared to other 

stations including Belicka’s and will be discussed later. Values of saturated fatty acids 

concentrations are depicted in Appendix C, Table 3. 
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Figure 3.50: Total concentration of saturated fatty acids (μg/g) in BarC5 sediments with depth 

 

Short-chain fatty acid concentrations were more dominant than the long-chain 

fatty acid concentrations. Short-chain fatty acid concentration constituted 18.2% of the 

total fatty acid concentration at depth 16-18 cm to 75.9% of the total fatty acid 

concentration at depth 18-20 cm. The total short-chain fatty acid concentrations ranged 

from 6.4 μg/g to 107.2 μg/g. The highest concentration was at the greatest depth (22 -24 

cm) and the lowest concentration was at depth 14-16 cm. Short-chain fatty acid 

concentrations demonstrated a trend similar to the trend of total fatty acid concentrations 

in the core. The higher concentration of short-chain fatty acids relative to long-chain fatty 

acids indicates that the input from marine microorganisms in sediments is far greater than 

that of terrigenous higher plants (Matsumoto et al. 1979). The total concentration of short-

chain fatty acid with depth is shown in Figure 3.51. The contribution of short-chain fatty 

acid concentrations to the total fatty acid concentrations in this station was compared to 

other stations including Belicka’s and will be discussed later. 
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Figure 3.51: Total concentration of short-chain fatty acids (μg/g) in BarC5 sediments with depth 

 

Long-chain fatty acid concentrations constituted a maximum 81.8% of the total 

fatty acid concentration at depth 16-18 cm and a minimum of 24.1% of the total fatty acid 

concentration at depth 18-20 cm. The total long-chain fatty acid concentrations ranged 

from 4.7 μg/g to 66.2 μg/g. The highest concentration was at the greatest depth (22 -24 

cm) and the lowest concentration was at depth 2-3 cm. The trend of concentration with 

depth for long-chain fatty acids aligned with the trend of total fatty acid concentrations. 

The total concentration of long-chain fatty acids with depth is shown in Figure 3.52. The 

contribution of long-chain fatty acid concentrations to the total fatty acid concentrations 

in this station was compared to other stations including Belicka’s and will be discussed 

later. 
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Figure 3.52: Total concentration of long-chain fatty acids (μg/g) in BarC5 sediments with depth 

 

Marine fatty acid concentrations were more dominant than the terrestrial fatty acid 

concentrations. Marine fatty acids constituted a range of 77.3% of the total fatty acid 

concentration at depth 2-3 cm to 97.2% of the total fatty acid concentration at depth 16-

18 cm. The total marine fatty acid concentrations ranged from 170.9 μg/g at depth 22-24 

cm to 10.0 μg/g at depth 2-3 cm and demonstrated a pattern similar to the total fatty acid 

concentrations throughout the core. The total terrestrial fatty acid concentrations ranged 

from 4.9 μg/g at depth 1-2 cm to 0.9 μg/g at depth 16-18 cm and did not demonstrate a 

pattern similar to the total fatty acid concentrations throughout the core. 

 

3.6.4 Total Fatty Acid Concentrations with Depth in Station BarC5  

The total fatty acid concentrations analyzed in BarC5 sediments from 0-24 cm 

depths constituted 27 different individual fatty acids. Fifteen of are saturated fatty acids, 

7 are monounsaturated fatty acids, and 5 are polyunsaturated fatty acids. The total fatty 

acid concentrations throughout the core ranged from 12.9 μg/g to 173.5 μg/g. Figure 3.53 
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shows the total fatty acid concentrations as a function of depth. There were no distinct 

patterns seen in distribution over the depths of the entire core. The concentrations showed 

variation throughout the core with the lowest concentration at the 2-3 cm interval and the 

highest concentration at the 22-24 cm interval. Sediment at the deepest depth may have 

received a high concentration of biogenic materials that were preserved compared to other 

depth sediments. Sediments deposited within a specific period in this station will be 

compared to Belicka’s sediments at the same time period. These will be discussed further 

in the next sub-section. Total fatty acid concentrations with depth are specified in 

Appendix C, Table 1. 

 

Figure 3.53: Total fatty acid concentration (μg/g) in BarC5 sediments with depth 

 

3.6.5 Sediment Sample at 2-3cm Depth in Station BarC5 

Station BarC5 sediment at 2-3 cm depth was accumulated between the time period 

of about 1987-1995. It has the lowest concentration of fatty acids out of all the 15 different 

depths analyzed. The total concentration of fatty acid in BarC5 at sediment depth 2-3 cm 

was 12.9 μg/g. C18:2 [cis-9,12] was not found at this sediment depth and C15:1 [cis-10] 

had the highest individual fatty acid concentration (1.26 μg/g).  
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Belicka et al. (2004) reported the total fatty acid concentrations at the surface 

sediment in the 2 different location in the Chukchi Sea (Table 3.8) from samples that were 

collected in 1994. Based on the sedimentation rate of 0.9 cm/year, this surface sediments 

were deposited between the year 1994 and 1983. Comparing Belicka’s surface fatty acid 

concentration to station BarC5 at depth 2-3 cm which were both measured at the same 

historical period could show the variation occurring around these regions. With the same 

total individual fatty acids and based on sedimentation period, location 1 was 54.7 μg/g 

greater than the sediment at depth 2-3 cm in this station and location 2 was 46.3 μg/g 

greater than the sediment at depth 2-3 cm in this station. This implies that the distribution 

of fatty acids at the same sedimentation period varies considerably with location. 

Table 3.8: Location and surface fatty acid concentration reported by Belicka et al. 2004 and station BarC5 

Location Latitude Longitude Depth 

(cm) 

Sedimentation 

period 

Total FA (μg/g) 

1 72º08’N 168º50’W 0 - 1 1994 - 1983 67.6 

2 73º27’N 166º15’W 0 - 1 1994 - 1983 59.28 

BarC5 71º24’N 157º32’W 2 – 3 1995 - 1987 12.9 

 

 

3.6.6 Sediment Sample at 0-1 cm and the Greatest Depth (22-24 cm) in Station BarC5 

Station BarC5 sediment at 0-1 cm depth was accumulated between the time period 

of about 2004-2012. Figure 3.54 shows the plot of concentration as a function of 

individual fatty acid type at depth 0-1 cm. With a total of 27 different fatty acids, the total 

concentration of fatty acid in BarC5 surface sediment was 23.28 μg/g. The concentrations 

of individual fatty acids ranged from 0.11 to 3.37 μg/g with C18:2 [cis-9,12] having the 

lowest concentration and C15:1 [cis-10] having the highest concentration. Marine fatty 
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acid concentrations were significantly higher than terrestrial fatty acid concentrations, 

and this may be attributed to enhanced supply of light from decreased ice cover, which 

improves primary growth at surface depth relative to deeper depths. (Matsumoto et al. 

1987; Harvey et al. 1987).  

 

Figure 3.54: Concentration of individual fatty acid in BarC5 sediments at 0-1 cm depth 

 

Station BarC5 sediment at 22-24 cm depth was deposited in the time period of 

about 1813-1829. Figure 3.55 shows the plot of concentration as a function of individual 

fatty acid types at this depth. Sediments from this depth had the highest concentration of 

fatty acid among all other depths with a total concentration of 173.5 μg/g. This may be 

because this sediment received a high concentration of biogenic materials which were 

preserved compared to other depth sediments. C15:1 [cis-10] have the highest 

concentration (98.6 μg/g) of individual fatty acid type. Sediments from depth 18-20 cm 

had distribution profiles of individual fatty acid similar to 22-24 cm depth. In comparison 

with the surface depth (0-1cm), the proportion of bacterial fatty acids was high, implying 
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that microbial processes were active. These observations suggest that marine products 

like PUFAs which are labile compounds have been significantly degraded (Harvey et al. 

1987). 

 
Figure 3.55: Concentration of individual fatty acid in BarC5 sediments at 22-24 cm depth 

 

3.6.7 Correlation between Arsenic and Fatty Acid Concentrations in Station BarC5 

Organic matter content had been known to influence the abundance of different 

arsenic forms in soil. When organic content matter changes, the speciation and mobility 

of arsenic may also change (Andreae et al. 1989). One objective of this study is to 

determine if there could be a correlation between fatty acids and arsenic concentrations 

since sediment diagenesis may affect the concentration of both fatty acids and arsenic. 

Total fatty acid concentrations and arsenic concentrations are found in Appendix C, Table 

1. Arsenic concentration in this station ranged from 11.3 μg/g at 22-24 cm depth to 29.1 

μg/g at 0-1 cm depth. Figure 3.56 shows a plot of arsenic concentrations as a function of 

depth. 
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Figure 3.56: Concentration of arsenic (μg/g) in BarC5 sediments with depth 

 

A plot of total fatty acid concentration vs arsenic concentration but did not show 

any trend with depth (Figure 3.57). Also, saturated fatty acid, unsaturated fatty acid and 

the most abundant individual fatty acid (C15:1 [cis-10]) concentrations were all plotted 

as a function of arsenic concentrations at each depth but none of these showed any trend. 

This indicates changes in concentrations of fatty acid do not correlate to changes in 

concentrations of arsenic in sediments. It can be concluded that fatty acid did not 

influence the abundance of arsenic in the sediments at this station. 

 
Figure 3.57: Concentration of total fatty acid concentration as a function of arsenic with depth in station 

BarC5 
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3.6.8 Correlation between Fatty Acid and Alkane Concentrations in Station BarC5 

Degradation of fatty acids principally occurs through decarboxylation and hence, 

produces hydrocarbons (Sun et al. 1994). Another objective of this study is to determine 

if there could be a correlation between fatty acid and alkane concentration since fatty 

acids are more labile than alkanes and their degradation in sediments can be monitored. 

Total fatty acid concentrations and total alkane concentrations are found in Appendix C, 

Table 1. Concentration of alkanes ranged from 136 μg/g at depth 10-12 cm to 11.7 μg/g 

was at depth 20-22 cm.  

Figure 3.58 shows a plot of total fatty acid concentration as a function of alkane 

concentration with depth. It did not show any trend with depth. Also, saturated fatty acid, 

unsaturated fatty acid, and the highest individual fatty acid (C15:1 [cis-10]) 

concentrations were all plotted as a function of alkane concentrations at each depth but 

did not show any trend. This indicates changes in concentrations of fatty acid do not 

correlate to changes in concentrations of alkanes in sediments. It can be concluded that 

that the decarboxylation of fatty acid in sediments at this station did not occur to give 

corresponding alkanes but decarbonilation may have occurred to give corresponding 

alkenes. 
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Figure 3.58: Concentration of fatty acid as a function of alkane concentration with depth in station BarC5 

 

3.6.9 Correlation of Fatty Acid Concentrations at Station BarC5 with Climate Change 

The Arctic Ocean is experiencing some of the most rapid and severe climate 

changes since it is warming faster than other regions. Evidence of climate change can be 

found in ocean sediments via the changes in concentration and distribution of 

biogeochemicals (Grebmeier et al. 1991). The historical temperature data was used to 

interpret the trends in station BarC5 concentrations to determine if climate change is 

reflected in the sedimentary record. Station BarC5 did not show any correlation of 

concentration and distribution of fatty acids down the core with temperature. From Figure 

1.2 above, sediments that had the high concentrations of fatty acid at this station were 

deposited at times when there was a momentary increase in temperature. However, other 

periods of increasing temperature do not show increases in fatty acid concentrations. 

Sediment from 14-24 cm could not be correlated with the average arctic temperature since 

the temperature data only goes back to 1900. 
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3.6.10 Station BarC5 Summary 

BarC5 is the closest to the Alaskan shoreline among the four stations with 

sediment composition of mostly clay and silt. The total fatty acid concentrations ranged 

from 12.9 μg/g to 173.5 μg/g with no distinct patterns seen in distribution over the entire 

core. The contribution of unsaturated fatty acid concentrations to the total fatty acid 

concentrations was greater than saturated fatty acid concentrations. The contribution of 

short-chain fatty acid concentrations to the total fatty acid concentrations was greater than 

long fatty acid concentrations. The contribution of marine fatty acid concentrations to the 

total fatty acid concentrations was greater than the terrestrial fatty acid concentrations. 

Total concentrations of fatty acids were found to be highest in the deepest sediment (22-

24 cm depth). The total fatty acid, saturated fatty acid, unsaturated fatty acid, and the 

individual fatty acid concentrations did not show any trends with depth in this station. 

Changes in total fatty acid, saturated fatty acid, unsaturated fatty acid, and the most 

abundant individual fatty acid (C15:1 [cis-10]) concentrations do not correlate to changes 

in concentrations of arsenic in sediments. Also, changes in these fatty acid concentrations 

do not correlate to changes in concentrations of alkanes in sediments. The total fatty acid 

concentrations from depth 0-14 cm did not show gradual decrease in concentration as the 

temperature increases with the corresponding years. 

 

3.7 Station H24 

Station H24 sediments are located in the southeastern region of the shoal (outline 

in Figure 2.1) with a water depth of 39.6 m. These sediments are comprised of mostly 

sand. Fourteen sediments at different depths were analyzed at this station. The sediments 
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from 0-20 cm depth were deposited between 1878 and 2012. The chromatogram of fatty 

acid methyl esters at depth 0-1 cm analyzed from this station is shown in Figure 3.59.  

 
Figure 3.59: Gas chromatogram of compounds in H24 (0-1 cm) sample with 5 ppm fluoranthene as the 

internal standard 

 

The TOC values from sediments in this station reported by Trefry et al. (2014) 

had an average of 0.52% and ranged from 0.39% at depth 12-14 cm to 0.65% at depth 

16-18 cm. Figure 3.60 shows the plot of TOC as a function of depth. The presence of 

more sand than fine clay and silt may be a cause of the low TOC compared to all other 

stations. The TOC data can be found in Appendix D, Table 1.  
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Figure 3.60: Total organic carbon (%) in H24 sediments with depth 

 

In addition, the total fatty acid concentration was plotted at each sediment depth 

as a function of TOC (Figure 3.61). It may demonstrate the effect of fatty acids on overall 

organic content, but it was found that there was little relation between such variables. It 

means that fatty acids and other organic matter have been introduced or degraded within 

the sediments at varying rates. 

 
Figure 3.61: Total fatty acid concentration as a function of TOC (%) at the same depth in station H24 
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TOC from the two separate sites in the Chukchi Sea documented by Belicka et al. 

(2004) is compared to the average TOC from the H24 station. The depth distribution and 

the TOC values from these sites are seen in Table 3.9. These two separate sites are within 

985 km of the H24 station. The comparison of the average TOC to station H24 indicates 

the recent variability in TOC in these areas. Location 1 average TOC is 0.9% lower at 

this station and location 2 average TOC is 0.87% lower at this station.  

Table 3.9: Location and TOC ranges at depths 0-20 cm reported by Belicka et al. 2004 and station H24 

Location Latitude Longitude Depth 

(cm) 

TOC range 

(%) 

Average TOC 

(%) 

1 72º08’N 168º50’W 0 – 20 1.32 - 1.60 1.421 

2 73º27’N 166º15’W 0 – 20 1.32 - 1.60 1.39 

H24 71º37’N -164º47’W 0 - 20 0.39 - 0.65 0.52 

 

3.7.1 Sources of Individual Fatty Acids in Station H24 

Individual fatty acid availability is useful in determining the corresponding 

importance of contributions from bacteria, microalgae, aquatic fauna, and higher 

continental plants (Sargent et al. 1981). Short-chain saturated fatty acid, such as C8-C14, 

are present in phytoplankton, especially in diatoms and to a lesser degree in 

dinoflagellates (Colombo et al. 1996). Long-chain saturated fatty acids (C21-C24) are 

prevalent components of terrestrial higher plant epicuticular waxes (Parkes et al., 1987). 

The occurrence of these components in ocean sediments is often interpreted as suggesting 

terrestrial contribution through riverine or aeolian transport (Napolitano et al. 1997).  

 Monounsaturated fatty acids MUFAs such as C15:1 [cis-10] and C18:1 [cis-9] 

are commonly considered as being predominantly synthesized by bacterial communities 

and they have been used as markers of bacteria in marine sediments (Budge and Parrish, 
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1988). MUFAs such as C16:1 [cis-9] are also used as signals of diatom derived organic 

matter (Reitan et al. 1994). Polyunsaturated fatty acids (PUFAs) such as C20:2 [cis-

11,14] has been detected in diatoms and has been used as a diatom marker in marine 

environments (Tulloch et al. 1976). Furthermore, the PUFAs such as 18:2 [cis-9,12] and 

18:3 [cis-9,12,15] have been used as markers of green algae (Shi et al. 2001). 

The source of the remaining 9 out of 27 specific fatty acids is calculated using 

PCA. A total of 12 measurements (samples) and 27 variables (biomarkers) were used in 

the dataset. The relative position determined the percent terrestrial/marine content for the 

9 individual fatty acids (Yunker et al. 2005). Figure 3.62 shows the biomarker variable 

loading of station H24. C18:0 and C20 are correlated with C21and C24 which means they 

are produced by higher plant waxes from the terrestrial origin. C17:1 [cis-10] showed 

correlation with C15:1 [cis-10] and C18:1 [cis-9] which means they are synthesized by 

bacterial communities. C15, C16 and C17 are correlated with C8 which means they are 

produced by phytoplankton especially in diatoms and to a lesser extent in dinoflagellates. 

Lastly, C22:2 [cis-13,16] showed correlation with C20:2 [cis-11,14] which means they 

are synthesized by diatoms in the marine environment.  
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Figure 3.62: Biomarker variables loading of station H24 

 

3.7.2 Concentrations of Individual Fatty Acids with Depth in Station H24 

C18, C20 and C21 individual fatty acid all displayed identical distributions across 

the core. Their concentrations were both low at depths 5-6 cm and 17-20 cm. The highest 

concentration was at 7-8 cm depth. They were reported to have emerged from terrestrial 

plants. The involvement of these long-chain saturated fatty acids reflects the presence of 

plants such as the Arctic willow (Martens et al. 1992) and the dwarf birch (Helen et al. 

2009). C21 had the highest proportions of individual fatty acids and ranged from 0.29 

μg/g to 80.8 μg/g with the maximum concentration at a depth of 7-8 cm matching the 

pattern of total fatty acid concentrations throughout the core. Figure 3.63 shows the 

concentrations of C21 as a function of depth.  
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Figure 3.63: C21 fatty acid concentration in H24 sediments with depth 

 

Moreover, C15:1 [cis-10], C16:1 [cis-9] and C17:1 [cis-10] depth profiles also 

followed the same pattern. They have high concentrations at depth 0-1 cm and 2-3 cm. 

Their greatest depth here had the lowest concentration. Figure 3.64 shows a plot of such 

pattern. They are commonly considered as being predominantly synthesized by bacterial 

communities. This common group within Chukchi seafloor includes alphaproteobacteria, 

gammaproteobacteria and crenarchaeota. 

 
Figure 3.64: C16:1 [cis-9] fatty acid concentration in H24 sediments with depth 
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3.7.3 Concentrations of Subsets of Fatty Acids with Depth in Station H24 

The saturated fatty acid concentrations constituted a range of 79.1% of the total 

fatty acid concentration at depth 14-16 cm to 98.9% at depth 7-8 cm. The total saturated 

fatty acid concentrations ranged from 5.6 μg/g to 110 μg/g. The highest concentration 

was at depth 7-8 cm and the lowest concentration at depth 18-20 cm. Both followed the 

trend of total fatty acid concentrations. Figure 3.65 shows the total concentration of 

saturated fatty acids with depth. The contribution of saturated fatty acid concentrations to 

the total fatty acid concentrations in this station was compared to other stations including 

Belicka’s and will be discussed later. Values of saturated fatty acids concentrations are 

depicted in Appendix D, Table 2. 

 
Figure 3.65: Total concentration of saturated fatty acids (μg/g) in H24 sediments with depth 

 

Both monounsaturated fatty acid and polyunsaturated fatty acid concentrations 

constituted a range of 20.9% of the total fatty acid concentration at depth 14-16 cm to 

1.1% at depth 7-8 cm. The total unsaturated fatty acid concentrations ranged from 0.32 



110 
 

μg/g to 2.9 μg/g. The highest unsaturated fatty acids concentration was at depth 2-3 cm 

and did not demonstrate a pattern similar to the total fatty acid concentrations throughout 

the core. Also, the total unsaturated fatty acids had its lowest concentration at depth 18-

20 cm. Figure 3.66 shows total concentrations of unsaturated fatty acids with depths. The 

contribution of unsaturated fatty acid concentrations to the total fatty acid concentrations 

in this station was compared to other stations including Belicka’s and will be discussed 

later. Values of unsaturated fatty acids concentrations are depicted in Appendix D, Table 

3. 

 
Figure 3.66: Total concentration of unsaturated fatty acids (μg/g) in H24 sediments with depth 

 

Long-chain fatty acid concentrations were more dominant than the short-chain 

fatty acid concentrations. Long-chain fatty acid concentrations constituted a range of 29% 

of the total fatty acid concentration at depth 5-6 cm to 93.9% of the total fatty acid 

concentration at depth 7-8 cm. The total long-chain concentrations ranged from 2.08 μg/g 

to 104.5 μg/g. The highest concentration was at depth 7-8 cm, the lowest concentration 
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was at depth 1-2 cm and both followed the trend of total fatty acid concentrations in the 

core. The total concentration of long-chain fatty acid with depth is shown in Figure 3.67. 

The contribution of long-chain fatty acid concentrations to the total fatty acid 

concentrations in this station was compared to other stations including Belicka’s and will 

be discussed later. 

 
Figure 3.67: Concentration of long-chain fatty acids (μg/g) in H24 sediments with depth 

 

The short-chain fatty acid concentrations constituted a range of 71% of the total 

fatty acid concentration at depth 5-6 cm to 6.1% of the total fatty acid concentration at 

depth 7-8 cm. The total short-chain concentrations ranged from 3.7 μg/g to 6.7 μg/g. The 

highest concentration was at depth 7-8 cm, the lowest concentration was at depth 18-20 

cm and both followed the trend of total fatty acid concentrations in the core. The total 

concentration of short-chain fatty acid with depth is shown in Figure 3.68. The 

contribution of short-chain fatty acid concentrations to the total fatty acid concentrations 

in this station was compared to other stations including Belicka’s and will be discussed 

later. 
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Figure 3.68: Concentration of short-chain fatty acids (μg/g) in H24 sediments with depth 

 

Marine fatty acid concentrations were greater than terrestrial fatty acid 

concentrations. Marine fatty acid concentrations contributed 26.5% of the total fatty acid 

concentration at depth 5-6 cm and 93.8% of the total fatty acid concentration at depth of 

7-8 cm. Total concentrations of marine fatty acid ranged from 6.3 μg/g at depth of 10-12 

cm to 35.8 μg/g at depth of 2-3 cm and did not display variations such as total fatty acid 

concentrations in the core. Terrestrial fatty acids concentrations ranged from 73.5% of 

the total fatty acid concentration at depth of 5-6 cm to 6.2% of the total fatty acid 

concentration at depth of 7-8 cm. The total terrestrial fatty acid concentrations varied 

from 1.8 μg/g at 5-6 cm depth to 32.4 μg/g at 7-8 cm depth and did not display trends 

such as total fatty acid concentrations in the core. 

 

3.7.4 Total Fatty Acid Concentrations with Depth in Station H24  

The total fatty acid concentrations analyzed ranged from C8-C24 in H24 with 

sediments depths from 0-20 cm depths. The total fatty acid concentrations constituted 27 

different individual fatty acids with 15 saturated fatty acids, 7 are monounsaturated fatty 
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acids and 5 are polyunsaturated fatty acids. The total fatty acid concentrations throughout 

the core was ranged from 5.9 μg/g (18-20 cm) to 111.2 μg/g (7-8 cm). Sediment at depth 

7-8 cm may have received a high concentration of biogenic materials which were 

preserved compared to other depth sediments. The plot of total fatty acid concentrations 

as a function of depth is shown in Figure 3.69. There were no distinct patterns seen in the 

distribution over the depths of the entire core. Sediments accumulated in this station will 

be compared to Belicka's sediments at the same period in the next sub-section. Values of 

the total concentrations of fatty acids with depths are displayed in Appendix D, Table 1. 

 

Figure 3.69: Total fatty acid concentration (μg/g) in H24 sediments with depth 

 

3.7.5 Sediment Sample at 2-3 cm Depths in Station H24 

Station H24 sediment at 2-3 cm depth was accumulated between the time period 

of about 1985-1992. The total concentration of fatty acid in H24 surface sediment was 

10.6 μg/g. Five individual fatty acids (C18:1 [cis-9], C18:2 [cis-9,12], C20:2 [cis-11,14], 



114 
 

C22:1 [cis-13], C11, C13) were not found while C22:2 [cis-13,16] had the highest 

concentration (1.6 μg/g).   

Belicka et al. (2004) recorded the total concentration of fatty acids in the surface 

sediment at two separate locations in the Chukchi Sea from samples obtained in 1994. 

Based on the sedimentation rate of 0.9 cm / year, this surface sediment was accumulated 

between 1994 and 1983, as seen in Table 3.10. Comparing Belicka's surface fatty acid 

concentration to H30 at a depth of 2-3 cm, both measured at the same historical period, 

may indicate the variability in these areas. For the same total individual fatty acids and 

depending on the sedimentation period, location 1 was 57 μg/g higher than the 2-3 cm 

depth sediment at this station and location 2 was 48.68 μg/g higher than the 2-3 cm depth 

sediment at this station. This indicates that the distribution of fatty acids at the same 

sedimentation time differs considerably with location. 

Table 3.10: Location and surface fatty acid concentration reported by Belicka et al. 2004 and H24 

Location Latitude Longitude Depth 

(cm) 

Sedimentation 

period 

Total FA (μg/g) 

1 72º08’N 168º50’W 0 - 1 1994 - 1983 67.6 

2 73º27’N 166º15’W 0 - 1 1994 - 1983 59.28 

H24 71º37’N 164º47’W 2 - 3 1992 - 1985 10.6 

 

3.7.6 Sediment Sample at 0-1 cm and the Greatest Depth (18-20 cm) in Station H24 

Station H24 sediment at 0-1 cm depth was accumulated between the time period 

of about 2005-2012. The plot of concentration as a function of individual fatty acid type 

at depth 0-1 cm is shown in Figure 3.70. With a total of 27 different fatty acids, the total 

concentration of fatty acid in H24 surface sediment was 8.2 μg/g. Five individual fatty 

acids (C18:1 [cis-9], C18:2 [cis-9,12], C20:2 [cis-11,14], C22:1 [cis-13], C22:2 [cis-
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13,16]) were not found while C13 had the highest concentration (0.62 μg/g). The 

concentrations of marine fatty acid were greater than the terrestrial fatty acid 

concentrations and this may be because of increased light availability from reduced ice 

cover which enhances primary production on the surface depth compared to deeper 

depths (Matsumoto et al. 1987; Harvey et al. 1987). 

 

Figure 3.70: Concentration of individual fatty acid in H24 sediments at 0-1 cm depth 

 

Station H24 sediment at 18-20 cm depth was deposited between 1878-1891. This 

depth had the lowest concentration of fatty acid among all other depths with a total of 5.9 

μg/g. Figure 3.71 shows the plot of concentration as a function of fatty acid types at depth 

18-20 cm. Moreover, six individual fatty acid were not found (C17, C18:1 [cis-9], C18:2 

[cis-9,12], C20:2 [cis-11,14], C22:1 [cis-13], C22:2 [cis-13,16]) and C13 had the highest 

concentration (0.53 μg/g). 
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Figure 3.71: Concentration of individual fatty acid in H24 sediments at 18-20 cm depth 

 

3.7.7 Correlation between Arsenic and Fatty Acid Concentrations in Station H24 

The composition of organic matter was considered to affect the concentration of 

various types of arsenic in the soil. As organic matter varies, the speciation and movement 

of arsenic can also vary (Andreae et al. 1989). One purpose of this analysis is to evaluate 

if there could be a relationship between fatty acids and arsenic concentrations, because 

sediment diagenesis could influence the concentration of both fatty acids and arsenic. 

Total fatty acid concentrations and arsenic concentrations are found in Appendix D, Table 

1 Arsenic concentration in this station ranged from 7.42 μg/g at 18-20 cm depth to 10.2 

μg/g at 1-2 cm depth. Figure 3.72 shows a plot of arsenic concentrations as a function of 

depth. 
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Figure 3.72: Concentration of arsenic (μg/g) in H24 sediments with depth 

 

Total fatty acid, saturated fatty acid, unsaturated fatty acid, and the most prevalent 

individual fatty acid (C21) concentrations were all plotted as a function of the 

concentrations of arsenic at each level, but none of these revealed any level patterns. 

Figure 3.73 displays a plot of total fatty acid concentration as a function of arsenic 

concentration with depth but did not indicate any pattern with depth. It means that 

differences in concentrations of fatty acids do not correspond with differences in 

concentrations of arsenic in sediments. It may be inferred that the arsenic in the sediments 

at this station was not affected by fatty acids. 
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Figure 3.73: Total fatty acid concentration as a function of arsenic concentration with depth in station H24 

 

 

3.7.8 Correlation between Fatty acid and Alkane Concentrations in Station H24 

Degradation of fatty acids happens mainly by decarboxylation and thus produces 

hydrocarbons (Sun et al. 1994). Another purpose of this research is to assess if there may 

be a relationship between fatty acid and alkane concentrations, as fatty acids are more 

labile than alkanes and their degradation in sediments can be tracked. Total fatty acid 

concentrations and total alkane concentrations are found in Appendix D, Table 1. Total 

alkane concentration at this station ranged from 6.25 μg/g at 12-14 cm depth to 16.6 μg/g 

at 3-4 cm depth. Total fatty acid, saturated fatty acid and unsaturated fatty acid 

concentrations were all plotted as a function of alkane concentrations at each depth. Each 

individual fatty acid concentration was also plotted with its alkane product concentration. 

They did not display any depth pattern. Figure 3.74 shows the plot of total fatty acid 

concentration as a function of alkane concentrations with depth. It means that variations 

in fatty acid concentrations do not correspond with variations in sediment concentrations 

of alkanes. It may be inferred that the decarboxylation of fatty acid in the sediments at 
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this station did not result in corresponding alkanes but decarbonilation may have occurred 

to give corresponding alkenes. 

 

Figure 3.74: Concentration of alkanes as a function of total fatty acid concentrations with depth in station 

H24 

 

3.7.9 Correlation of Fatty Acid Concentrations at Station H24 with climate change 

The Arctic Ocean is undergoing some of the quickest and most extreme climate 

change because it is warming faster than other areas. Evidence of climate change can be 

detected in ocean sediments by shifts in the abundance and distribution of 

biogeochemicals (Grebmeier et al. 1991). Historical temperature measurements are used 

to analyze changes in H24 concentrations and assess if climate change is evident in the 

sediment record. Station H24 did not show any correlation to the distribution of fatty acid 

concentration down the core. From Figure 1.2 above, sediments that had the high 

concentrations of fatty acid at this station were deposited at times when there was a 

momentary increase in temperature. However, other periods of increasing temperature do 

not show increases in fatty acid concentrations. Sediment from 16-20 cm could not be 



120 
 

correlated with the average arctic temperature since the temperature data only goes back 

to 1900. 

 

3.7.10 Station H24 Summary 

Station H24 sediments had a sandy composition with low organic carbon content. 

This station is the farthest to the shore compared from other stations. The total 

concentration of fatty acids ranged from 5.9 μg/g to 111.2 μg/g with no distinct patterns 

seen in distribution over the entire core. The contribution of saturated fatty acid 

concentrations to the total fatty acid concentrations was greater than unsaturated fatty 

acid concentrations. The contribution of long-chain fatty acid concentrations to the total 

fatty acid concentrations was greater than short-chain fatty acid concentrations. The 

contribution of marine fatty acid concentrations to the total fatty acid concentrations was 

greater than the terrestrial fatty acids. The highest concentration of fatty acids was 

observed at depth 7-8 cm and was deposited in the period of 1864-1867. The total fatty 

acid, saturated fatty acid, unsaturated fatty acid, and individual fatty acid concentrations 

did not show any trends with depth in this station. Changes in total fatty acid, saturated 

fatty acid, unsaturated fatty acid, and the most abundant individual fatty acid (C21) 

concentration do not correlate to changes in concentrations of arsenic in sediments. Also, 

changes in these fatty acid concentrations do not correlate to changes in concentrations 

of alkanes in sediments. The total fatty acid concentrations from depth 0-16 cm did not 

show gradual decrease in concentration as the temperature increases with the 

corresponding years. 

 



121 
 

3.8 Relationship Among all Four Stations Observed 

Station BarC5 had the highest total fatty acid concentration with 15 samples depth 

observed (0-24 cm). This was expected as it had the highest average TOC (1.83%) and 

the samples were mostly clay and slit. Station H32 had the second-highest total fatty acid 

concentrations with 12 samples depth observed (0-16 cm) while station H30 had the third-

highest fatty acid concentration with 11 samples depth observed (0-18 cm). Station H24 

had the lowest total fatty acid concentrations with 14 samples depth observed (0-20 cm). 

This was also expected because station H24 had the lowest average TOC (0.5%) and the 

samples were mostly sandy.  

The contribution of saturated, monounsaturated, polyunsaturated, short-chain, 

and long-chain fatty acids to the total fatty acid concentrations varied considerably 

between locations. Both station H32 and station H24 had a greater total concentration of 

long-chains fatty acids compared to the total concentration of short-chains fatty acid and 

the total concentration of saturated fatty acids was greater than the total concentration of 

unsaturated fatty acids. In contrast, station H30 and station BarC5 had a greater total 

concentration of short-chains fatty acids compared to the total concentration of long-chain 

fatty acids. The total concentration of unsaturated fatty acids was greater than the total 

saturated fatty acids. The concentrations of marine fatty acids were greater than the 

concentrations of terrestrial fatty acids at all stations. 

At the surface depth (0-1 cm), which gives the most recent data for FA 

concentrations, station H30 had the highest concentration (75.6 μg/g) ,station H32 had 

the second-highest concentration (49.3 μg/g), station BarC5 had the third-highest 

concentration (23.2 μg/g) and station H24 had the lowest concentration (8.2 μg/g). 
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The three highest fatty acid concentrations in sediments from all the four stations 

analyzed was found in station BarC5. C15:1 [cis-10] at depth 22-24 cm (greatest depth) 

having 98.6 μg/, C18:2 [trans-9,12] at depth 22-24 cm having 62.0 μg/g, and C15:1 [cis-

10] at depth 20-22 cm  having 54.8 μg/g. Fatty acids not being found were observed in 

all stations at different depths.  

 

3.9 Fatty Acids as Carbon Transport Indicators 

The fraction of terrestrial fatty acids concentrations is a small percentage of the 

total fatty acid concentrations in all four stations. Their widespread presence in all 

sediments confirms that ocean currents and ice transport terrestrial carbon from rivers to 

the shelves. The absolute concentration of terrestrial fatty acids was higher on the surface 

than in the deeper sediment. Terrestrial fatty acids in deeper sediments provide clear 

evidence of the transport of allochthonous material to the Chukchi shelves. One possible 

source of terrestrial carbon in the Chukchi Sea is the runoff from the Alaskan rivers (such 

as Kuk river and Yukon river), carried by the Alaskan Coastal current which flows 

eastward to the Chukchi Shelf. The Yukon River discharges freshwater into the east side 

of the Bering Sea to become entrained in the Alaskan Coastal Current in the north 

(Falkner et al. 1997). Another possible source is coastal erosion which carries organic 

matter directly into the Chukchi Sea. 

 

3.10 Distribution of Total Fatty Acid Concentrations and TOC at all Depths 

Even though there was no correlation between TOC and sediment depth, the TOC 

is reflective of the total fatty acid concentrations in all sample stations. The station with 
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the lowest average TOC is expected to have a low average fatty acid concentration while 

the station with the highest average TOC is expected to have a high average fatty acid 

concentration. Concentrations of average total fatty acid concentrations and average TOC 

at all sample depths in the four stations are shown in Table 3.11. 

Table 3.11: Average total fatty acid concentrations and TOC in all stations 

Station Average TOC (%) Average total fatty acid 

concentrations (μg/g) 

H24 0.52 20.32 

H32 1.32 37.35 

H30 1.49 38.46 

BarC5 1.83 42.37 

  

BarC5 core had the highest average TOC and it was expected to have a higher 

concentration of average total fatty acid concentrations due to its geographical location. 

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, had the lowest average TOC and was 

expected to have a lower concentration of average total fatty acid concentrations due to 

the fact that it is the furthest station from the shore and it is much sandier compared to 

the other stations and hence had low organic carbon content leading to its low fatty acid 

concentrations. 
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CHAPTER FOUR 

Conclusion 

The concentrations, distribution, and sources of fatty acids in sediments from 

stations H24, H30, H32, and BarC5 in the Chukchi Sea have been determined. Fatty acid 

concentrations reported in this study show that fatty acids varied widely with core depth, 

sea depth, and locations of stations. The core sediment concentration varied from 5.93 

µg/g at depth 18-20 cm in station H24 to 173 µg/g at depth 22-24 cm in station BarC5. 

The varied distribution suggest that sediments might have received episodic pulses of 

fatty acids that were not entirely used by microorganisms but instead were preserved in 

sediments. Principal component analysis identified sources of fatty acids at the four 

stations. They ranged from terrestrial plants to green algae to diatoms origin and bacterial 

communities.  

The four Chukchi Sea shelves are dominated by substantial autochthonous marine 

fatty acids that are produced by bacteria, diatoms, and dinoflagellates. Terrestrial fatty 

acids are also supplied to these shelves but because of the strong imprint of marine fatty 

acids, they provide a small fraction of the biomarkers. The presence of terrestrial fatty 

acids reflects the export of vascular plant material to the Chukchi Sea and provides a key 

organic carbon component with which to evaluate carbon pathways. The distribution of 

total fatty acid concentrations showed pattern in which concentrations decreased as 

offshore distance increased. The nearshore station BarC5 received significant organic 

carbon through coastal erosion, river runoff. Higher concentration of organic matter may 

also be due to increased light availability from reduced ice cover which enhances primary 

production of marine organisms. Concentrations of fatty acids were lowest at station H24 
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which was furthest from land and with lowest total organic carbon. Concentrations of 

fatty acids with depth from this study could not be correlated to arsenic, alkanes, or TOC. 

Historical temperature data was used to interpret the trends in fatty acid concentrations 

with depth during its sedimentation periods. Evidence of the effect of climate change was 

most apparent in station H30 compared to other stations. There was a gradual decrease 

and increase in fatty acid concentrations as the corresponding historical temperature 

decreased and increased down the core from station H30. 

 

4.1 Future Work 

The results from this study provide an understanding of fatty acids and their 

sources in the Chukchi Sea as well as their relationship to the effects of climate change. 

In future studies, sediments from these current stations at deeper depths should be 

analyzed to yield a better understanding of the distribution and sources of fatty acids as 

well as the effect of climate change. Also, enough sediments should be sampled for 

replicate analysis to increase the precision of results. 
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APPENDICES 

Appendix A 

Table A1: Concentrations of total fatty acids, total alkanes, TOC, and Arsenic with depth in H32 Sediments 

 

 

 

 

 

 

Depth (cm) Total concentrations 

of fatty acids (µg/g) 

TOC (%) Arsenic (µg/g) Total concentrations 

of n-alkanes (µg/g) 

0-1 cm 49.35 1.64 22.20 27.18 

1-2 cm 78.83 1.52 14.90 24.25 

2-3 cm 24.77 1.39 11.40 20.62 

3-4 cm 24.25 1.43 11.00 22.73 

4-5 cm 20.68 1.35 9.91 27.96 

5-6 cm 19.37 1.33 10.20 33.95 

6-7 cm 11.02 1.27 10.50 17.49 

7-8 cm 37.49 1.25 10.40 17.96 

8-10 cm 29.71 1.20 10.11 16.49 

10-12 cm 44.87 1.17 10.35 52.61 

12-14 cm 22.89 1.16 9.70 30.75 

14-16 cm 84.94 1.12 22.20 42.81 
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Table A2: Total concentrations of individual saturated fatty acids in H32 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Saturated fatty acids Total concentrations (µg/g) 

C8 4.79 

C10 4.88 

C11 6.09 

C12 15.44 

C13 7.73 

C14 13.28 

C15 6.93 

C16 18.08 

C17 11.30 

C18 139.39 

C20 7.35 

C21 6.28 

C22 9.02 

C23 6.46 

C24 10.23 
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Table A3: Total concentrations of individual unsaturated fatty acids in H32 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unsaturated fatty acids Total concentrations (µg/g) 

C14:1 [cis-9] 16.88 

C15:1 [cis-10] 53.17 

C16:1 [cis-9] 9.077 

C17:1 [cis-10] 9.51 

C18:1 [trans-9] 5.37 

C18:1 [cis-9] 18.03 

C18:2 [trans-9,12] 19.18 

C18:2 [cis-9,12] 6.41 

C18:3 [cis-9,12,15] 3.30 

C20:2 [cis-11,14] 4.91 

C22:1 [cis-13] 9.84 

C22:2 [cis-13,16] 25.17 
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Appendix B 

 
Table B1: Concentrations of total fatty acids, total alkanes, TOC and Arsenic with depth in H30 

Sediments 

 

 

 

 

 

Depth (cm) Total fatty acid 

concentrations  

(µg/g) 

TOC (%) Arsenic (µg/g) Total concentrations of 

n-alkanes (µg/g) 

0-1 75.65 1.72 24.80 43.33 

1-2 51.49 1.73 26.90 23.94 

2-3 40.41 1.58 21.80 18.71 

3-4 19.21 1.52 17.80 21.8 

4-5 N/A N/A N/A N/A 

5-6 57.41 1.43 11.70 19.13 

6-8 36.29 1.42 13.15 49.00 

8-10 28.13 1.39 11.00 22.8 

10-12 21.60 1.38 10.10 19.12 

12-14 13.75 1.41 12.30 21.43 

14-16 41.27 1.41 10.10 15.52 

16-18 37.87 1.41 10.50 13.2 
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Table B2: Total concentrations of individual saturated fatty acids in H30 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Saturated fatty acids Total concentrations (µg/g) 

C8 6.55 

C10 9.65 

C11 10.92 

C12 13.58 

C13 13.75 

C14 16.33 

C15 14.26 

C16 17.90 

C17 12.19 

C18 14.54 

C20 9.57 

C21 7.93 

C22 13.09 

C23 9.79 

C24 13.14 
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Table B3: Total concentrations of individual unsaturated fatty acids in H30 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unsaturated fatty acids Total concentrations (µg/g) 

C14:1 [cis-9] 9.46 

C15:1 [cis-10] 93.23 

C16:1 [cis-9] 11.12 

C17:1 [cis-10] 18.36 

C18:1 [trans-9] 5.69 

C18:1 [cis-9] 54.41 

C18:2 [trans-9,12] 18.79 

C18:2 [cis-9,12] 9.50 

C18:3 [cis-9,12,15] 1.72 

C20:2 [cis-11,14] 6.24 

C22:1 [cis-13] 6.99 

C22:2 [cis-13,16] 4.30 
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Appendix C 

Table C1: Concentrations of total fatty acid, TOC and Arsenic with depth in BarC5 Sediments 

 

 

 

 

 

Depth (cm) Total concentration of 

fatty acids (μg/g) 

TOC (%) Arsenic 

(µg/g) 

Total concentration of 

alkanes (μg/g) 

0-1 cm 23.28 2.00 21.90 44.77 

1-2 cm 37.02 1.99 21.00 45.66 

2-3 cm 12.93 1.85 19.20 26.17 

3-4 cm 21.33 1.89 18.90 38.48 

4-5 cm 13.47 1.85 18.40 27.10 

5-6 cm 25.28 1.86 16.40 26.29 

6-8 cm 38.18 1.83 18.35 15.55 

8-10 cm 30.62 1.91 17.10 41.12 

10-12 cm 54.80 1.78 16.00 135.85 

12-14 cm 18.24 1.78 14.00 76.62 

14-16 cm 13.14 1.77 11.50 48.39 

16-18 cm 35.25 1.77 12.30 76.67 

18-20 cm 26.79 1.78 12.00 127.77 

20-22 cm 96.11 1.76 11.70 11.67 

22-24 cm 173.55 1.80 11.30 29.55 
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Table C2: Total concentrations of individual saturated fatty acids in BarC5 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Saturated fatty acids Total concentrations (µg/g) 

C8 5.33 

C10 7.00 

C11 9.40 

C12 10.99 

C13 11.14 

C14 15.03 

C15 11.39 

C16 16.23 

C17 7.82 

C18 10.40 

C20 6.14 

C21 6.69 

C22 7.62 

C23 6.38 

C24 8.39 
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Table C3: Total concentrations of individual saturated fatty acids in BarC5 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unsaturated fatty acids Total concentrations (µg/g) 

C14:1 [cis-9] 10.30 

C15:1 [cis-10] 212.83 

C16:1 [cis-9] 8.22 

C17:1 [cis-10] 16.85 

C18:1 [trans-9] 6.45 

C18:1 [cis-9] 44.17 

C18:2 [trans-9,12] 108.94 

C18:2 [cis-9,12] 1.172 

C18:3 [cis-9,12,15] 1.70 

C20:2 [cis-11,14] 5.55 

C22:1 [cis-13] 5.00 

C22:2 [cis-13,16] 58.82 
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Appendix D 

Table D1: Concentrations of total fatty acid, TOC and Arsenic with depth in H24 Sediments 

 

 

 

 

Depth (cm) Total concentrations of 

fatty acids (µg/g) 

TOC (%) Arsenic 

(µg/g) 

Total concentrations of 

n-alkanes (µg/g) 

0-1 8.20 0.50 9.39 12.58 

1-2 6.84 0.53 10.2 13.4 

2-3 10.66 0.54 8.82 10.56 

3-4 7.62 0.46 7.49 16.58 

4-5 7.27 0.54 8.34 10.47 

5-6 6.92 0.46 7.81 8.96 

6-7 7.62 0.89 8.88 10.26 

7-8 111.27 0.47 8.52 9.32 

8-10 78.52 0.42 8.19 10.96 

10-12 8.64 0.40 7.48 7.88 

12-14 10.30 0.39 7.53 6.25 

14-16 8.90 0.57 7.42 11.58 

16-18 6.17 0.65 8.15 9.88 

18-20 5.93 0.61 7.42 11.28 
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Table D2: Total concentrations of individual saturated fatty acids in H24 sediments 

 

 

 

 

 

 

 

 

 

 

Saturated fatty acids Total concentrations (µg/g) 

C8 3.60 

C10 4.63 

C11 5.34 

C12 7.58 

C13 7.27 

C14 7.99 

C15 6.93 

C16 10.46 

C17 3.71 

C18 29.99 

C20 16.95 

C21 146.12 

C22 5.32 

C23 4.84 

C24 6.32 
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Table D3: Total concentrations of individual unsaturated fatty acids in H24 sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Unsaturated fatty acids Total concentrations (µg/g) 

C14:1 [cis-9] 5.24 

C15:1 [cis-10] 3.39 

C16:1 [cis-9] 2.08 

C17:1 [cis-10] 2.08 

C18:1 [trans-9] 1.18 

C18:1 [cis-9] NF 

C18:2 [trans-9,12] 0.96 

C18:2 [cis-9,12] NF 

C18:3 [cis-9,12,15] 0.33 

C20:2 [cis-11,14] NF 

C22:1 [cis-13] NF 

C22:2 [cis-13,16] 2.49 
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Appendix E 

Table E1: Factor for conversion between saturated fatty acids and fatty acid methyl esters 

                Molecular weights         Conversion factor 

C No.:Dbl.Bnd FA FAME FAME -> FA 
C01:0 46.027 60.054 0.766427 
C02:0 60.054 74.081 0.810653 

C03:0 74.081 88.108 0.840798 
C04:0 88.108 102.135 0.862662 
C05:0 102.135 116.162 0.879246 
C06:0 116.162 130.189 0.892257 
C07:0 130.189 144.216 0.902736 
C08:0 144.216 158.243 0.911358 
C09:0 158.243 172.270 0.918575 
C10:0 172.270 186.297 0.924706 
C11:0 186.297 200.324 0.929978 
C12:0 200.324 214.351 0.934561 
C13:0 214.351 228.378 0.938580 
C14:0 228.378 242.405 0.942134 
C15:0 242.405 256.432 0.945299 
C16:0 256.432 270.459 0.948136 
C17:0 270.459 284.486 0.950694 
C18:0 284.486 298.513 0.953010 
C19:0 298.513 312.540 0.955119 
C20:0 312.540 326.567 0.957047 
C21:0 326.567 340.594 0.958816 
C22:0 340.594 354.621 0.960445 
C23:0 354.621 368.648 0.961950 
C24:0 368.648 382.675 0.963345 
C25:0 382.675 396.702 0.964641 

C26:0 396.702 410.729 0.965849 
C27:0 410.729 424.756 0.966976 
C28:0 424.756 438.783 0.968032 
C29:0 438.783 452.810 0.969022 
C30:0 452.810 466.837 0.969953 
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Table E2: Factor for conversion between monounsaturated fatty acids and fatty acid methyl esters 

         Molecular weights Conversion factor 

C No.:Dbl.Bnd FA FAME FAME -> FA 

 
C04:1 

 

86.108 

 

100.135 

 

0.859919 
C05:1 100.135 114.162 0.877131 
C06:1 114.162 128.189 0.890576 
C07:1 128.189 142.216 0.901368 
C08:1 142.216 156.243 0.910223 
C09:1 156.243 170.270 0.917619 
C10:1 170.270 184.297 0.923889 
C11:1 184.297 198.324 0.929272 
C12:1 198.324 212.351 0.933944 
C13:1 212.351 226.378 0.938037 
C14:1 226.378 240.405 0.941653 
C15:1 240.405 254.432 0.944869 
C16:1 254.432 268.459 0.947750 

C17:1 268.459 282.486 0.950344 
C18:1 282.486 296.513 0.952693 
C19:1 296.513 310.540 0.954830 
C20:1 310.540 324.567 0.956782 
C21:1 324.567 338.594 0.958573 
C22:1 338.594 352.621 0.960221 
C22:1 352.621 366.648 0.961743 
C23:1 352.621 366.648 0.961743 
C24:1 366.648 380.675 0.963152 
C25:1 380.675 394.702 0.964462 
C26:1 394.702 408.729 0.965681 
C27:1 408.729 422.756 0.966820 
C28:1 422.756 436.783 0.967886 
C29:1 436.783 450.810 0.968885 
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Table E3: Factor for conversion between polyunsaturated fatty acids and fatty acid methyl esters 

            Molecular weights Conversion factor 

C No.:Dbl.Bnd FA FAME FAME -> FA 
C08:2 140.216 154.243 0.909059 

C09:2 154.243 168.270 0.916640 
C10:2 168.270 182.297 0.923054 
C11:2 182.297 196.324 0.928552 
C12:2 196.324 210.351 0.933316 
C13:2 210.351 224.378 0.937485 
C14:2 224.378 238.405 0.941163 
C15:2 238.405 252.432 0.944433 
C16:2 252.432 266.459 0.947358 
C17:2 266.459 280.486 0.949990 
C18:2 280.486 294.513 0.952372 
C19:2 294.513 308.540 0.954537 
C20:2 308.540 322.567 0.956514 

C21:2 322.567 336.594 0.958327 
C22:2 336.594 350.621 0.959994 
C23:2 350.621 364.648 0.961533 
C24:2 364.648 378.675 0.962958 
C25:2 378.675 392.702 0.964281 
C26:2 392.702 406.729 0.965513 
C27:2 406.729 420.756 0.966662 
C28:2 420.756 434.783 0.967738 
C29:2 434.783 448.810 0.968746 
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Appendix F 

Table F1: Precision Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 TEST1 TEST2 TEST3    

 

FA conc 

ug/g 

FA conc 

ug/g 

FA conc 

ug/g MEAN ST.DEV  
C8 0.32560 0.33339 0.358716 0.339237 0.017313 5.103599 

C10 0.456229 0.464838 0.49677 0.472612 0.02136 4.519479 

C11 0.574102 0.587832 0.62574 0.595891 0.026746 4.488321 

C12 0.670058 0.681431 0.735699 0.695729 0.035078 5.041953 

C13 0.729969 0.738083 0.79877 0.755607 0.0376 4.976095 

C14 0.796847 0.715088 0.932087 0.814674 0.109592 13.45229 

C15 0.712219 0.653975 0.807002 0.724399 0.077238 10.66229 

C16 1.07384 0.69133 1.263307 1.009492 0.291368 28.86279 

C17 0.591512 0.553609 0.632094 0.592405 0.03925 6.625485 

C18 0.782883 0.706741 0.808516 0.766047 0.052935 6.910164 

C20 0.495445 0.402501 0.481056 0.459667 0.050028 10.88347 

C21 0.42179 0.431878 0.464095 0.439254 0.022096 5.030378 

C22 0.721297 0.509095 0.625805 0.618732 0.106277 17.17664 

C23 0.483956 0.418926 0.493754 0.465545 0.04067 8.73589 

C24 0.887368 0.572963 0.763482 0.741271 0.158375 21.36535 

      153.8342 

     average 10.25561 


