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Abstract 
 

The Arctic region is a seemingly pristine, remote environment, yet in the past few decades 

there has been increasing evidence that it is greatly impacted by anthropogenic metal 

contamination. The heavy metals are attributed to adverse effects on the health of biota and 

indigenous populations, due to their toxicity and bioaccumulative tendencies within the 

environment. There are three main metal contaminants of major concern, lead (Pb). mercury 

(Hg) and cadmium (Cd). They have all been reported as ubiquitous anthropogenic pollutants 

with elevated concentrations identified throughout the Arctic’s sedimentary environment.  

 

The aim of this research was to investigate further heavy metal contamination, specifically 

within the sediments of the Svalbard region, and the Barents Sea area, within the Arctic. Ten 

sediment cores were taken for analysis from three main fieldwork excursions. The cores were 

taken from three different environments; lacustrine, fjordic and marine. A comparison between 

these core sites allowed the identification of the major transport pathways within this region 

and the relative importance of atmospheric and oceanic transport. Three cores were taken from 

the inner Kongsfjorden area, four cores from the Barents Sea, with three further cores taken 

from the Vøring Plateau and the area south of Svalbard.  Each core was analysed to ascertain 

metal concentrations and to reconstruct the temporal contaminant history of the area.  

 

The source of the contaminant can be determined through the use of stable isotope analysis. 

The isotopic ratio provides a ‘signature’: ultimately reflecting the source of the Pb, and this 

tool can also be used to verify the transport pathways of the anthropogenic Pb contamination. 

The 206Pb/207Pb isotopic ratio of western sources of anthropogenic Pb has a value of 

approximately 1.14, with Eastern Europe and Eurasian sources represented by a higher value of 

1.18. 

 

Two cores taken from the Barents Sea (BASICC 1 and BASICC 40), along with cores taken 

from a freshwater lake (ICOS1), an anoxic lagoon (ICNL1), and the Vøring plateau (VP2a), 

show a clear increase in Pb concentration in modern sediments, corresponding with a decrease 

in the 206Pb/207Pb isotope ratio. This pattern signifies a change in the source of the Pb over 
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time, associated with anthropogenic contamination: the results providing evidence of the long 

range distribution of contaminant Pb following the industrial revolution and the utilisation of 

alkyl Pb in petrol. 

 

Lake Ossian (ICOS1), a site situated close to Ny Ålesund provides unequivocal evidence for 

the atmospheric transport of Pb. The excess 206Pb/207Pb ratio was calculated as 1.165, 

indicative of an Eastern European emission source. The most compelling story, however, 

emerges from the contaminant archives contained in the marine sediment cores within the 

Barents Sea area, and from the Vøring Plateau. These sediment cores provide vital evidence 

that contaminant Pb is transported by oceanic currents to the Arctic environment.  There is 

only one other study that has concentrated on the specific oceanic transport of Pb. This thesis 

further supports the hypothesis that the Atlantic water current is a prominent pathway for the 

transportation of Pb to the Eurasian Arctic Basin, with the Pb being scavenged to the 

underlying sediments en-route.   

 

From the area around Kongsfjorden, north-west Svalbard, four sediments cores were taken 

along a longitudinal transect, from freshwater to the marine environment, and analysed for Hg. 

None of the four sediment cores displayed evidence of significant anthropogenic 

contamination. Sediment from Brandallaguna (ICNL1) showed a small increase in Hg 

concentration towards the surface of the core. Diagenetic processes, however, cannot be 

disregarded, with Hg forming HgS in anoxic conditions. It is evident in the literature and from 

this study that further research is required to improve the understanding of the complex Hg 

biogeochemical cycle. 

 

For the contaminant Cd, there has been unequivocal evidence from snow and ice records, 

indicating an increase in Cd flux from the mid 18th century to the mid 19th century, associated 

with anthropogenic influence. None of the cores within this study show this temporal change in 

flux. Elevated concentrations of Cd, however, have been shown in the deep parts of two of the 

cores taken from the Barents Sea (BASICC 40 and BASICC 43), the Cd being precipitated as 

authigenic CdS in anoxic sediment. This research supports the hypothesis that the dissolution 

and remobilisation of Cd can make sediments a poor record of Cd temporal history. 
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Chapter 1 - Introduction 

 
In the past few decades it has been recognised that the Arctic environment is no-longer 

pristine. The Arctic Monitoring and Assessment Program (AMAP, 1998) has highlighted 

high concentrations of anthropogenic contaminants such as persistent organic pollutants 

(PCBs and PAHs) and heavy metals (Cd, Hg and Pb) in the biota and sediments of the Arctic 

environment. The source and transport of contaminants to the Arctic has been the subject of 

several studies (Barrie et al., 1992; Baskaran, 2001; Macdonald et al., 2000; Schlosser et al., 

1995); however most of the information is derived from computer models, for example the 

global/regional atmospheric heavy metals models (GRAHM model) developed by the 

Meteorological Service of Canada.  

 

Although long range contamination is not a new phenomenon, it has been shown that there 

has been an accelerated growth in contamination since the onset of the industrial revolution. 

Increased emissions have had a greater effect on remote locations, including the Arctic. 

These contaminants are reaching and accumulating in the Arctic environment, with possible 

detrimental effects on the ecosystem and the indigenous populations. 

 

Arctic sediments are potentially both a sink and subsequent source of several contaminants, 

with concentrations exceeding background levels. To predict ecological effects and allow 

preventative or remedial action, it is necessary to determine the magnitude of contaminant 

inputs and the major transport pathways. As very little work has been done in the Svalbard 

area, it is the aim of this project to investigate sediments cores from lake, fjordic and shelf 

environments surrounding the Svalbard area, to help develop an understanding of the 

transport processes and levels of contamination. 
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1.1 Objectives 

The project determined heavy metal concentrations within the sediments of the Svalbard 

area. Sediment accumulation rates were determined together with the calculation of heavy 

metal inventories and reconstruction of temporal trends within the sediment record. Using 

this information I attempt to identify the major pathways of the contaminant input by 

comparing lake, fjord and ocean sediments. 

 

1.1.1 Specific objectives 

 To reconstruct historical contaminant inputs for lead (Pb), mercury (Hg) and 

cadmium (Cd). 

 

 To determine sediment accumulation rates using 210Pb, with verification using stable 

Pb isotope ratios. 

 

 To identify the major transport pathways of contaminants to marine and freshwater 

sedimentary environments and the relative importance of atmospheric and oceanic 

transport. 

1.1.2 Main research questions 

• Is Eurasia the main source of contamination to the Svalbard area of the Arctic? 

• Which are the predominant transport pathways for Hg, Cd and Pb contaminants? 

• By how much is Hg increasing in the sediments and what role do marine sediments 

have in the cycling of Hg in this environment? 

 

1.2 Pollution and contamination 

A study on pollution and contamination of any environment requires a definition of the two 

words: pollution and contamination. They are often used as interchangeable phrases in 

pollution studies, which can lead to misinterpretation. The two definitions by GESAMP (The 
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Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection) are 

outlined below: 

 

“Pollution means the introduction by man, directly or indirectly, of substances or energy 

into the marine environment (including estuaries) resulting in such deleterious effects as 

harm to living resources, hazards to human health, hindrance to maritime activities 

including fishing, impairment of quality for use of sea water and reduction of amenities." 

 

“Contamination is the increased presence of substances in the environment as a result of 

human activities but with no significant adverse effects.” (GESAMP, 1990).  

 

Contamination is when a human input raises the concentration of a substance in biotic or 

abiotic media above the natural background levels. Improved analytical methods have 

enabled detailed investigations into contamination throughout the world. Pollution is a study 

of the adverse effects of contamination in the environment and biota. 

 

This research focuses on identifying metals in the sedimentary environment of the Arctic 

Ocean. It is therefore a contamination study; the effects of the metals are not investigated.   

 

1.3 Chemical reduction 

In the past few decades, international systems have been put in place to help reduce and 

eventually eliminate various chemicals from the environment. At the OSPAR (The 

Convention for the Protection of the Marine Environment of the North-East Atlantic) 

Convention in 1992, fifteen countries signed a statement under the Hazardous Substance 

Strategy with the objective of: 

 

“preventing pollution of the maritime area by continuously reducing discharges, emissions 

and losses of hazardous substances, with the ultimate aim of achieving concentrations in the 

marine environment near background values for naturally occurring substances and close to 

zero for man-made synthetic substances” (OSPAR, 1992). 
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Chemicals such as Hg, Cd and Pb were in the first list for chemicals of priority action and by 

2003 there were plans to control their discharge, emission or loss. To achieve proper control 

requires identification of the sources of these metals to the OSPAR region and the pathways 

to the marine environment, and take relevant measures to reduce discharges. 

 

The United Nations Economic Commission for Europe (UNECE) set out the convention on 

long range, trans-boundary air pollution. Associated with this are eight protocols that identify 

specific measures to be taken by Parties to cut their emissions of air pollutants. 

 

The majority of the legislation covers Western Europe; the protocols have had a positive 

impact on the emissions of metals and other compounds to the atmosphere (AMAP, 1998). 

This is clearly seen in Pb emissions, which have dramatically declined since the banning of 

alkyl Pb in petrol (Boutron et al., 1995). 

 

1.4 Global transport and pathways of contaminants 

The Arctic region is a seemingly pristine, remote environment, yet there is increasing 

evidence (AMAP, 1998; Barrie et al., 1992) that it is impacted by anthropogenic metal 

contamination of Hg, Cd and Pb. Various pathways for contaminants exist, which are 

dependent on the location, prevailing weather conditions and the physical and chemical 

properties of the contaminant. Transport to the Arctic generally occurs via one or more of the 

following pathways: atmospheric transport, ocean currents, sea ice and, in specific regions, 

riverine run-off. The predominant route depends on features such as water solubility, 

volatility and adsorption to particles, i.e. is dependent on the contaminant’s physio-chemical 

properties. 

 

1.4.1 Atmosphere 

The atmosphere is one of the prime pathways for contaminant distribution, providing a rapid 

and direct transport mechanism (Gordeev et al., 2004). Depending on the physical and 

chemical properties of a compound, contaminants can be transported over long distances 

from mid- and low-latitude sources to remote regions throughout the Arctic. The process by 

which they reach the Arctic is known as ‘global distillation’ or ‘cold condensation’ (Bard, 

http://www.unece.org/env/lrtap/status/lrtap_s.htm
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1999; Macdonald et al., 2000). Volatile compounds become available for transport in the low 

latitude source regions, aided by elevated temperatures and heavy rainfall; this promotes the 

dissipation of contaminants through air and water. The contaminants are then carried by 

atmospheric circulation towards the Arctic, where they condense, and are removed from the 

atmosphere by wet and dry deposition (Bard, 1999). 

 

The process of global distillation can be divided into ‘one-hop’ and ‘multi-hop’ pathways. If 

a contaminant enters the atmosphere, is carried to the poles and is deposited to the earth’s 

surface without re-emission, then it is considered to be a ‘one hop’ pathway. Contaminants 

that are typically carried by this mechanism include heavy metals (with the exception of Hg) 

and less volatile polycyclic aromatic hydrocarbons (PAHs). In contrast, if a contaminant re-

enters the environment after initial deposition, the pathway can be described as ‘multi-hop’. 

Examples of multi-hop contaminants include Hg, the more volatile organochlorines and 

PAHs. Various processes cause re-emission, for example ‘volatilization from the Earth’s 

surface under warmer temperature’s than when the contaminant was deposited, sudden 

exposure of ocean water to the atmosphere after being covered by ice, or resuspension of 

dust or snow by winds’ (Macdonald et al., 2000). 

 

It was in the 1950s that the extent of long-range transport became apparent with the 

discovery of ‘Arctic haze’. Arctic haze described the phenomenon of a dirty brown haze in 

the atmosphere at high latitudes, first discovered by pilots observing an unusual reduction in 

visibility. It was originally thought that the haze was wind blown dust, it later became 

apparent that Arctic haze was actually air pollution. Arctic haze has been shown to be a 

mixture of acid sulphur pollution, heavy metals, and persistent organic pollutants (Iverson 

and Joranger, 1985). With further investigation it became evident that Arctic haze is 

predominantly seasonal, being more pronounced between December and April, the Arctic 

winter. Arctic haze particles are 20-40 times more abundant in winter than in summer 

(Barrie, 1986). The haze was attributed to long range anthropogenic contamination 

originating from coal burning in the low- and mid- latitudes. 

 
The Arctic haze and the elevated levels of man-made particulate matter found in winter and 

spring are associated with the Arctic air masses and tropospheric circulation. In winter the 
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northern Pacific and the north Atlantic are dominated by a low pressure system, with the 

continents displaying a high pressure system (Burkow and Kallenborn, 2000). The intense 

Siberian high pressure cell drives air from central Eurasia into the Arctic. The high pressure 

ridge over North America, in contrast, drives air out of the Arctic southwards (Macdonald et 

al., 2000). As the Arctic Front is south of important polluted areas, this allows a rapid 

transport of polluted air from temperate latitudes, with Eurasia being one of the principle 

sources of contaminants to Svalbard (Bard, 1999). A ‘front’ in meteorological terms refers to 

the interface or a transition zone between two air masses of different density. The Arctic 

Front is the frontal zone between the sub-tropical and sub-polar gyres of the Northern 

Hemisphere.  

 

In summer, the pressure system breaks down, continental high pressure cells disappear and 

the oceanic low pressure cells weaken, causing a subsequent decrease in northward transport 

from the mid-latitudes. Figure 1.1 shows the positioning of the Arctic Front in winter and in 

summer. 

 

 

Figure 1.1 - Position of the Arctic air front in summer and winter (AMAP, 1998). 
 
How long the contaminant remains in the troposphere is dependent on the atmospheric-

surface exchange, and how rapidly the contaminants are deposited to the earth’s surface: for 
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example, Hg can remain in the atmosphere for up to 2 years. This transfer between the 

atmosphere and the earth’s surface can be by dry deposition of particles, gas exchange and 

scavenging by precipitation (snow and rain). Due to unique properties within the Arctic such 

as low temperatures, low solar radiation input and low precipitation, removal processes to the 

sedimentary environment are considered inefficient, relative to those in the mid and lower 

latitudes. This is further complicated by the seasonally varying ice and snowpack - the ice 

layer can act as a temporary storage medium for contaminants, the contaminant being 

released when the ice melts. 

 

One of the most efficient scavengers of contaminants is snow as the snow crystals effectively 

remove contaminants from the atmosphere. An estimated 90 % of atmospheric deposition in 

the Arctic occurs via wet deposition from snow and rain (Douglas and Sturm, 2004). 

 

1.4.2 Oceans 

The Arctic Ocean, with respect to size, is one of the world’s smallest ocean areas, covering 

an area of approximately 14 ×106 km2 (Carroll and Carroll, 2003). The Arctic Ocean, 

however, is unique regarding the formation and melting of sea ice, and the addition of large 

seasonal amounts of freshwater, from ice and the large rivers around the Arctic Ocean. These 

factors produce a distinctive environment and ecosystem, influencing the salinity and 

biogeochemistry of the region. 

 

With regard to the transport of contaminants, the oceans are considerably slower than the 

atmosphere. This is accentuated in the Arctic Ocean because it is surrounded by land, with 

the Arctic interacting with the oceans to the south only through restricted passages. The 

major inflowing waters pass from the North Atlantic through the Fram Strait and the Barents 

Sea, and from the North Pacific through the Bering Strait (Carroll and Carroll, 2003; 

Gawarkiewicz and Plueddemann, 1995; Harris et al., 1998; Loeng et al., 1997; Macdonald et 

al., 2000; Rudels, 2001; Schlosser et al., 1995). 

 

In the oceans, currents are the main transport mechanisms of contaminants (Figure 1.2). 

Once contaminants are entrained in a current, they are carried by it, rather than dispersing 
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uniformly in all directions (Schlosser et al., 1995). The upper 200 m is of prime importance 

(Pfirman et al., 1995), the surface currents taking years or even decades to transport water 

and its associated contaminants into the Arctic Ocean (Wadhams, 2002). The Transpolar 

Drift and the Beaufort Gyre are the two main features which characterize the surface waters 

and sea ice circulation in the Arctic Ocean.  

 

 

 
 

Figure 1.2 - Surface ocean currents in the Arctic (AMAP, 1998). 

 

A considerable proportion of contaminants, both organic and inorganic, are delivered to the 

Arctic Ocean via the North Atlantic Drift, directly passing by Svalbard. Once in the Arctic 

Ocean, they can remain for many years, mainly under ice cover (Schlosser et al., 1995). 
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These residence times can be lengthened if the contaminants become entrained in the 

Beaufort Gyre (Schlosser et al., 1995; Wadhams, 2002). 

 

 It is difficult to estimate the exact amounts of Atlantic water entering the Arctic Ocean. 

There are two main branches; one via the West Spitsbergen Current, and the other via the 

Norwegian Atlantic Current. There is also substantial recirculation in the Fram Strait 

(Macdonald et al., 2000; Schlosser et al., 1995; Wadhams, 2002). 

 

The Arctic Ocean is unique in many ways: 

1. Arctic seas are ‘Mediterranean’ in that they are surrounded by land, with restricted 

exchange (Livingston, 1988; Macdonald et al., 2000; Rudels, 2001; Schlosser et al., 

1995; Wadhams, 2002). 

2. The central Arctic is subdivided by three nearly parallel submarine ridges, (the 

Lomonosov Ridge, the Nansen-Gakkel Ridge and the Alpha-Mendeleyev Ridge) that 

significantly influence exchange of water and the direction and magnitude of flow 

(Rudels, 2001; Schlosser et al., 1995). 

3. Throughout parts of the Arctic, permanent ice cover is present. This acts as an 

insulating lid over much of the deep basins, limiting exchange with the atmosphere. 

A sharp pycnocline is also observed at 200 m depth (Schlosser et al., 1995), which 

almost completely isolates the Arctic Ocean interior from non-particulate vertical 

exchange with the upper waters (Schlosser et al., 1995). 

4. Vast continental shelves cover about 30 % of the surface area of the Arctic Ocean, by 

far the largest proportion of shelf to basin area of any of the oceans. The largest 

continental shelf in the world can be found in the Artic between Novaya Zemlya and 

Svalbard, the width of the shelf extending some 900 km (Schlosser et al., 1995).  

 

Knowledge of the oceanic transport of contaminants is derived from measurements of a 

series of contaminant tracers. These tracers include carbon tetrachloride, chlorofluorocarbons 

(CFCs), freons, and the two radioactive tracers 137Cs and 129I (Livingston, 1988; Olsson et 

al., 2005; Schlosser et al., 1995). 137Cs and 129I are released by atmospheric weapons testing 

and nuclear reprocessing plants (Alfimov et al., 2005; Gordeev et al., 2004). These tracers 

have demonstrated the importance of stratification within the Arctic Ocean, existing only in 
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the upper waters, the tracers not penetrating the deep basin waters (Macdonald et al., 2000; 

Nies et al., 1999). 

 

As with atmospheric transport, the physical/chemical properties of the contaminant are of 

vital importance in oceanic transport: phase association, volatility and solubility all affect 

transport and ultimate deposition. The large shelves of the Arctic Ocean are particularly 

important sites for removing particle-associated contaminants such as Pb and PAHs and 

highly chlorinated organic compounds, which are eventually trapped in the sediment. 

 

1.4.3 Ice 

Sea ice is the main defining feature of the Arctic Ocean and is a major driving force in 

controlling the global climate (Carroll and Carroll, 2003; Divine and Dick, 2006; Pfirman et 

al., 1995; Wadhams, 2002). It controls the exchange of heat and moisture between the polar 

oceans and the atmosphere, by acting as a solid barrier reducing direct transfer and also 

influencing the albedo of the earth (Thomas and Dieckmann, 2003; Wadhams, 2002). At its 

maximum extent ice covers approximately 13 % of the earth’s surface area, including the 

Antarctic. In the Arctic, its thickness varies from up to 2 m for first year ice, to 20 m in 

pressure ridges (Leppäranta, 2005; Thomas and Dieckmann, 2003; Wadhams, 2002). “A 

pressure ridge is an elongated ridge or wall of broken ice forced up by ice pressure between 

two ice floes” (Thomas and Dieckmann, 2003 p381)  

 

In addition, the sea ice is an important part of the biosphere, providing a habitat for many 

sections of the ecosystems, from small diatoms that live in the small brine pockets within the 

ice, to polar bears, which use the ice as a hunting ground (Thomas and Dieckmann, 2003). 

 

It has also become evident that sea ice could potentially play an important role in the 

transport and distribution of contaminants throughout the Arctic (Korsnes et al., 2002; 

Masque et al., 2003; Pavlov et al., 2004). Contaminants can enter rivers and sea ice from 

above by deposition of atmospheric contaminants from wet deposition and direct fallout 

from ‘Arctic haze’ (Pfirman et al., 1995); as well as from below, for example when 

contaminated sediments are entrained into ice. The entrainment from below occurs by a 
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process called suspension freezing: bottom sediments become suspended in the water 

column, the water then freezes incorporating the sediment particles and associated 

contaminants. Most of the suspension freezing occurs within the winter months, in the 

shallow, marginal seas. 

 

A common feature of sea ice is that it is constantly moving, the ice motion governed by wind 

and the surface currents within the Arctic Ocean (Carroll and Carroll, 2003; Leppäranta, 

2005; Pfirman et al., 1995; Wadhams, 2002). The ice and the incorporated sediments have 

the potential to be transported thousands of kilometres across the Arctic Ocean (Masque et 

al., 2003; Pfirman et al., 1995). The transportation of sea ice via the Trans Polar Drift Stream 

through the Fram Strait into the Greenland Sea is a typical transport route. In ablation zones, 

such as the Fram Strait, the sediment particulate load and the contaminants are released, 

where they can be entrained into local currents or settle to the ocean floor. As a result, sea ice 

may play a role in long range redistribution of contaminants in the Arctic. It has been 

suggested that sediment transport with ice into the Arctic Ocean is comparable with the large 

riverine sediment input (Gordeev et al., 2004). 

 

Masque et al. (2003) investigated the role of sea ice in the fate of the contaminant plutonium 

(Pu), a man made radionuclide in the Arctic Ocean, along with the use of Pu as a tracer of 

contaminant transport mechanisms. By examining bottom sediments and sea ice sediment 

samples it was concluded that sea ice is an important agent for the dispersion of 

contaminants; in this case providing evidence that contaminants can be transported from 

source areas near Russia to ablation areas in the North Atlantic and the Fram Strait (Masque 

et al., 2003; Nies et al., 1999; Pavlov et al., 2004).  

 

1.4.4 Rivers 

The Arctic rivers are fundamental in controlling the salinity and temperature stratification 

within the Arctic Ocean, and the development of sea ice (Hölemann et al., 1999). 

 

The large Arctic rivers can also be classed as a significant pathway for contaminant transport 

to the Arctic. It is estimated that nearly 80 % of freshwater inflow into the Arctic Ocean 
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comes from ten main rivers, the Mackenzie River in Canada, and nine in Russia, the largest 

being the Yenisey, Lena and the Ob (Harms et al., 2000; Hölemann et al., 1999; Macdonald 

et al., 2000). The rivers gather extensive amounts of water and particulate material from a 

large catchment area within Russia and Canada. Associated contaminants, both dissolved and 

particle-reactive, can then be transported large distances to their final destination, the Arctic 

Ocean. It is estimated that the rivers carry approximately 221 million tons of sediment per 

year to the Arctic Ocean (Harms et al., 2000). 

 

The amount of suspended particulate material carried by the rivers varies considerably 

throughout the year, as a consequence of the extreme seasonality and the associated 

snowmelt and ice formation. The contaminant load is a combination of both point sources 

and atmospheric transport to the terrestrial catchment (Macdonald et al., 2000; Pfirman et al., 

1995). Point sources include industrial and agricultural activities. Large industrialised areas 

produce vast amounts of municipal and industrial waste, with agricultural practices directly 

inputting pesticides into the riverine system (Harms et al., 2000).   

 

1.5 Heavy metals 

Throughout the Arctic environment there are many metals that have been studied with 

respect to contamination and pollution, for example Cu, Zn, Pb, Cd and Hg (Table 1.1). In 

both the marine and lake environments, elevated concentrations of these metals have been 

found in surface sediments, when compared to natural background levels (Evenset et al., 

2007; Macdonald et al., 2000). The cause of these increases in metal concentrations has been 

attributed to anthropogenic influence and in most cases associated with long distance trans-

boundary transport (Bard, 1999).   

   

Three main heavy metals have been identified as being the most pervasive throughout the 

Arctic: lead (Pb), cadmium (Cd) and mercury (Hg) (AMAP, 1998; Barrie et al., 1992; 

Macdonald et al., 2000). These metals have been shown to be predominantly transported 

from the mid- and lower- latitudes, by a number of pathway mechanisms. The extent of the 

contamination is not uniform and varies between different regions. For example, ‘hot spots’ 

include areas in close proximity to the industrial area of the Kola Peninsula. However 
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elevated concentrations have also been found in remote areas away from centres of industry 

(Evenset et al., 2007). 

 

Table 1.1 - Metal concentrations in sediments from the Arctic (AMAP, 1998). 

 
 Highest recorded values Lowest recorded values Additional information 

Copper 137 mg kg-1 at Vaigat in 

West Greenland. 

4 mg kg-1 in sandy 

sediments from the 

Canadian Arctic 

The concentration of Cu in sediments 

increases with increasing content of 

fine grained sediment 

Zinc 181 ± 22 mg kg-1 reported 

in 50 samples from the 

Beaufort continental shelf. 

9.5 mg kg-1 found in  

sandy Barents Sea 

sediment. 

 Zn concentrations were higher in fine 

grained sediments than in sandy 

sediments. 

Lead 53.0 ± 2.2 mg kg-1 in the 

surface layer of three 

sediment cores from 

Ålesund Norway.  

1.4 ± 0.2 mg kg-1 in 124 

sediment samples from 

the southern Beaufort 

Sea continental shelf 

The lower value in the Beaufort sea is 

related to sediment texture and 

mineralogy. 

Cadmium 4.6 ± 3 and 1.33 ± 0.54 mg 

kg-1 have been reported in 

the southern Beaufort Sea 

and the Mackenzie Delta. 

0.02 mg kg-1 in a sample 

from the Barents Sea 

There is no indication that Cd 

accumulates in the upper layers of the 

Arctic sediments 

Mercury 0.243 ± 0.043 mg kg-1 in 

southern Beaufort Sea 

continental shelf sediments  

Below detection limits 

of 0.01 mg kg-1 in 

subsurface sediments 

from Roroy and Skrova, 

Norway. 

Hg concentrations generally correlate 

negatively with sediment grain size. 

There are several data sets that 

indicate widespread accumulation of 

Hg in surficial Arctic sediments. This 

enrichment of Hg occurs in the upper 

2 to 10 cm of the sediments even at 

the north pole. 

 

Each of the heavy metal contaminants has different chemical and physical properties, which 

enable them to be transported from the source of origin and accumulate in the Arctic 

environment. The concentration recorded of these metals in sediments is dependent on a 

number of factors including local geology, particle size, the amount of organic matter, and 

the degree of anthropogenic influence (Evenset et al., 2007). For example, higher metal 
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concentrations are typically found in fine grained sediments than in sandy sediments (Table 

1.1). 

 

1.5.1 Mercury (Hg) 

Mercury (Hg) has been recognised within the Arctic environment as a heavy metal of 

concern (AMAP, 1998; Ariya et al., 2004; Asmund and Nielsen, 2000; Barrie et al., 1992; 

Pacyna and Pacyna, 2002). As a known persistent toxicant, it is believed to be present in 

some regions at levels which pose a threat to both the environment and the Arctic human 

population. A toxicant can be defined as a substance that is poisonous to the plants and 

animals within the environment. High concentrations of Hg have been identified in various 

animals including seabirds, whales, polar bears and fish, as well as in the blood and milk of 

Greenland Innuits (Bard, 1999; Deitz et al., 1996). It is this impact on the local ecosystems 

and the indigenous populations that has led to a growing number of studies to assess the 

anthropogenic impact of increased Hg emissions.  

 

Hg, like many metals, has both natural and anthropogenic sources, with anthropogenic 

processes contributing significantly to global emissions. Natural sources include volcanoes, 

forest fires and soil erosion (Pacyna and Keeler, 1995). Anthropogenic activities include 

combustion of Hg containing fuels and waste incineration as well as metal smelting, refining 

and manufacturing. Collectively gold mining, batteries and the chlor-alkali industry account 

for over 75 % of Hg consumption (FIN, 2006).  

 

It has been unequivocally proven that anthropogenic emissions of Hg have greatly increased 

within the last century (Fitzgerald, 1995; Pacyna and Pacyna, 2002; Pacyna and Keeler, 

1995; Schuster et al., 2002). One of the main problems is the assessment of the impact of 

these elevated anthropogenic emissions on the natural Hg cycle. This is partly due to large 

variability in natural fluxes and inventories and also on unreliable and inaccurate methods of 

Hg determination (Anderson, 2000; Fitzgerald et al., 1998; Leermakers et al., 2005; 

Macdonald et al., 2000). The determination of Hg is complex, not only because of its many 

oxidation states (0, I, II) but also because of biotic and abiotic methylation (Anderson, 2000; 

Leermakers et al., 2005). Methyl-mercury is the most common organic Hg compound. This 
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form is considered to be of the greatest concern because it can bio-accumulate and bio-

magnify within fish and marine mammals, with humans exposed via direct consumption of 

these animals (FIN, 2006; Hansen, 2000; Johansen et al., 2007; Leermakers et al., 2005). 

 

Hg has many unique properties, it is considered to be the most ubiquitous of all the heavy 

metals because it is the only metal that can exist as both a liquid and as a vapour at ambient 

temperatures. Its high volatility and relatively long residence time in the atmosphere 

increases its susceptibility to long range transport, with deposited Hg readily re-emitted; it 

reaches the Arctic by a multi-hop atmospheric transport mechanism (Bard, 1999). 

 

Hg also has a strong affinity for particles and is often adsorbed to particulate matter. The 

settling of organic matter and associated particles within lake and marine environments result 

in sediments acting as a sink for Hg. Sediments can provide an effective temporal archive for 

Hg deposition, with many studies reporting significant increases in the input of Hg over the 

last 150 years. Evidence from previous studies on peat bogs and lake sediments suggest that 

the present atmospheric deposition rate is 2-5 times higer than the pre-industrial deposition 

(Asmund and Nielsen, 2000). As a result of the increased anthropogenic emissions, there has 

also been a subsequent factor of three increase in Hg in the atmospheric and oceanic 

reservoirs (Mason et al., 1994).  

 

There are many examples from sedimentary environments where contamination of Hg is 

seen in the upper part of sediment cores. In the area of Svalbard, cores from the industrial 

area of Isfjorden were taken. One of the cores showed an increase in Hg from 76–140 ng g-1, 

due to the proximity of the core location to a population centre and active coal mine (Siegel 

et al., 2000). In the Norwegian and Russian Arctic, sixty six lakes were examined to compare 

surface and pre-industrial concentrations of Hg. Significantly higher concentrations of Hg 

were found in surface sediments, with the difference between the upper and lower sediments 

decreasing with elevated latitudes (Rognerud et al., 2000; Rognerud et al., 1998). This 

latitudinal pattern can be explained by the modern atmospheric emissions of anthropogenic 

Hg: with emissions greater in the mid- and low- latitudes. Two lakes were studied in Finland, 

the sediment cores also showed striking increases in Hg in sediment in recent years (AMAP, 

1998). This increase is also true for sediments in Lake Ellasjøen on Bear Island, with the 
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concentration of Hg steadily increasing from pre-industrial time to the present time. These 

results suggest a continuing input of Hg to Arctic sediments (Evenset et al., 2007).    

 

Other evidence supporting increases in recent Hg fluxes is derived from Canadian Arctic 

lakes, from the Yukon and Northwest Territories. The lakes investigated were generally 

found to have Hg increasing towards the sediment surface and modern fluxes were estimated 

to exceed pre-industrial fluxes by as much as sevenfold (Lockhart et al., 1998). This was also 

true for ten lakes studied in northern Quebec (Lucotte et al., 1995).  

 

One of the major controversies regarding Hg is its fidelity within the sedimentary 

environment (Lockhart et al., 2000; Rasmussen, 1994). This argument stems from the 

possible diagenetic remobilisation of Hg (Gagnon et al., 1997). Does an increase in the Hg in 

the surface of sediment cores, represent anthropogenic contamination or diagenetic 

remobilisation of Hg? For example, twenty marine sediment cores from Greenland were 

analysed for Hg (Asmund and Nielsen, 2000). A major feature of this analysis was to assess 

the effect of diagenesis on the marine sediments. Hg can be both bound to organic matter and 

can be recycled with manganese (Mn) and iron (Fe) oxides at the redox boundary, where the 

Hg can be co-precipitated leading to increases in Hg concentration (Gagnon et al., 1997). It 

is, therefore, important that the diagenetic recycling of Mn is considered when analysing 

marine sediments, as Hg may be remobilised and re-precipitated together with the Mn 

(Asmund and Nielsen, 2000). In this study the majority of the cores displayed an increase in 

Hg concentration in the surface of the sediment core. Four of the cores showed strong 

associations with Mn indicating diagenetic processes. From the sediments that were not 

influenced by diagenesis, many provided strong evidence that the Hg flux to Greenland 

sediments has increased during the last century. 

 

Figure 1.3 shows temporal profiles of Hg concentration from the major basins throughout the 

Arctic Ocean (Gobeil et al., 1999). A large number of these cores show an increase in Hg 

concentration towards the surface of the core, for example from 65 ng g-1 at 5 cm depth to 

116 ng g-1 at the surface (Gobeil et al., 1999). The obvious conclusion is that this increase is 

due to anthropogenic contamination. After further investigation it becomes clear, however, 

that the Hg profiles have been produced by the redistribution of Hg by diagenesis and natural 
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features within the sediments. Diagenesis is a vital consideration within any Hg 

contamination study (Gobeil et al., 1999). The full geochemical characteristics of any 

sediment core must be fully understood before a temporal contamination history can be 

determined. However, the presence of Hg cycling in some sediment should not be used as 

evidence against Hg contamination. It is clear from numerous studies that anthropogenic 

influences have greatly accelerated the natural Hg cycle (Mason and Sheu, 2002; Rasmussen, 

1994; Telmer et al., 2005).  

 

1.5.2 Arctic springtime depletion of Hg. 

The speciation of Hg is important in understanding the global cycling of Hg, including the 

air-surface exchange of the element (Berg et al., 2003). The metal exists in the atmosphere 

predominantly in its gaseous state (elemental Hg (0)): this can be transported long distances, 

atmospheric transport representing a major pathway to the Arctic. Prior to deposition, 

elemental Hg can be oxidized to divalent Hg (Hg (II)), an altered species with a shorter 

atmospheric lifetime, in this form Hg is more readily deposited on local to regional scales via 

wet and dry precipitation. 

 

It has been recognised through measurements of gaseous elemental Hg, that in spring there 

are frequent episodic depletions in vapour concentrations  (Ariya et al., 2004; Schroeder et 

al., 1998; Schroeder and Munthe, 1998). These closely follow depletions in tropospheric 

ozone during the three month period following the polar sunrise (beginning in March). This 

strong correlation suggests that Hg depletion episodes are associated with reactions similar to 

those that deplete the ozone.  In contrast to ozone, Hg is not destroyed, instead the speciation 

is altered (Berg et al., 2003; Schroeder et al., 1998). Elemental Hg is transformed into 

reactive, gaseous Hg followed by both up-take on particles and direct gaseous dry deposition 

to the local snow-pack. Increased concentrations of Hg then becomes evident in the surface 

snow, which later becomes run-off, effectively transporting the Hg throughout the Arctic 

ecosystem (Berg et al., 2003). 
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Studies were initially undertaken in Alert, Canada with later work taking place at Ny 

Ålesund, Svalbard, providing confirmation of atmospheric Hg depletions throughout many 

areas of the Arctic. 

 

 

 

 

Figure 1.3 - Vertical concentration profiles of Hg in the top 10 cm of sediment cores 

collected from all the major basins of the Arctic Ocean (Gobeil et al., 1999; Macdonald 

et al., 2000). 
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Hg as a contaminant is still not fully understood, and more studies are required to understand 

the anthropogenic influence of Hg on the sedimentary environment. Contaminant studies 

have been undertaken in various locations within the Arctic. However at present, there are no 

studies of Hg within the Kongsfjorden area of Svalbard. This study aimed to fill this gap and 

to assess the Hg concentrations within cores from around Ny Ålesund and the Kongsfjord 

region. 

 

1.5.3 Lead (Pb) 

Lead (Pb), like Hg, is a ubiquitous contaminant with both natural and anthropogenic sources. 

The history of anthropogenic Pb contamination extends back over some 4000 years, with the 

use and production of Pb by ancient civilisations such as the Romans and the Greeks 

(Brännvall et al., 2001; Renberg et al., 2001). Modern Pb contamination, however, shows 

rapid escalation following the industrial revolution from approximately 1850 onwards. The 

major sources of modern anthropogenic Pb include fossil fuel combustion, waste 

incineration, steel and iron production and emissions from petrol engines. The increase of Pb 

emissions from 1850 is mainly due to coal combustion; however, globally there is a 

characteristic second accelerated supply of Pb in the 1930s associated with the introduction 

of alkyl Pb in petrol (Ndzangou et al., 2005). 

 

 

Figure 1.4 - Changes in atmospheric Pb emissions from Europe between 1955 and 1990 

(AMAP, 1998). 

 
Peak Pb concentrations in environmental archives are frequently observed in the early 1970s 

(Renberg et al., 2001), when Pb emissions reached an all time high. This has been observed 
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in sediments as well as within snow and ice from central Greenland (Candelone et al., 1995). 

Following this time Pb concentrations have notably decreased due to global restrictions on 

Pb in petrol and controls on emissions, particularly in western Europe and the USA 

(Johansson, 1989). In the USA, Pb concentrations in petrol were reduced from 0.52 g 1-1 to 

0.28 g 1-1 in 1982 and finally to 0.026 g 1-1 in 1989 (Bollhöfer and Rosman, 2001). In Europe 

the average content of alkyl Pb in petrol was reduced from 0.6 g l-1 to 0.15 g l-1 within the 

1980s (Bollhöfer and Rosman, 2001). Consumption however is still significant in many 

Asian countries and Eastern Europe (AMAP, 1998). Figure 1.4 shows temporal changes in 

atmospheric European Pb emissions. 

 

Pb, like many other pollutants is dominated by long-range transport of fine particles from the 

mid- and low- latitudes (Sturges and Barrie, 1989). The source of Pb can be indicated 

through the use of stable isotope analysis. This technique can also help verify the pathway of 

pollutant transport and detect the origin of long-distance transported pollutants. As well as 

enabling the determination of historical changes in the magnitude of air contamination 

(Charalampides and Manoliadis, 2002).  

 

Pb consists of four stable isotopes 204Pb, 206Pb, 207Pb and 208Pb. “The ratio between the 

different Pb isotopes varies in different geological environments because 206Pb and 207Pb are 

formed by the decay of 238U and 235U, while 208Pb is a product of the radioactive decay of 
232Th. 204Pb is the only Pb isotope that is not formed by decay but is considered to be stable” 

(Charalampides and Manoliadis, 2002). The isotopic ratios provide a ‘signature’, ultimately 

reflecting the source of the Pb. Each signature is related to the isotope geochemistry of the 

ore deposits from which the industrial Pb was produced (Outridge et al., 2002) (Table 1.2).  

 

Pb in the environment is strongly absorbed onto sediments and soil particles, making it 

largely biologically unavailable (AMAP, 1998). Its strong affinity with particles results in Pb 

being deposited at the ocean and lake floors. Temporal data can easily be inferred from 

archives such as peat bogs, lake and marine sediments and, where logistically possible, from 

ice cores. Sediment inventories are frequently utilised as a pollution indicator for Pb, with Pb 

being predominantly non-mobile in sedimentary environments and easy to analyse.   
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Table 1.2 - Typical Pb isotopic compositions of aerosols from different regions 

(Bollhöfer and Rosman, 2001). 

 

Regions 206Pb/207Pb 208Pb/207Pb 

Eastern United States 1.173-1.231 2.438-2.470 

Western United States 1.159-1.188 2.426-2.455 

Canada 1.094-1.177 2.365-2.438 

Mexico 1.188-1.197 2.452-2.463 

Japan 1.153-1.162 2.435-2.443 

China 1.141-1.177 2.435-2.465 

Germany 1.113-1.165 2.405-2.440 

Spain and France 1.097-1.142 2.372-2.410 

Eastern Europe and Russia 1.112-1.164 2.388-2.446 

North Africa and Arabia 1.096-1.153 2.361-2.431 

 

 

As with Hg there are many examples of where sediment cores have been used to examine 

levels of Pb anthropogenic contamination. Pb at present is considered to be one of the most 

widespread contaminants, with substantial increases in concentration being detected in 

regions all over the world, including remote areas throughout the Arctic environment 

(Johansson, 1989). A study (Bindler et al., 2001) was undertaken in West Greenland looking 

at Pb isotopes in lake sediments. Seventeen lakes were analysed indicating significant 

concentration increases since the industrial revolution, with a maximum peak identified 

around 1970. If recent sediments are compared to background levels, a 2.5 fold increase can 

be inferred. Isotopic ratios in the lake sediments clearly indicate a Eurasian pollution 

signature, with atmospheric aerosols indicating a significant input from Western Europe 

(Bindler et al., 2001). 

 

A study of Russian and Norwegian Lakes showed that Pb concentrations in surface 

sediments are greater than those found in background sediments by a factor of between 1 and 

6 (Rognerud et al., 1998). As with Hg, the concentration of Pb in the surface sediments has a 
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latitudinal pattern, with the highest values found in the southern most regions. This is due to 

proximity to source emissions. The lake sediments around the large industrial areas of Kola 

Peninsula and the Norilsk area show the largest increases in Pb and other metal 

concentrations. This study of Norwegian and Russian lakes is believed to show undisputable 

evidence for widespread atmospheric contamination of Hg and Pb in the Arctic environment 

(Rognerud et al., 1998).  

 

The same latitudinal pattern was observed in sediments of lakes in northern Sweden 

(Johansson, 1989). In southern Sweden, enrichment factors were as high as 50, whereas in 

the north the levels of contamination gradually declined.  Within Svalbard a core taken from 

Lake Bolterskardet, near Longyearbyen, showed significant increases in the upper part of the 

core, when compared to the background sediments (Sun et al., 2006). The author associates 

these changes with long range sources combined with local sources from coal mining activity 

and coal combustion. 

  

For Lake Clair, in Québec, Canada, Pb concentrations and Pb isotope ratios were used to 

determine a full anthropogenic history of Pb. The isotopic Pb composition shows distinct 

changes with Pb concentrations, reflecting changes in the sources of atmospheric Pb. There 

has been a gradual enrichment of Pb since 1872 within the sediment core, with a maximum 

enrichment factor of 35 observed in 1975 (Ndzangou et al., 2005). The isotope ratio 

composition can be split into 3 main compartments. A period between 1872 and 1894, when 

the composition was very radiogenic, was associated with deforestation and agricultural 

changes within the catchment valley. From this time to 1937, the isotope ratio changed 

slightly, with greater influence from the combustion of coal. After 1937, Pb concentrations 

increased rapidly, with the isotope composition becoming less radiogenic. This shift in the 

isotope ratio is attributed to the increase in emissions of alkyl Pb from the combustion of 

petrol (Ndzangou et al., 2005). This study is an example of how Pb and the associated Pb 

isotopes can be used as a fingerprint for the temporal history of Pb contamination. 
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1.5.4 Pb in the oceans 

A large majority of work relating to Pb is associated with atmospheric deposition and the 

long range transport of contaminants by the atmosphere and associated air masses. It is, 

however, also important to consider marine transport as a major contaminant pathway over 

longer time periods. The oceans provide a mechanism that is at present under-represented in 

the scientific literature.  

 

Pb has a naturally short residence time in the surface water of the oceans, of the order of 

approximately five years (Gobeil et al., 2001). Pb also has a strong affinity for particles, the 

particles being deposited in sediments in the basins of the oceans. The sediments within the 

marine environment therefore have the potential to provide knowledge on Pb contaminant 

pathways and sources. 

 

Due to very low accumulation rates within the deep oceans, Pb concentrations have been 

measured in the shallow surface mixed layer (SML) and compared with the deeper 

sediments. Contamination indicators include a higher concentration of Pb in the SML than in 

the sediments below, and a difference in the stable isotope composition between the SML 

and the deeper sediments (Gobeil et al., 2001). 

 

Results from the Eurasian basin show elevated concentrations of Pb in the SML when 

compared to the sediments immediately below, with a decrease in the stable Pb isotope ratio. 

The Canadian basin has contrasting results, showing little difference in Pb concentrations 

and invariant Pb isotope ratios. This is probably due to a lack of supply of Pb to this area of 

the Arctic. 

 

Using Pb concentration data, it is possible to consider transport, viewed in the context of 

Atlantic water circulation (Gobeil et al., 2001) (Figure 1.5). Anthropogenic Pb is carried into 

the Arctic Ocean via both the Fram Strait Branch Water and the Barents Sea Branch Water. 

Due to the short residence time of Pb, the majority is stripped out in the Eurasian basin, 

leaving little residual Pb for deposition in the Western Arctic basins. Inflow from the north 

Atlantic has a 206Pb/207Pb ratio of 1.139, indicative of Western European sources. Little 
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information on Pb around Svalbard exists, but as the West Spitsbergen Current is an 

extension of the North Atlantic water, there is potential for transport via ocean currents. 

 

Pb contamination in the ocean and the marine transport mechanism are at present based on a 

small number of cores within the Atlantic and Canadian Arctic (Gobeil et al., 2001). This 

project aims to build upon existing knowledge and produce a more complete examination of 

the Svalbard area and the Barents Sea. Does the Pb in sediment cores from these areas 

support the theory that oceanic currents provide a simple but effective transport mechanism, 

characterised by the local water currents in the area? 

 

 
 

Figure 1.5 - The transport of Pb to the Arctic Ocean. The blue arrows represent the 

boundary currents of Atlantic Water; the currents provide a simple transport 

mechanism to explain the distribution of contaminant Pb throughout the Arctic. High 

values of contaminant Pb (orange bars) are displayed in Fram Strait Branch Water, a 

current that flows in close proximity to the west side of Svalbard (Gobeil et al., 2001). 
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Cores will also be examined within the Kongsfjorden area, adjacent to the Kings Bay 

research centre, to assess the relative contributions of atmospheric and ocean transport of Pb 

to the region.  

 

1.5.5 Cadmium (Cd) 

Cadmium (Cd) like Pb and Hg has been recognised as a contaminant needing priority 

attention within the scientific community (AMAP, 1998). Cd has no essential role in living 

organisms, is considered toxic at even low concentrations, and may, therefore, cause a 

potential threat to local ecosystems. It has a natural tendency to remain in the water column, 

as it is less strongly absorbed on particles that other divalent metals and is more labile in soil 

and sediment. This makes it more bio-available to organisms, and for this reason it is 

considered a contaminant of concern. Cd is generally bio-absorbed directly from the water 

column, and has a tendency to accumulate in both plants and animals. In marine mammals, 

high concentrations of Cd and Hg have been recorded in organs, such as the livers and 

kidneys (Dietz et al., 1996; Riget et al., 2005). However these high concentrations could be 

due to natural geological variations of Hg and Cd in minerals from different regions within 

the Arctic. Cd has also shown elevated concentrations in sea birds. In the liver of yearlings of 

most sea bird species Cd concentration are commonly below 1 µg g-1, but this has been 

shown to increase to 10 µg g-1 in older birds, with values up to 30 µg g-1 recorded in fulmar 

around Svalbard (AMAP, 1998). 

 

The main source of Cd to the environment is via the pyro-metallurgical production of Zn. It 

is also an important by-product in the production of Cu and Pb. Other sources include fossil 

fuels combustion, waste incineration, chemical fertilizers, manure, compost and sewage 

sludge. Values for European emissions peaked in the 1960s and have since declined as 

shown in Figure 1.6. Cd has become a significant contaminant in many sediment and 

groundwater systems. 

 

Cd also has a large natural source, although it has been reported that the annual flux of Cd 

from anthropogenic sources, is nearly ten times that of natural sources (Randall et al., 1999). 
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It is often difficult, however, to discriminate between contamination and these natural fluxes 

because of the biological and geochemically active nature of the metal.  

 

The total input of Cd to the world’s ocean is estimated at nearly 8000 t per year and a large 

proportion of this can be attributed to anthropogenic sources. Approximately 2900 t of this is 

deposited in bottom sediments every year; the rest is difficult to account for (Clark, 2001). 

 

Figure 1.6 - Changes in atmospheric Cd emissions from Europe between 1955 and 1990 

(AMAP, 1998). 

 

In lake sediments, several studies have shown increases in Cd concentration towards the 

surface of sediment cores. In Lake Ellasjøen from Bear Island, Cd, along with Zn 

concentrations, increased gradually from the beginning of the 1900s, reaching a peak in the 

1970s, followed by a subsequent decline in elemental concentrations (Evenset et al., 2007). 

For Cd, the increase was from 1.31 mg kg-1 in pre-industrial sediments to 2.57 mg kg-1 at the 

maximum concentration in 1966; representing a 1.96 enrichment factor (Evenset et al., 

2007). The increase was attributed to increased emissions from the ferrous metal industry, 

which has provided the greatest supply of Cd emissions to the atmosphere. 

 

In Sweden, along with other Scandinavian countries, lake sediments have shown an increase 

in Cd concentration within the 20th century (Johansson, 1989; Rognerud et al., 2000). This 

increase is more pronounced within the southern lake sediments; the sediments in the 

northern part of the region studied displayed only slight enrichments at the surface 

(Johansson, 1989). This again reinforces the latitudinal gradient that emerges with many 

metal contaminants, with the greatest enrichment present in the areas closest to the emission 

sources. 



Chapter 1 – Introduction 
__________________________________________________________________________ 

 

 27

 

Lake Bolterskardet, from Svalbard, in contrast, showed no increase in Cd concentration in 

modern sediments compared with pre-industrial sediments, the Cd concentration remained 

constant throughout the depth profile, showing no changes in the anthropogenic flux to the 

sediment (Sun et al., 2006).  

 

Cd values have been recorded in many marine sediments of the Arctic; however these values 

are relatively low compared to lake sediments. In the Barents Sea, values recorded were as 

low as 0.02 mg kg-1. High values include 0.32 ± 0.31 mg kg-1 for the Beaufort Sea, 0.31 ± 

0.08 mg kg-1 for the MacCormick Fjord, Greenland and 0.23 ± 0.21 mg kg-1 for the Ob Gulf, 

Russia (AMAP, 1998). 

 

It is evident from snow and ice samples within Greenland that the concentrations of Cd 

within the atmosphere have undoubtedly increased within the last century. A background 

flux in the Greenland summit ice core in the 1700s was determined as 0.006 ng cm-2 yr-1, 

increasing to 0.041 ng cm-2 yr-1 in the 1970s (Candelone et al., 1995). Many studies have 

used Cd within sediments to infer long range anthropogenic contamination. There is however 

an argument that Cd in sediments is subject to dissolution processes and remobilisation, 

making sediment cores poor records of temporal histories (Macdonald et al., 2000). This will 

be discussed further within Chapter 6, where Cd from the cores described in this thesis will 

be used to assess the usefulness of using Cd concentrations in sediments as a record of 

contaminant history, and to look at the extent of remobilisation and diagenetic processes in 

lake, fjordic and marine cores. 

 

1.6 Dating of sediments using 210Pb and 137Cs. 

Sediments can be successfully used to measure past environmental change including the 

influx of contaminants over time. For this to be of use, accurate chronologies of 

sedimentation must first be derived. Two radionuclides have proven to be particularly useful 

in dating modern sediments, 210Pb and 137Cs. 210Pb is a natural radioisotope with a half life of 

22.26 years and can be used to examine the last one hundred and fifty years. 137Cs is an 
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anthropogenic radioisotope, produced by nuclear detonations and weapons testing with a half 

life of 30 years. 

 

The method of 210Pb dating was first developed by Goldberg in 1963. 210Pb is part of the 238U 

decay series (Figure 1.7): it is produced via the disintegration of radium (226Ra) to form 

radon (222Rn), which decays through a series of short-lived radionuclides to 210Pb (Schell and 

Barnes, 1986; Swan et al., 1982). The basic theory behind the dating methods is that 222Rn is 

emitted to the atmosphere from various sources, including the lithosphere, surface waters and 

aeolian dust; here it decays to form 210Pb. The 222Rn remains in the atmosphere until it 

decays, in contrast, the 210Pb and any other daughter radionuclides of 222Rn are removed 

from the atmosphere by wet and dry deposition, falling onto the land surface, or into lakes 

and oceans. If the 210Pb reaches a water system, it becomes incorporated into suspended 

particulate matter and is quickly removed from solution. Accumulating in the sediments it 

decays exponentially, and can be used to date the sediment layers. 

  

In addition, 226Ra is supplied to the sediments via direct input from erosive processes; the 
210Pb can be formed by the in-situ decay of this radium. This is termed the ‘supported 

component’ and is normally assumed to be in radioactive equilibrium with the radium. 

 

However, this equilibrium is disturbed by the addition of 210Pb from other sources, 210Pb in 

excess of the supported component is called the excess or the unsupported 210Pb. The excess 
210Pb activity comes predominantly from direct atmospheric fallout (via the process 

described above), but can also come from indirect atmospheric fallout, from the catchment 

area, and radon decay within the water column.  

 

It is the unsupported 210Pb that is used in the dating technique, because the unsupported 

component, once deposited into the sediment, decays exponentially with time. The supported 

amount must therefore be subtracted from the total 210Pb activity, to gain this value and 

establish sediment accumulation rates. Therefore: 

 
                     210Pbxs = 210Pbtotal - 210Pbsupp 
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Total 210Pb is measured using gamma spectroscopy. If we know the supported component we 

can calculate the excess Pb; this decays exponentially with time. The excess 210Pb acting as a 

marker for the deposition of particulates. 210Pb has a half life to 22.3 yrs and can be used to 

date cores over the industrial period, approximately 150 years. 

 

 

Figure 1.7 - Decay scheme for 210Pb from parent 238U (Dabous, 2002). 
 

The establishment of the geochronologies of the sediments can be achieved by two different 

models, the constant initial concentration (CIC) model and the constant rate of supply (CRS) 

model. Both models assume a constant flux of unsupported 210Pb to the sediments, that no 

post-depositional migration has occurred, and that the excess 210Pb can be calculated from 

the 226Ra and the total 210Pb activities of the sediment. At this point the models diverge. The 

CIC model makes a further assumption that at each stage of the sediment accumulation the 

initial concentration of unsupported 210Pb was constant, regardless of any change in the rate 

of bulk sediment accumulation. The sedimentation accumulation rates must therefore be 

constant, or if the rates change the unsupported 210Pb concentration changes in the same way. 

The CIC model has proven to be unreliable where sites have experienced changes in 

sedimentation rates in recent times, causing inflection points in the 210Pb concentration 
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profiles (Figure 1.8). These inflection points, however, could also represent sediment mixing 

within the core.  

 

The CRS model overcomes the restrictions of the CIC model, being capable of handling 

variable sedimentation rates, as long as the rate of supply of unsupported 210Pb remains 

constant (Appleby and Oldfield, 1978).  

 

 

 

Figure 1.8 - Example of the 210Pb concentration profiles found in lake sediment cores: 

(a) simple lake system, (b) profile where biological mixing occurs in the upper layers, 

and (c) profile where sedimentation rate has changed (Schell and Barnes, 1986). 

 

Variations in profiles can be caused by several factors, including mobility of Pb, mobility of 

Ra and sediment mixing, both physical and biological.  

 

The mobility of Pb has been investigated by Benoit and Hemond (1991). They discovered 

that Pb has the ability to be redistributed, with pore water diffusion being the principal 

transport mechanism. The non-mobility of Pb is one of the main assumptions of 210Pb dating: 

if this is not applicable then the method would be invalidated, causing large dating errors if 

diffusive redistribution is neglected (Benoit and Hemond, 1991). 
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Mixing and redistribution of surface sediments can easily obscure years of record, with 

constituents such as 210Pb and 137Cs being transported to deeper sediments or to other places 

within a basin.  In lakes, it is common for sediment to be ‘focused’ to the deep part of a 

basin, which has a low energy regime. This resuspension of sediments can be caused by 

waves and water currents (Kumar et al., 1999). Storm surges in Lakes Michigan, Superior 

and Erie, were found to generate enough water column turbulence to disrupt sediment 210Pb 

records (Hermanson, 1990) (Figure 1.8). 

            

The Arctic environment presents several difficulties when assessing the radionuclide 

chronologies of the sediment. Lakes within the Arctic often have seasonal ice coverage, 

which can be present for six or more months of the year. This ice prevents the radionuclides 

from reaching the water column and later the sediments (Hermanson, 1990). It also provides 

an opportunity for the radionuclides settled on the ice surface to be redistributed by winds. 

Ice in Arctic lakes also has its own ability to redistribute sediments; the sediment becomes 

incorporated into the ice and can be transport to other areas within the lake, via a process 

known as ‘ice rafting’.  

 

The conditions within the Arctic have a further consequence; the permafrost can suppress 

exhalation of gaseous radon from soil, resulting in a lower atmospheric input and a decline in 

the amount of 210Pb reaching the sediments, when compared to temperate lakes (Hermanson, 

1990). 

 
137Cs is another effective tracer when examining sediment accumulation rates. 137Cs is 

produced by nuclear fission of uranium and plutonium (Swan et al., 1982). Significant 

quantities were produced in nuclear weapons fallout and bomb testing, and as a result of the 

1986 Chernobyl accident.  

 

The period of bomb fallout occurred between 1945 and 1975, where approximately 800 

nuclear detonations were made. The greatest 137Cs peak is found around 1963, a known 

marker frequently used to date sediments deposited at this time. 1954 is represented by the 

depth where the 137Cs is first detected. Whilst these marker dates can be useful, caution must 

be applied when using these reference markers, as 137Cs can be mobile in sediments (Cooper 
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et al., 1995). The 137Cs flux to sediments is high due to its strong affinity to clay-sized 

particles but one problem associated with its use in the Arctic is that the quantities in the 

sediments are commonly low at very high latitude sites. (Hermanson, 1990). 

 

1.7 Sedimentary processes influencing the deposition of contaminants. 

Contaminants and other trace metals are removed from the water column in two main ways; 

they can be carried to the sea floor attached to particles or they can enter the sediments by 

direct diffusion from the bottom water; for example Cd. As long as the contaminants stay 

strongly attached to these particles, and provided there are no processes to disturb the 

sediments, contaminants will be ultimately buried and not recycled back into the water 

column.  

 

The adsorption of contaminants to particulate matter is influenced by particle size and 

organic carbon content. The surface area and the amount of organic carbon present control 

the adsorption capacity. This capacity is inversely proportional to grain size.  Metals and 

organic contaminants are therefore often concentrated on the finest clay particles due to their 

greater surface area. 

 

An important factor when examining sediments and contaminants is to establish whether the 

contaminant remains in the sediment after deposition or is transferred back into the water 

column. This transfer between the water column and the sediments is a two way process 

dependent upon the physical and chemical conditions. There are a number of processes that 

have the ability to recycle contaminants from the sediments to the water column. These 

include advection, resuspension, dissolution and diffusion, and bioturbation and bioirrigation 

of sediment (Figure 1.9) (Delmotte et al., 2007). 
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Organic matter 

Bottom water 
Sediment 

   Redox boundary 
bioturbation

Advection
bioirrigation Fe (III) / Mn (IV) 

Fe (II) / Mn(II) 

Figure 1.9 - Modes of transport in the sediment, molecular diffusion, bioirrigation, 

bioturbation and advection (Haese, 2006). 

 

1.7.1 Resuspension and diffusion.  

Resuspension or remobilisation of sediments can occur during natural or anthropogenic 

activities; this reworking makes the sedimentary record difficult to interpret as the sediments 

do not remain permanently in the same stratigraphic position. Natural events include large 

storms and tidal movements in shallow water areas. Lake environments have been shown to 

be affected by wind action from storm activities, leading to the resuspension of sediments 

(Hermanson, 1990). Human influences include dredging, the disposal of large amounts of 

dredging material and trout-fishing. This is an effective way of entraining sediments back 

into the bottom water, leading to further transport of the particles and associated 

contaminants. 

 

Remobilisation has been the subject of various studies, as redistribution of contaminants can 

have a significant effect on their bioavailiablity (Eggleton and Thomas, 2004). 

Bioavailability is dependent upon a contaminant’s ability to remain partitioned within the 

sediments and therefore unavailable for uptake. Remobilisation can also occur through 

changes in the geochemical characteristics of the sediment, such as the pH. The contaminants 

may be released to the pore water and can diffuse back in to the water column. A change in 

the redox conditions within the sediment can also have a direct impact on the mobility of a 
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contaminant  (Zoumis et al., 2001). The oxidation of an anoxic sediment can lead to the 

desorption of metal sulphides, with Hg, Pb and Cu being shown to be released from their 

respective sulphides more rapidly than Zn (Eggleton and Thomas, 2004). 

 

1.7.2 Bioturbation and bioirrigation 

Bioturbation refers to the biological activities that occur at or near the sediment surface, 

which cause the rearrangement of the solid phase. This process can occur as deeply as 1 m 

below the sediment surface but is generally more intense in the top 10 cm (Libes, 1992; 

Schulz, 2006). Oligochaete worms are often the dominant organisms causing the reworking 

of the particles in fresh water (Cunningham et al., 1999), resulting in sediment horizons 

containing a mixture of sediment ages. The bioturbation activities of these worms consist of 

feeding and burrowing. Each has the ability to mix sediment within the bioturbated layer, 

consequently mixing respective contaminants, and giving a false temporal record. “This 

redistribution dilutes the surface sediment values and suggests that surface sediments may 

have had a greater contaminant content when deposited that the maximum values measured 

in the bioturbated core sections” (Siegel et al., 2001 p26) 

 

A study (Reible et al., 1996) was undertaken to assess bioturbation with respect to the fate 

and transport of PAHs. Bioturbation also increases oxygen transport into the sediment, 

potentially enhancing aerobic microbial processes, and can change the chemical forms of 

elements such as Hg and Cd through oxidation, again leading to redistribution of the 

elements, commonly leading to a higher flux/release of contaminants to the overlying waters. 

 

Bioirrgation is slightly different in that organisms within the sediment pump bottom water 

through their burrows. This process usually transports oxygen rich waters into the sediment, 

with the less oxygen rich water being released back into the water column (Schulz, 2006). 

 

1.8 Diagenesis 

Diagenesis refers to the physical, chemical and biological changes that take place after the 

initial deposition of sediments. Physical and chemical processes such as compaction, 

cementation, re-crystallisation and chemical replacement, change the volume, porosity, 
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permeability and mineral content of the rock and sediment. Many of the chemical changes 

that occur during early diagenesis are driven by redox reactions, which are controlled by the 

oxidation of organic matter.  

 

As sedimentary organic matter is metabolized it donates electrons to several oxidized 

components in the interstitial water-sediment complex. The decomposition of organic matter 

proceeds through a sequence of catabolic processes and reactions. These processes occur 

largely via catabolic microbial reactions that are involved in the breakdown of organic 

molecules to simple inorganic molecules (Chester, 1990). 

 

During the diagenetic sequence the terminal electron accepting species alter as the oxidants 

are consumed. When oxygen is present in the sediments it is the preferred electron receptor, 

often described as the primary oxidant. Sediments containing oxygen are described as oxic 

with up to 90 % of the organic matter being oxidised by dissolved oxygen. This oxidation 

will continue until the quantity of dissolved oxygen becomes depleted. Decomposition then 

continues using oxygen from secondary oxidant sources, under sub-oxic conditions. 

Secondary oxidants follow the sequence nitrate, manganese oxides, iron oxides, and sulphate 

(Chester, 1990). 

 

Aerobic Metabolism 

138O2 + (CH2O)106(NH3)16(H3PO4) → 106 CO2 +16 HNO3 + H3PO4 +122 H2O 

Denitrification 

94.4 HNO3 + (CH2O)106(NH3)16(H3PO4) → 106 CO2 + 55.2 N2 + H3PO4 + 177.2 H2O 

Manganese Reduction 

236 MnO2 + (CH2O)106(NH3)16(H3PO4 )+ 472 H+ →  106 CO2 + 8 N2 + H3PO4 + 366 H2O + 236 Mn2+ 

Iron Reduction 

212 Fe2O3 + (CH2O)106(NH3)16(H3PO4) + 848 H+ → 106 CO2 + 16 NH3 + H3PO4 + 530 H2O + 424 

Fe2+

Sulphate Reduction 

53 SO4
2- + (CH2O)106(NH3)16(H3PO4) → 106 CO2 + 16 NH3 + H3PO4 + 106 H2O + 53 S2- 
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Biogenic methane 

Following sulphate reduction, biogenic methane can be formed by fermentation. 

 

243 COCHCOOHCH +→  

028 2422 HCHHCO +→+  

 

This general diagenetic sequence sets up a series of vertical diagenetic zones in sediments. 

The oxic environment is the first, where sediments contain a substantial quantity of oxygen. 

Anoxic environments are those with no dissolved oxygen, metabolism is anaerobic and via 

secondary oxidants. An estimated 10 % of organic matter is oxidised this way (Chester, 

1990).  The anoxic environment can be subdivided into three different types; 

 

1. Non-sulphidic post oxic environments. Often referred to as sub-oxic environments. 

Here the sediments contain no measurable quantities of dissolved sulphides. 

Diagenesis has proceeded beyond the dissolved oxygen stage, with the dominant 

secondary oxidants being nitrate, manganese oxides and iron oxides. 

2. Sulphide Environments. Following the use of iron oxides, bacterial reduction of 

dissolved sulphate takes place with the production of H2S + HS-. 

3. Non-sulphidic methanic environment. If there are substantial amounts of organic 

matter present in sediments there is chance that reactions will proceed further 

resulting in the formation of dissolved methane (Chester, 1990). 

 

The diagenetic sequence is ultimately controlled by two factors, the magnitude of the flux of 

organic matter to the site of deposition and the rate at which the sediment accumulates. 

These factors determine the amount of organic matter preserved in the sediments and 

therefore the amount of oxidation that can take place. The oxygen content in bottom water 

can also govern the redox conditions of sediment. Some metals are susceptible to oxygen in 

bottom water; if this concentration varies over time it can have a major effect on the 

diagenetic sequence. 

 

In the deep oceans, up to the top 15 cm of sediments are oxic with organic carbon contents 

being as little as 2 %. These conditions are due to slow organic matter deposition in relation 
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to the rate of O2 re-supply. In the coastal areas the oxic layer is thinner owing to the greater 

deposition rate of organic matter. In exceptional circumstances, for example beneath 

upwelling areas, the sediments are entirely anoxic due to relatively high particulate organic 

matter fluxes (Figure 1.10) (Libes, 1992). 

 

 

Figure 1.10 - Redox conditions in the water column and sediments of the (a) open 

ocean, (b) coastal ocean, and (c) upwelling areas (Libes, 1992). 

 

The depth of bioturbation is another important factor in determining the extent of the oxic 

layer. Bioturbation influences the supply of dissolved oxygen to the pore waters and 

sediments, and therefore the depth of the redox boundary. 

 

1.8.1 Redox sensitive trace elements 

The behaviour of trace elements varies depending upon the marine and lake conditions, 

whether oxic or anoxic. Many of the elements have multiple valency states at earth surface 

conditions, and these typically have different solubilities, or are partitioned between the solid 

and solution phases to different extents under different redox conditions (Calvert and 

Pedersen, 1993). Iron (Fe) and manganese (Mn) both have distinct redox chemistries, playing 

important roles at the oxic-anoxic interface of sediments (Granina et al., 2004). Cadmium 

(Cd), uranium (U) and molybdenum (Mo) are three more elements sensitive to redox 

changes. These, in contrast to the Fe and Mn, are soluble in oxygenated conditions and 

precipitate when sub anoxic and anoxic conditions prevail (Chaillou et al., 2002; Mangini et 

al., 2001). Mo, however, must be used with caution as it can also be involved in Mn cycling. 
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1.8.2 Manganese and iron 

Manganese (Mn) is a transition metal, enabling it to exist in several oxidation states (2+, 3+, 

4+, 6+, 7+), although in the aquatic environment only Mn2+ and Mn4+ are commonly found. 

The biogeochemical cycling of manganese is essentially controlled by redox transformations 

between Mn (II) and insoluble oxides and oxyhydroxides of Mn (IV). 

 
                                  oxidation 

 Mn2+ (soluble) F MnOx (solid hydrous oxide) 

                                  Reduction  

 

Upon burial, Mn4+ is reduced to Mn2+ in reducing sediments. Mn2+ dissolves and slowly 

diffuses upwards along a concentration gradient to be re-oxidised and re-precipitated, this 

continues in a cycle resulting in Mn accumulation just above the redox boundary.  

 

Mn can also diffuse downwards, precipitating as Mn carbonates (rhodochrosite MnCO3) or 

mixed Mn-Ca carbonates. A pre-requisite for Mn carbonate formation is high pore water 

Mn2+ and high alkalinity, ensuring that the solubility product of rhodochrosite is exceeded. 

Mn carbonates can also form in sediments with highly alkaline pore waters, due to sulphate 

reduction, without requiring elevated dissolved Mn2+(Russell and Morford, 2001). 

 

Iron (Fe), like Mn, has two common oxidation states in the aquatic environment, the soluble 

ferrous Fe2+ and the insoluble ferric Fe3+. Dissolution and precipitation of Fe, occur via 

similar methods to Mn, but at a slightly lower Eh (redox potential). This results in a peak in 

Fe concentration below that of Mn. The redox change for Fe is marked by a characteristic 

change in colour, from brown in the oxic surface layers, to grey-green in the underlying 

layer. 

 

It is possible that free ferrous Fe in the pore water may complex with free sulphide groups to 

form various mineralogical phases of pyrite (Huerta-Diaz and Morse, 1990). For example 

mackinawite (FeS0.9) formed by 

 

   Fe2+ + HS- = FeS + H+ 
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reacts with elemental sulphur to form pyrite: 

 

   FeS  + S0 =  FeS2 (Shimmield and Pedersen, 1990). 

 

Mn and Fe oxides are effective scavengers of some trace metals (e.g. Co, Cu, Ni, Zn, Mo). 

These elements are released on re-dissolution of the oxides, resulting in enrichment within 

the same zone as Mn or Fe. This provides an effective mechanism for the redistribution of 

scavenged elements in the pore water system. It has been suggested that the binding of trace 

metals by Mn oxyhydroxides occurs as a consequence of the chemical form of the metal in 

seawater and the chemical properties of the oxyhydroxide surface (Shimmield and Pedersen, 

1990). 

 

1.8.3 Uranium 

Uranium (U) is largely conservative in oxygenated seawater because of the formation of 

stable and soluble U (VI) carbonate complexes. It is removed from seawater into the 

sediments by diffusion across the sediment-water interface of organic rich sediments. 

Approximately 75 % of dissolved U is removed from the ocean by diffusion into sub-oxic 

sediments (Klinkhammer and Palmer, 1991).  Exposure to reducing conditions results in the 

reduction of U6+ to U4+. U4+ is highly reactive towards particle surfaces, leading to its 

removal from solution in anoxic conditions. This reduction process occurs relatively late in 

the diagenetic sequence, with the U sink evident below the dissolution of Mn and Fe 

oxyhydroxides, probably induced by microbially mediated sulphate reduction. Results from 

the Japan Sea sediments show similar depths for Fe remobilisation and U enrichment 

(Morford and Emerson, 1999). 

 

The conservative nature of U in the water column is supported by Anderson et al. (1989), 

who studied U in the Black Sea. Even in these hydrogen sulphide rich waters, there is no 

indication of U reduction to the thermodynamically favoured U (IV), or scavenging by 

particules. It has been suggested that the lack of reduction may be due to the requirement for 

particle surfaces to catalyse the reaction. Another explanation is that bacteria are responsible 
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for the reduction process in the presence of hydrogen sulphide. Both of these suggestions 

would favour reduction in the bottom sediments as opposed to the water column, confirming 

the largely conservative nature of U in seawater (Calvert and Pedersen, 1993).  

 

1.8.4 Molybdenum 

Molybdenum (Mo) like U is redox sensitive, conservative in the oxygenated water column 

and enriched in anoxic sediments. In the water column it shows similar concentrations with 

water depth and between different oceans, for example values from the Pacific and the 

Atlantic are very similar (Calvert and Pedersen, 1993). In oxic conditions, Mo exists as the 

stable oxyanion MoO4
2- (Mo (VI)) and under anoxic or sub-oxic conditions is reduced to 

MoS2 (Mo (IV)). 

 

Experimental work has demonstrated that Mo has a strong association with Mn in a wide 

variety of environments, including Mn rich sediments, in ferromanganese nodules and with 

particulate material in Saanich inlet (Russell and Morford, 2001; Shimmield and Price, 

1986).  

 

In anoxic sediments Mo, can show enrichments and initial removal may be due to 

precipitation with iron sulphide. In the presence of hydrogen sulphide, Mo may be removed 

from the pore waters. Sulphur can replace oxygen on MoO4
2- creating a complex that makes 

the Mo compound more likely to be bound to iron sulphides or humic-SH complexes, 

possibly forming MoS3 (Bertine, 1972). 

 

1.8.5 Cadmium 

Cadmium (Cd), in contrast to redox-sensitive elements, has only one oxidation state Cd (II), 

its valency unchanging in redox conditions (Calvert and Pedersen, 1993). It displays 

nutrient-like behaviour in the water column, indicative of a short residence time. Cd 

accumulates in sediments in two main ways: it can adsorb to freshly precipitated Fe oxides or 

can precipitate in the presence of hydrogen sulphide.  
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In anoxic, sulphide bearing sediments, the Cd has a strong tendency to form insoluble 

sulphides (CdS). In sub-oxic sediments, McCorkle and Klinkhammer (1991) suggested that 

the uptake of Cd is due to scavenging of Cd into newly formed Fe-oxyhydroxides in the zone 

immediately above Fe mobilisation. Rosenthal et al. (1995), however, showed that the 

removal of Cd in sub-oxic sediments is again related to its strong tendency to form CdS. 

Even very small quantities of free sulphide (below detection limits) may be enough to 

support CdS precipitation, leading to a characteristic sharp peak at the redox boundary 

(Rosenthal et al., 1995).    

 

1.8.6 Cobalt, copper, zinc and nickel 

Cobalt (Co), copper (Cu), zinc (Zn) and nickel (Ni) all follow the same pattern as Cd, in that 

these elements have one main oxidation state, and the valency does not change. These 

elements all display a strong association with Mn and Fe oxyhydroxides, resulting in 

enrichment in some surface sediment (Shimmield and Pedersen, 1990). The elements also 

have the ability to form highly insoluble sulphides under anoxic conditions (Calvert and 

Pedersen, 1993) 

 

1.8.7 Chromium and vanadium 

Vanadium (V) displays similar properties to U and Mo: it is soluble within sediments  under 

oxic conditions and precipitated in anoxic conditions (Morford et al., 2005). Under oxic 

conditions it exists as vanadate V (V), often strongly coupled to both Fe and Mn 

oxyhydroxides (Tribovillard et al., 2006). Under mildly reducing conditions vanadate is 

reduced to vanadyl V (IV). In strongly reducing conditions, in the presence of H2S, V  can be 

further reduced to V (III), precipitating as the solid oxide V2O3 (Morford and Emerson, 

1999). 

 

Chromium (Cr), like V, is strongly associated with Fe and Mn-oxyhydroxides in sediment. In 

sub-oxic conditions Cr uptake by Fe-sulphides is very limited due to structural and electron 

incompatibilities with pyrite. Cr does not form an insoluble sulphide in anoxic conditions, 

and therefore is not generally trapped in the sediments (Bollhöfer and Rosman, 2001; Morse 

and Luther III, 1999; Tribovillard et al., 2006). 
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1.8.8 Summary 

The trace metals described above therefore have different tendencies to be accumulated in 

the sedimentary environments, dependent on the redox conditions of the sediment. Trace 

metals can be enriched as metal sulphides, in solid solution in pyrite, as organometallic 

complexes and associated with organic matter. Elements Mo, V, Ni, Co, and Cu all have a 

tendency to be incorporated into pyrite in anoxic sediments. Zn, Pb, Hg and Cd are less 

likely to be incorporated into pyrite and instead form their own metal sulphide, leading to 

anthigenic enrichment in anoxic sediments. For example in the presence of H2S, Cd is likely 

to form a separate insoluble sulphide CdS rather than co-precipitating with pyrite (Rosenthal 

et al., 1995).  

 

1.9 Thesis approach and structure. 

The main aim of this thesis is to address the objectives set out in section 1.1, and to answer 

the key research questions in section 1.2. For this purpose the thesis will be separated into 8 

distinct chapters.  

 

Chapter 1 has brought together existing literature to provide background information on the 

transport and fate of heavy metals to the Arctic sedimentary environment. This chapter has 

focussed on the three main contaminants; Pb, Hg and Cd, and the main transport 

mechanisms: the atmosphere, the ocean, rivers and ice movements. 

 

Chapter 2 describes the full methodologies used for the different analytical techniques. These 

include particle size, carbon and nitrogen analysis, 210Pb and 210Po dating methods, as well as 

the analysis of a large suite of elements via ICP-MS (Inductively Coupled Plasma Mass 

Spectrometry) and ICP-OES (Inductively Couple Plasma Optical Emissions Spectroscopy). 

 

Chapter 3 describes an investigation of the main geochemical characteristics of the sediments 

and explains the rationale for the location of the cores taken. It investigates the particle size 

distributions, mass accumulation rates, through 210Pb and 210Po, and carbon and nitrogen 

concentrations. It also describes the distribution of the major elements within the sediment 

(K, Al, Li and Na) and the redox chemistry of key elements (Fe, Mn, Mo and U). The aim of 
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this chapter is to gain a full understanding of the sedimentary environment of the cores taken. 

This is important for a full understanding of the concentrations and distributions of the 

contaminants.  

  

Chapters 4, 5, 6 and 7 look at the potential contaminants in the sediments.  

 

• Chapter 4 looks at lead (Pb) and Pb isotope data.  

 

• Chapter 5 investigates mercury (Hg) concentrations within the sediments. 

 

• Chapter 6 looks at the importance of cadmium (Cd) within each core. 

 

• Chapter 7 explores six further trace elements; cobalt (Co), chromium (Cr), copper 

(Cu), nickel (Ni), zinc (Zn), and vanadium (V). 

 

Chapters 4-7 investigate the concentrations of the respective potential contaminant within the 

cores collected. Each chapter has an introduction to the element, describes the results from 

the core and discusses the natural and anthropogenic factors. Are the concentrations of the 

elements a result of contamination or are they due to natural variation in the sediments? And 

can the results give an indication of the transport mechanism of the metal to the Svalbard 

area of the Arctic?   

 

Chapter 8 presents the final discussion. This chapter attempts to synthesis the significant 

findings from all the preceding chapters. It brings together both existing research from the 

literature and the results from this thesis. It aims to describe and explain the levels of 

contamination found in the Svalbard area and the Barents Sea, and the predominant transport 

pathways. The key findings will be highlighted as well as potential problems and knowledge 

gaps. A final section suggests ideas for future research to further support this thesis, as well 

as thoughts on the ongoing climate change debate, which could have serious repercussions 

on the fate and transport of contaminants to the delicate Arctic environment.  
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Chapter 2 - Methodology 
 

2.1 Sample Collection 

Samples were collected during three main field excursions. The sampling locations and the 

methods of analysis are described below: 

 

2.1.1 Group A - Ny Ålesund Fieldwork  

In March 2004, three cores were collected from the Svalbard area (Figure 2.1). The first was 

taken from a freshwater lake, Lake Ossian (core - ICOS1), taken at the eastern end of 

Kongsfjorden. The lake is situated in an elevated position between the Kongsvegan and 

Kronebreen glacier complex. The second core was taken from a lagoon located close to the 

Ny Ålesund research base, called Brandallaguna (core - ICNL1). The third core was taken in 

Kongsfjord itself, adjacent to the Kongsbreen glacier (core - ICK1). The three cores were 

collected using the Black corer, core diameter 110 mm, The Black corer is a modified 

Sholkovitz gravity corer, designed to take a single sediment core after prior drilling through 

the ice (Figure 2.2).  The depth and GPS position were recorded at each site (Table 2.1). 

 

Table 2.1 - Table showing the positioning of the Ny Ålesund cores, depth and length. 

 

Acronym Site name GPS position Depth Core length 
ICOS1 Lake Ossian 78 57.16 N 

12.31.12 E 
16.7 m 56 cm 

ICK1 Kongsfjorden 78 54.10 N 
12 20.07 E 

47.0 m 74 cm 

ICNL1 Brandallaguna 78 56.77 N 
11 52.24 E 

1.8 m 36 cm 

 

Cores were sectioned in the field, for ICOS1 and ICNL1 the resolution was 0.5 cm slices 

down to 20 cm, 1 cm slices to 30 cm and 2 cm slices to the bottom of the core. For the ICK1 

core the resolution was, 0.5 cm slices to 10 cm, 1 cm slices to 20 cm and 2 cm slices to the 

bottom of the core. The sections were placed in labelled bags and frozen.  
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Figure 2.1 - Locations of the 3 cores collected from Ny Ålesund 2004. 

 

 
 

Figure 2.2 - Photograph of the Black corer 

Lake Ossian 
ICOS1 

Depth 16.7 m Brandallaguna 
ICNL1 

Depth 1.8 m 

Kongsfjorden 
ICK1 

Depth 47.0 m 
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The top of the ICOS1 core had a large amount of organic material and biological activity. 

From the surface to 7 cm, the sediment was brownish grey in colour, with fine lamination. 

Between the core top and 22 cm the core had a large number of worm tubes. At 22 cm a 

gradational contact occurred, below 22 cm the sediment colour changed to olive green, with 

a sandier texture and subtle laminations. 

 

The ICNL1 sediment was black in colour, with a thick clay layer from 5 cm to the bottom of 

the core. There was no indication of bioturbation, with a strong smell of H2S during 

extraction. Photographs of the two cores are shown in Figure 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 - Photographs of the Brandallaguna core (ICNL1) (left) and the Lake Ossian 

(ICOS1) core (right). 

 

2.1.2 Group B - BASICC cores. Benthic Communities at the Barents Sea Ice Edge in a 

Changing Climate. 

Through collaboration with Akvaplan-niva, Tromsø, a set of cores were obtained from the 

Western Barents Sea. These cores form part of the ‘Barents Sea ice edge in a changing 

environment’ (BASICC) project. BASICC is one of the first contributions to the EU funded 

Larval 
breathing tubes

Laminations 
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MARBEF (Marine Biodiversity and Ecosystem Function) Network of Excellence. Nine 

sediment cores were collected and analysed for grain size, porosity and total organic matter. 

Four of the cores, BASICC 1, BASICC 8, BASICC 40 and BASICC 43, were made 

available to this research project (Figure 2.4 and Table 2.2). The project cruise took place in 

August 2003 aboard the research vessel Ivan Petrov. Cores were sliced at 1 cm intervals to 

10 cm, 2 cm to 20 cm and 5 cm thereafter. The cores were placed in bags and frozen. 

 

Table 2.2 - Table showing the positioning of the BASICC cores, depth and core length. 

 

Acronym Site name GPS position Depth Core length 
BASICC 1 Barents Sea 1 73 05.83 N 

25 37.96 E 
425 m 39 cm 

BASICC 8 Barents Sea 8 77 58.97 N 
26 47.61 E 

135 m 34 cm 

BASICC 40 
 

Barents Sea 40 78 13.51 N 
52 07.19 E 

281 m 37 cm 

BASICC 43 Barents Sea 43 72 32.31 N 
45 44.27 E 

285 m 40 cm 

 

 
Figure 2.4 - Map showing the positioning of the 4 BASICC cores in the Barents Sea. 

BASICC 40 
Depth 281 m 

BASICC 43 
Depth 285 m 

BASICC 8 
Depth 135 m 

BASICC 1 
Depth 425 m 
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2.1.3 Group C - JCR127 cores. 

Three cores were collected using a mega-corer on board the James Clark Ross 127 cruise in 

September 2006 (Figure 2.5). Cores were collected from the Vøring Plateau (VP2a water 

depth 1423 m), the mouth of Storfjorden (WSS0 water depth 206 m) and from a position just 

off western Svalbard (WSS4 water depth 443 m). GPS positioning and depth were recorded 

at each site (Table 2.3). 

 

Table 2.3 - Table showing the positioning of the JCR127 cores, depth and core length. 

 

Acronym Site name GPS position Depth Core length 
WSS0 Storfjorden 76 48.22 N 

18 08.19 E 
206 m 24 cm 

WSS4 West Svalbard 77 02.96 N 
13 22.69 E 

443 m 18 cm 

VP2a Vøring Plateau 68 02.02 N 
05 13.64 E 

1423 m 26 cm 

 

 

Figure 2.5 - Map showing the positioning of 3 cores taken from JCR127, 2005. 

Storfjorden 
WSS0 

Depth 206 m 

Vøring Plateau
VP2a 

Depth 1423 m 

West Svalbard
WSS4 

Depth 443 m 
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The cores were sectioned on board the ship immediately after retrieval, at a resolution of 0.5 

cm to 10 cm, 1 cm to 20 cm and 2 cm to the bottom of the core. 

 

2.2 Treatment of samples pre-analysis 

All of the samples were freeze dried and then ground prior to analysis, to ensure that the 

sediment was homogeneous; a small aliquot was retained for particle size analysis. Wet 

weights and dry weights were measured: porosity, salt corrections and dry bulk densities 

were calculated. The sediment was dried using a Edwards Freeze Drier Modulyo to attain the 

dry sediment weight. 

 

2.3 Particle size 

Particle size was determined using a Coulter LS230 counter, designed to measure particles 

from 0.04 µm to 2000 µm. The LS Coulter series instruments are light scattering particle size 

analysers, using light diffraction to obtain particle size distributions. A diffraction pattern is 

produced, using a Fourier lens, which is characteristic of the particle’s size. The method is 

suitable for detecting very fine increments of size. The diffraction technique is limited to 

particles greater than 0.4 µm. To measure the smaller particles a Polarization Intensity 

Differential Scattering (PIDS) system is utilised. This method is based on the polarization of 

light. 

 

Prior to particle size analysis the sediment was digested with perchloric acid (HClO4) and 

nitric acid (HNO3) to remove the organic carbon and inorganic carbonate. The organic matter 

is removed as it binds the mineral particles together, particularly within the clay fraction, 

which hinders dispersion (Murray, 2002).  

 

Approximately 2 g of sediment was placed in a centrifuge tube; 10 ml of distilled water was 

added, followed by 10 ml of 20 % hydrogen peroxide (H2O2). The tubes were covered and 

placed in a water bath at 30oC for 2 hours. Following the initial time period a further 20 ml 
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of 20 % H2O2 was added and the samples were returned to the water bath for a further 2 

hours. 

 

The samples were then centrifuged for 4 minutes and excess fluid removed, 20 ml of distilled 

water were then added and the sediment was re-suspended. The centrifuge procedure was 

repeated to remove excess fluid. For the second part of the procedure, 10 ml of 10 % HNO3 

were added and the sample was left overnight. The sample was centrifuged, this procedure 

being repeated twice more with distilled water, to remove any nitric acid. Finally 2 ml of 

sodium hexametaphosphate solution and 20 ml of deionised water were added and the 

sediment re-suspended.  

 

Samples were selected at various depths down each core to give a good representation of the 

temporal nature of the sediments. The sediment was sub-divided into fractions based on the 

method of Friedman and Sanders (Friedman and Sanders, 1978; Tucker, 1988). The clay 

fraction incorporating particles < 4 µm, silt 4-60 µm and sand was 60 µm up to 2 mm. 

Stacked graphs have been produced to show the down core sediment type. The percentage of 

clay, silt and sand was calculated for each sample, along with the mean grain size. Each 

sample was measured three times and the mean value was reported as the final result. 

 

2.4 Carbon (C) and Nitrogen (N) analysis 

C and N content of the sediment was analysed using a LECO 900 CHN analyser. The 

procedure involves the sediment sample being encapsulated in small tin cup, and then 

combusted at a temperature of 950oC, the gas given off is measured by gas chromatography 

using thermal conductivity and infra-red detectors. 

 

Two different procedures were carried out, the first to measure the total carbon 

concentrations; the second to measure the organic carbon content after the carbonate fraction 

of the sample was removed by sulphurous acid. For both procedures it was important that the 

sample was freeze dried and homogenised. 

 

 



Chapter 2 – Methodology 

__________________________________________________________________________ 

 51

Table 2.4 - Standard deviations and % errors for total and organic C and N. 

TOTAL C & N   
 

Triplicate Average 
 

Triplicate Standard Deviation Error 

Core 
Depth 
(cm)  % C % N C N % C  % N 

ICOS1 9.25 15.192 1.475 0.144 0.036 0.95 2.42 
ICOS1 19.25 10.810 1.282 0.447 0.027 4.13 2.14 
ICOS1 29.5 9.577 1.423 0.243 0.018 2.54 1.29 
ICOS1 49 9.715 1.174 0.304 0.013 3.13 1.10 
BASICC 40 9.5 1.274 0.171 0.035 0.001 2.73 0.73 
BASICC 43 0.5 2.357 0.275 0.074 0.017 3.12 6.12 
BASICC 43 11 2.650 0.326 0.036 0.009 1.35 2.88 
ICK1 1.25 3.152 0.071 0.060 0.007 1.90 9.62 
ICK1 11.5 3.009 0.063 0.183 0.007 6.07 11.61 
ICK1 23 2.942 0.071 0.068 0.022 2.31 31.47 
BASICC 1 2.5 1.679 0.203 0.021 0.003 1.23 1.28 
BASICC 1 15 1.372 0.159 0.032 0.006 2.35 3.64 
BASICC 8 3.5 2.048 0.210 0.014 0.001 0.67 0.61 
BASICC 8 17 1.998 0.208 0.132 0.004 6.60 2.02 
ICNL1 5.25 4.315 0.437 0.100 0.005 2.33 1.12 
ICNL1 15.25 2.879 0.156 0.065 0.005 2.26 3.13 
ICNL1 25.5 3.255 0.117 0.058 0.001 1.78 0.74 
WSS0 2.25 2.163 0.240 0.082 0.002 3.81 0.86 
WSS0 12.5 2.189 0.237 0.445 0.015 20.35 6.51 
WSS4 0.25 2.420 0.207 0.064 0.002 2.64 0.83 
WSS4 10.5 2.347 0.263 0.015 0.049 0.64 18.68 
VP2a 2.25 5.951 0.246 0.113 0.025 1.90 10.16 
VP2a 12.5 3.555 0.164 0.063 0.014 1.78 8.73 
VP2a 25 1.137 0.102 0.022 0.025 1.93 24.11 
        
ORGANIC C 

& N   Triplicate Average Triplicate Standard Deviation Error 

Core 
Depth 
(cm) % C % N C N % C  % N 

ICOS1 9.25 10.372 1.200 0.973 0.059 9.38 4.92 
ICOS1 19.25 8.494 1.175 0.695 0.031 8.18 2.61 
ICOS1 29.5 7.553 1.253 0.678 0.025 8.98 2.00 
ICOS1 49 7.784 1.012 0.438 0.029 5.63 2.91 
BASICC 40 9.5 1.299 0.150 0.035 0.005 2.70 3.30 
BASICC 43 0.5 2.019 0.260 0.132 0.017 6.53 6.51 
BASICC 43 11 2.601 0.344 0.051 0.004 1.96 1.24 
ICK1 1.25 0.200 0.038 0.003 0.002 1.37 4.23 
ICK1 11.5 0.203 0.036 0.009 0.002 4.60 6.71 
ICK1 23 0.190 0.036 0.009 0.001 4.78 2.43 
BASICC 1 2.5 1.379 0.182 0.004 0.001 0.30 0.66 
BASICC 1 15 1.683 0.185 0.097 0.020 5.74 10.56 
BASICC 8 3.5 1.711 0.194 0.041 0.004 2.39 2.02 
BASICC 8 17 1.726 0.190 0.056 0.005 3.27 2.42 
ICNL1 5.25 2.614 0.361 0.165 0.028 6.31 7.78 
ICNL1 15.25 1.303 0.159 0.034 0.004 2.63 2.57 
ICNL1 25.5 1.059 0.130 0.037 0.004 3.45 2.82 
WSS0 2.25 2.140 0.243 0.056 0.006 2.59 2.54 
WSS0 12.5 2.135 0.241 0.056 0.006 2.65 2.60 
WSS4 0.25 1.755 0.201 0.070 0.006 4.00 3.01 
VP2a 2.25 1.327 0.219 0.038 0.010 2.86 4.69 
VP2a 12.5 0.970 0.203 0.034 0.004 3.48 2.04 
VP2a 25 0.361 0.164 0.009 0.008 2.50 4.69 
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Total carbon analysis requires a representative sample of 10-20 mg of sediment which was 

weighed out into a tin capsule using a 5 decimal place balance. 

 

Before carrying out the organic carbon analysis, the carbonate fraction of the sediments was 

removed. A sample of 10-20 mg was weighed out into a small glass vial. 1 ml of sulphurous 

acid was added to each sample. The sample was agitated to allow the carbon dioxide bubbles 

to escape from the vial. The samples were left overnight in a desiccator, and then placed for 

two hours in a desiccator with a pump. The samples were frozen, placed in a freeze drier for 

approximately 12 hours and then transferred into tin capsules and compressed into balls, 

ready for analysis.  

 

To investigate reproducibility every tenth sample was measured tree times, the 

reproducibility is largely dependent on the homogeneity of the sample. Table 2.4 shows the 

standard deviations and the % errors for the triplicates for both C and N. The % errors are 

predominantly below 5 %, with a small number in the range 5-10 %. Three large % error 

values were recorded; this large error was commonly caused by one of the triplicate samples 

being different to the other two, probably due to a manual error, such as tin capsule breakage.   

 

Table 2.5 - Calibration lines, equations and r2 value for C and N analysis, using 

acetanilide standards (y = the peak height measured by the LECO 900 CHN analyser, x 

= weight of C and N in mg).  

 

TOTAL C & N Equation (C) r2 (C) Equation (N) r2 (N) 
batch 1 y = 16191.549x + 139.389 0.999 y = 50374.981x + 45.670 1.000 
batch 2 y = 15001.715x + 128.580 0.999 y = 47950.851x + 229.671 0.996 
batch 3 y = 9787.510x + 70.430 0.994 y = 34266.889x + 54.886 0.990 
batch 4 y = 7705.567x + 43.860 1.000 y = 26942.592x + 19.280 1.000 
batch 5 y = 2073.038x + 29.435 0.999 y = 5115.353x + 2.873 0.992 

     
ORGANIC C & 

N Equation (C) r2 (C) Equation (N) r2 (N) 
batch 1 y = 16015.845x + 167.319 0.999 y = 46374.088x + 125.855 0.999 
batch 2 y = 16223.701x + 137.541 1.000 y = 47331.370x + 79.804 0.999 
batch 3 y = 15072.980x + 128.136 0.999 y = 51450.965x + 78.008 0.999 
batch 4 y = 15335.427x + 136.803 0.999 y = 51236.409x + 58.507 0.999 
batch 5 y = 15871.517x + 66.591 1.000 y = 41637.013x - 15.172 1.000 
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For both sets of samples (total carbon and organic carbon samples), five acetanilide 

standards, 0.15, 0.30, 0.45, 0.65 and 0.85 mg were prepared and analysed with each batch of 

60 samples. The calibration preceded the run, with three acetanilide standards run at the end 

to allow correction for instrumental drift. Table 2.5 shows the equations for the calibration 

lines, with associated r2 values. The regression lines are all above 0.990. 

 

2.5 Digestion, Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis. 

 
Prior to analysis using ICP-MS and ICP-OES, a sample digestion procedure is required. For 

this work a total dissolution method was adopted, using hydrofluoric acid (HF). Microwave 

digestion was used as analysis time, contamination, loss of volatile species and the amount of 

required reagent are reduced when compared to conventional techniques (Bettinelli et al., 

2000; Sandroni and Smith, 2002). HF digestions have been shown to provide improved 

recoveries, when compared with simple HNO3 digestions, as HF can break down silicates 

and minerals effectively in complex matrices like sediment (Sandroni and Smith, 2002; 

Sandroni et al., 2003). 

 

For the digestion procedure, a 0.1 g aliquot of the sediment sample was taken, 5 ml of 

concentrated nitric acid (HNO3), 3 ml of concentrated hydrochloric acid (HCl) and 3 ml of 

concentrated hydrofluoric acid (HF) were then added. A closed microwave digestion was 

carried out using a MARS 5 digestion system, manufactured by CEM, which utilises a 12-

vessel carousel. Vessel 1 within the carousel is a control vessel, which monitors for pressure 

and temperature throughout the sediment digestion. Each batch of digestions included 9 

samples, 1 blank and 2 reference materials. The heating programme for sediment digestion is 

given in Table 2.6. 

 

 

 

 



Chapter 2 – Methodology 

__________________________________________________________________________ 

 54

Table 2.6 - MARS 5 microwave digestion heating programme for multi-element 

analysis. 

 

Stage Max power % power Time (min) PSI oC Hold (min) 

1 600 w 100 10.00 450 100 15.00 

2 600 w 100 10.00 450 150 10.00 

3 1200 w 75 10.00 450 190 30.00 

 

Following the digestion procedure, an OMNI 1500 ‘Microvap’, (developed by CEM), 

evaporation unit was used to reduce contamination and sample preparation time. The heating 

programme is shown in Table 2.7. 

 

Table 2.7 - Heating programme for the OMNI 1500 Microvap for multi-element 

analysis. 

 

Stage Max power % power Ramp (min) Delta oC Hold (min) 

1 600 w 100 2.00 000 105 00.01 

2 600 w 100 0.00 015 000 00.01 

3 300 w 100 0.00 000 120 17.00 

 

After evaporation the samples were made up to a final volume of 50 ml with 2 % HNO3 and 

placed in labelled 100 ml plastic bottles.  

 
Two different analytical instruments, ICP-MS and ICP-OES were used to provide 

quantitative information on a wide range of elements. Both techniques have the ability to 

determine a broad suite of elements simultaneously within a sample. Table 2.8 shows the 

elements measured using each technique. 
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Table 2.8 - Elements determined by ICP-MS and ICP-OES.  

 

 ICP-MS ICP-OES 

Elements 

measured 

Li, V, Cr, Co, Ni, Cu, Zn, Sr, 

Mo, Ba, Pb, Th, U 

Al, Ca, Cr, Fe, Li, Mn, Ni, Sr, 

V, Ba, Co, Cu, K, Mg, Na, P, 

Ti, Zn 

 Pb isotopic ratios  

 

Both of these techniques use an argon plasma, at a temperature of ~ 10,000 Kelvin. The 

plasma is a partially ionised gas with a sufficiently high temperature to atomise, ionise and 

excite most of the elements in the Periodic Table (Nolte, 2003).  

 

The ICP-OES method relies on the excited atoms and ions emitting electromagnetic radiation 

(light), this light is spectrally resolved with the aid of diffractive optics; the respective 

emission wavelengths are then measured using one or more detectors. The wavelengths are 

used for the qualitative identification of the different elements, the intensities enabling 

quantification. 

 

For the ICP-MS the resulting ions from the plasma are passed through a series of apertures 

(cones) into the high vacuum mass analyser. The isotopes of the elements are identified by 

their mass-to-charge ratio (m/z) and the intensity of a specific peak in the mass spectrum is 

proportional to the amount of that isotope (element) in the original sample (Ebdon et al., 

1998). Both techniques can be used to determine over 70 different elements in a variety of 

matrices (Nolte, 2003).  Applications for the two analytical techniques are similar; however 

the ICP-MS has an increased sensitivity enabling the detection of ultra-low levels of 

elements. ICP-MS also has the ability to perform isotope ratio measurements, such as Pb 

isotopes used in this research.  

 

To calibrate the ICP-MS an external calibration was produced using certified reference 

solutions. Each instrument run consisted of approximately 72 samples; washes and checks 

were placed throughout. For ICP-MS analysis, most elements were run using a two thousand 

times dilution factor. Cd, Mo and U were run using a one thousand times dilution factor. A 
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suitable dilution factor is chosen to ensure the concentration of the elements will fall between 

0.2 to 300 μg l-1. The final concentration of an analyte within a sample was calculated using 

the sample weight and the dilution factor. For each run of samples limits of detection (LOD) 

were calculated, the LOD being three times the standard deviation of all the blanks. Each 

sample is analysed three times and a % RSD is reported. For all ICP-MS analysis an internal 

standard containing indium (In) and bismuth (Bi) is used, enabling correction for run 

variability and instrument drift. 

 

ICP-MS can also be used for Pb isotope determination. Pb has four naturally occurring 

isotopes. The different ratios of these isotopes can be used as a characteristic indicator of the 

source of pollutant Pb. When examining isotopes of different mass it is necessary to 

compensate for mass bias. The quadrupole ICP-MS does not transmit ions of different mass 

equally; this is known as the mass bias or mass discrimination, which varies according to the 

mass; lighter masses showing a greater effect (Longerich et al., 1987). To prevent large scale 

errors a correction must be applied using an isotopic standard of known composition and 

isotopic values. For this study NIST 981 was used for mass bias correction. The mass bias 

solution is run every five samples to ensure that there is no mass bias drift within the run of 

analyses. 

 

                                                         
o

t

R
R

C =  

C = mass bias correction factor 

Rt = true isotopic ratio for the pair 

Ro = observed isotopic ratio of the isotope pair.  

 

The major elements (Al, Ba, Ca, Fe, K, Mg, Mn, Na, Sr, and Ti) were analysed using ICP-

OES at a ten thousand times dilution. The remaining elements analysed with no prior 

dilution. No internal standard was used with the ICP-OES analyses. An external calibration 

was produced, using five solutions and a drift control standard. For the minor elements and 

trace elements, the standards were matrix matched with the major elements, ensuring 

standards and samples had similar matrixes. This produces more accurate results.  
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The instruments set-up along with the type of nebulisers used are shown in Tables 2.9, Table 

2.10 and 2.11. 

 

Table 2.9 - ICP-MS operating conditions for multi-element analysis 

ICP-MS – multi element VG Plasma Quad 3 
Acquisition mode Scan 

Acquisition time 60 secs, 3 repeats 

Mass Range 7-240 

Gas type Argon 

Nebuliser gas flow rate 0.89 l min-1 

Auxiliary gas 0.90 l min-1 

Coolant gas 0.85 l min-1 

R.f power 1350  W 

Resting mass  150 amu 

Extra info: 

Double pass spray chamber was used with a Conikal nebuliser (Glass Expansion) with a 

flow rate of 1.0 l min-1. 

Instrument was optimised using a 10 ppb tune solution containing In, Be, Co, U, Pb. 

Instrument stability over 10 minutes gave rsd’s < 2%. 

 

Table 2.10 - ICP-MS operating conditions for Pb isotope ratios 

 

ICP-MS – Pb isotope VG Plasma Quad 3 
Acquisition mode Peak jumping on mass 204, 206, 207, 208 

Acquisition time 40 secs, 5 repeats 

Mass Range 7–240 

Gas type Argon 

Nebuliser gas flow rate 0.89 l min-1 

Auxiliary gas 0.90 l min-1 

Coolant gas 0.85 l min-1 

R.f power 1350  W 

Resting mass  220 amu 
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Table 2.11 - ICP-OES operating conditions for multi-element analysis. 

ICP-OES PerkinElmer 4300DV, AS93 Autosampler 

Acquisition time 3 repeats, read time manual 

Wavelength range 221.458-766.512 nm 

Gas type Argon 

Nebuliser gas flow rate 0.8 litres min-1 

Auxillary gas 0.2 l min-1 

Coolant gas 0.85 l min-1 

Power 1300  W 

Sample flow rate Sediment elements - 1.50 mL min-1 

Metal analysis – concentric nebuliser/ cyclonic spray chambers. 

 

2.5.1 Accuracy and precision. 

To quantify recoveries and reproducibility for all elements, 3 main reference materials were 

used: Mess 3, GBW07315 and GBW07316. The recovery is the ratio of the measured analyte 

to the certified reference value. Table 2.12 shows the certified reference values for each 

element. 

 

To identify any outliers from the final data set the Grubbs’ statistical test was used, with a 

critical value of 0.05 (95 %).  

 

( ) sYYGrubbs −= 1'  

 

where Y1 – is the suspected outlier, Y is the sample mean, and s is the sample standard 

deviation (Sokal and Rohlf, 1981). 

  

Precision is the ability of a measurement to be consistently produced. Accuracy is the ability 

of a measurement to match the exact value of the reference material. 
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Table 2.12 - Reference values for Mess 3, GBW07315 and GBW03716. Uncertainties for 

GBW07315 and GBW07316 are standard deviations; Mess 3 represents 95 % 

confidence intervals. 

 
 Units GBW06315 GBW06316 Mess  3 

Al % wt. 6.04 ± 0.22 4.1 ± 0.3 8.59  ± 0.23 

Ba % wt. 0.31 ± 0.03 0.25 ± 0.02 no value 

Ca % wt. 4.1 ± 0.22 16.15 ± 0.6 1.47 ± 0.06 

Co mg kg-1 81 ± 6 53 ± 4 14.4 ±  2.0 

Cr mg kg-1 59 ± 6 38 ± 5 105 ± 4 

Cu mg kg-1 357 ± 20 231 ± 10 33.9 ± 1.6 

Fe % wt. 4.15 ± 0.16 2.66 ± 0.14 4.34 ± 0.11 

K % wt. 1.93 ±  0.11 1.34 ± 0.12 no value 

Mg % wt. 1.82 ±  0.10 1.23 ± 0.07 no value 

Mn % wt./ mg kg-1 0.59 ± 0.03 0.40  ±0.02 324 ± 12 

Na mg kg-1 3.29 ± 0.20 2.78 ± 0.14 no value 

Ni mg kg-1 167 ± 12 108 ± 9 46.9 ± 2.2 

Sr mg kg-1 298 ± 23 667 ± 68 129 ± 11 

Ti % wt. 0.37 ± 0.03 0.23 ± 0.02 0.44 ± 0.06 

V mg kg-1 101 ± 8 69 ± 6 243 ± 10 

Zn mg kg-1 137 ± 15 142 ± 22 159 ± 8 

Li mg kg-1 51 ± 3 35 ± 2 73.6 ±  5.2 

Mo mg kg-1 14 ± 1 5.7 ± 0.8 2.78 ± 0.07 

Pb mg kg-1 37 ± 4 22 ± 5 21.1 ± 0.7 

U mg/kg 1.9 ± 0.5 1.1 ± 0.3 no value 

 

There are two main types of errors associated with analytical analysis, random and 

systematic errors. Random errors affect the precision and reproducibility of an experiment. 

Systematic errors, affect accuracy, they cause all the results to be in error in the same sense,  

this can be evident for example as a positive or negative bias on the values (Miller and 

Miller, 1993). 

 

The accuracy and precision were determined using the following equations (Viscosi-Shirley 

et al., 2003). 
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[ ]
[ ] 100Pr ×=
elementmean
elementstdev

elementofecision  

 

 

 

Systematic errors have been estimated using a significance test which compares the 

experimental mean with the known reference material value, adopting a null hypothesis that 

the analytical method is not subject to a systematic error. Is there a significant difference 

between the sample mean (χ) and the true reference value (µ)? (Miller and Miller, 1993). 

 

( ) snxt μ−=  

 

 

Where: 

t – Critical value   χ – Sample mean 

µ - True value, reference value n – Number of samples 

s – Standard deviation 

 

Percentage recoveries were also calculated 

 

( ) 100/cov% ×= valuereferencevalueactualeryre  

 

Table 2.13 shows the calculated results for all three reference materials, including the mean 

values obtained, systematic error, accuracy and precision and the mean % recovery. 

 

 

 

 

 

( [ ]
[ ]

[ ]
[ ] ) 100×−=

refelement
measuredelement

refelement
refelementelementofAccuracy
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Table 2.13 - Reference materials results: certified value, standard deviation (SD), and 

maximum and minimum values, number of outliers, the systematic error and 

associated critical value, mean % recovery, accuracy and precision. 

GBW 
06316 

Mean 
value 

Certified 
value SD Min Max 

No of 
outliers 

systematic 
error 

critical 
value 

mean % 
recovery accuracy precision 

Al 4.12 4.07 0.19 3.84 4.54 1 0.21 2.110 101 0.53 4.61 

Ba 2429 2500 136 2116 2650 2 -25.11 2.120 97 2.83 5.59 

Ca 15.8 16.15 0.89 14.00 17.47 0 -1.59 2.100 98 2.13 5.63 

Co 50 53 5 41 58 0 -5.85 2.100 94 5.56 9.63 

Cr 32 38 2 28 35 0 -17.30 2.100 85 14.91 6.31 

Cu 215 231 22 171 239 0 -14.33 2.100 93 6.71 10.32 

Fe 2.49 2.66 0.20 2.03 2.91 0 -1.62 2.100 100 6.33 8.19 

K 1.31 1.34 0.05 1.24 1.41 2 -0.47 2.120 98 1.99 4.11 

Mg 1.17 1.23 0.07 1.04 1.29 0 -0.90 2.100 95 4.53 6.23 

Mn 2880 3098 226 2364 3303 0 -63.33 2.100 93 7.05 7.85 

Na 2.70 2.78 0.09 2.57 2.85 2 -1.12 2.100 97 2.89 3.23 

Ni 101 108 9 82 114 0 -11.11 2.100 93 6.90 8.50 

Sr 658 667 36 596 712 0 -6.38 2.100 99 1.32 5.48 

Ti 0.20 0.23 0.01 0.18 0.22 0 -1.11 2.100 88 11.76 5.54 

V 61 69 4 54 66 0 -17.69 2.100 89 11.46 6.21 

Zn 135 142 16 114 170 0 -7.58 2.100 95 4.83 11.50 

Li 33 35 3 29 38 0 -5.48 2.100 94 5.86 8.07 

            

Mo 5.0 5.7 0.4 4.3 5.7 0 -4.39 2.100 88 11.51 8.41 

Pb 20 22 2 17 23 0 -6.80 2.100 90 9.78 9.58 

U 1.1 1.1 0.1 0.9 1.2 0 -0.61 2.100 96 4.00 9.40 
 
          

 
 

 
GBW 
06315 

Mean 
value 

Certified 
value SD Min Max 

No of 
outliers 

systematic 
error 

critical 
value 

mean % 
recovery 

 
 

accuracy precision 

Al 5.97 6.04 0.45 5.05 7.00 0 -0.49 2.090 99 1.19 7.57 

Ba 3268 3100 175 2952 3663 0 56.61 2.095 105 5.41 5.37 

Ca 4.1 4.1 0.3 3.5 4.8 0 0.04 2.090 100 0.14 8.26 

Co 81 81 6. 71 91 1 -0.63 2.095 100 0.44 7.85 

Cr 56 59 3 51 62 1 -6.86 2.095 96 4.39 5.05 

Cu 346 357 29 291 385 1 -9.11 2.095 97 3.10 8.53 

Fe 3.86 4.15 0.20 3.53 4.23 1 -2.91 2.095 93 6.92 5.05 

K 1.80 1.93 0.08 1.63 1.96 1 -2.08 2.095 93 6.96 4.65 

Mg 1.77 1.82 0.14 1.47 2.11 0 -0.60 2.100 97 2.86 8.01 

Mn 4584 4569 322 3942 5047 1 3.72 2.095 100 0.33 7.02 

Na 3.23 3.29 0.16 2.95 3.58 1 -0.70 2.095 98 1.90 4.90 

Ni 161 167 7 150 178 2 -9.67 2.100 96 3.55 4.45 

Sr 296 298 14 274 324 1 -1.96 2.095 99 0.55 4.79 

Ti 0.32 0.37 0.01 0.30 0.35 1 -1.76 2.095 88 0.44 4.14 

V 91 101 5 83 101 1 -20.38 2.095 90 10.11 5.53 

Zn 137 137 9 115 162 2 0.43 2.100 100 0.23 7.15 

Li 47 51 2 44 50 2 -12.54 2.100 92 7.80 4.06 
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Mo 13 14 2 8 18 0 -3.43 2.095 92 8.13 17.08 

Pb 36 37 3 33 41 1 -3.09 2.100 97 3.03 6.96 

U 1.65 1.9 0.12 1.52 1.96 1 -3.14 2.100 87 13.25 7.41 

            
            

Mess 
3 

Mean 
value 

Certified 
value SD Min Max 

No of 
outliers 

systematic 
error 

critical 
value 

mean % 
recovery 

 
 

accuracy precision 

Al 7.78 8.59 0.66 5.89 9.36 2 -6.19 2.25 91 9.39 8.51 

Ca 1.41 1.47 0.09 1.14 1.61 3 -1.30 2.25 96 4.30 6.21 

Co 13.6 14.4 3.0 9.4 20.7 0 -2.92 2.25 94 5.59 22.38 

Cr 96 105 9 74.6 109.1 0 -19.24 2.25 91 8.57 9.12 

Cu 28.6 33.9 3.7 20.3 36.3 1 -17.18 2.25 82 15.71 13.10 

Fe 4.02 4.34 0.42 3.13 5.14 0 -3.14 2.25 93 7.41 10.42 

Mg 298 324 32 217 371 0 -29.18 2.25 93 8.02 10.64 

Mn 49.4 46.9 5.3 36.7 61.4 0 6.86 2.25 102 5.39 10.72 

Ni 133 129 11 104 166 1 7.51 2.25 103 3.12 8.42 

Sr 0.40 0.44 0.04 0.30 0.46 1 -1.40 2.25 90 9.55 9.10 

Ti 225 243 23 173 267 0 -24.28 2.25 92 7.55 10.18 

V 152 159 16 116 184 0 -11.34 2.25 95 4.55 10.76 

Zn 62.1 73.6 4.4 49.8 73.5 0 -34.42 2.25 84 15.59 7.15 

            

Mo 2.70 2.78 0.25 2.02 3.06 0 -1.02 2.025 97 2.91 9.21 

Pb 21.7 21.2 2.2 17.3 26.3 0 1.97 2.025 102 2.15 9.93 

Cd 0.30 0.24 0.06 0.17 0.41 0 1.40 2.025 127 -27.06 20.36 

 

Mean % recoveries for GBW07316 were between 85 and 100 %. The element concentrations 

being precise to within 10 % for all elements, with the exception of zinc (11.50 %). Element 

concentrations are accurate to within 10 % for all elements, except Cr, Ti, V and Mo, which 

are accurate to within 15 %. 

 

For GBW07315, all elements are precise to within 8.5 %, except for Mo (17.08 %). All 

elemental concentration are accurate to within 8 %, V and U are 10.11 and 13.25 % 

respectively. Percentage recoveries range between 86 and 105 %. 

 

Mess 3 reports recoveries between 84 and 103 %, and the results are accurate to within 10 % 

with the exception of Cu and Zn both 15 %. The precisions for Mess 3 were generally higher 

than those quoted for GBW06315 and GBW06316.  

 

The element Cd only has a reference value for Mess 3, the accuracy and precision are high 

with values of 20.35 % and -27.06 % respectively. This will be considered further in chapter 

6 where Cd is discussed in detail. 
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Systematic errors were calculated. On many elements there is a negative bias, which could 

be attributed to digestion and dissolution, and matrix effects of the sample affecting 

instrument performance. It is assumed that the matrix effects within the samples are the main 

cause, sediments having very complex matrices. 

 

2.5.2 Interferences and contamination 

Problems associated with the ICP-MS include spectral and matrix interferences. Spectral 

interferences arise when there are one or more species with the same m/z, the interference 

can be an isotope of an element or a molecular ion, Table 2.14 shows some of the common 

molecular ion interferences.  Most elements have at least one isotopic line that is free from 

any interference, however this is not always the case, and can result in an erroneous result. 

For example Cr and V are known to have interferences and therefore the ICP-OES was used 

for analysis. Matrix interferences can cause both enhancements and suppression of the 

elements signal under investigation. The use of an internal standard and dilution of the 

sample can reduce the effect of the matrix. 

 

Table 2.14 - Commonly occurring molecular interferences, ICP-MS. 

 

Molecular ion 

interference 

Analyte - ion 

interfered with 

 

Nominal m/z 
+
2O  S+ 32 

+
2N  Si+ 28 

NOH+ P+ 31 

Ar+ Ca+ 40 

ClO+ V+ 51 

CaO+ Fe+ 56 

ArO+ Fe+ 56 

ArN+ Cr+, Fe+ 54 

NaAr+ Cu+ 63 
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Contamination and carryover between analyses is prevented by washing all Teflon used in 

the digestion procedure in 10 % HNO3 acid for at least 24 hours and then rinsing in deionised 

water.  

 

2.6 Mercury (Hg) Analysis 

Hg analysis within sediments can be difficult due to the volatile nature of Hg. Prior to 

analysis sediments require a form of digestion procedure to free the Hg contained within the 

sediment matrix. The associated literature presents a vast array of digestion methods, with no 

standard method being universally applied (Collasiol et al., 2004; Rio-Segade and Bendicho, 

1999a; Rio-Segade and Tyson, 2003). A wide range of acids, oxidants, and elevated 

temperatures and pressures have been used in various combinations.  

 

Conventional extraction procedures include using a range of acids such as nitric acid 

(HNO3), hydrochloric acid (HCl) and perchloric acid (HClO4). These are used in conjunction 

with an oxidant such as hydrogen peroxide, potassium permanganate, potassium persulfate or 

potassium dichromate, the extraction being completed using ultrasonic extraction or heat 

extraction using a water bath (Collasiol et al., 2004; Rio-Segade and Bendicho, 1999b). 

Collasiol et al. (2004) used 30 % (v/v) HNO3 and a 1 % (m/v) solution of potassium 

persulfate (K2S2O8). The reagents were added to the sample and then heated in an 85oC water 

bath for approximately three hours, left to cool to ambient temperatures and then analysed 

immediately. Calibration solutions in 30 % (v/v) HNO3 and 1 % (m/v) K2S2O8 medium were 

used (Collasiol et al., 2004). 

 

A common analytical technique for the analysis of Hg is cold vapour atomic absorption 

spectrometry (CV-AAS), providing high sensitivity and relatively inexpensive operational 

costs. This technique exploits mercury’s unique properties. The fact that it is present in its 

metallic form at ambient temperature and at the same time displays a considerable vapour 

pressure means that a cold vapour technique can be used. The Hg must then be reduced to 

elemental Hg and transferred to the instrument detection system in the vapour phase, 

eliminating most of the remaining matrix constituents through the liquid waste. There are 
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two main reducing agents used, sodium borohydride and stannous chloride. In recent years 

sodium borohydride has been preferentially used, due to its stronger reducing capacity than 

stannous chloride and the fact that it requires no other reagents for the reduction. Stannous 

chloride requires that the metallic mercury be transported by an inert gas stream such as 

argon and nitrogen (Anderson, 2000). 

 

Overall there are two main prerequisites in the successful analysis of total Hg. 

• “Sufficient oxidation of the organic matter present in the sample to liberate the 

mercury from the matrix and, 

• The quantitative production of a single labile mercury species (Hg (II)) which can 

afterwards be reduced quantitatively to Hg (0) for spectrometric evaluation” 

(Murphy et al., 1996 p1867). 

 

Another technique often used for Hg analysis is ICP-MS. Although the most commonly 

employed and most sensitive method for the determination of mercury in environmental 

samples is still cold vapour atomic spectrometric techniques (CVAAS, CVAFS), ICP-MS 

has shown to have good sensitivity and excellent accuracy. The main disadvantage with this 

form of analysis is the memory effect seen from Hg. The Hg in the sample can adhere to the 

walls of the spray chamber and subsequent tubing, resulting in non-linear calibrations,  long 

washout times, decreasing sensitivity with time, and signals dependent on the matrix 

(Harrington et al., 2004). Overall this makes the analysis of Hg inaccurate and unreliable. 

Several solutions have been used to reduce this memory effect: the use of a gold solution to 

preserve Hg by amalgamation (Allibone et al., 1999), use of nitric acid or hydrochloric acid, 

and potassium dichromate to prevent volatilisation (Nixon et al., 1999), and the combination 

of Triton X-100, EDTA, and ammonia (Campbell et al., 1992; Woller et al., 1997). 

 

Another aspect that needs to be considered when analysing Hg is the sample stability; 

particularly during storage, where losses of Hg have been frequently observed. The stability 

of the different Hg species is critical as transformation and degradation of the chemical 

species is common during storage. Therefore, to avoid errors in quantitation, it is crucial that 

this is understood completely. 
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Three main loss mechanisms have been identified as: adsorption on the container wall, Hg 

volatilisation and conversion of Hg species (Yu and Yan, 2003). 

 

The adsorption of Hg on to container walls is a common occurrence, affected both by the 

composition of the solution and the container material. It has been shown that polyethylene 

(PE) containers demonstrate the largest loss of Hg, with reductions in excess of 75 % being 

recorded after only 150 hours (Yu and Yan, 2003). PVC and PP containers also prove to be 

unsatisfactory. Hg appears to be most stable for the greatest length of time in PTFE, glass or 

quartz. A recent development has also shown PET (polyethylene terephthalate) bottles to be 

satisfactory, with no significant difference being displayed between samples stored in Teflon 

and those stored in PET (Yu and Yan, 2003). 

 

To prevent the loss of Hg during storage, the use of several different kinds of preservatives 

has become common practice. Acidification with a strong acid such as HNO3, H2SO4 or HCl 

has proven successful, with HNO3 proving to be the most effect preservative (Yu and Yan, 

2003). There are however certain conditions where acids can be unreliable. For example, at 

very low levels of Hg2+, the use of a strong oxidizing agent has been proposed as an 

alternative; the most common oxidants being acidic solutions of K2Cr2O7, KMnO4, Au3+ or 

H2O2 (Adams and Slaets, 2000; Caroli et al., 1996; Collasiol et al., 2004; Yu and Yan, 2003). 

Gomez Ariza et al. (2000) suggested the addition of 0.5 ml of 20 % (m/v) potassium 

dichromate dissolved in nitric acid to preserve potable water samples prior to analysis.  

 

There are several ways of measuring Hg within an environmental sample. For this thesis at 

the start a cold vapour hydride generator ICP-OES method was used. A method was 

developed based on the conventional method used by Collasiol described above (Collasiol et 

al., 2004). This method included a digestion using nitric acid (HNO3) and potassium 

persulphate (K2S2O8), as the oxidant, the extraction being completed using ultrasonic 

extraction.  

 

The method was ceased due to the dangerous nature of the chemicals being used in this 

technique. 
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A second method was developed using the ICP-MS, which can offer similar sensitivity and 

accuracy without requiring complicated chemistry. The method used for this research is 

based on Woller et al. (1997). 

 

Samples were digested in a MARS 5 microwave, using a closed vessel extraction, to reduce 

analyte losses through the volatilisation of mercury (Tinggi and Craven, 1996). 0.5 g of 

sediment was digested with 5 ml of HNO3 using the heating programme shown in Table 

2.15. The samples were left to cool to below 30oC, measured by the thermometer within 

control vessel 1, before being removed from the microwave and filtered through Munktell 

glass filter papers, into 25 ml volumetric flasks. The vessels were rinsed with deionised 

water and samples were made up to 25 ml with deionised water.  

 

To overcome any problems with sample storage and loss of Hg, samples were analysed 

immediately using ICP-MS. The sample batch number was kept to a maximum of 12 

samples. This ensured that the instrumental run time was kept to a minimum. Tests were 

undertaken on the same sediment sample to make sure that there was no deterioration of the 

samples over the run. 

 
 

Table 2.15 - Heating procedure for Hg analysis. 

 

Stage Max % power Ramp (min) PSI oC Hold (min) 

1 1200 w 75 10.00 350 180 20.00 

 

The effects of instrument drift and matrix effects were compensated for by using an 

appropriate internal standard. Two common internal standards are thallium (Tl) and rhodium 

(Rh). Thallium, with a mass number 205 is preferred as it is closer to the mass of Hg (200, 

202), which has been shown to improve precision. Two isotopes of Hg are usually used in 

analysis, 200Hg and 202Hg. The 202Hg isotope is generally preferred as it is free from 

interference; 200Hg has an isobaric interference with tin (Sn). 
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Before analysis by ICP-MS, samples were diluted 100 times. 10 ppb of Tl internal standard, 

0.1 % of EDTA, ammonia and Triton X, were added and the final volume attained using 

deionised water. The internal standard and the EDTA/ammonia/Triton X carrier solution 

were added to all samples, blanks and standards throughout the sample run. The ICP-MS 

operating conditions can be found in Table 2.16. To reduce the amount of solution aspirated, 

a bead impact spray chamber was used instead of the more conventional Scots spray 

chamber. 

 

An external calibration was used, with Hg values of 0, 0.1, 0.3, 1 and 5 ppb. Standard 

addition was applied to the calibration solutions to ensure the matrix effects were minimised. 

 

Only 12 samples were run at a time, with a calibration run every 6 samples, to allow washout 

times to be extended and prevent any memory effects. Wash out times were 240 seconds 

with 5 % HNO3; there was no evidence of carry over. 

 
 

Table 2.16 - ICP-MS operating conditions for Hg analysis 

 
ICP-MS VG Plasma Quad 3 

Acquisition mode Scan 

Acquisition time 16 s 

Isotopes 201,202Hg 

Gas type Argon 

Nebuliser gas flow rate 0.85 l min-1 

Auxiliary gas 0.9 0 l min-1 

Coolant gas 0.85 l min-1 

R.f power 1350  W 

Resting mass  150 amu 

Wash out time 240 s 

 

Two reference materials were used to quantify recoveries of the samples, GBW07316 and 

Mess 3. They were chosen because of the close proximity of their Hg concentration to the 
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estimated values in the sediments. Both reference materials were included in each batch of 

samples (Table 2.17). 

 

Table 2.17 - Certified values for Hg in Mess 3 and GBW07316. 

 

 Certified value 

mg kg-1 

 

Mess 3 0.091 0.009 (95 % CI) 

GBW07316 0.13 0.02 (SD) 

 

2.6.1 Method development 

Several problems were encountered during the analysis:  

 

In some cases the internal standard signal decreased markedly throughout a run of samples. 

If this occurred the results were not used and the samples were re-dissolved and analysed 

(Figure 2.6).  

 

On a few occasions, samples from different cores were analysed together within one 

instrument run; in some cases this caused erroneous results to be obtained. The problem was 

attributed to the samples having a different matrix, demonstrating the importance of the 

standard additions. 
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Figure 2.6 - Example of two internal standard profiles, a) demonstrates a dramatic 

decrease in the number of counts, b) is more stable with only a small decline. 

 

An example of this problem is given in Figure 2.7 and Table 2.18; showing results from 

ICNL1.  The first analyses of the samples are shown in black. On rerunning the sample (red 

line) the top sediments gave good replication but three samples at the bottom did not have 

good reproducibility. With further investigation it was shown that these samples were run 

with a sample from a different core: a different sample matrix. If they were re-analysed with 

samples from the same core, under a similar matrix, the results in green were obtained. 
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Figure 2.7 - Hg data for ICNL1, the samples run twice, with some samples run three 

times.  

 

Table 2.18 - Results for Hg at two depths on the ICNL1 profile, obtained from three 

different analyses.  

 

Sample Black original run Red run New run 
11.25 cm 0.0424 (5.56 %) 0.0690 (5.135 %) 0.0397 (0.034 %) 
13.25 cm 0.0390 (7.589 %) 0.0709 (4.5060 %) 0.0477 (4.515 %) 

 

To determine whether the sample matrix was having a significant affect, three samples, 

ICOS1 3.25 cm and two of the samples in the above core (ICNL1) 11.25 cm and 13.25 cm, 

were analysed three times, using three different sets of standard addition standards, each set 
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having one of the above samples as the matrix. Each sample was then run with each of the 3 

standard addition calibrations. 

 

Standard addition using 3.25 cm, ICOS1 

Samples run under this 3.25 ICOS1, 11.25 ICNL1 and 13.25. 

 

Standard addition using 11.25 cm, ICNL1 

Samples run under this 11.25 ICNL1, 13.25 ICNL1 and ICOS1 3.25. 

 

Third set of standard additions using 13.25 cm, ICNL1 

Samples run under this 13.25 ICNL1, 11.25 ICNLS and ICOS1 3.25. 

 

Table 2.19 shows the results of the 3 samples runs under each of the standard additions 

sample sets.  

 

If the ICOS1 3.25 cm sample is used in the standard addition for either of the ICNL1 cores 

the values become a lot higher. If the same two samples are run with their own sample used 

in the standard additions, the values decrease and match the values shown in the original run.  

 

Table 2.19 - Results for samples 3.25 cm ICOS1 and 11.25 cm ICNL1 and 13.25 cm 

ICNL1 (SA - standard addition).  

 
  

Sample 
 
Sample used for SA 202Hg mg kg-1 % RSD 

1 3.25 (1) ICOS1  3.25 ICOS1 0.0558 1.366 
1 11.25 (2) ICNL1 3.25 ICOS1 0.0599 2.228 
1 13.25 (2) ICNL1  3.25 ICOS1 0.0589 4.195 
     

2 11.25 (1) ICNL1  11.25 ICNL1 0.0397 0.034 
2 13.25 (3) ICNL1  11.25 ICNL1 0.0419 4.17 
2 3.25 (2) ICOS1 11.25 ICNL1 0.0392 1.987 
     

3 13.25 (1) ICNL1 13.25 ICNL1 0.0477 4.515 
3 11.25 (3) ICNL1  13.25 ICNL1 0.0488 3.325 
3 3.25 (3) ICOS1  13.25 ICNL1 0.0470 2.046 
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This illustrates the importance of using a sample with a similar matrix for the standard 

additions. The green points in Figure 2.6 show the values after a third analysis, when an 

appropriate standard addition was used. 

 

Successive sample analyses were closely matrix matched. For every six samples an 

appropriate standard addition calibration was run with a sample used that had a similar 

matrix. 

 

There were dramatic changes in the number of ICP-MS counts between runs, which 

ultimately affected the slope of the calibration line, and this changed the LOD. To investigate 

this effect, 5 sets of fully quantitative standards were run throughout one day (Figure 2.8). 

After run 4 and before run 5, the ICP-MS was re-tuned. It is apparent from the results that 

there is a distinct difference between run 5 and the other runs. When the instrument is re-

tuned, optimising the settings on the ICP-MS, the sensitivity of the machine changes, 

resulting in varying counts. To gain maximum efficiency the instrument needs to be re-tuned 

between sample runs. 
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Figure 2.8 - Results from the five sets of quantitative standards run throughout the day. 
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Figure 2.9 - The results of the five sets of quantitative standards run consecutively at 

the end of the day. 

 

Following this experiment, the 5 sets of standards were run consecutively at the end of the 

day (Figure 2.9). The concentrations for the zero concentration are all consistent. The 

concentrations for 0.2 μg g-1 and 0.3 μg g-1 show an upward trend; with experiment one 

showing the lowest counts and experiment 5 having the highest counts. This could suggest 

deterioration within the sample, reinforcing the problem associated with sample storage; the 

sample prepared first having the greatest level of deterioration. 

 

Many of the problems encountered can be attributed to the very small amounts of Hg found 

in the sediments. To make sure that the data was of a consistently high quality, and to ensure 

that temporal Hg trends could be utilised with confidence, a quality control procedure was 

set up.  The quality control procedure analysed each individual batch of samples; only runs 

which passed all the criteria were used in the final data set. Criteria included: 

1. Assessment of the limits of detection (LOD) for Hg - The LOD value was calculated 

using the sample washes throughout the instrument run. A mean Hg concentration 

was taken from the five sample washes within a run, and multiplied by three to obtain 
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the LOD. LOD concentrations were typically below 0.0015 µg g-1. Any batches with 

LOD concentrations above 0.002 µg g-1 were discarded. 

2. As stable internal standard profile - As shown in Figure 2.6 the internal standard 

response on the ICP-MS varied and occasionally there was a dramatic decline in the 

number of counts throughout an instrumental run. The ICP-MS is able to correct for 

small decline in the internal standard response, however, a large decline can lead to 

incorrect Hg concentrations. For this reason only sample batches with a relatively 

stable internal standard response were utilised. 

3. Analytical errors – Only individual samples which produced an analytical error of 

less than 7 % RSD were utilised. 

4. Reference materials within 90 % confidence intervals. As previously stated two 

reference materials were used to confirm the clarity of the information obtained. For 

a batch of samples to be accepted both reference materials has to fall within the 90 % 

confidence intervals. 

 

2.6.2 Accuracy and precision 

As with the multi-element analysis, the systematic error, recovery and the accuracy and 

precision were calculated, using the equations in this chapter (2.5.1). The results from the 

two reference materials can be seen in Tables 2.20 and 2.21. 

 

The results obtained for both reference materials are precise to within ± 10 %, displaying 

good reproducibility between runs. Accuracies for both sediments are high; which is 

reflected in the mean % recovery. Mess 3 has a positive bias, with GBW07316 having a 

negative bias.  

 

For GBW07316 the % recovery ranged from 72 % up to 99 %. This is probably due to the 

high volatility of Hg, resulting in a loss of Hg, which could be associated with any step 

throughout the procedure. For Mess 3 the recovery ranges from 116 to 138 %, with the 

results being fairly consistent. It is unlikely the memory effects are causing the elevated 

values, the blanks remained consistently low, and GBW0316 would also have been affected 

by any memory effects, which is not the case. 
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Table 2.20 - Concentrations of Hg measured in the two reference materials, GBW06316 

and Mess 3 and associated errors. 

 

Table 2.21 - The mean values for the two reference materials: systematic errors, 

accuracy and precision and mean % recovery. 

 

 GBW0316 MESS 3 
Mean value 0.11 0.11 

Certified value 0.13 0.09 
SD 0.01 0.01 
Min 0.09 0.10 
Max 0.13 0.13 

systematic error -0.68 1.00 
mean % recovery 86.97 121.44 

accuracy 13.03 -21.44 
precision 10.00 5.46 

 

The fact that the results of the reference materials have opposite bias is difficult to explain. A 

major factor is the small concentrations that are being analysed. However the average limit 

 
GBW06316 Mess 3 

Batch 
Hg 202 

µg/g % RSD 
actual 
error 

% 
recovery Batch 

Hg 202 
µg/g  % RSD 

actual 
error 

% 
recovery 

1 0.111 1.33 0.001 85 1 0.110 9.94 0.011 121 
2 0.119 3.37 0.004 92 2 0.111 14.19 0.016 122 
3 0.120 2.44 0.003 92 3 0.117 5.31 0.006 128 
4 0.111 2.07 0.002 86 4 0.106 2.35 0.002 117 
5 0.106 1.83 0.002 82 5 0.106 4.02 0.004 117 
6 0.129 5.53 0.007 100 6 0.126 7.79 0.008 138 
7 0.126 2.03 0.003 97 7 0.119 1.57 0.006 131 
8 0.115 0.76 0.001 88 8 0.113 1.18 0.001 124 
9 0.124 1.53 0.002 95 9 0.112 1.30 0.001 123 

10 0.100 14.53 0.014 77 10 0.107 7.62 0.008 118 
11 0.095 1.12 0.001 73 11 0.101 3.39 0.003 111 
12 0.108 3.88 0.004 83 12 0.106 2.15 0.002 117 
13 0.110 6.24 0.007 85 13 0.110 6.83 0.008 121 
14 0.102 2.57 0.003 78 14 0.112 3.30 0.004 128 
15 0.108 1.32 0.001 83 15 0.106 3.29 0.003 117 
16 0.095 0.97 0.001 73 16 0.105 3.20 0.003 116 
17 0.128 0.72 0.001 98      
18 0.128 5.49 0.007 99      
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of detection was determined as 0.033 (3 times the standard deviation of the washes); the 

values are all in excess of the detection limit.  

 

2.7 210Pb and 137Cs analysis 
210Pb, 226Ra and 137Cs were all analysed by gamma spectroscopy using a EG&G Ortec high 

purity geranium detector.  

 

Sediment sample discs were made up, dependent on the amount of sediment available, to 5 g, 

10 g, 15 g and 20 g, using a hydraulic press. The samples were sealed with a plastic container 

using glue, and left for 28 days to ensure radioactive equilibrium between 222Rn and 226Ra. 
210Pb was determined via its gamma emission at 46 keV, 226Ra at 609 keV, 137Cs at 661 keV. 

Samples were counted for 24 hours.  

 

Efficiency calibration of the gamma counter is carried out using pressed powdered sediment 

and this has been spiked with a known amount of radionuclide. The efficiencies and the 

background values can be seen in Table 2.22 and 2.23. 
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Table 2.22 - Efficiencies for gamma spectroscopy. 

Efficiencies 

 Detector Disc size (g) 
% eff 
210Pb % RSD 

% eff 
226Ra % RSD 

% eff 
137Cs % RSD 

LEGE 5 0.57 3.45 0.57 2.22 0.98 1.65 
  10 0.50 3.49 0.56 2.23 0.91 1.59 
  20 0.42 3.38 0.51 2.13 0.82 1.55 
  15 0.46 4.97 0.54 3.08 0.86 2.23 

 
BEGE 5 0.84 3.37 1.93 2.07 3.48 1.73 
  10 0.82 3.38 1.93 2.07 3.43 1.53 
  20 0.67 3.31 1.83 2.04 3.18 1.53 
  15 0.77 4.63 1.90 2.87 3.33 2.15 

 
ORTEC 1 5 0.61 3.54 1.75 2.08 3.31 1.55 
  10 0.63 3.46 1.72 2.08 3.17 1.53 
  20 0.54 3.35 1.70 2.04 2.59 1.52 
  15 0.62 4.58 1.70 2.93 2.93 2.12 

 
ORTEC 2 5 0.50 3.57 1.23 2.11 2.12 1.57 
  10 0.54 3.41 1.29 2.07 2.22 1.54 
  20 0.44 3.38 1.22 2.05 2.04 1.52 
  15 0.52 4.53 1.29 2.84 2.19 2.10 

 

 

Table 2.23 - Background counts for gamma spectroscopy 

Background counts 
  210Pb 226Ra 137Cs 
Detector  Ave CPS % err Ave CPS % err Ave CPS % err 
BEGE 0.00011 22.15 0.00067 16.77 0.000060 18.99 
LEGE 0.000201 22.92 0.00006 42.05 0.000039 29.68 
ORTEC 1 0.01200 2.60 0.00220 4.05 0.000173 31.37 
ORTEC 2 0.00533 4.50 0.00083 9.27 0.000007 24.29 
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The CIC, constant initial concentration method uses the following equations to calculate the 

sedimentation rate. 

t
y eAA λ−= 0  

 

y - depth in the sediments, 

λ  - the decay constant, 

Ay - the activity at depth y 

A0 - the activity at the sediment surface. Time zero 

 

tAAy λ−= 0lnln  

tPbPby λ−= 0
210210 lnln  

 

t is equal to z/w, z being the weight of sediment per unit area (g cm-2) and w being the 

sediment accumulation rate (g cm-2 yr-1) 

 

0
210210 lnln Pbz

w
Pby +⎟

⎠
⎞

⎜
⎝
⎛−=

λ
 

 

The above equation is in the form of y = mx + c, where ln210Pb0 is the constant C and                

- (λ/w) is the gradient m. Therefore by plotting ln210Pby vs z we can calculate the gradient 

and therefore the sedimentation rate from w = - (λ/m), in g cm-2 yr-1. 

 

2.8 210Po analysis. 
210Pb can be measured directly via gamma spectroscopy as described above, but a few 

fundamental problems are associated with this method: the limits of detection can be too 

high, the counting times can be extensive and a relatively large amount of sediment is 

required (Vesterbacka and Ikäheimonen, 2005). Po can be used as an alternative dating 

technique, with 210Pb activity assumed to be identical as that of 210Po, reaching a radioactive 

equilibrium in sediments after six months (Sanchez-Cabeza et al., 1998). 210Po is part of the 
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same U decay series with 210Pb, has a half life of 138.4 days and can be measured using 

alpha spectroscopy. 

 

The 210Po technique requires the total decomposition of the sediment sample; for example 

using a pre-treatment of HNO3 and HClO4, followed by a second digestion procedure using 

HNO3 and HF (Flynn, 1968). A known quantity of a spike of 208Po or 209Po is used to allow 

direct comparison to 210Po for quantification, if a silver plate is placed in the solution, the Po 

will spontaneously deposit, allowing efficient counting by alpha spectroscopy. 

 

One of the problems associated with Po analysis is that Fe rich samples can have ferric Fe 

interferences. The Fe produces a dark brown or black deposit on the silver plate, which 

decreases the yield significantly and degrades the resolution of the alpha spectrum. Several 

different method have been used to reduce this build up, including a wide variety of 

complexing agents, including ascorbic acid, sulphite, fluoride, citrate and hydroxylamine 

hydrochloride. If this occurs within sample, the silver disks can be treated with hot HCl, 

allowing the acid to simmer just below boiling point. The Po remains unaffected by this 

treatment, and the black deposit can be reduced significantly (Benoit and Hemond, 1988). 

 

Due to the restricted amount of sediment available, two cores, ICOS1 and ICNL1 were dated 

using polonium analysis.  

 

For the method, 0.5 g of sediment was accurately weighed and measured into a 250 ml 

Teflon beaker. 25 ml of HNO3 and 5ml of HClO4 (perchloric acid) was added to each beaker; 

along with 100 µl of 208Po spike (0.2 Bq). The samples were covered and left to reflux for 48 

hours. The acid was then evaporated, and a further 20 ml of HNO3 and 5 ml of HF acid were 

added, to allow complete decomposition of the sample. This was again left to reflux for 48 

hours before evaporation. A small, consistent amount was left, to which 20 ml of 

concentrated HCl was added, and half of this was evaporated. Hydroxylamine hydrochloride 

and sodium citrate were added and then the pH adjusted to 1.5 using ammonia. A labeled 

silver square (1.8 cm2) was attached to a strip of parafilm using a small amount of silicon 

grease; this was hung in the solution and sealed in the plastic bottle for the Po to plate on to. 

This was left for 4-5 days before being counted by alpha spectrometry. The plates were 
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counted for 48 hours; live time of 180000 seconds. Samples were background-corrected and 

decay-corrected, taking into account the time between core collection and sample counting. 

Unsupported 210Pb was determined by subtracting the background 210Po concentrations from 

the total 210Po.  

 

To ascertain the accuracy of this procedure, NIST 4357 was used as a reference material, a 

certified 210Po value of 14 Bq kg-1 (Ocean Sediment Environmental Radioactivity Standard). 

The 210Po values obtained from the full analytical procedure were, 11.73, 12.92 and 11.98 Bq 

kg-1, this shows a small negative bias, with a mean average % recovery of 87.21 (Table 

2.24). The values show no systematic error, with a value of -3.91 (critical value 4.30 with 2 

degrees of freedom, a value above the critical value would represent a systematic error), and 

the % error calculated as 5.14.  

 

Table 2.24 - Results from NIST 4357, the reference material used for 210Po. 

  210Po Bq kg-1 actual error % error 
 

% recovery 

1 NIST 4357 11.73 1.69 14.38 
 

83.79 

2 NIST 4357 12.92 1.84 14.21 
 

92.29 

3 NIST 4357 11.98 1.20 10.06 
 

85.57 

  
 
  Average % recovery 

 
87.21 

 

The 210Pb inventories were calculated in Bq m-2 and the flux in Bq m-2 y-1 

 

Inventory = excess Bq kg-1 × section mass/cross sectional area. (Farmer et al., 2005) 

 

The 210Pb flux was calculated by multiplying the inventory by the decay constant. 

 

The decay constant was calculated using the equation below where, t1/2 - is the half life of the 

radionuclide, and λ - is the decay constant (Appleby and Oldfield, 1978). The half life of 
210Pb is 22.26 years giving a decay constant of 0.03114 yr-1. 
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λ
)2ln(

2/1 =t  

 

2.9 Coal Analysis 

Ny Ålesund has a history of coal production and for this study it is important to identify if 

there is any local contamination, and if there is, distinguish it from anthropogenic 

contamination as a result of long range transport. For this purpose, two coal samples were 

collected from Ny Ålesund during the 2005 JCR expedition. The coal samples were analysed 

for Pb isotopic ratios using a simple leaching technique. 

 

Each piece of coal was analysed a minimum of four times, to ascertain the reproducibility. 

Part of the coal was broken off and homogenised using a pestle and mortar. A 0.1 g aliquot 

of sample was leached using 5 ml of HNO3, following the microwave digestion programme 

in Table 2.25. 

 

Table 2.25 - Microwave heating programme for coal leachate 

 

Stage Max power % power Ramp (min) PSI oC Hold (min) 

1 1200 w 100 15.00 350 210 15.00 

 

The samples were filtered into a 50 ml volumetric flask using deionised water, and stored in 

50 ml plastic bottles. The Pb isotope was measured using ICP-MS. 

 

2.10 Statistical methods 

Several statistical methods have been utilised throughout this thesis. Statistical packages 

used include, Microsoft Excel, Minitab and SigmaStat. 

 

Descriptive statistics including, the mean, standard deviation, the maximum and minimum 

concentration have been calculated through Microsoft Excel and Miller and Miller (1993). 
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The mean calculated using:  

∑= n
xx i  

where x is the arithmetic mean. It can be defined as the sum of all the measurements divided 

by the number of measurements. 

 

Standard deviation is: 

∑ −−=
i

i nxxs )1(/)( 2  

 

The standard deviation is the square root of the variance and is a measure of the spread of a 

group of numbers. 

 

Minitab 13 has been used to look at variance and regression between different elemental 

concentrations. It can be used to explore the data and to conduct standard statistical tests. 

Pearson’s correlations have been calculated to measure the strength of the linear relationship 

between two different variables. 

 

Principal Component Analysis (PCA) has also been conducted using Minitab 13 to look at 

clustering between elements. PCA is a multivariate statistical analysis that simplifies a data 

set, reducing the number of dimensions, so patterns can be clearly seen. It is essentially a 

linear transformation of the data, to identify the principal component causing the largest 

variance.  

 

Most graphs have been drawn using the SigmaPlot 9.0 package. Other graphical packages 

used are Minitab and Microsoft Excel. 
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Chapter 3 - General site description and geochemical characteristics. 

3.1 Sediment samples and rationale 

Ten cores were collected for this work. These can be sectioned into three distinct groups: 

Group A - Ny Ålesund fieldwork, Group B - the Barents Sea and Group C - the JCR127 

cruise. This chapter will detail the core locations and discuss the rationale for choosing their 

position. The main geochemical characteristics will be discussed, including: particle size, 

carbon and nitrogen, major elements (Al, Ti, Li, K), redox elements (Fe, Mo, Mn, U) and 

sediment accumulation rates. The aim is to gain a full understanding of the geochemical 

characteristics of the cores. The geochemistry of the sediments can have various effects on 

the levels of metal contamination in the sediment; for example metals can be associated with 

organic matter, sulphides, and Fe and Mn cycling (Gagnon et al., 1997). 

 

3.1.1 Group A - Ny Ålesund Fieldwork 

Three cores were collected in 2004 from the Ny Ålesund and Kongsfjorden area. ICOS1 - 

Lake Ossian, ICNL1 - Brandallaguna, and ICK1 - Kongsfjorden (Figure 3.1). 

 

Kongsfjorden is located on the West Spitsbergen Shelf and shares a common mouth with 

nearby Krossfjorden (Figure 3.1). Kongsfjorden has many branches along its length and has 

several distinct basins. In contrast to many fjords there is no prominent entrance sill, instead 

there is a trench of decreasing depth towards the shallow shelf. This greatly affects the 

hydro-physics of the fjord, allowing active replacement of water masses. Intermediate and 

bottom water of the fjord being replaced with Arctic Water and Atlantic Water, potentially 

providing a source of contaminants (Cottier et al., 2005). It is also considered possible that 

water may be transported from the fjords south of Kongsfjorden, some of which are principal 

sites of power production, for example coal mining at Longyearbyen. The ICK1 core was 

taken at the head of the fjord adjacent to the Kongsbreen glacier. This core could potentially 

provide information on the input from the glacier, and contaminant concentrations within 

Kongsfjord itself. 
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Freshwater influx is an important aspect of glacial fjords. A seasonal supply of freshwater is 

apparent with the greatest influx occurring during the summer months, the influx coming 

from four main sources; glacier ablation, snowmelt, summer rainfall and ice calving. The 

vast majority of freshwater is supplied as meltwater from the surface and the melting and 

calving of icebergs at greater depths.  

 

ICOS1, the lake core, was taken at 16.7 m water depth after drilling through the ice. It is 

situated at the head of Kongsfjord at the front of the Kronebreen glacier (Figure 3.1), it is 

within Ossian Sarsfjellet an area of  Pre-Cambrian gneiss/migmitaite (Bennett et al., 1998; 

Birks et al., 2004b). Ossian Sarsfjellet is an area of raised land, with a maximum height of 

362 m, situated between the Kongsvegan and Kronebreen glaciers. The glacier complex has 

had several advancements since its Neoglacial maximum, two of the most recent being seen 

in 1869 and 1948 (Bennett et al., 1999).  

 

The lake is ice covered for a large percentage of the year. The purpose of the lake core 

(ICOS1) is to investigate atmospheric transport to the Svalbard region and, through the use 

of Pb isotope ratios, to identify the major sources of contamination.  

 

The ICNL1 core was taken from a brackish lagoon located in close proximity to the Kings 

Bay research base (Figure 3.1). During retrieval of the core there was a strong hydrogen 

sulphide smell, suggesting that the core was anoxic to the surface. Little is known about the 

core site, but the lagoon is likely to be influenced both by freshwater run off and also fjordic 

water from Kongsfjord. The lagoon is covered by ice for a large proportion of the year, 

which melts during the summer months. This core has the potential to provide information 

on a mixed transport source, contaminant transport from both atmospheric and oceanic 

transport mechanisms. 
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.  

 

Figure 3.1 - The Kongsfjorden and Krossfjorden area. Showing the main fjordic 

environment, position of the cores and the glaciers within the area (Base map - 

Svendsen et al., 2002).  

 

3.1.2 Group B - BASICC cores - Benthic Communities at the Barents Sea Ice Edge in a 

Changing Climate. 

Four cores from the Barents Sea were obtained from Akvaplan-niva Tromsø (Figure 3.2). 

After consideration of the work by Gobeil et al. (2001) (ref - chapter 1, 1.5.4), the four sites 

were chosen taking into account the ocean currents within the Barents Sea. The different 

sites could potentially inform how the ocean currents determine pollution pathways (Gobeil 

et al., 2001) (Figure 3.2). There are two main water masses within the Barents Sea; the warm 

water currents from the Norwegian Atlantic and Norwegian coast and the cold water currents 

from the north. The dominant and strongest cold water current is the East Spitsbergen 

ICOS1 
Lake Ossian 

ICK1 
Kongsfjorden

ICNL1 
Brandallaguna
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Current. A sharp water mass boundary is created where the North Atlantic Water and the 

Arctic Water meet, known as the polar front. The position of this is largely associated with 

the topography on the southern flank of the Spitsbergen bank (Harris et al., 1998; Loeng et 

al., 1997). 

 

BASICC 8 and BASICC 40 are both influenced by the cold water currents coming from the 

Arctic Ocean. BASICC 1 and BASICC 43 are both in positions associated with the warm 

Norwegian and Atlantic currents coming from the south.  

 

 
 
 

Figure 3.2 - The positioning of the 4 BASICC cores in relation to the different water 

masses in the Barents Sea. The figure on the right shows the position of the polar front 

and the main surface currents within the Barents Sea (Harris et al., 1998). 

 

The Barents Sea is part of the Arctic ice zone, the maximum extent of ice being reached in 

April. The extent of the ice varies annually, with the ice predominantly first year sea ice, and 

only about 1.2 m thick. In August/September the minimum extent of the ice is reached. In 

some years the ice completely withdraws from the Barents Sea waters, while in other years 

the ice is present in the north western and north eastern parts all year round (Løset et al., 

1999) (Figure 3.3).  
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BASICC 1 is not influenced by sea ice at any point during the year. BASICC 43 is situated 

on the edge of the maximum extent, being covered for a small proportion of time in certain 

years. BASICC 8 and 40 are influenced by ice for the largest amount of time, with only a 

small proportion of the year free from ice.  

 

 

Figure 3.3 - Mean ice extents from April to August between 1967-2002 in the Barents 

Sea and Fram Strait (Løset et al., 1999). 

 

Sediment accumulation rates in fjords are considerably higher than those found in the deep 

ocean or on continental shelves. On continental shelves the accumulation rates may be 

several orders of magnitude less than those in fjords. In the Barents Sea the accumulation 

rates have been measured between 0.02-0.07 cm yr-1(Elverhøi, 1984; Maiti et al., 2006).  

 

3.1.3 Group C - JCR127 cores. 

The three cores from the JCR127 were chosen to strengthen existing information on ocean 

currents. The major currents around Svalbard are the Arctic coastal waters, which are 

transported from the east side of Svalbard, and the West Spitsbergen Current (WSC). The 

WSC is the dominant current in the sea west of Svalbard. As an extension of the Atlantic 

BASICC 40 
BASICC 8

BASICC 1
BASICC 43 
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Current, it provides great amounts of heat, causing the area west of the shelf to be essentially 

ice free.  The climate of Svalbard is therefore unique, at Ny-Ålesund the climate has been 

described as continental during the winter, with a coastal climate during the summer 

(Svendsen et al., 2002).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 - Map of Svalbard showing the positioning of cores WSS0 and WSS4. The 

red line shows the Atlantic warm water and the blue line depicts the cold coastal water. 

The dashed line indicates the frontal area between the two currents (Svendsen et al., 

2002). 

 
WSS4 is situated just off the coast of Spitsbergen. Figure 3.4 shows the oceanic Arctic front 

west of Spitsbergen, which marks the boundary between the warm Atlantic water, part of the 

West Spitsbergen Current and the colder and fresher shelf water. The origin of the shelf 

water is an expansion of the East Spitsbergen current, mixing with the Bear Island fan and 

the Storfjorden overflow, controlled by topography. Additional sources include the glaciers 

and rivers from Svalbard, adding a freshwater input (Saloranta and Svendsen, 2001). 

 

WSS0 is located close to the mouth of Storfjorden, a fjord located on the southeast of 

Spitsbergen. Storfjorden is a production area for brine-enriched shelf water (BSW); this 

BSW is stored in the fjord enclosed by a sill, until it overflows eventually reaching the deep 

WSS4 
West Spitsbergen 

WSS0 
Storfjorden 
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ocean. The brine water is formed from a large amount of ice production due to the persistent 

polynya and the resultant salt rejection.  The fjord is estimated to supply between 5 and 10 % 

of the newly formed waters to the Arctic Ocean (Fer et al., 2003). The position of the WSS0 

core is situated in the overflow area of Storfjorden. 

 

VP2a is taken on the marginal Vøring Plateau, a nearly flat surface of the Norwegian 

continental margin, at a depth ranging between 1000–1500 m. Two main currents occur in 

the Vøring Plateau, the Norwegian Coastal Current and the Norwegian Current, which form 

part of the Atlantic water travelling north (Levitan et al., 2005) (Figure 3.5). The Norwegian 

currents are the fundamental passage for water currents and heat transfer between the mid 

latitudes and the Arctic, maintaining the comparatively warm eastern Arctic climate. 

 

 

Figure 3.5 - The surface water circulation in the Norwegian-Greenland Sea and the 

positioning of VP2a (Laberg et al., 2005; Torbjørn and Vorren, 2003). 

As can be seen in Figure 3.3, WSS4 and WSS0 have ice coverage at certain times in the year. 

VP2a, however, will be unaffected by the Arctic ice regime; the Vøring Plateau was 

uninfluenced by ice even during the Little Ice Age (~ 1600 to 1850) (Levitan et al., 2005).  

 

VP2a 
Vøring Plateau 
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3.2 Normalisation. 

Sediments are one of the most effective recorders of temporal histories of anthropogenic 

contamination, acting as a major sink for many metallic elements. However, sediments 

contain metals from both natural and anthropogenic origins; in the sedimentary environment 

they accumulate together, making the anthropogenic proportion difficult to quantify. 

Considerable variations can occur in the natural sediment load depending on the mineralogy 

and grain size distribution (Loring, 1991).  

 

The normalisation of sediments is a method of taking into account natural metal variations in 

the sediments, allowing anthropogenic changes to be identified. Several different normalisers 

have frequently been used in the literature; grain size, total organic carbon and elements such 

as: Al, Fe, Cs, Sc and Li for geochemical normalisation (Aloupi and Angelidis, 2001b; 

Loring et al., 1998; Mil-Homens et al., 2006; Rowlatt and Lovell, 1994). 

 

Grain size normalisation has been a common procedure, as trace metal concentrations 

usually increase with decreasing grain size of the sediments. The draw back to this method is 

that it does not successfully compensate for geochemical metal variability (Aloupi and 

Angelidis, 2001a). 

 

Geochemical normalisers are elements that take into account both the mineralogy and the 

grain size changes in sediments. The elements chosen are classed as conservative and will 

display a positive correlation with a metal of interest; i.e. a changing normalising metal 

concentration can be attributable to changes in mineralogy and grain size, as the normalising 

element varies the concentration of the other metal will change proportionally (Loring, 

1991). Aluminium (Al) has been extensively used because it is a major component of fine 

grained alumino-silicates. Iron (Fe) has also been utilised, however problems arise from 

changing redox conditions of the sediments as iron is remobilised in anoxic sediments (Grant 

and Middleton, 1990). 

 

Loring (1990) has questioned the suitability of Al in polar latitudes and areas affected by 

glaciation. (Loring, 1990). Loring observed that the strong regression between Al and the 

clay fraction in sediments is significantly weakened in these areas. This is due to Al bearing 
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feldspars in the coarse fraction of sediments, caused by glacial erosion of igneous rocks. 

Lithium (Li) has been proposed as an alternative (Loring, 1990). Like Al it is a metal which 

resides in alumino-silicate minerals, with a high correlation between Li and grain size 

variability. Unlike Al, Li does not enter the feldspar lattices during crystallisation, and 

therefore is considered superior to Al in higher latitudes (Covelli and Fontolan, 1997).   

 

For this reason Li has been chosen as an effective normaliser for natural variations of metals 

in the sediment and will be used in this study. 

 

3.3 Sedimentation and Accumulation rates 

Mass accumulation rates have been calculated using 210Pb and 210Po. The constant initial 

concentration (CIC) method has been used, assuming a constant input flux of 210Pb to the 

sediment, with the initial concentration of unsupported 210Pb remaining uniform. A further 

assumption is that there is no post depositional mobility, the 210Pb remaining firmly fixed in 

the sediment (Appleby and Oldfield, 1978) (ref - chapter 1, 1.6, explanation of supported and 

unsupported 210Pb) (Figure 3.6). 

 

Sedimentation rates for all cores have been calculated by plotting the natural log excess 210Pb 

activity against cumulative dry bulk density. A linear trend line is applied, formulating a 

regression equation and an r2 value (Figure 3.8, 3.11 and 3.13). 210Pbxs has been plotted 

against depth (Figures, 3.7, 3.10 and 3.12). A summary of the calculated accumulation rates 

and the linear sedimentation rates can be seen in Table 3.1. 

 
210Pb profiles can provide an indication of the levels of mixing in the sediment, the 

distribution being directly affected by post depositional redistribution. If the sediments are 

unaffected by bioturbation, then the 210Pb profile will follow an exponential decay. Faunal 

burrows and the redistribution of sediments cause perturbations in the smooth 210Pb decay 

profile (Smith et al., 2003). 
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Figure 3.6 - Schematic diagram showing the supported and unsupported 210Pb. 

 

3.3.1 Group A - Ny Ålesund cores. 

Mass accumulation rates for cores ICOS1 and ICNL1 have been calculated using 210Po 

assuming that it is in equilibrium with 210Pb. The ICOS1 core (the lake) displays a rapid 

decrease in specific activity from 614.7 Bq kg-1 in the surface sediment to 28.4 Bq kg-1 by 

1.75 cm, below this the specific activity remains constant. The 210Pb profile shows little 

evidence of any disturbance; this is surprising considering the high amount of biological 

activity apparent during the retrieval and slicing of the core. The profile indicates a very slow 

accumulation rate of 0.007 g cm-2 y-1 (average linear sedimentation rate of 0.03 cm yr-1) 

(Figure 3.7 and 3.8).   
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Figure 3.7 - Excess 210Pb profiles for Ny Ålesund cores, a) ICOS1, b) ICNL1 and c) 

ICK1. 

 

c) ICNL1 - Brandallaguna 

a) ICOS1 – Lake Ossian b) ICK1 – Inner Kongsfjord 



Chapter 3 – Geochemical Characteristics 
__________________________________________________________________________ 

 

 95

a) ICOS1

cumulative weight (g cm-2)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ln
 2

10
Pb

xs

2

3

4

5

6

7

b) ICNL1

cumulative weight (g cm-2)

0.0 0.2 0.4 0.6 0.8 1.0

Ln
21

0 Pb
xs

1

2

3

4

5

6

7

 
 

 

Figure 3.8 - Plots showing the natural logarithm of the unsupported 210Pb against 

cumulative depth (g cm-2), and the associated regression line, for ICOS1 and ICNL1.  

 
The lagoon (ICNL1) does not show a straightforward exponential decay as seen in ICOS1. 

The profile is perturbed between 0.75 and 2.75 cm, suggesting a disturbance by either a 

physical process or biological mixing. The core has been shown to be anoxic to the surface, 

and therefore biological mixing would be restricted. The perturbation could be attributed to 

physical mixing or a change in sedimentation rate. It is not uncommon in shallow lakes and 

lagoons for there to be redistribution processes, caused by physical reworking, during storms 

(Hermanson, 1990). Using the CIC method an accumulation rate of 0.005 g cm-2 y-1 was 

calculated (average linear sediment accumulation rate of 0.02 cm yr-1) (Figure 3.7 and 3.8). 

 
For ICK1 it is not possible to determine a sediment accumulation rate. The profile is very 

erratic and shows no constant exponential decay. This is likely to be due to a very high 

sedimentation rate (Figure 3.7).  

 

Svendsen et al. (2002) described Kongsfjorden as a glaciomarine depositional environment, 

with sediment supply from the local glaciers. The inner fjord has the highest deposition of 

suspended particles, with values of 20,000 g m-2 y-1 being recorded in front of the marginal 

zones of glaciers (Svendsen et al., 2002) (Figure 3.9). This rapidly declines by an order of 

y = -6.2883x + 7.249
R2 = 0.9666

y = -4.8264x + 6.1808
R2= 0.9111  

Mass acc. rate - 0.007 g cm-2 y-1 Mass acc. rate - 0.005 g cm-2 y-1 
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magnitude to the secondary sill in the centre of the fjord, where values are estimated at 

between 1800-3800 g m-2 a-1, and by another order of magnitude towards the outer fjord to 

200 g m-2 a-1. The sediments are principally exported by the glacier, potentially leading to a 

mixing of age categories directly in front of the glacier. This area in front of the glacier also 

shows evidence of disturbance by ice scouring, with the possible reworking and 

redistribution of the sediments. 

 

The sediments within the fjord are young and are all post Little Ice Age, therefore younger 

than 1450-1800AD. The Little Ice Age was the last full glacial re-advancement; the glaciers 

during this time would have removed the sediment fill and transported it away from the shelf 

(Hambrey, 1994). 

 

 

Figure 3.9 - Sedimentation rates (g m-2 y-1) in Kongsfjorden (Svendsen et al., 2002). 

 

3.3.2 Group B - BASICC cores. 

For the BASICC 1 core the 210Pb profile shows evidence of mixing within the core; the 

activity in the sediment does not display a simple exponential decay profile. A maximum 

specific activity of 259.4 Bq kg-1 occurs at 2.5 cm. A sediment accumulation rate of 0.074 g 

cm-2 y-1 was calculated below the mixed layer, (average linear sedimentation rate of 0.12 cm 
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y-1). This core however is highly perturbed and any chronology must be applied with caution 

(Figure 3.10 and 3.11). 

 

The unsupported 210Pb activity concentration profile in BASICC 8 exhibits a surface 

maximum of 112.0 Bq kg-1, the smallest surface value of all the Barents Sea cores, which is 

followed by a decrease to 0 Bq kg-1 at around 6 cm. The core is characterised by a small 

amount of mixing, however the mixing is not intense. A sediment accumulation rate of 0.085 

g cm-2 y-1 was obtained (average linear sedimentation rate 0.11 cm y-1) (Figure 3.10 and 

3.11). 
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Figure 3.10 - Excess 210Pb and 137Cs profiles for the Barents Sea cores, a) BASICC 1, b) 

BASICC 8, c) BASICC 40 and d) BASICC 43. 
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Figure 3.11 - Plots showing the natural logarithm of the unsupported 210Pb against 

cumulative depth (g cm-2), and the associated regression line, for the BASICC cores.  

 

The 210Pb activity for BASICC 40 suggests a well mixed core. The top 2 cm are well mixed, 

and there is a subsurface peak activity at 8-9 cm. This is due to bioturbation: benthic 

organisms reworking the sediment. The profile has a maximum specific activity of 130.0 Bq 

y = -0.4213x + 6.0551
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kg-1, similar to that of BASICC 8, and half the activity found in BASICC 1 and 43. The 

sediment mass accumulation rate was determined as 0.047 g cm-2 y-1 (average linear 

sedimentation rate of 0.07 cm y-1) (Figure 3.10 and 3.11). 

 

BASICC 43 shows a systematic decrease with depth from a specific activity of 266.8 Bq kg-1 

at the surface to 0 Bq kg-1 at 13 cm. The 210Pb activity profile shows a small amount of 

mixing within the top 10 cm. A sediment accumulation rate of 0.079 g cm-2 y-1 was 

calculated (average linear sedimentation rate of 0.12 cm y-1) (Figure 3.10 and 3.11).  

 

3.3.3 Group C - JCR127 

WSS0 shows evidence of mixing in the top 8 cm; the mixing is not intense but appears to 

follow a stepped pattern, possibly due to bioturbation and burrows created by the fauna. The 

maximum specific activity is 266.5 Bq kg-1 at 0.75 cm, decreasing to 0 Bq kg-1 at 11.5 cm. A 

sediment accumulation rate of 0.082 g cm-2 y-1 was calculated (average sedimentation rate of 

0.11 cm yr-1) (Figure 3.12 and 3.13). WSS0, as with many of the other cores in this study, 

has a well mixed profile. This makes the calculation of the mass accumulation rate difficult, 

as the 210Pbxs does not decay exponentially. For this core all the data points have been taken 

to give an indication of the mass accumulation rate. It was not possible to take points below 

the mixed layer as the core is mixed throughout the top 10 cm, with no exponential decay of 

the 210Pbxs. 

 

WSS4 displays a well mixed profile, with a large peak occurring at 5 cm; with a specific 

activity of 366.6 Bq kg-1. The peak specific activity at 5 cm shows a similar 210Pbxs activity 

as that in the surface sediments (top 1 cm). This 210Pbxs peak represents a strong post 

depositional movement, a perturbation within the sediment. This could be a product of 

biological mixing within the sediments, a long term bioirrigation process continually re-

depositing surface material at depth. It could also be associated with a physical mixing 

process such as a sediment slump. Below 5 cm, the profile shows an exponential decay of 
210Pbxs reaching a background specific activity at 9.25 cm. To work out the mass 

accumulation rate, all the points below the mixed layer were taken giving a mass 

accumulation rate of 0.030 g cm-2 yr-1 (Figure 3.12 and 3.13). When the plot, showing the 
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natural logarithm of the unsupported 210Pb against cumulative depth (g cm-2), is drawn 

(Figure 3.13), there are two different accumulation rates. These two rates are indicated by 

dashed lines on the plot.  

 

All 3 mass accumulations rates have been calculated and give different rates of 

sedimentation: 

• All points below the mixed layer from 4.75 cm to 9.25 cm (3.87-8.20 g cm-2), 

mass accumulation rate 0.030 g cm-2 y-1. Correlation coefficient of 0.8548. 

• Top 5 points below the mixed layer from 4.75 cm to 6.75 cm (3.87-5.67 g cm-2), 

mass accumulation rate 0.064 g cm-2 y-1. Correlation coefficient of 0.9716. 

• Bottom 5 points below the mixed layer from 7.25 cm to 9.25 cm (6.13-8.20 g cm-

2), mass accumulation rate 0.016 g cm-2 y-1. Correlation coefficient of 0.9745. 

 

It is clear that this core is perturbed, and it is difficult to ascertain a sedimentation rate. For 

the purpose of this study the mass accumulation rate for all the 10 data points below the 

mixed surface layer will be taken (rate of 0.030 g cm-2 y-1). However this rate is just an 

indication of the sediment accumulation rate within the area and must be used with caution. 

 

VP2a exhibits a surface maximum specific activity of 469.8 Bq kg-1 with only small 

fluctuations in activity to a depth of 7 cm where a specific activity of 26.2 Bq kg-1 is reached. 

Below this there are small irregularities to a value of 14 cm where a stable background is 

obtained. The core is characterised by a small amount of mixing. A sediment accumulation 

rate was calculated as 0.045 g cm-2 y-1 (average linear sedimentation rate of 0.09 cm y-1). The 

data points below the mixed layer were taken for the calculation, from 3.75 cm to 6.75 cm 

(1.64 - 3.27 g cm-2) (Figure 3.12 and 3.13). 

 

An element of caution must be applied to all the cores when using the mass accumulation 

rate; the rate is just an indication of the accumulation rate within each area. All the cores are 

influenced by mixing and include perturbations, a common feature of most sediment cores. 

For all cores the data points below the mixed zone have been used, to obtain the most 

appropriate mass accumulation rate.  
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Figure 3.12 - Excess 210Pb and 137Cs profiles for the JCR127 cores, a) WSS0 b) WSS4 

and c) VP2a. 
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Figure 3.13 - Plots showing the natural logarithm of the unsupported 210Pb against 

cumulative depth (g cm-2), and the associated regression line, for the JCR127 cores 

(WSS0, WSS4 and VP2a).  
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Table 3.1 - Summary of mass accumulation rates and sedimentation rates for all cores.  

  
Core 

  
Regression line 

 
r2 

mass accumulation rate 
g cm-2 y-1 

sedimentation rate 
cm y-1 

ICOS1 y = -4.826x + 6.181 0.911 0.007 0.03 
ICK1 ND ND ND ND 
ICNL1 y = -6.288x + 7.249 0.967 0.005 0.02 
     
BASICC 1 y = -0.421x + 6.055 0.845 0.074 0.12 
BASICC 8 y = -0.368x + 4.816 0.895 0.085 0.11 
BASICC 40 y = -0.663x + 5.496 0.871 0.047 0.07 
BASICC 43 y = -0.395x + 5.918 0.894 0.079 0.12 
     
WSS0 y = -0.379x + 5.871 0.815 0.082 0.11 
WSS4 y = -1.049x + 10.655 0.855 0.030 0.03 
VP2a y = -0.6984x + 5.573 0.992 0.045 0.09 

 

3.3.4 Summary 

ICOS1 has an extremely low linear mass accumulation rate of 0.007 g cm-2 yr-1. Appleby 

(2004) sampled a lake on Ossian Sarsfjellet, and reported an accumulation rate of 0.0088 g 

cm-2 y-1 and a linear sedimentation rate of 0.027 cm y-1 (Appleby, 2004). Both of the lakes 

show relatively high 210Pb specific activity in the surface sediments (701 Bq kg-1 Appleby 

(2004), and 621 Bq kg-1 ICOS1), this is followed by a steep decline in the top 2 cm to an 

activity close to zero (Appleby, 2004).  

 

Appleby (2004) recorded mean sediment accumulation rates from 8 lakes on the west coast 

of Svalbard, with values ranging from 0.002–0.050 g cm-2 y-1 (0.02–0.10 cm y-1) (Appleby, 

2004). The lagoon (ICNL1) falls within the range found by Appleby, with a mass 

accumulation rate of 0.005 g cm-2 y-1 being determined. Two lakes in West Greenland, 

display sediments rates of 0.008 and 0.009 g cm-2 y-1, again showing very slow 

sedimentation rate consistent with those identified in this project (Bindler et al., 2001). There 

are two main reasons why Arctic lakes have slow sedimentation rates; they are covered in ice 

for a large proportion of the year and are frequently associated with low biological 

production. 
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The BASICC cores demonstrate linear sedimentation rates between 0.07 and 0.12 cm yr-1. 

These are similar to values found by Maiti et al. (2006) in the Barents Sea, recording values 

between 0.11 and 0.31 cm yr-1 throughout the Barents Sea.  The Barents Sea is a shelf sea, 

with an average depth of 230 m; the average primary productivity is 110 g C m-2 yr-1, leading 

to a large flux of particles to the sediments (Sakshaug, 1997). 

 

Heldal et al. (2002) investigated radionuclides in marine sediments in the Spitsbergen-Bear 

Island area. Three cores were taken, one south of Spitsbergen, one near the Greenland ice-

edge and one in the deep Norwegian Sea. The 210Pb activity was measured; the linear 

sedimentation rates were 0.28, 0.05 and 0.26 cm yr-1 respectively (Heldal et al., 2002). The 

south Spitsbergen core is located close to WSS0 (0.11 cm yr-1) both at a water depth of ~ 200 

m, the value of WSS0 is less than half recorded by Heldal et al. (2002). The Spitsbergen 

west coast is regarded as a highly productive area, with relatively high sedimentation rates. 

WSS4 has a relatively slow sedimentation rate, which is lower than the value of VP2a taken 

at a much deeper station in the Norwegian Sea.  

 

3.3.5 137Cs (caesium 137) 
137Cs activity has been measured using gamma spectroscopy for both the BASICC cores 

(BASICC 1, BASICC 8, BASICC 40 and BASICC 43) and the JCR127 cores (WSS0, WSS4 

and VP2a). The surface and peak 137Cs specific activities are shown in Table 3.2. (The limit 

of detection for 137Cs was 1.6 Bq kg-1). 

 
137Cs is a manmade radionuclide, with no natural sources. There are 3 main sources of 137Cs 

to the marine environment:  

• 137Cs has a large atmospheric dispersion from bomb testing and fallout, between 1945 

and 1975. 

• The Chernobyl incident in 1986 was classed as the world’s worst nuclear power 

accident. A large quantity of 137Cs was released into the atmosphere when the nuclear 

reactors exploded. Distinctive peaks of 137Cs at 1986 can now be seen in many 

sedimentary environments (Ilus and Saxén, 2005). 
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• From 1952 the nuclear fuel reprocessing plant at Sellafield discharged large amounts 

of radionuclides in to the Irish Sea, with maximum discharge levels between 1973 

and 1975. (Spencer et al., 2003). 

 

Table 3.2 - 137Cs specific activity in the surface sediments and the peak specific activity 

in all cores (Bq kg-1). (Limit of detection (LOD)). 

 

137Cs  surface Bq kg-1 highest value Bq kg-1 
ICOS1 ND ND 
ICK1 ND ND 
ICNL1 ND ND 
BASICC 1 3.0 ± 0.4 7.7 ± 0.6 
BASICC 8 < LOD < LOD 
BASICC 40 7.8 ± 0.6 7.8 ± 0.6 
BASICC 43 < LOD 3.8 ± 0.3 
WSS0 < LOD 6.3 ± 0.5 
WSS4 < LOD 7.1 ± 1.0 
VP2a 7.4 ± 0.8 19.1 ± 1.2 

 

The BASICC cores from the Barents Sea all have maximum 137Cs specific activities below 8 

Bq kg-1, BASICC 8 having the smallest activities, most below the detection levels (Table 

3.2). The other three cores show irregular 137Cs profiles with no distinctive peaks. The 

exception is BASICC 1, which has two peaks at 3.5 and 8.5 cm. These two peaks could be 

associated with bomb fallout or Chernobyl, however, the peaks, are small and could be 

distorted due to mixing within the profile (Figure 3.10).  

 

All the values are in agreement with those produced by Baskaran et al. (2000) and Føyn and 

Sværen (1997). In the Perchora Sea 137Cs specific activities ranged from 0.44-10.4 Bq kg-1 in 

surficial sediment samples (Baskaran et al., 2000). Føyn and Sværen investigated 102 

stations in the Barents Sea and on the west coast of Svalbard with mean 137Cs activities 

between <1.0 and 8.6 Bq kg-1 in the surface sediments (Føyn and Sværen, 1997). The authors 

described an uneven distribution within the Barents Sea, which is consistent with the higher 

values in the BASICC 1 and BASICC 40 cores. BASICC 1 is influenced by the Atlantic and 

Norwegian currents, the currents known for their transportation of 137Cs from Sellafield.  

BASICC 40 could be associated with the nuclear bomb fall out at Novaya Zemlya both 
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directly, and indirectly from glacier transport from Franz Josef and Novaya Zemlya (Føyn 

and Sværen, 1997). Novaya Zemlya is an archipelago in the north of Russia situated in the 

Arctic Ocean, which from 1954 onwards, became a site of extensive nuclear testing, hosting 

224 nuclear detonations. 

 

The 137Cs specific activity for the VP2a core increases from 7.4 Bq kg-1 at the surface to a 

maximum of 19.1 Bq kg-1 at 1.25 cm depth, below which there is a steady decrease to 0 Bq 

kg-1 at 6.25 cm (Figure 3.12). Figure 3.14 shows the 137Cs activity profile for VP2a against 

the chronology calculated using the 210Pb activity profile. The peak occurs at around 1989, 

which could be a result of 137Cs discharges from Sellafield in Cumbria, the ten year time lag 

consistent with the 137Cs transport time from Sellafield to the Norwegian Sea (Spencer et al., 

2003).  It could also be associated with bomb fallout during the 30 years from 1945 to 1975. 

Radionuclide fallout from bomb testing has been dispersed globally and has introduced 
137Cs, plutonium (Pu), and americium (Am) to the environment. A further explanation for the 

peak in the 137Cs profile could be fallout from the Chernobyl incident in 1986. 
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Figure 3.14 - 137Cs profile against chronology for VP2a 
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The 137Cs however penetrates to a depth corresponding to a date around 1940; this is due to 

diffusion within the pore waters of the sediment, along with mixing. Studies have shown that 
137Cs can be actively transported down a core profile; the mobility and redistribution in 

estuarine and marine cores being well recognised. (Sholkovitz et al., 1983; Sholkovitz and 

Mann, 1984; Spencer et al., 2003).  

 

The 137Cs activity in WSS0 and WSS4 is not constant. WSS4 shows numerous peaks in 

activity down the core at various intervals. This is likely to be a result of mixing; the 210Pb 

activity profile also indicates extensive mixing in the WSS4 core. The surface activity is 

below the detection limit; the maximum peak of 3.5 Bq kg-1 seen at 2.5-3 cm. WSSO has an 

activity below the detection limit at the surface, below this there are small fluctuations, the 

maximum specific activity occurring at 7-7.5 cm of 6.3 Bq kg-1. The core is also being 

influenced by mixing processes and the 137Cs profile must not be over interpreted.  

 

A previous study of anthropogenic radionuclides in marine sediments from the Spitsbergen-

Bear Island area, reported surface sediment 137Cs specific activities between ~ 0.5 Bq kg-1 

and 9.3 Bq kg-1; the highest levels are found close to Spitsbergen (Heldal et al., 2002). The 

results from this thesis are at the lower end of this range, with no peak activities indicative of 

bomb fallout, or Chernobyl. The profile could be distorted by mixing within the core. It is 

also not uncommon for 137Cs to undergo post depositional mobility, associated with organic 

matter degradation and bioturbation (Hermanson, 1990). 

 

3.3.6 Inventories and fluxes for 210Pb 

The 210Pb inventories are expressed as Bq m-2 and the flux as Bq m-2 y-1 (Table 3.3). 

 

The flux can be deduced from the total 210Pb unsupported activity in Bq m-2, using the 

equation. 

Α= λφ  

 

Where; A - the total unsupported activity in Bq m-2. 
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λ - the 210Pb radioactive decay constant equal to 0.0311 yr-1 (Preiss et al., 1996).  

 

3.3.7 Atmospheric flux 
210Pb is globally distributed by atmospheric circulation, the 210Pb being removed by 

scavenging processes, including wet and dry precipitation. It has proved to be a good tracer 

for atmospheric transport and removal processes. The average residence times of 210Pb in the 

atmosphere varies between 0 and 39 days (Preiss et al., 1996).  

 

The atmospheric flux of 210Pb however is not uniform over the globe, as the amount is 

dependent on the 222Rn concentration which escapes from the earth surface. Continental 

areas are the greatest sources; oceans and ice-covered areas are much smaller contributors to 

the global 210Pb flux. In the ice covered regions this is due to restricted escape of 222Rn 

through the ice, along with limited rates of precipitation (Smith et al., 2003). 

 

There are large variations of 210Pb over the globe, with contrasts between the north and 

southern hemisphere and a general decline with increasing latitude. Lakes, coastal regions 

and deep oceans also show large contrasts in 210Pb activity (Huh et al., 1997; Preiss et al., 

1996). 

 

The levels of 210Pb reaching the Arctic environment and vast oceanic areas are lower than in 

continental areas. Average atmospheric concentrations over the ocean range from 0.003 to 

0.35 mBq m-3. For Ny Ålesund, Svalbard reported atmospheric concentrations are between 

0.011 and 0.62 mBq m-3. The Arctic environment displays distinct seasonal variations due to 

the pressure systems and the position of the polar front (Magand et al., 2006; Paatero et al., 

2003). 

 

An average long term flux of 0.06 dpm cm-2 yr-1 (10 Bq m-2 y-1) has been estimated in the 

Arctic Ocean (Huh et al., 1997). The latitude of Svalbard gives rise to a mean atmospheric 

annual 210Pb flux of 25 Bq m-2 yr-1 (Preiss et al., 1996).  
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A study was undertaken by Paatero et al. (1996) at Mt. Zeppelin, Ny Ålesund to look at 210Pb 

activity concentrations from different air mass trajectories. Eight air trajectory clusters were 

identified shown in Figure 3.15. Of these clusters 2, 3 and 4 had the highest 210Pb activity 

concentrations; air masses coming from Siberia and north Europe. The high activity is due to 

the high amounts of 222Rn produced on continental regions (Paatero et al., 2003).  

 

 

Figure 3.15 - Mean trajectories of the 8 clusters examined to look at the source areas of 
210Pb (Paatero et al., 2003). 

 

3.3.8 Sediment - water surface 210Pb flux. 

The 210Pb flux can be measured at the air/surface interface (atmospheric flux), and estimated 

at the water/sediment interface. These two flux values are often quite different. The flux to 

the sediment is influenced by atmospheric input as well as 210Pb produced in-situ and 

scavenged from the water column (ref - chapter 1, 1.7). The sediment-water surface flux is a 

result of internal processes, including sedimentation rates, dissolved 226Ra sources in the 
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ocean and the addition of allochtonous material. The fluxes recorded for the sediments are 

shown in Table 3.3. The fluxes reflect the transfer of 210Pb across the sediment–water 

interface, and records the excess 210Pb activity concentration; the unsupported fraction which 

represents the amount added to the water column from atmospheric sources and in-situ 

production (Schell and Barnes, 1986). 

 

Table 3.3 - Radionuclide inventories and fluxes for all cores. Total inventory (Bq m-2) 

and the mean flux for 210Pb (Bq m-2 y-1). 

 

 
Maximum specific 

activity Mean Flux Total Inventory 
 Bq kg-1 Bq m-2 y-1 Bq m-2 
ICOS1 615 3.4 1088 
ICNL1 611 9.5 3368 
ICK1 112 9.2 16633 
    
BASICC 1 259 28.5 14678 
BASICC 8 112 7.43 3346 
BASICC 40 131 12.6 7299 
BASICC 43 267 23.3 12720 
    
WSS0 266 12.9 8688 
WSS4 346 21.2 15685 
VP2a 490 11.2 10399 

 

 

The highest flux is reported in core BASICC 1 with a valueof 28.5 Bq m-2 y-1. ICOS1 and 

ICNL1, have two of the smallest 210Pb fluxes to the sediment. A mean flux of 56 Bq m-2 y-1 

was reported for six Svalbard lakes (Appleby, 2004). The lagoon (ICNL1) and the lake 

(ICOS1) display much lower fluxes than expected. Appleby (2004) reported a flux of 60 Bq 

m-2 y-1 in the same lake, Lake Ossian. In west Greenland, two lakes studied displayed 210Pb 

fluxes of 27 Bq m-2 yr-1 and 61 Bq m-2 yr-1 (Bindler et al., 2001). ICK1 has a flux of 9.2 Bq 

m-2 y-1. The values are probably distorted by the high sedimentation rate.  

 

The disparity in the 210Pb flux with latitude is evident when peat cores from lower latitudes 

are compared, 210Pb fluxes from Scotland are recorded between 73 and 153 Bq m-2 y-1 

(MacKenzie et al., 1997). Sediment cores at Glensaugh in Scotland recorded fluxes of 198 
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Bq m-2 yr-1 (Farmer et al., 2005). These fluxes are substantially higher than any of the fluxes 

reported for this study. This is because the atmospheric flux is considerably greater in the 

lower latitudes than those found at higher latitudes. Preiss et al. (1996) reported a mean 210Pb 

annual atmospheric flux of 25 Bq m-2 yr-1 between 60o and 80oN latitude and a mean annual 

flux of 117 Bq m-2 yr-1 for latitude 30o - 60o N.  

 

BASICC 40 and BASICC 8 (the cores from the northern Barents Sea) sediment cores have 

lower mean 210Pb sediment fluxes than BASICC 1 and 43 (the cores from the southern 

Barents Sea). This could be attributed to seasonal ice cover in winter; this restricts the direct 

atmospheric flux transfer of 210Pb to the water column, and eventually the sediments. The 
210Pb attached to particles collects on the ice, the wind and the ice movements then provides 

an effective mechanism for the transport of these particles elsewhere (Smith et al., 2003). 

The atmospheric flux is highest in the winter when the sea ice is at its maximum. The 

contrast could also be attributed to differences in the water column connected to the water 

masses. BASSIC 40 and 8 are influenced by the cold Arctic water, while BASICC 1 and 43 

are in the warm particle rich Atlantic current. The Barents Sea continental shelf area thus 

provides an effective scavenging environment for 210Pb (Smith et al., 2003).  

 

Gobeil et al. (2001) reported inventory values between 4 and 20 dpm cm-2 (667 and 3333 Bq 

m-2) in the European Arctic: these values are lower than those reported in this study. The 

sites investigated, however, were deep ocean sediment (2265 and 4230 m) with very slow 

sediment accumulation rates.  

 

3.3.9 - 210Pb water and sediment inventories. 

It is possible to estimate the total supply of 210Pbxs to the sediments by looking at the 

atmospheric and the water column inventories of 226Ra. The water column inventories 

represent the in-situ decay of 226Ra to 210Pb. These two inventories added together give an 

estimated total supply inventory available for scavenging to the sediments. By subtracting 

the observed inventory (the total 210Pbxs in Bq m-2) from the estimated supply, a difference 

can be obtained (Cochran et al., 1990; Smith et al., 2003).  
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Atmospheric 210Pb inventory (Bq m-2) + water column 226Ra (Bq m-2) = total supply  

 

Observed inventory (Bq m-2) – total supply (Bq m-2) = difference. 

 

The atmospheric flux for 210Pb has been taken from Preiss et al. (1996), who estimated that 

the mean annual atmospheric flux for 210Pb at 60o to 80o N is 25 Bq m-2 y-1 (this is divided by 

the decay constant to get an inventory of 804 Bq m-2). The 210Pb sediment inventory for each 

core is calculated by summing the products of the excess 210Pb activities and the dry bulk 

densities for each sample slice with depth of the core. 

 

The water column inventory of 226Ra has been calculated using the 226Rawater inventories 

from the work by Smith et al. (2003) on shelf basin interactions in the Arctic Ocean. The 
226Rawater inventories were calculated using the following linear equation: 

 

0536.0)008.0(226 +×= depthRawater  

 

The focusing factor (FF) is a comparative value which looks at the total supply of 210Pb to 

the sediments to the observed 210Pb inventory (Table 3.4). 

 

Table 3.4 - 210Pb water and sediment inventories. 

 

Observed 
inventory 

210Pb 
Atmosphere 

210Pb 

Water 
column 

226Rawater 
Total supply 

210Pb 
Difference

210Pb 

 
Focusing 

factor 
 Bq m-2 Bq m-2 Bq m-2 Bq m-2 Bq m-2  
ICOS1 1088 804 31 835 253 1.3 
ICNL1 3378 804 72 876 2502 3.9 
ICK1 16600 804 11 815 15785 20.4 
       
BASICC 1 14700 804 576 1380 13322 10.7 
BASICC 8 3226 804 189 993 2233 3.2 
BASICC 40 7299 804 383 1187 6111 6.1 
BASICC 43 12700 804 389 1193 11507 10.6 
       
WSS0 8673 804 284 1088 7585 8.0 
WSS4 15700 804 600 1404 14297 11.2 
VP2a 10399 804 1906 2710 7689 3.8 
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It is clear from these calculations that the total supply of 210Pb to the sediments is in many 

cases a lot lower that the observed inventory of 210Pb in each core; ICK1 and WSS4 having 

the largest difference in the inventories. The lake (ICOS1) has the smallest difference: it has 

been shown that small lakes and peat bogs show a sediment flux closest to the atmospheric 

flux, which appears to be the case with ICOS1 (Preiss et al., 1996). 

 

There are various explanations for the 210Pb inventories reported. This study has taken an 

average value for atmosphere 210Pb, which is likely to be variable between sites. Variations 

in the amount of atmospheric 210Pb flux are dependent on the proximity to continental areas 

(the 222Rn source), the amount of precipitation within the area and the associated scavenging 

mechanism. Ice cover can also have an impact influencing the efficiency of the transfer of 

atmospheric 210Pb to the water column.   

 

These differences can also be a result of the internal processes within the water column: high 

sedimentation rates, focusing factors and areas of high deposition, and the addition of 

allochtonous material (Preiss et al., 1996). Focusing factors are redistribution process that 

cause sediment to accumulate in one part of a lake or sea bed and be scoured from another 

area (Hermanson, 1990). 

 

It is hard to explain the differences between the total supply of 210Pb and the observed 

inventory 210Pb, because the cores have been taken in a wide range of locations, from lakes 

to continental shelf, with varying depths, levels of primary production and sea ice cover. It is 

clear that internal processes within the oceans and the water column are having substantial 

effects on the water-sediment flux seen within each core. To produce a more accurate 

inventory calculation a direct measurement of the 226Ra in the water column would be 

required and more importantly an accurate atmospheric 210Pb inventory would be calculated. 

 

3.4 Particle size 

Results for particle size distributions can be seen in Figures 3.16, 3.17 and 3.18. Stacked 

diagrams have been produced to show the particle size changes with depth. Graphs have 
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been drawn showing the % grain size, % clay, silt and sand, and the mean grain size (µm) at 

each depth. 

 

3.4.1 Group A - Ny Ålesund cores 

The sediment within ICOS1 can be described as moderately - poorly sorted. The clay 

fraction increases in the surface sediments from 17 % to a maximum of 78 %. This increase 

is mirrored by a decrease in silt composition. The sand fraction also changes, constituting 15 

% of the sediment at the base of the core to 0 % in the surface sediments. The mean grain 

size and the stacked graph plot both demonstrate a decreasing trend in mean grain size from 

35 µm in the bottom sediments to 3 µm in the surface sediments, a transition from coarse silt 

to clay (Figure 3.16).  

 

The sediment from ICK1 follows a unimodal moderately sorted distribution with a small 

negative skew. The core composition is predominantly silt (70 %) with 25-30 % of the 

sediment characterised by clay, with only a small amount of fine sand < 4 %. The mean grain 

size is homogeneous with the mean ranging from 12-19 µm representing medium/coarse silt 

(Figure 3.16). 

  

For ICNL1 the sediment is moderately sorted, with a high percentage of silt dominating the 

sediments. Silt varies between 64-71 %, with clay characterizing between 20 and 30 % of the 

sediment type. The mean grain size is homogeneous coarse silt with values ranging from 17–

30 µm (Figure 3.16). 

 

3.4.2 Group B - BASICC cores  

The sediment from the BASICC 1 core has a unimodal peak, is moderately – poorly sorted, 

and negatively skewed. Percentage size fractions show only small variations with depth, with 

silt dominating, ranging from 53 % to 70 % in the surface. The sand fraction is very small 

with a small increase to 11.5 % in the surface sediment. The mean grain size shows a general 

increase in size towards the surface, 8 µm at the base of the core and 30 µm at the top 

(Figure 3.17).  
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The BASICC 8 core displays a poorly sorted, polymodal distribution, due to ice rafted 

debris.  % clay and silt are consistent down the cores (~ 45 % and 55 % respectively). The 

mean grain size is very homogeneous, a value of 5 µm being recorded to the base of the core, 

displaying a dominance of fine silt (Figure 3.17).   

 

The BASICC 40 core is similar to BASICC 8 showing a poorly sorted polymodal 

distribution, which can be attributed to ice rafting through seasonal ice cover. In the upper 10 

cm a shift towards a unimodal distribution can be seen, with the particle size becoming 

coarser. The % grain size graphs reflect this increase with a higher % of silt being recorded 

in the surface sediment, mirrored by a decrease in the clay fraction. The mean grain size 

increases from a value of between 10-15 µm in the base of the core, to a maximum in the 

surface of 23µm. This still shows homogeneous sediment with the change in size being 

relatively small (Figure 3.17). 

       

The particle size from BASICC 43 displays a poorly sorted polymodal distribution. The % 

sand content is very small < 1 %. The % clay and % silt are constant with depth, with values 

of around 45 and 50 respectively. The mean grain size is invariable, with values between 7 

and 13 µm, displaying a medium silt (Figure 3.17). 

 

3.4.3 Group C - JCR127 cores  

For WSS0 the particle size distribution is poorly sorted and polymodal. The silt and clay 

represent equal proportions in the sediment, with a near 50-50 split, accompanied by only 

slight variations. The mean grain size is relatively constant with a value between 5 and 10 

µm, dominated by fine silt (Figure 3.18). 

 

WSS4 shows a broad grain size distribution, which is poorly sorted. % clay values are 

between 38–51 %, with the silt fraction representing 50–59 % of the core. The mean grain 

size is homogeneous throughout the core, deviating between a minimum value of 8 µm and a 

maximum value of 24 µm, to a medium to coarse silt (Figure 3.18).  
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For VP2a the sediment appears moderately sorted, with the % clay and % silt being equal 

and relatively constant within the core. The sand fraction is very small, constituting less than 

5 %. The mean grain size is dominated by a fine/medium silt composition (Figure 3.18). 

 

Particle size can be useful in determining which sites have seasonal ice cover. It is common 

for the particle size distribution to have a proportion of coarse terrigenous material (Hebbeln 

et al., 1998). The polymodal peaks indicative of ice cover can be seen in BASICC 8, 

BASICC 40 and in deep BASICC 43 sediments. WSS0 shows a polymodal distribution with 

mixed sediment sizes shown throughout the core profile. ICOS1 also shows polymodal peaks 

below 10 cm, possibly associated with varying lengths of ice cover and a wider distribution 

of grain size particles below 10 cm.    

 

3.4.4 Summary  

Particle size can have an impact on the contaminant load of the sediment, with trace elements 

often showing an inverse relationship with grain size. Grain size can also provide evidence of 

changes that occur within the sedimentary environment; for example changes in current 

speed and winnowing. Average grain size can reflect the energy of the depositional 

environment. 

 

Most of the cores in this work show uniform distributions of particle size with depth, with 

the silt fraction dominating. ICK1 and ICNL1, show no major down core trends or variations 

in particle size. This is also true for BASICC 8, BASICC 40, WSS0, WSS4 and VP2a.  

 

BASICC 1 and BASICC 43 have small increases in the mean grain size in the upper part of 

the sediment. These increases, however, are only 10-15 µm, and are unlikely to have a major 

impact on contaminant concentrations. 

 

Five cores (ICOS1, WSS0, BASICC 8, BASICC 40 and BASICC 43) show evidence of ice 

rafting, producing a poorly sorted polymodal distribution. Particles from a wide range of 

grain sizes can be entrained in sea ice, which are released when the sea ice melts (Hölemann 

et al., 1999; Wadhams, 2002). 
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ICOS1 is the only core that shows large variations in the grain size distribution, with a steady 

incline in the % clay fraction from 25 cm to the surface of the core, mirrored by a decline in 

the silt fraction. At the surface of the core ~ 80 % of the particle composition belongs to the 

clay fraction. This change could be attributed to many different factors, including changes in 

terrigenous inputs and source material, and biogenic inputs. The shallow nature of lakes in 

the Arctic makes them very sensitive to changes in the sedimentary regime, for example 

changes in the glacial conditions, water inflow and primary production. The sediment is 

poorly sorted below 10 cm because ice cover prevents wave action and removal of the fine 

material to deeper water. 

 

As discussed in section 3.2 grain size variations and mineralogical changes can be taken into 

account by using geochemical normalisers such as Li, Fe and Al. Li will be used in this work 

(Loring, 1990; 1991). 
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Figure 3.16 - Grain size data for Ny Ålesund cores, stacked diagrams, % grain size clay 

(__ ___), sand (--- ---) and silt (.…o….) and mean grain size in µm. ( a – ICOS1, b – 

ICK1, c – ICNL1). 

a)  

b) 

c) 
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Figure 3.17 - Grain size data for BASICC cores, stacked diagrams, % grain size clay 

(__ ___), sand (--- ---) and silt (.…o….) and mean grain size in µm. ( a – BASICC 1, b - 

BASICC 8, c- BASICC 40, d- BASICC 43). 

a)  

d)  

c)  

b)  



Chapter 3 – Geochemical Characteristics 
__________________________________________________________________________ 

 

 121

0.01 0.1 1 10 100 1000 10000

Particle size um

D
ep

th
 c

m

0

0.01 0.1 1 10 100 1000 10000

Partical size um

D
ep

th
 c

m

0

0.01 0.1 1 10 100 1000 10000

Particle size um

D
ep

th
 c

m

0

0 10 20 30 40 50 60 70

D
ep

th
 (c

m
)

0

5

10

15

20

25

0 10 20 30 40
0

5

10

15

20

25

0 10 20 30 40 50 60 70 80

D
ep

th
 (c

m
)

0

5

10

15

20

0 10 20 30 40
0

5

10

15

20

mean grain size
0 10 20 30 40

0

5

10

15

20

25

% grain size
0 10 20 30 40 50 60 70 80

D
ep

th
 (c

m
)

0

5

10

15

20

25

 

Figure 3.18 - Grain size data for JCR127 cores: stacked diagrams, % grain size clay 

(__ ___), sand (--- ---) and silt (.…o….) and mean grain size in µm. (a- WSS0, b- WSS4, c-

VP2a). 
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c)  



Chapter 3 – Geochemical Characteristics 
__________________________________________________________________________ 

 

 122

3.5 Carbon and Nitrogen Analysis. 

Organic carbon (Corg) can be divided into two main classes, i) allochthonous (from external 

sources) and ii) autochthonous (produced locally in the ocean by phytoplankton). In the 

Arctic environment, allochthonous Corg is generally controlled by river run-off, sea ice 

transport, turbidity currents and ocean currents. Terrigenous inputs are of greater importance 

in lakes and lagoons, especially lakes with large catchment areas. In the deep ocean, 

allochthonous input is generally quite small; but is more significant in coastal areas and in 

lake systems. The major source of organic matter in sediments for both lake and the oceans 

are single-celled phytoplankton.  

 

The redox conditions of sediments are ultimately controlled by the supply of Corg and its 

subsequent preservation and decomposition. In oxic sediments the organic matter is broken 

down by organisms in the upper few cm of the sediments. Marine sediments usually contain 

between 1 and 5 % Corg, this is frequently higher in anoxic sediments, typically in areas 

where there are high levels of primary production (Chester, 1990; Rullkötter, 2000). 

 

The C/N ratio can be an effective indicator of the marine or terrigenous origin of marine 

organic matter. Algae have low C/N ratios, ranging from 4 to 10, whereas land based 

vascular plants may have values exceeding 20. The difference is attributed to the absence of 

cellulose in algae and their high protein content (Meyers, 1997; Rullkötter, 2000). There is a 

large proportion of cellulose in vascular land plants, which is naturally low in nitrogen, 

leading to a larger C/N ratio (Lamb et al., 2006). Surface sediment samples for Lake Baikal, 

Russia, and Lake Mangrove, Bermuda, reported C/N values of 11 and 13 respectively, 

indicating a mixed source with influences from both vascular and non vascular plants 

(Meyers and Ishiwatari, 1993). The C/N ratio typically increases with depth in the sediment 

as protein rich in N is degraded more rapidly than carbohydrate polymers and many 

hydrocarbons. 

 

Trace elements, such as Hg, have been shown to have positive correlations with organic 

matter within the sediments, and understanding of the organic carbon and its origin is 

therefore important in a contaminant study (Gagnon et al., 1997). 
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Graphs for % organic carbon (% Corg) and C/N ratios have been plotted, and are given in 

Figures 3.19, 3.20 and 3.21, for the Ny Ålesund cores (ICOS1, ICNL1, ICK1), the BASICC 

cores (BASICC 1, BASICC 8, BASICC 40, BASICC 43) and the JCR127 (WSS0, WSS4, 

VP2a) cores respectively. 

 

3.5.1 Group A - Ny Ålesund cores 

The three cores from Ny Ålesund display very different organic carbon compositions.  

 

The ICOS1 core (the lake) has higher % Corg values than reported in any of the other cores, 

with a maximum concentration of 11.25 % being recorded at 6.25 cm. Above 6.25 cm there 

is a decrease in the percentage, falling to 0.59 % Corg at 2.25 cm, an increase can be seen in 

the top cm of the core, to 5.5 % Corg (Figure 3.19). 

 

The C/N values for ICOS1 are variable with a maximum of 10.8 being recorded at 5.25 cm. 

From the base of the core to 5.25 cm there is a steady increase in the C/N ratio, which is 

similar to the increase in the % Corg. The C/N values below 5 cm are likely to be the result of 

a small contribution from vascular land plants, with a higher proportion of organic matter 

coming from water-column production by plankton and algae. This has been noted in Walker 

Lake and Lake Michigan, where values of 8 and 9 have been recorded, reflecting small 

amounts of vascular plant debris (Meyers and Benson, 1988; Meyers et al., 1984). In the 

upper 5 cm of the lake core there is a decrease in the % Corg; this decline is followed by a 

smaller decline in the C/N ratio. This large decrease in % Corg displays a perturbation or a 

hiatus; this could be attributed to a physical process such as a slumping event or could be 

associated with the glacial conditions in the area. 

 

The ICK1 core (inner Kongsfjorden) has very low values of Corg with values consistently 

below 0.3 %; there is little variation down the profile.  The C/N ratio is also constant down 

the core with a value between 5 and 6 being measured. For ICK1, the constant C/N ratio and 

% Corg reflects a small constant supply of organic matter to the system. A likely explanation 

is the high sedimentation rate found at the head of the fjord, resulting in a dilution effect 

(Tyson, 2001) (Figure 3.19). A large amount of sedimentary material is deposited at the foot 
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of the glacier, resulting in a high sedimentation rate at this core site. The material is depleted 

in organic matter, and is largely inorganic in origin. The high sedimentation rate overwhelms 

the small organic input from the fjord, leading to a dilution effect. 

 

ICNL1 (the lagoon) shows a steady increase in organic carbon from a depth of 10 cm to the 

surface (1.5 % to a maximum of 7.7 % in the top 1 cm). The C/N ratio shows values between 

7 and 9 down the core with small fluctuations, however there is a general increase in the C/N 

ratio with depth. This is expected in a core where the nitrogen compounds are typically more 

reactive than the non-nitrogen compounds (Figure 3.19). 

 

3.5.2 Group B - BASICC cores 

The total Corg values in the BASICC cores are all below 2.8 %. This is in good agreement 

with the Akvaplan–niva report from 1992 where all values recorded in the Barents Sea were 

below 3 % total Corg (dos Santos et al., 1996; Maiti et al., 2006). BASICC 1 and BASICC 8 

show little variation down core. BASICC 40 displays an increase in the top 6 cm. BASICC 

43 shows the greatest fluctuation, with a decrease in the % Corg in the top 3 cm (Figure 3.20). 

 

The C/N ratios in all the BASICC cores are consistent down core with a slight increase in 

ratio with depth, with values between 7 and 9 being recorded. The only exception is in 

BASICC 40 where below 25 cm there is an increase in the C/N ratio to a value of 15.62. This 

value is significantly higher than any ratio reported in Barents Sea sediments; the % Corg is 

relatively constant, and therefore it is a dramatic reduction in the % Norg that is causing the 

change in the ratio. Misleading C/N signatures have been reported due to a presence of a 

large proportion of inorganic nitrogen in Corg poor sediments (Meyers, 1997), however in this 

case this is unlikely as the inorganic C and N was removed using acid prior to organic 

analysis (Figure 3.20).     

 

C/N ratios reflect the source of organic matter. Low values as displayed in the Barents Sea 

are indicative of nonvascular aquatic plants, including many types of plankton, being the 

dominant source (Meyers, 1994; Meyers and Ishiwatari, 1993). These values correspond well 
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to a survey completed in 1996 by Akvaplan-niva, who identified values between 8.1 and 9.0 

in surface sediments (dos Santos et al., 1996) (Figure 3.20). 

 

3.5.3 Group C - JCR127 cores 

The values of total Corg are low in all cores, with all values below 2.5 %. WSS0 and WSS4 

show constant values down core with only small fluctuations, WSS0 fluctuating between 

2.00-2.36 % and WSS4 between 1.32-1.75 %. VP2a shows a more varied profile with a 

steady increase being seen in the top 13 cm, rising from 0.36 % at the base of the core to 1.37 

% at the surface (Figure 3.21). 

 

The JCR127 cores are similar to the BASICC cores, with C/N ratios below 10; this ratio 

indicates that aquatic plants such as plankton are the main source of the organic matter. The 

C/N ratio mirrors the organic carbon profiles, with WSS0 and WSS4 staying fairly constant 

over the depth of the core, with a slight increase in the C/N ratio with depth. VP2a, in 

contrast, shows a steady decline down the core. This decrease could reflect an enhanced 

supply of marine organic matter, as a result of greater primary production in this area in the 

recent time period. It could also reflect an improved preservation of Corg at the seafloor, and 

a high supply and burial by infauna. This may partly explain the profile seen, however, this 

pattern in the Corg is not frequently observed.  The C/N ratio indicates a predominantly 

marine origin for the organic matter (Meyers, 1994). 

 

 



Chapter 3 – Geochemical Characteristics 
__________________________________________________________________________ 

 

 126

% Corg

0 2 4 6 8 10 12

D
ep

th
 (c

m
)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75

% Corg

0 2 4 6 8 10 12

D
ep

th
 (c

m
)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75

% Corg

0.0 0.1 0.2 0.3 0.4 0.5

D
ep

th
 (c

m
)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75

C/N ratio

0 2 4 6 8 10 12

D
ep

th
 (c

m
)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75

C/N ratio

0 2 4 6 8 10 12

D
ep

th
 (c

m
)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75

C/N ratio

0 2 4 6 8 10 12

D
ep

th
 (c

m
)

0
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75

 

Figure 3.19 - % Corg and C/N ratios for Ny Ålesund cores (a - ICOS1, b - ICNL1, c -

ICK1). 

a)  

c)  

b)  
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Figure 3.20 - % Corg and C/N ratios for all Barents Sea cores (a - BASICC 1, b -

BASICC 8, c - BASICC 4 and d - BASICC 43). 

a)  

d)  

c)  

b)  
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Figure 3.21 - % Corg and C/N ratios for all JCR127 cores (a – WSS0, b - WSS4, c - 

VP2a). 

 

a)  

b)  

c)  
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3.6 Major elements. 

The major elements can be classed as those elements that have a crustal abundance greater 

than 1 % mass; these elements include aluminium (Al), barium (Ba), calcium (Ca), 

potassium (K), lithium (Li), magnesium (Mg), sodium (Na), strontium (Sr) and titanium (Ti). 

These elements can provide information about the geochemical characteristics of the 

sediment, displaying variations in sediment type, grain size and mineralogical changes. The 

above elements have been selected to study the composition of the sediments. Many of the 

elements are described at lithogenic, defined as elements that arise from land erosion, 

mobilised on land and carried via rivers, atmospheric deposition and glacial transport. The 

most important minerals are the clay minerals, quartz and to a lesser extent feldspars 

(Chester, 1990).  

 

Barium (Ba) is often used as a palaeooceanograhic tool, the accumulation of solid-phase Ba 

serving as a measure of productivity over time (McManus et al., 1998; Prakash et al., 2002). 

The relationship between the excess Ba and the organic flux has been used to look at past 

productivity; the excess Ba is calculated by normalising Ba to Ti, Al or Li. The normalisation 

removes the terrigenous component of the sediment. Although this has proved successful, in 

some cases it assumes that the entire excess Ba recorded is directly related to productivity. 

Evidence suggests that Ba can also be associated with other particulate phases including 

carbonates, organic matter, Fe oxyhydroxides and barite (Gonneea and Paytan, 2006). 

 

Calcium (Ca) is generally related to lithogenic and biogenic calcites. It can provide evidence 

of shell bands in the sediment, and levels of productivity. Ca is used by many marine 

organisms to form an outer shell of CaCO3 (calcium carbonate), which becomes incorporated 

into sediment when the organism dies. Mg, Sr and Ba are also associated with the 

carbonates, forming magnesite (MgCO3), strontianite (SrCO3) and witherite (BaCO3) (Kim 

et al., 1999). Mg, Sr and Ba may also substitute for Ca in calcite and aragonite. 

 

Ti, Sr, Mg, Li, K and Al can all be associated with the lithogenic fraction. These are land- 

derived components incorporated as clay minerals and quartz, and to a lesser extent 

feldspars. The elements are all aluminosilicate associated elements, and can provide 

information on changes in grain size and differences in the sediment source. 
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Table 3.5 shows the mean concentration of the major elements over the length of the cores. 

The cores were later normalised to Li, the profiles are shown in Figures 3.23-3.32 (The metal 

concentration is divided by the Li concentration, to provide a ratio). Lithium ratios have been 

used for the reasons stated in chapter 3.2. The profiles for the actual concentrations for 

ICOS1 can be seen Figure 3.22, these have been included so that a comparison can be made 

between the normalised profiles and the profiles prior to normalisation. 

 

Table 3.5 - Mean concentrations of major elements over the core profiles. 
 

 Mean Concentration 

 
Al 

% wt 
Ba 

mg kg-1 
Ca 

% wt 
K 

% wt 
Li 

mg kg-1 
Mg 

% wt 
Na 

% wt 
Sr 

mg kg-1 
Ti 

% wt 
ICOS1 6.18 406 0.78 2.13 25 1.02 0.60 60 0.42 
ICNL1 8.43 520 3.67 3.09 42 2.93 0.77 150 0.49 
ICK1 6.65 361 7.38 2.20 39 2.77 1.09 119 0.38 
          
BASICC 1 7.62 551 1.14 2.34 52 1.61 2.33 166 0.44 
BASICC 8 7.84 450 1.37 2.53 68 1.59 1.98 175 0.47 
BASICC 40 7.67 488 0.56 2.16 53 1.30 2.55 168 0.44 
BASICC 43 6.13 384 0.96 1.95 41 1.31 2.33 150 0.39 
          
WSS0 7.43 379 0.72 1.94 57 1.31 1.85 119 0.36 
WSS4 6.55 399 2.23 1.82 53 1.18 1.56 151 0.37 
VP2a 5.49 528 9.70 1.66 37 1.45 2.23 479 0.38 

 

The mean concentrations can be compared to other studies, and can be used to look at spatial 

variations between the cores. For example Al varies between 5.49 % wt. in VP2a (Vøring 

plateau) and 8.43 % in ICNL1 (the lagoon). The Barents Sea Cores, all report similar 

concentrations in all elements. They are in good agreement with values obtained in a baseline 

study of the Barents Sea by Akvaplan-niva, with Al concentrations ranging between 6.46 and 

7.38 % wt. (dos Santos et al., 1996).  

 

The Barents Sea cores show similar concentrations between sites, with only small spatial 

variations, for example Ti has a mean concentration range between 0.39 % wt. and 0.47 % 

wt. Sr ranges between 150 mg kg-1 and 175 mg kg-1. 
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VP2a has large concentrations of Ca and Sr in comparison to the rest of the cores, (9.70 % 

wt. and 479 mg kg-1 respectively). This is a possible indication of increases in primary 

production and CaCO3 (Kim et al., 1999). In contrast ICOS1 (the lake), has the lowest 

concentrations of Na, Mg and Sr recorded.  

 

3.6.1 Group A - Ny Ålesund cores 

For the ICOS1 core (Lake Ossian) the actual concentrations and the Li normalised profiles 

are very different. Both sets of profiles are shown in Figure 3.22 and 3.23.  

 

ICOS1 has very dramatic changes in the major elements (Figure 3.22). The element profiles 

prior to normalisation all show an abrupt increase in concentration between 6.25 cm and 5.25 

cm, with the exception of Ca which shows a sharp decline at the same depth. Table 3.6 

shows the calculated means for the top 5.25 cm and the rest of the core. There are significant 

differences between the two values, suggesting that there has been a change within the core. 

The mean Sr concentrations are significantly lower than those found in any other core. 

 

When the elements/Li profiles are considered for ICOS1, all the elements switch to show a 

decline in ratio between 6.25 and 5.25 cm, (with the exception of Ca). In the top 4 cm of the 

core there is a reversal in the decline with steady increases in the ratios towards the surface. 

This abrupt change can be seen in all the cores suggesting that an event has taken place in the 

lake; i.e. there is a distinct change in source of the sediment input (Figure 3.23). This could 

be due to a hiatus or a slumping event, a slumping event would lead to a period of rapid 

deposition, and if the slump material is from a different area of the lake it could cause a 

change in the elemental concentrations. Another possible explanation is a prolonged period 

of ice cover, this would prevent any exchange of contaminants to the lake, the 

atmospheric/water exchange would be limited. The input of allochthonous (external sources) 

material would be restricted and primary production would be very limited. All these factors 

would lead to fewer particles being deposited to the bottom sediments. In the case of ICOS1, 

this could have occurred between 6.25 and 4.25 cm within the sediment. 
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Table 3.6 - Mean concentrations for ICOS1. Contrasts between top 5.25 cm and the rest 

of the core.  

 

 
Al  

% wt 
Ba  

mg kg-1 
Ca  

% wt 
K  

% wt 
Li  

mg kg-1 
Mg 

% wt 
Na  

% wt 
Sr  

mg kg-1 
Ti  

% wt
ICOS1 
top 5.25cm 9.67 692 0.53 3.60 50 1.59 0.82 80 0.74 
ICOS1  
> 5.25 cm 5.44 346 0.83 1.82 20 0.90 0.56 56 0.35 

 
 

For the ICNL1 core the Ba/Li and Al/Li profiles are very similar down core, generally 

consistent with no obvious trends. Ca/Li and Mg/Li show a decline over the core. Ca/Li is at 

its lowest at the sediment surface (ratio 0.05), with distinct peaks between 6 and 15 cm 

(highest ratio 0.16) (Figure 3.24). 

 

For the ICK1 core there are no down core trends within the core, the elements show only 

small variations with depth: this would be expected for an area of high sedimentation. The 

core represents only a short time period, due to a large amount of sediment being deposited 

from the nearby glacier. The sediments and associated elements will have the same source 

material with no major changes occurring over the time period represented by the core. The 

large amount of sedimentary material from the glacier can cause a dilution effect (Figure 

3.25). 

 

3.6.2 Group B - BASICC cores 

From Table 3.5 it is evident that the geochemical signatures of the cores are fairly uniform 

throughout the Barents Sea. The mean values of the major elements are in general 

agreement, and similar to those reported in Akvplan niva’s baseline report (dos Santos et al., 

1996). The marine sediments will be influenced by a similar source of input. 

 
 
The Ca/Li profile in BASICC 1 shows an increase towards the surface, with the top 10 cm 

higher than the background levels. The top 10 cm shows a cyclic Ca/Li profile which could 

be due to seasonal changes. The Ti/Li, K/Li and Na/Li profiles all show a sharp peak at 9.5 

cm. 
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In the BASICC 8 core the Ba/Li, K/Li, Mg/Li and Al/Li profiles all have two characteristic 

declines; with negative peaks at 1.5 and 2.5 cm. The Na/Li steadily increases from 7 cm 

towards the surface a ratio from 0.025 to 0.040. Overall the core shows only small changes 

and no varying trends over the length of the core.  

 

Within BASICC 40 all the profiles with the exception of Ti/Li show a slight increase in the 

metal/Li ratio towards the surface of the core. Ca/Li increases from 0.0060 at the base to 

0.0125 at the surface, Mg/Li increases from 0.10 to 0.17. Again a strong correlation exists 

between Ca and Sr, suggesting an increase in carbonates towards the surface of the core, 

possibly related to primary productivity. Ca is used by many marine organisms to make their 

CaCO3 shell. When the organisms die the CaCO3 is deposited to the sediments. An increase 

in primary production with time is reflected in the concentrations of Ca. 

 

For the BASICC 43 profiles there appears to be an increase in most of the element ratios 

over the length of the core, with the maximum metal/Li ratio found in the surface sediment 

(top 1 cm). The negative peak in many of the profiles at 5.5 cm can be attributed to a peak in 

the Li at this depth.  

 

3.6.3 Group C - JCR127 cores 

For the two cores WSS0 and WSS4, the profiles for all the major elements are fairly erratic 

and do not show any strong trends. As shown in Table 3.6 the mean concentrations of the 

elements are very similar to each other, with Ca the only exception. WSS4 has a much higher 

concentration of Ca than WSS0 (2.23 and 0.72 % wt. respectively), which could possibly be 

due to higher productivity at WSS4 than WSS0. 

 

The only element to show a marked difference is Na, where there is a steady incline in the 

ratio towards the surface of the core. In WSS0 this increase is from 0.028 at depth to 0.058 at 

the surface. The erratic profiles could be associated with the seasonal ice cover at both 

stations. 
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In the VP2a core (Vøring plateau) the Ca/Li ratio and the Sr/Li ratios display very similar 

profiles with a steady background concentration below 13 cm, the ratios then record a steady 

increase towards the surface. The Ca and Sr values are very high compared to the rest of the 

cores, with mean concentrations of 9.70 % wt and 478.7 mg kg-1. This could suggest that 

there has been an increase in productivity in the top 13 cm of the core. Previous research has 

reported high amounts of CaCO3 on the plateau, a thin layer of calcareous clay covering a 

large area, due to high productivity. Relatively high carbonate concentrations are found in 

the Norwegian Current, generally decreasing with water temperature and therefore latitude 

(Hebbeln et al., 1998; Levitan et al., 2005). High levels of foraminifera and coccoliths are 

indicative of warm temperate Atlantic waters (Levitan et al., 2005). 

 

Sr and Ca have a very high correlation, suggesting they are being influenced by the same 

factor: in this case it is likely to be due to productivity and an increase in coccoliths and 

foraminifera (Figure 3.33). The Mg/Li and Ba/Li profiles are also increasing towards the 

surface (Figure 3.32). 

 

The Ba/Li and Ti/Li ratios also display similar characteristics. Below 14 cm they are both 

constant, with a dramatic increase between 14 and 9 cm, the top 9 cm showing small 

variations. Mg/Li shows an overall steady increase towards the surface, from 0.037 in the 

bottom of the core, to 0.055 in the surface sediment. The increase in Ba could be associated 

with productivity or can be co-precipitated with Fe and Mn oxyhydroxides (Coffey et al., 

1997).  

 

3.6.4 Summary 

As previously described, the distribution of the major elements can provide information on 

the characteristics of the sediments, indicating major grain size changes, changes in the 

productivity and different source inputs. 

 

During the analysis of the ten cores, two stand out as recording major changes in 

elemental/Li ratios. The first core is ICOS1 (the lake). Between 6.25 cm and 4.25 cm a large 

change can be seen in all metal profiles. Within the concentration profiles many elements 
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show a sharp increase in values, with the exception of Ca which dramatically decreases. The 

profiles normalised to Li show the opposite trend with a dramatic decline at 6.25 cm. This is 

clearly seen in most of the elements. This is also seen in the % Corg profile, where a sharp 

decline occurs at 6.25 cm. The fact that all the elements and the organic matter are showing a 

similar trend suggests that something significant has occurred at this time. This could be 

associated with a hiatus or a slumping event or due to glacial activities. The elemental 

profiles probably represent an artefact of a large event within the sediment core. 

 

The other core with significant changes in the metal/Li ratio is VP2a, which shows a steady 

increase towards the surface in the Sr/Li, Ca/Li, Ba/Li and Mg/Li ratios above 10 cm. These 

elements can all be associated with the carbonates within the sediments. This suggests that 

the changes could be attributable to productivity changes, with an overall increase in primary 

production with time. High concentrations of CaCO3 have been previously recorded on the 

Vøring Plateau and high levels of production can be associated with the warm temperate 

Atlantic waters (Hebbeln et al., 1998; Levitan et al., 2005).   
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Figure 3.22 - Major elements for ICOS1  
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Figure 3.23 - Major elements/Li for ICOS1 
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Figure 3.24 - Major elements/Li for ICNL1 
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Figure 3.25 - Major elements/Li for ICK1 
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Figure 3.26 - Major elements/Li for BASICC 1 
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Figure 3.27 - Major elements/Li for BASICC 8 
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Figure 3.28 - Major elements/Li for BASICC 40 
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Figure 3.29 - Major elements/Li for BASICC 43 
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Figure 3.30 - Major elements/Li for WSS0 
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Figure 3.31 - Major elements/Li for WSS4 
 

 



Chapter 3 – Geochemical Characteristics 
__________________________________________________________________________ 

 

 146

Ba/Li

8 10 12 14 16 18 20 22
D

ep
th

 (c
m

)
0

5

10

15

20

25

30

Ca/Li

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

5

10

15

20

25

30

K/Li

0.03 0.04 0.05 0.06
0

5

10

15

20

25

30
Mg/Li

0.03 0.04 0.05 0.06
0

5

10

15

20

25

30

Na/Li

0.00 0.05 0.10 0.15 0.20

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

Al/Li

0.12 0.14 0.16 0.18 0.20
0

5

10

15

20

25

30

Ti/Li

0.008 0.010 0.012 0.014

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

Sr/Li

0 5 10 15 20 25 30
0

5

10

15

20

25

30

 

Figure 3.32 - Major elements/Li for VP2a 
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Figure 3.33 - Regression line for elements Sr and Ca in VP2a 

 

3.7 Redox elements - Iron (Fe), manganese (Mn), molybdenum (Mo) and uranium (U). 

Four of the most frequently used indicators of redox conditions - Fe, Mn, Mo and U - can be 

used to explain the diagenetic nature of the sediments (ref - chapter 1, 1.8.1). The behaviour 

of such trace elements (for example Co, Cr, Ni) varies depending upon the marine 

conditions; whether the sediments are oxic, sub-oxic or anoxic. Many of the elements have 

multiple valency states at earth surface conditions. These typically have different solubilities, 

and are partitioned between the solid and solution phases to different extents under varying 

redox conditions (Calvert and Pedersen, 1993). 

 

The element/Li profiles can be seen in Figures 3.34, 3.35, 3.36 and 3.37 for the ICOS1 core, 

the two remaining Ny Ålesund cores, the Barents Sea cores and the JCR127 cores 

respectively.  
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3.7.1 Group A - Ny Ålesund cores 

The ICOS1 (lake) core shows a large reduction in all 4 elements at 6.25 cm (Figure 3.34). 

Mn/Li increases from 17 cm, from a Mn/Li ratio of 12.1 in the bottom sediment to a peak at 

21.3 at 6.25 cm. After 6.25 cm there is a dramatic decrease in the ratio back to 12.82 at 5 cm; 

followed by a steady increase back towards the surface, with a small amount of mixing 

occurring at the surface. The Fe/Li profile shows more variation over the core, but still shows 

a decline in the ratio at the same depth as the Mn/Li decline. The Mo/Li and U/Li both have 

the same abrupt decline in their ratios at 6.25 cm. The U/Li in the top 5 cm remains low with 

only small fluctuations in the ratio, the Mo/Li surface value increasing in accordance with 

the Mn/Li to a value similar to that before the abrupt decline. The elements suggest that there 

is an oxic layer within the top 4-6 cm of the core, with high Fe and Mn precipitation present, 

and low U values. The profiles suggest there has been a perturbation at around 6.25 cm and 5 

cm. The Mn/Li profile could be explained by a rapid burial of former surface sediment 

enriched in Mn. This is likely to be a consequence of a physical process such as a slumping 

event, causing the surface to be rapidly buried. The top 5 cm of the core represents a modern 

depositional environment, with oxic sediment at the surface.  

 

It must be remembered, however, that the profiles are normalised to Li, and that the Li 

concentration, like many of the other elements, has a large increase in concentration at 

approximately 6.25 cm. The normalisation of elements to Li in the case of this core could be 

distorting the true elemental profile and must be used with caution. For this reason, as with 

the major elements in this chapter, the elemental profiles prior to normalisation are also 

given (Figure 3.34). 
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Figure 3.34 - Redox elements Mn/Li, Fe/Li, U/Li and Mo/Li for ICOS1, and the original 

concentration profiles for the four elements. 

 

ICNL1, in contrast, shows no increase in Fe/Li and Mn/Li ratios; rather the profile shows 

quite erratic profiles. The profiles suggest that the core is reducing to the surface, indicating 

that the sediment is anoxic. This is supported by the strong sulphide smell present during the 

extraction of the core. The U concentration is constant throughout the core, the Mo shows 

slight enrichment towards the bottom of the core, representing reduction of Mo from the 

stable oxyanion Mo (VI) to Mo (IV) in anoxic conditions, to form MoS2 (Figure 3.35).  

 

For ICK1 the metal/Li profiles for all four redox elements have small fluctuations. However, 

the variations are very small, indicating essentially uniform concentrations down core 
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(Figure 3.35). The core site has a high sedimentation rate: Svendsen et al., (2002) reported 

deposition values up to 20,000 g m-2 y-1 in front of the glaciers in Kongsfjorden. The redox 

conditions of the sediment, therefore, are not visible due to a high dilution effect from a large 

amount of settled particles from glacial input. The resultant Fe and Mn profiles could also be 

produced if the core was oxic throughout its length, the oxygen being redistributed by a large 

amount of biological mixing. However, the inner fjord is a dynamic harsh environment, that 

is characterised by limited biological activity under a high sediment load (Hambrey, 1994). 
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Figure 3.35 - Redox elements Mn/Li, Fe/Li, U/Li and Mo/Li for two Ny Ålesund Cores. 

a) ICK1, b) ICNL1. 

 

a) 

b) 
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3.7.2 Group B - BASICC cores 

BASICC 1 represents a sub-oxic sediment, with Mn/Li enrichment in the top 2.5 cm. Fe has 

a very small decrease over the course of the core, with a large decline appearing at 9.5 cm. 

Mo/Li shows a slight enrichment in the surface, coupled with the Mn, and remains fairly 

constant down profile. U/Li demonstrates a classic profile, with a lower ratio in the upper 

sediments and an increase in the sub-oxic part of the core. The peak U/Li ratio is at 22.5 cm, 

following this there is a steady decrease to a ratio similar to that at the surface (Figure 3.36).  

 

In the BASICC 8 core, Mn, Fe and Mo all show enrichment towards the surface, with 

uniform ratios in the latter sediment. The 3 elements show a rapid increase in Mn/Li from a 

ratio below 5 up to a maximum of 48.9 at 1.5 cm. Fe/Li shows the same pattern, with a ratio 

of 0.055 in the deeper sediment with a maximum of 0.103 at the sub-surface. These are 

classic redox profiles for a relatively high sedimentation rate with the top 4 cm of sediment 

being oxic in nature. The Mn and Fe are both precipitating as oxyhydroxides at the 

redoxcline. The Mo/Li is strongly influenced by the Mn, adsorbed by the Mn-oxides. The 

U/Li shows enrichment in the latter part of the core, consistent with its removal from 

solution under sub-oxic conditions. This U enrichment occurs late in the diagenetic 

sequence, below the dissolution of Mn and Fe oxides. The core can be described as sub-oxic, 

due to the precipitation of U but not Mo (Figure 3.36). 

 

Oxic sediments can be found in the top 10 cm of the BASICC 40 core. Mn/Li concentration 

decreases from a value of 111 at the surface to 9.5 at 11 cm depth, where the ratio remains 

relatively constant. This is consistent with the diagenetic recycling of Mn. The Fe/Li ratio 

also demonstrates redox recycling, the ratio remaining fairly constant in the upper 13 cm of 

the core around 0.13; this is followed by a sharp decline to 0.07 which continues to the base 

of the core.  The Mo appears to be associated with Mn in the cores, showing a similar profile. 

The U/Li is relatively constant until 13 cm, at which point there is a general increase in the 

ratio, due to authigenic U precipitation under sub-oxic conditions. The U/Li reaches a 

maximum at 19 cm, thereafter it displays the same decrease as that in BASICC 1, with the 

ratio declining to a level similar to that found at the surface. 
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In BASICC 43 Mn/Li and Fe/Li show elevated ratios in the surface sediments indicating oxic 

sediment until a depth of 4.5 cm (Figure 3.36). The increase is less abrupt than that found in 

BASICC 8, indicating that reducing conditions are present at a greater depth in the core. Mo 

has precipitated with increasing depth, being reduced from Mo (VI) to Mo (IV) in post oxic 

conditions. U/Li is also showing a steady decline with depth, 0.06 in the surface to 0.16 at 19 

cm, with authigenic U precipitation occurring in the anoxic zone of the sediment. 

 

3.7.3 Group C - JCR127 cores 

WSS0 shows surface enrichments of Mn/Li and Fe/Li. Mn/Li has a surface ratio of 19.1, 

declining to a ratio of 6.2 at 2.25 cm, where it remains constant to the base of the core 

(Figure 3.37). Mo/Li has a more complicated profile, displaying an increase in the top 2.25 

cm; this is followed by a constant ratio for 4 cm before it increases again to a value similar to 

that in the surface, the remaining sediments being consistently higher. Mo in the surface is 

controlled by the Mn, but further down the profile it is reduced to the soluble form Mo (IV) 

in anoxic sediments.  

 

From a depth of 1.75 cm WSS4 displays an increase in Mn/Li towards the surface of the 

core, from a ratio of 5.5 at the base of the core to 9.9 in the top 1 cm. Below this the profile is 

relatively consistent apart from a small peak between 4 and 5 cm. The Fe/Li profile shows a 

small overall decrease in ratio over the course of the depth profile, although this is very 

small. Mo appears to be following the Mn and Fe, with a slight enrichment in the surface. 

U/Li has a distinct profile showing authigenic precipitation with depth, under sub-oxic 

conditions. 
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Figure 3.36 - Redox elements Mn/Li, Fe/Li, U/Li and Mo/Li for BASICC cores. a) 

BASICC 1, b) BASICC 8, c) BASICC 40, d) BASICC 43. 
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Figure 3.37 - Redox elements Mn/Li, Fe/Li, U/Li and Mo/Li for JCR127 Cores. a) 

WSS0, b) WSS4, c) VP2a. 
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The Fe/Li and Mn/Li ratios in the VP2a cores show small fluctuations, Fe/Li varying 

between 0.08 and 0.10 (Figure 3.37). After an examination of the correlations between Fe 

and Mn, and Li, it seems that the overall control of the two elements could be a result of 

lithogenic input. The redox conditions in the core are not strong enough to promote the 

precipitation of authigenic Fe and Mn oxyhydroxides. The U/Li shows a very similar profile 

to Fe, with only small fluctuations, the U like the Fe and Mn is being controlled by lithogenic 

input. Mo/Li is consistent in the surface sediments until a depth of about 8 cm, from 8 cm to 

the base of the core there is an increase in ratio value to 0.12, indicating precipitation of Mo 

and anoxic sediments. 

 

3.7.4 Summary  

The redox conditions and the diagenetic nature of the sediment can be important in assessing 

contamination in the sediments. Metals have different solubilities and partition between solid 

and solution phase under different redox conditions. For example Cd occurs in the dissolved 

phase in oxic sediments and precipitates under sulphate reducing conditions. Diagenetic 

factors must be considered when looking at changes in contaminant concentrations. Can 

variations in the trace metal (Co, Cr, Cu etc) profiles be attributed to natural change in the 

sediments? 

 

The lake core (ICOS1), as with many other elements investigated within this chapter, shows 

a sharp decline in the U/Li, Mn/Li and Mo/Li ratios at 6.25 cm. The reason for the steep 

decline is not known. The fact that it is apparent within most elements and the organic 

carbon, suggests it is a large change, possibly a hiatus, a slumping event or a period of rapid 

sedimentation. 

 

The redox elements suggest that the ICNL1 core (the lagoon) is reducing to the surface, the 

elements remaining constant with depth. This indicates that the sediment is anoxic, supported 

by the strong hydrogen sulphide smell upon retrieval of the core. Trace elements (for 

example Pb, Cd, Hg, Cr, Cu) in anoxic sediments can produce pyrite or their own sulphide 

(MeS). 
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The ICK1 core from inner Kongsfjorden shows uniform concentrations of the redox 

elements down core. This core site is an area of high deposition from the nearby glacier 

(Svendsen et al., 2002). The redox conditions of the sediment are therefore not apparent due 

to a high dilution effect.  

 

All of the BASICC cores show an oxic surface layer in the core, with the redoxcline varying 

in depth. For example, the oxic layer exists to a depth of 3 cm in the BASICC 1 core; in 

BASICC 43 the sediment is oxic until 5 cm. This variation is associated with the input of 

organic matter, and its subsequent deposition and preservation. All the cores are sub-oxic or 

anoxic at the base of the core, all the cores characterised by an enrichment of U. 

 

The two cores WSS0 (Storfjorden) and WSS4 (Spitsbergen margin) both show Fe/Li and 

Mn/Li profiles similar to those seen in the BASICC cores. They show an increase in both 

ratios towards the surface of the core, this indicating oxic sediment in the upper 2 cm. 

 

The redox conditions in the VP2a core are not strong enough to promote precipitation of 

authigenic Fe and Mn oxyhydroxides. The large values of Sr and Ca within the core could 

also be diluting the redox signal from these elements.  

 

3.8 X-ray diffraction (XRD) 

The large change seen in many elements within the ICOS1 core suggests that a perturbation 

has occurred within the core. To provide additional information a number of samples within 

the ICOS1 core were sent to Edinburgh University for analysis by x-ray diffraction (XRD). 

XRD is a non-destructive technique that provides information of the chemical composition 

and crystallographic structure of the sediment. Five samples were analysed at various depths 

for quartz, albite, muscovite, chlorite, pyrite, dolomite, gypsum and siderophilite (Tables 3.7, 

3.8). 
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Table 3.7 - The composition of each mineral from the XRD analysis (Kearey, 2001). 

 

Mineral Composition  Description 

Quartz SiO2 silica mineral  

Albite NaAlSi3O8 associated with feldspar 

Muscovite KAl2(AlSi3O10)(OH)2 common mica 

Chlorite (Mg,Fe)3(Si,Al)4O1O(OH)2.(Mg, 

Fe)3(OH)6 

phylosilicate 

Pyrite FeS2 most common sulphide 

Dolomite CaMg(CO3)2 carbonate mineral 

Gypsum CaSO4.2H20 evaporate mineral 

 

 

Table 3.8 - % mineralogical results for the XRD analysis for the five samples taken 

from the ICOS1 core.  

 
ICOS1        
Depth quartz albite muscovite chlorite pyrite dolomite gypsum
1.75 34.2 13.6 9.5 36.1 0.6 1.1 0.6 
3.25 38.7 15.9 10.2 24.5 0.3 1.3 0.1 
6.75 38.7 12.0 24.7 15.2 0.0 0.9 0.9 
9.75 54.4 12.6 16.5 4.1 1.6 1.2 1.2 
12.75 67.5 14.0 4.4 9.5 0.4 0.9 0.1 

 

There is a gradual decline in the percentage quartz towards the surface of the core. This is in 

contrast to chlorite which shows a significant gradual increase in its proportion towards the 

surface of the core. Muscovite and pyrite also both show significant changes in percentage 

throughout the course of the core. The three minerals albite, dolomite and gypsum do not 

show any large changes with depth. 

 

These results along with the major elemental data suggest that there has been a change in the 

provenance of the sediment, with a change in the source areas of sedimentary material at 

around 6.25 cm.  
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Chlorite and muscovite are both detrital clay mineral often associated with glacial conditions 

and mechanical weathering. Chlorite is predominantly found at high latitudes, where 

chemical weathering processes are less significant than mechanical weathering; it is often 

transported via ice (Kennet, 1982). The increase in the chlorite and the change in the 

muscovite may reflect an increase in supply or an increase in the mechanical weathering of a 

chlorite rich source rock. This suggests that the changes seen within the core could be 

attributable to the glacial conditions within the Ossian Sarsfjellet area, with the rapid 

deposition of material at the site location. The Ossian area is an area of Pre-Cambrian gneiss 

and migmatite (Birks et al., 2004a; Harland, 1997). Migmatite is a high grade ancient 

metamorphic rock, and it abundant in chlorite and muscovite, indicating that the depositional 

material is old in age (Harland, 1997). 
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Chapter 4 - Lead (Pb) and lead isotopes 

4.1 Introduction 

Lead (Pb) is a ubiquitous element in the marine and terrestrial environments having both 

natural and anthropogenic sources. However, in the past two centuries anthropogenic 

emissions have exceeded the natural geochemical Pb cycle, with 95 % of Pb measured in the 

atmosphere or the surface waters of the Atlantic being of anthropogenic origin (Hamelin et 

al., 1990). Post-industrial Pb sources include fossil fuel combustion, waste incineration, and 

steel and iron production. The dominant source is attributed to emissions from petrol 

engines, 65 % of anthropogenic emissions of Pb to the atmosphere in approximately 1980 

were due to petrol combustion (AMAP, 1998; AMAP, 2002). Long range transport by the 

atmosphere provides an effective mechanism for Pb pollution to reach all areas of the globe, 

including the so-called pristine Arctic (Bindler et al., 2001).  

 

The majority of Pb pollution is associated with the time period since the industrial 

revolution, from approximately 1850. In the last 150 years there has been an accelerated 

increase in Pb use and production, with the largest emissions occurring within the 20th 

century, with a peak in the 1970s (Brännvall et al., 2001; Eades et al., 2002). This is 

supported by observations in Greenland snow and ice, where marked increases in Pb 

concentration are evident, associated with the introduction of alkyl Pb in petrol (Boutron et 

al., 1995). The ice core data from Greenland showed an enrichment of Pb by a factor of 12 

between the start of the industrial revolution and the 1970s, this had declined by a factor of 

6.5 by the late 1990’s (AMAP, 2002). 

 

It is also important to emphasise that Pb has a much longer pollution history. Its actual 

history extends back over approximately 4000 years, associated with the extensive 

production and utilisation of Pb by many different cultures, including the Romans and 

Greeks (Rognerud et al., 1998). For example, the oldest records of anthropogenic Pb 

deposition in Swedish lakes began approximately 3500 years ago (Renberg et al., 2002). 

Peaks in Pb concentration have been found in sediment cores and associated with medieval 
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mining and smelting in mainland Europe (Eades et al., 2002; Renberg et al., 2001; 2002). In 

Swedish lake sediment, peaks in Pb pollution occurred about 1200 and 1530 AD, 

corresponding to metal production in Europe (Brännvall et al., 2001). The pollution level in 

1200 was approximately 35 % of that seen in the 1980s. Whereas the Pb pollution level in 

the 1990s was lower than that observed in 1530 (Brännvall et al., 2001). 

 

The atmosphere is considered to be the dominant pathway of contaminants to the Arctic 

environment. Contaminants are carried in the atmospheric circulation via a process known as 

‘global distillation’ (Bindler et al., 2001). The sources are located in warm mid-latitudes; the 

elevated temperatures enable the rapid movement of contaminants into the air. They are then 

carried pole-wards, where they condense out in the colder conditions. The Arctic 

environment acts as a sink, with levels of contaminants becoming relatively high, when 

compared to background levels. It has been estimated that aerosols and the associated 

contaminants from mid-latitudes can reach the Arctic in 7-10 days. With other 

approximations suggesting that transport could take as little as 72 hours (Bard, 1999; Oehme 

et al., 1996). 

 

Over a much longer time period, the ocean can also be considered a major contaminant 

pathway, with the ocean sediments acting as an important depository of Pb. Pb has a strong 

affinity for particles and has a naturally short residence time in the surface water of the ocean 

(~ 5 years), as it is rapidly scavenged by biogenic and terrigenous material and eventually 

deposited in the basins of the ocean (Veron et al., 1987). The marine sediments therefore 

provide a historical record of Pb contamination in the world’s ocean (Gobeil et al., 2001). 

 

Shelf and fjordic sediments can provide an effective tool for the reconstruction of Pb 

contamination over time, both on a local and global scale. The clarity of the contaminant 

record is dependent on the sediment accumulation rate and diagenetic processes, as well as 

processes such as bioturbation, bioirrigation and post-depositional remobilisation (Delmotte 

et al., 2007; Gallon et al., 2005; Haese, 2006).  

 

The source of Pb can be determined through the use of stable isotope ratio analysis. This 

technique can also help verify the pathway of contaminant transport. Pb has four stable 



Chapter 4 – Lead and lead isotopes 
__________________________________________________________________________ 

 

 161

isotopes 204Pb, 206Pb, 207Pb and 208Pb. 206Pb, 207Pb and 208Pb are all radiogenic isotopes, and 

are the end products of the complex decay chains of 238U, 235U and 232Th, respectively (ref 

chapter 1, 1.5.3). 204Pb is decribed as primordial, and is the only non-radiogenic stable Pb 

isotope (Brown, 1962; Farmer et al., 1996; Friedlander et al., 1981). The ratio between the 

different isotopes provides a signature relating to the isotope geochemistry of the source ore 

deposits (Outridge et al., 2002). Different ores of Pb have different isotopic Pb compositions, 

relating to the geological age and geochemical orgins of the ore (Brannvall et al., 2001; 

Brännvall et al., 2001; Hamelin et al., 1990). For example, the 206Pb/207Pb signature from the 

US greatly varies from that found in Europe, due to the different radiogenic properties of the 

ores (Hamelin et al., 1990). In the US Pb is otained from radiogenic ores in the midwest of 

the US, whereas a significant amount of European Pb comes from Pre-Cambrian Pb ores 

from Australia that are less radiogenic. 

 

There are three main Pb isotope ratios commonly used in pollution studies: 206Pb/207Pb, 
208Pb/206Pb and 206Pb/204Pb. The 206Pb/207Pb and 208Pb/206Pb isotopic ratios are the most 

widely used geochemical ratios in the scientific literature (Bindler et al., 2001; Eades et al., 

2002; Gallon et al., 2005; Kober et al., 1999; MacKenzie et al., 1998). These two ratios have 

been used in this work to allow comparison with other studies. The analytical errors 

associated with 206Pb/204Pb are also much higher than the other two isotope ratios and 

therefore this ratio was not used in this work. 

 

By utilising data for both the Pb concentration and the Pb isotopic ratios in oceanic systems, 

it is possible to look at transport viewed in the context of ocean circulation. Anthropogenic 

lead is carried into the Arctic Ocean via both the Fram Strait Branch Water (FSBW) and the 

Barents Sea Branch Water (BSBW) (Gobeil et al., 2001) (ref - chapter 1, 1.5.4) (Figure 4.1). 

Due to the short residence time of Pb, the majority is stripped out in the Eurasian basin and 

shelf area, leaving little residual Pb for deposition in the Western Arctic basin. Inflow from 

the North Atlantic has a 206Pb/207Pb ratio of 1.139, indicative of western sources (Gobeil et 

al., 2001) (ref - chapter 1, 1.5.4) (Figure 4.1). Assessment of marine Pb contamination in this 

area is currently based on a small number of cores from throughout the Arctic Ocean (Gobeil 

et al., 2001). 
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Figure 4.1 - Transport of Pb into the Arctic Ocean, showing the main transport 

pathways, and Pb inventories in the sedimentary environment (Macdonald et al., 2005) 

(adapted from Gobeil et al., 2001) 

 

Pb is particle reactive and is carried to the seafloor through particle settlement. Different 

levels of productivity between core sites can directly influence this accumulation rate. High 

productivity, as found in the Barents Sea, results in a high mass accumulation rate. The cold 

ice conditions and extended ice cover in the Arctic can also control the amount of material 

reaching the sediments. The ice cover prevents direct atmospheric/surface exchange of 

aerosols and contaminants to the water column. The lack of light can lead to a decrease in the 

levels of productivity, particularly in small lakes, resulting in a small quantity of biogenic 

particles and a low mass accumulation rates (Hermanson, 1990).  

 

The aim of this research is to investigate Pb concentration and the associated stable Pb 

isotope ratios of sediment cores within the Svalbard region and the Barents Sea. 

Investigating freshwater, fjordic and marine environments will provide information on the 

transport pathway of contaminants to the Svalbard region of the Arctic. 
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The different water masses within these areas could provide evidence of contaminant Pb 

transport via ocean currents; the Pb isotope ratios allowing the possible source locations to 

be determined. The Western Spitsbergen Current is an extension of the North Atlantic 

Current, and runs parallel to western Svalbard (Saloranta, 2001; Saloranta and Svendsen, 

2001). This current has been shown to carry pollutant Pb to the Arctic Ocean (Gobeil et al., 

2001). Along with the marine cores, a lake and a lagoon core from the Ny Ålesund region 

have also been examined to investigate the role of atmospheric transport. 

 

This chapter begins by describing the background concentrations of Pb for the ten cores 

analysed (Table 4.1) (ref - chapter 3, 3.1). To investigate temporal and spatial trends the Pb 

concentration and the Pb isotope ratios are then considered. The Pb fluxes and inventories 

have been calculated and the 210Pb activities have been used to establish a sediment 

chronology (ref - chapter 3, 3.3). Mixing models and relationships between the Pb isotope 

ratios within the different environments are investigated to assess the levels of anthropogenic 

Pb contamination. For each section there is a brief introduction to each analysis and the 

results are displayed and described. All the results have been tabulated and will be discussed 

in the overall discussion at the end of this chapter. 

 

Throughout this chapter the mass accumulation rates are taken from chapter 3, although as 

previously stated, the accumulation rate must be used with caution. The mass accumulation 

rates have been calculated using the data points below the mixed zone. In some cases the 

accumulation rate was difficult to ascertain due to mixing and perturbations within the core. 

The chronologies have been extrapolated to the base of the core, assuming that there has 

been no change in the mass accumulation rate over time. This, however, may not be the case. 

 

 

 

 

 

 



Chapter 4 – Lead and lead isotopes 
__________________________________________________________________________ 

 

 164

Table 4.1 - The ten core locations, the core area and whether taken from a lacustrine, 

fjordic or the marine environment. 

 

Core Taken Location Latitude Longitude 

ICOS1 Ny Ålesund Lake 78 57.16 N 12.31.12 E 

ICNL1 Ny Ålesund Lagoon 78 54.10 N 12 20.07 E 

ICK1 Ny Ålesund Inner Fjord 78 56.77 N 11 52.24 E 

BASICC 1 Barents Sea Marine  73 05.83 N 25 37.96 E 

BASICC 8 Barents Sea Marine 77 58.97 N 26 47.61 E 

BASICC 40 Barents Sea Marine 78 13.51 N 52 07.19 E 

BASICC 43 Barents Sea Marine 72 32.31 N 45 44.27 E 

WSS0 Storfjorden Fjordic 76 48.22 N 18 08.19 E 

WSS4 West Spitsbergen Marine 77 02.96 N 13 22.69 E 

VP2a Vøring Plateau Marine 68 02.02 N 05 13.64 E 

 

 

4.2 Background Pb concentrations and background Pb isotope ratios.  

4.2.1 Introduction 

To look at the levels of contamination within a core, it is necessary to obtain a background 

(natural) Pb concentration and background Pb isotope ratio for the core.  

 

Background concentrations and ratios have been calculated by averaging the Pb 

concentrations and 206Pb/207Pb isotope ratios respectively in the sediment at the base of the 

core.  

4.2.2 Results 

The Pb concentration and 206Pb/207Pb ratio background values vary between 15.0-23.6 mg 

kg-1 and 1.189-1.216 respectively (Table 4.2).  
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The lagoon core (ICNL1) shows the highest background Pb concentration within the core, 

with a Pb concentration of 23.6 ± 0.3 mg kg-1 and a corresponding 206Pb/207Pb isotope ratio 

of 1.210 ± 0.004. The ICOS1 core has a background Pb concentration of 19.5 ± 0.5 mg kg-1, 

with a background Pb isotope ratio of 1.215 ± 0.003. 

 

The four BASICC cores have background Pb concentrations ranging from 15.6 mg kg-1 in 

BASICC 43 to 21.3 mg kg-1 in BASICC 8. The lowest background 206Pb/207Pb isotope ratio 

is 1.189 at BASICC 40, the highest within the BASICC cores is 1.216 at BASICC 8. 

 

WSS0 and WSS4 have similar background Pb concentrations and background 206Pb/207Pb 

ratio to each other, WSS0 having values of 16.5 mg kg-1 and 1.198, and WSS4 recording 

values of 15.0 mg kg-1 and 1.202. VP2a has a background 206Pb/207Pb ratio of 1.216 ± 0.003; 

the background Pb concentration has been recorded as 16.6 ± 0.21 mg kg-1. 

 

Table 4.2 - Background Pb concentration and background 206Pb/207Pb isotope ratios for 

all cores. 

 

  206Pb/207Pb 
 

% error 
actual 
error Pb mg kg-1

 
% error 

actual 
error 

ICOS1 1.215 0.25 0.003 19.5 2.32 0.45 
ICK1 1.200 0.31 0.004 16.6 2.03 0.34 
ICNL1 1.210 0.31 0.004 23.6 1.12 0.26 
        
BASICC 1 1.205 0.24 0.003 18.5 1.10 0.21 
BASICC 8 1.216 0.20 0.002 21.3 1.37 0.30 
BASICC 40 1.189 0.20 0.002 19.7 1.09 0.22 
BASICC 43 1.204 0.33 0.004 15.6 0.67 0.10 
        
WSS0 1.197 0.24 0.003 16.5 1.50 0.25 
WSS4 1.202 0.27 0.003 15.0 1.61 0.26 
VP2a 1.216 0.25 0.003 16.6 1.23 0.21 

 

The differences in the Pb concentration and the Pb isotope ratios between the core sites can 

be attributed to the different mineralogical composition of each core. Large variations in 

background Pb concentrations between sites have been shown in this study (Table 4.2) and in 

the literature (Table 4.3). The background value for Loch Ness, Scotland, was reported as 
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11.9 ± 1.5 mg kg-1 (Eades et al., 2002), with a background Pb value of 22 mg kg-1 from a 

core at Ålesund, Norway (AMAP, 1998). The Beaufort Sea continental shelf has the highest 

natural recorded Pb concentration of 43.5 mg kg-1 (AMAP, 1998). 

 

Table 4.3 - Background concentrations for sediments within the sediments from the 

Northern Hemisphere. 

 

Location 206Pb/207Pb Pb mg kg-1 Source 
Beaufort Sea ND 43.5 (AMAP, 1998) 

Swedish lakes (range) 1.52 ± 0.18 2-17 (Brannvall et al., 2001) 

Loch Ness 1.215 ± 0.005 11.9 ± 1.5 (Eades et al., 2002) 

Loch Lomond 1.174 ± 0.002 26.0 ± 3.0 (Eades et al., 2002) 

Ålesund, Norway ND 22.0 (AMAP, 1998) 

Connecticut Lakes ND 12-54 (Gobeil et al., 2001) 

Lake Clair, Quebec, 
Canada 

1.20 ± 0.01 18 (Ndzangou et al., 2005) 

Northern Sweden ND <10 (Johansson, 1989) 

 

4.3 Temporal trends in Pb concentrations and Pb isotope ratios 

4.3.1 Introduction.  

For all cores the total Pb concentration and the 206Pb/207Pb isotope ratio have been plotted 

against depth (cm) and are shown in Figures 4.2, 4.3 and 4.4. 

 

The Pb concentration and Pb isotopes can be used for evidence of contamination within 

sediments. If a core site is being influenced by anthropogenic contamination, the Pb 

concentration would increase from that seen at the base of the core. In Sweden the 

enrichment factor of Pb in a freshwater lake was as high as 50 (AMAP, 1998). This increase 

in Pb concentration coincided with a decrease in the Pb isotope ratio; which indicated a 

change in the source of Pb or an additional source of Pb. In Loch Lomond, background 

isotope ratios were 1.174, decreasing to 1.127 in surface sediments, indicating an 

anthropogenic input of Pb (Farmer et al., 1996). This 206Pb/207Pb isotope ratio is dependent 
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on the Pb ore used at a particular time; alkyl Pb additives have a low 206Pb/207Pb isotope ratio 

of ~ 1.06-1.09. This results in a Pb isotope ratio lower than that observed in background 

sediments  (Brännvall et al., 2001; Eades et al., 2002; MacKenzie et al., 1997). 

 

4.3.2. Results  

4.3.2.1 Group A – Ny Ålesund cores. 

ICOS1 (the lake) shows a characteristic down core profile as seen for many pollution studies 

(Figure 4.2) (Bindler et al., 2001; Eades et al., 2002; Farmer et al., 1996; Gallon et al., 

2005), with an increase in the Pb concentration towards the surface of the core, coinciding 

with a decrease in the Pb isotope ratio towards the top of the core. The mean background Pb 

concentration is 19.5 mg kg-1. There is a decrease in the total Pb concentrations between 25 

cm and 8 cm with the lowest recorded value being 15.5 mg kg-1. This small decline can also 

been seen in the elements Ti, Li and Al, suggesting that the Pb at this point is being 

controlled by natural variations and changes within the catchment area (ref - chapter 3, 3.6) 

(Figure 3.22). From here there is a large increase over the top 4 cm, reaching a maximum of 

43.3 mg kg-1 at 3.25 cm, a 2.2 fold increase in Pb concentration above background.  The top 

3 cm are characterised by a small decrease between 3 and 2 cm, and a further increase near 

the surface to a value of 42.7 mg kg-1. The variable Pb concentration in the top 5 cm could be 

a result of biological mixing in the upper part of the core. The core upon retrieval showed 

evidence of a large amount of biota, with larval tubes clearly visible. The 210Pb profile for 

ICOS1, however, shows an exponential decay, with little evidence of disturbance (ref – 

chapter 3, 3.3) (Figure 3.7). 

 

The Pb isotope ratio is highest at the base of the core; with a background value of 1.215, with 

some variation in the bottom 10 cm of the core. Similar to the Pb concentration, the Pb 

isotope ratio profile can be split into three phases within the core. Phase 1, the bottom of the 

core; phase 2, between 25 cm and 8 cm, which shows a small decline in ratio to 1.193; and 

phase 3, the sediment above 8 cm which has a more pronounced decline towards a 
206Pb/207Pb isotopic value of 1.182 at the surface. 
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Lake environments have the potential to provide unequivocal evidence of atmospheric 

transport of Pb contamination. The Arctic lake sediments act as a pollutant sink for 

atmospheric long range contamination, with elevated Pb concentrations found in surface 

sediments. Although Arctic lakes have been shown not to be pristine, the levels of 

contamination are much lower than in industrial areas. However, this enrichment of 

anthropogenic Pb tends to decrease with increasing latitude, attributed to atmospheric 

deposition patterns (Fjeld et al., 1994; Rognerud et al., 1998). 

 

The values can be compared to other cores taken from Arctic lakes. Three sediment cores 

from East Greenland were examined by Bindler et al., (2001) showing maximum Pb 

concentrations of 32, 87 and 86 mg kg-1, associated with anthropogenic Pb. The latter two 

cores recorded maximum Pb concentrations double that found in ICOS1 (the lake). Four 

cores from Sweden have recorded values between 40 and 50 mg kg-1, the greatest increase in 

Pb compared to background concentrations, is associated with the industrial revolution 

(AMAP, 1998). The industrial revolution, however, was not the start of anthropogenic Pb 

contamination. The medieval period produced significant quantities of Pb through smelting 

(Renberg et al., 2002). The Pb concentration in ICOS1 and the associated increase in the past 

two centuries are in general agreement with other cores from the Arctic (AMAP, 1998; 

Bindler et al., 2001). 

 

The concentrations found in the Arctic sediments are much lower than those in other parts of 

the industrial world; for example in other parts of Europe and the US (Table 4.4). Sediments 

in Scotland record subsurface maxima between 238–489 mg kg-1 at Glensaugh, an upland 

catchment in rural N.E Scotland (Farmer et al., 1996). North Loch Lomond and Loch Ness 

have values of  170 mg kg-1 and 78 mg kg-1 respectively (Eades et al., 2002). This can be 

associated with the proximity of the cores to the pollutant sources. Lake Constance in central 

Europe shows a peak of 172 mg kg-1 dated as 1960 (Kober et al., 1999). 
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Table 4.4 - Maximum Pb concentrations for lake sediments from the Northern 

Hemisphere. 

 

Pb in lake sediments  

Location Pb mg kg-1 Source 

Glensaugh, Scotland 238-489 (Farmer et al., 1996) 

Loch Ness 170 (Eades et al., 2002) 

Lake Constance 172 (Kober et al., 1999) 

Connecticut Lakes 310 (Gobeil et al., 2001) 

Lake Clair, Quebec, 
Canada 

399 (Ndzangou et al., 2005) 

Southern Norway ~ 220 (Johansson, 1989) 

 

ICNL1 (the lagoon core) can be described in four phases; phase 1, the bottom 15 cm, which 

is relatively constant with an average Pb concentration of 23.6 mg kg-1.  Between 20 cm and 

8 cm there is an increase in concentration, with an average value of 26.4 mg kg-1 reported. 

After 8 cm the Pb concentration increases rapidly to a peak of 35.7 mg kg-1 at 4.25 cm. The 

fourth phase shows a steep decline to a concentration of 24.4 mg kg-1 at the surface (Figure 

4.2). The steep decline is likely to be attributed to the phasing out of alkyl Pb in petrol from 

the mid 1970s onwards (Brännvall et al., 2001). 

 

The 206Pb/207Pb ratio shows a more varied profile, although the four phases apparent in the 

Pb concentration profile can still be identified. The bottom sediments have an isotopic ratio 

of 1.210, followed by a period between 20 cm and 8 cm where the ratio shows a small 

decline. Where the Pb concentration shows a major increase at a depth of 8 cm, the ratio 

rapidly decreases to a minimum value of 1.182, this value being maintained to the surface. 

The 210Pb profile displays mixing in the top 4 cm, the profile is perturbed between 0.75 and 

2.75 cm (ref - chapter 3, 3.3) (Figure 3.7). 

 

The core taken from inner Kongsfjorden (ICK1), displays a constant Pb concentration and Pb 

isotopic ratio down the core, with only small fluctuations. The mean Pb concentration is 18.0 

mg kg-1, with an average 206Pb/207Pb isotope ratio of 1.198 (Figure 4.2).  
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Table 4.5 - Mean Pb concentration within Arctic marine and fjordic sediments. 

 

Pb in fjordic and marine sediments  

 Pb mg kg-1  SD Source 

Pechora Sea 18 2 (Loring et al., 1995) 

Kara Sea 19 3 (Loring et al., 1995) 

Svalbard 26 1 (Loring et al., 1995) 

West Greenland 19.5 7.2 (Loring and Asmund 1996) 

East Greenland 17.6 6.6 (Loring and Asmund 1996) 

Isfjorden Cores 28.0 3.4 (Siegel et al., 2000) 

Western Shelf 12.3 3.6 (Siegel et al., 2000) 

 

Kongsfjorden (ICK1) has one of the lowest mean Pb concentrations in this study; a value of 

18.0 mg kg-1, with little variation within the core. This is 10 mg kg-1 less than that found in 

Isfjorden, a fjord situated on the west coast of Spitsbergen, south of Kongsfjorden (Siegel et 

al., 2000) (Table 4.5). Incipient contamination has been recorded within the Isfjorden area, 

due to proximity to contamination sources. Isfjorden is surrounded by power stations at 

Longyearbyen, Pyramiden and Barentsburg, each station burnt between 30,000 and 42,000 

tonnes of coal in 1995 (Dowdall et al., 2004; Rose et al., 2004). 

 

4.3.2.2 Group B – BASICC cores. 

BASICC 1 sediments have constant backgrounds of Pb concentration and 206Pb/207Pb isotope 

ratio, values of 8.6 mg kg-1 and 1.205, respectively. At a depth of 8-10 cm there is a sharp 

increase in the Pb concentration, which coincides with a decrease in the Pb isotope ratio. The 

top 8 cm shows a consistent 206Pb/207Pb isotope ratio, the average ratio calculated as 1.192. 

The Pb concentration in the surface sediments is 27.4 mg kg-1, a large difference from the 8.6 

mg kg-1 recorded at the base of the core (Figure 4.3). The core is characterised by mixing in 

the top 8 cm, a feature that was observed in the 210Pb profile (ref - chapter 3, 3.3) (Figure 

3.10). This mixing could obscure the actual profiles for the Pb concentration and isotope 

ratio. The mixing redistributes the Pb and other metals within the core, leading to a smoothed 

profile and one that does not show an accurate temporal history. 
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The BASICC 8 core does not show any major changes in the Pb concentrations and the 
206Pb/207Pb ratio with depth, the values remaining relatively constant. There is a small 

perturbation in the Pb concentration between 8 and 11 cm, with a decrease in value followed 

by a return to background levels. The background concentrations for BASICC 8 have been 

calculated using the bottom 5 cm of the core giving a Pb concentration of 21.8 mg kg-1 and a 
206Pb/207Pb ratio of 1.216 (Figure 4.3). 

 

BASICC 40, similar to BASICC 8, shows constant Pb concentration and Pb isotope ratio 

profiles throughout the core. The 210Pb activity profile does not have an exponential decay, 

indicating that the core is characterised by biological mixing in the upper 15 cm (ref - 

chapter 3, 3.3) (Figure 3.10). The background concentrations were calculated by taking the 

average concentration of the bottom 5 cm of the core, a Pb concentration of 19.7 mg kg-1 and 
206Pb/207Pb ratio of 1.189.  

 

The Pb concentration and isotope profiles for BASICC 43 show a change in the Pb 

concentration and 206Pb/207Pb ratio, with the increase in Pb concentration being coincident 

with the decrease in isotope ratio. The decline in the isotope ratio indicates a change in the 

source of the Pb over time or an additional source of Pb. The background Pb concentration is 

15.6 mg kg-1. At 15 cm there is a slow steady increase, with a maximum Pb concentration of 

21.4 mg kg-1 at 7.5 cm; above this point the Pb concentration is fairly constant. The increase 

in Pb coincides with a decrease in the isotopic composition, a minimum value of 1.185 being 

recorded at 3.5 cm depth (Figure 4.3).  

 

In Arctic marine sediments, the highest recorded Pb concentrations have been reported from 

Ålesund, Norway (AMAP, 1998). The surface sediments have a Pb concentration of 53 mg 

kg-1, a background of 22 mg kg-1. This increase can be attributed to anthropogenic 

contamination, and is much higher than concentrations found in the marine sediment cores in 

this study.  

 

Mean metal concentrations have been determined for marine and fjordic sediments 

throughout the Arctic environment (Table 4.5). dos Santos et al., (1996) recorded a mean Pb 
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concentration for the Barents Sea of 25 mg kg-1. This concentration is in general agreement 

with the values recorded within the Barents Sea in this research. 

 

4.3.2.3 Group C- JCR127 cores. 

The Pb concentration profile in the WSS0 core (Storfjorden) is irregular, with large changes 

throughout the core. There is however to two main phases: the bottom of the core and the top 

5 cm, each connected by a rapid decrease in the Pb concentration between 5 and 6 cm. The 

mean Pb concentrations at the bottom of the core and in the top 5 cm are 16.5 and 24.5 mg 

kg-1 respectively. The Pb isotope profile is relatively constant with a small decline towards 

the surface, from 1.201 to 1.190 at a subsurface minimum. A background calculation using 

the bottom 5 cm of the core gives a 206Pb/207Pb isotope ratio of 1.197 (Figure 4.4). 

 

Similar to WSS0, WSS4 shows large irregularities in the Pb concentration within the core. It 

can be split into two phases: a lower background (average 15.0 mg kg-1), with an increase 

from 8 cm to 5 cm, and the top of the core having a Pb concentration of 21.1 mg kg-1. The 
206Pb/207Pb ratio has a progressive decline over the depth of the core, from 1.202 at the base 

to 1.187 at the surface. The 210Pb profile for WSS4 has a large perturbation at a depth of 5 

cm (ref - chapter 3, 3.3) (Figure 3.12). This large amount of mixing could have a direct 

impact on the Pb concentration, distorting the profile, due to the redistribution of the Pb.  

 

The Pb concentration for the VP2a core shows an increase at 5.75 cm, from a background of 

16.7 mg kg-1 to 21.5 mg kg-1 at a depth of 3.75 cm. Above this depth the Pb concentration is 

variable, with a surface concentration of 18.3 mg kg-1. The Pb concentration is mirrored in 

the 206Pb/207Pb isotope ratio. The background Pb isotope ratio is 1.217 at 5.75 cm; the ratio 

makes a steep decline to 1.194 at 4.25 cm. Above this point the value remains relatively 

constant, with a ratio at the surface the same as at 4.25 cm (Figure 4.4). The core is affected 

by a small amount of mixing, indicated by the 210Pb profile (ref - chapter 3, 3.3) (Figure 

3.12). 
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Figure 4.2 - Pb concentration (- -) and 206Pb/207Pb (-o-) isotope ratio profiles for the Ny 

Ålesund cores (ICOS1, ICK1, ICNL1).  
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Figure 4.3 - Pb concentration (- -) and 206Pb/207Pb (-o-) isotope ratio profiles for the 4 

Barents Sea cores. 
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Figure 4.4 - Pb concentration (- -) and 206Pb/207Pb (-o-) isotope ratio profiles for the 

JCR127 Sea cores (WSS0, WSS4, VP2a). 
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4.4 Geographical comparison. 

4.4.1 Introduction 

To compare the levels of anthropogenic Pb contamination it is useful to look at the Pb 

concentrations between different core sites, both within this study and with other 

contaminant studies from the literature. This allows contrasts and similarities to be identified 

within and between geographical regions.  

 

The Pb concentrations have been measured using ICP-MS following the methodology in 

chapter 2 (ref - chapter 2, 2.5). The descriptive statistics have been calculated using 

Microsoft excel. 

 

4.4.2 Results 

Table 4.6 shows the minimum and maximum Pb concentration recorded within each of the 

sediment cores, and the standard deviation.    

 

Table 4.6 - Summary statistics of the 10 cores analysed. 

 

Descriptive statistics for Pb (mg kg-1) 

 SD Min Max 
ICOS1 7.6 9.7 43.2 
ICK1 1.4 13.1 21.4 
ICNL1 3.1 22.5 35.7 
BASICC 1 3.9 13.8 27.4 
BASICC 8 1.1 19.8 24.0 
BASICC 40 1.0 18.2 21.6 
BASICC 43 2.4 14.0 22.1 
WSS0 4.5 11.4 27.0 
WSS4 3.1 10.2 21.9 
VP2a 2.4 9.4 21.5 

 

ICOS1 (the lake) has the largest reported concentration of Pb in the surface sediments of the 

core, a maximum of 43.2 mg kg-1, the lagoon (ICNL1) having the next highest concentration 

of 35.7 mg kg-1. The cores that show the largest standard deviations are ICOS1, ICNL1, 
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BASICC 1 and WSS0, with the greatest variations between the minimum and maximum Pb 

concentration.  

 

4.5 Fluxes and inventories 

4.5.1 Introduction  

An inventory is the amount of a metal found per unit area of sediment. In the case of  Pb, the 

excess Pb inventories have been calculated using the excess concentration over background 

(mg kg-1) and the mass of the sediments per unit area (g m-2). 

 

The flux is the amount of Pb deposited each year, given in mg m-2 y-1; taking into account the 

dependence of the Pb concentrations on the sedimentation accumulation rate. Fluxes were 

calculated by dividing the excess Pb concentration by the age of the core (Bindler et al., 

2001; Kober et al., 1999) (mass accumulation rates ref - chapter 3, 3.3).  

 

The excess Pb fluxes and inventories were calculated for all the cores. The fluxes were then 

plotted against the chronology (ref - chapter 3, 3.3). The flux values in Table 4.7 are the 

mean flux where excess Pb is found. No flux has been calculated for ICK1 as a 

sedimentation rate could not be determined from the 210Pb activities. 

 

4.5.2 Results  

Results for the Pb fluxes and inventories (Table 4.7, Figures 4.5, 4.6 and 4.7). 

 

Total excess Pb inventories for the 10 cores range from 105.8 mg m-2 in VP2a to 517.4 mg 

m-2 in ICOS1. The average flux is highest in core WSSO, a value of 4.19 mg m-2 yr-1 

observed the lowest is seen in ICNL1 with an average flux of 0.18 mg m-2 yr-1. 

 

The Barents Sea cores can be split into two pairs: BASICC 8 and BASCC 40 with total 

inventories of approximately 130 mg m-2; and BASICC 1 and BASICC 43 which display 

much higher inventories of 387 mg m-2 and 515.8 mg m-2 respectively. This contrast is also 

reflected in the average flux. 
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Table 4.7 - Fluxes and inventories for all core sites. 

 

  
  

Total Pbxs
inventory 

mg m-2
Average flux
mg m-2 yr-1

Maximum 
flux 

mg m-2 yr-1

Year of 
maximum 

flux 
ICOS1 517.4 0.45 1.49 1988 
ICNL1 361.6 0.18 0.61 1905 
      
BASICC 1 515.8 3.38 6.52 1987 
BASICC 8 137.2 0.86 1.85 1966 
BASICC 40 120.0 0.39 0.76 1989 
BASICC 43 387.0 2.52 5.13 1990 
      
WSS0 468.0 4.19 8.60 1990 
WSS4 418.9 1.11 2.04 1946 
VP2a 105.8 0.85 2.16 1969 

 

 

For ICOS1 (Figure 4.5), the core shows a large increase in the Pb flux from approximately 

1620: rising from a close to zero to above 1 mg m-2 yr-1. The maximum flux recorded is 1.49 

mg m-2 yr-1 in 1988. INCL1 shows the largest increase in flux from approximately 1820 

onwards, with a peak of 0.61 mg cm-2 yr-1 at 1905 (Figure 4.5). 

 

Figure 4.6 shows the Pb fluxes for the four BASICC cores. The four cores can be again split 

into two pairs: BASICC 1 and BASICC 43, and BASICC 8 and BASICC 40. Cores BASICC 

1 and BASICC 43 both show a rapid increase in the flux for BASICC 43 this increase occurs 

at approximately 1850 with a maximum of 5.13 mg cm-2 yr-1 recorded in 1990. For BASICC 

1 the increase in flux occurs slightly later but the maximum flux is reached at a similar time 

to that in BASICC 43 with a flux of 6.52 mg cm-2 yr-1 in 1987. 
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Figure 4.5 - Calculated fluxes of Pb in ICOS1 and ICNL1. 

 

BASICC 8 and BASICC 40 in contrast show much smaller increases in Pb fluxes; with 

maximum fluxes of 1.85 mg cm-2 yr-1and 0.76 mg cm-2 yr-1 respectively. 

 

Five of the cores, ICOS1, BASICC 1, BASICC 40, BASICC 43 and WSS0 show a 

maximum Pb flux at approximately 1990. This peak could be associated with the maximum 

peak of Pb emissions. 
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Figure 4.6 - Calculated fluxes of Pb deposited in the Barents Sea. 
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c) VP2a 

Figure 4.7 - Calculated fluxes of Pb deposited for the JCR127 cores. 

 



Chapter 4 – Lead and lead isotopes 
__________________________________________________________________________ 

 

 182

4.6 - Pb isotope relationships. 

4.6.1 Introduction 

The relationship between different Pb isotope ratios can be used to look at the different 

sources of Pb within a sediment core. The relationship allows comparisons between data 

points at different sediment depths within a core, and enables the origin of the Pb to be 

identified, indicating whether the Pb present in the sediment is of a natural or anthropogenic 

origin. This is achieved by plotting two Pb isotope ratios, in this case the 206Pb/207Pb and 
208Pb/206Pb ratios, on a scatter diagram (Figure 4.8) (Bindler et al., 2001; Gallon et al., 2005; 

Gobeil et al., 2001; Hamelin et al., 1997). A mixing line can be determined between natural 

origin and anthropogenic source; the rationale is that with a change in the source the 

characteristic fingerprint of the Pb isotope ratio also changes. An alkyl Pb influence within a 

sediment core can result in the 206Pb/207Pb ratio decreasing towards 1.18 (Figure 4.8).  
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Figure 4.8 - A model illustrating a typical 206Pb/207Pb vs. 208Pb/206Pb mixing line. 

Indicating a change in source of Pb over time, often attributable to anthropogenic 

influence. In this example green represents the natural background levels, the red 

anthropogenic contamination. 
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For all ten cores the 206Pb/207Pb is plotted against 208Pb/206Pb isotope ratios (Figures, 4.9, 4.10 

and 4.11). In the diagrams for each core, the top 5 cm are coloured in red to compare the 

surface sediments and the background sediments. The r2 value has also been calculated to 

evaluate the strength of the correlation (Table 4.8). 

 

4.6.2 Results 

The two cores ICOS1 (the lake) and ICNL1 (the lagoon) have strong correlations between 

the 206Pb/207Pb and 208Pb/206Pb ratios, with r2 values of 0.763 and 0.858 (Table 4.8). There is a 

clear distinction between the surface sediments and those found deeper in the core (Figure 

4.9). 

 

ICK1 has no clear distinction between the upper and lower sediments, the clustering of ratios 

suggest that the isotope values have been relatively constant throughout the core (Figure 4.9). 

 

Table 4.8 - r2 values for the 206Pb/207Pb vs. 208Pb/206Pb plots, levels of correlation. 

 

 r2 value (206Pb/207Pb vs. 208Pb/206Pb) 

ICOS1 0.763 

ICK1 0.552 

ICNL1 0.858 

BASICC 1 0.870 

BASICC 8 0.733 

BASICC 40 0.402 

BASICC 43 0.832 

WSS0 0.623 

WSS4 0.551 

VP2a 0.862 

 

BASICC 1, has two very distinct cluster groups, the upper five cm in red are clearly different 

to the background isotope ratios. There is a strong linear correlation (r2 = 0.870).  

 



Chapter 4 – Lead and lead isotopes 
__________________________________________________________________________ 

 

 184

BASICC 43 is similar to BASICC 1 in that all the points follow a close linear trend. The 

upper sediments having different isotope ratios, the upper 5 cm are influenced by Pb from a 

different source (r2 = 0.832) (Figure 4.10). 

 

In the graphs for BASICC 8 and BASICC 40 (Figure 4.10) all the points closely cluster, with 

no clear separation between the upper and lower sediments.  

 

WSS0 and WSS4 both show Pb isotope ratios which are clustered. The upper centimetres in 

the WSS0 core are integrated with the rest of core, showing no clear distinction in the isotope 

ratios between surface sediments and bottom sediments. WSS4 however, has quite a weak 

correlation being quite scattered, but the upper sediments of the core appear to have a 

different isotopic composition (Figure 4.11).  

 

VP2a has a strong correlation between the 206Pb/207Pb and the 208Pb/206Pb ratios with an r2 

value of 0.862. The top five cm again are further along the mixing line and closer to the 

anthropogenic signature, with a lower 206Pb/207Pb value and a higher 208Pb/206Pb ratio (Figure 

4.11). 

 

Six cores (ICOS1, ICNL1, BASICC 1, BASICC 43, WSS4 and VP2a) show a clear change 

in the Pb isotope ratios between the upper and lower sediments. This indicates that the cores 

have had a change in the source of the Pb within the top 5 cm, most likely associated with 

anthropogenic contamination. 
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Figure 4.9 - Ny Ålesund cores 208Pb/206Pb vs. 206Pb/207Pb ratios. The red symbols show 

the top 5 cm of the surface sediments. The large circle indicates the top 5 cm of the 

core, if distinctively different from the rest of the core. 
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Figure 4.10 - BASICC cores 208Pb/206Pb vs. 206Pb/207Pb ratios. The red symbols show the 

top 5 cm of the surface sediments. The large circle indicates the top 5 cm of the core, if 

distinctively different from the rest of the core. 
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Figure 4.11 - JCR127 cores 208Pb/206Pb vs. 206Pb/207Pb ratios. The red symbols show the 

top 5 cm of the surface sediments. The large circle indicates the top 5 cm of the core, if 

distinctively different from the rest of the core. 
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4.7 Isotope mixing model 

4.7.1 Introduction 

The Pb isotope ratio can be used to infer the source of the Pb within a sediment core. This is 

based on a simple isotopic mixing model. 

 

The excess 206Pb/207Pb isotope ratio is calculated, defined as the “isotope ratio required of an 

additional source of Pb to cause an observed change in the isotope signature of the sample 

relative to a background value or to some reference value prior to a major shift in the 

isotope signature” (Bindler et al., 2001 p4678). 

 

The excess ratio value can then be compared to other published values in the literature, to 

infer the source of the Pb. For this to be viable there must be a change within the Pb 

concentration in the upper proportion of the sediment. Here, an average of the excess values 

has been taken where an increase in Pb can be clearly seen.  

 

The simple mixing model equation is shown below (Farmer et al., 1996): 

 

refsample

refrefsamplesample
excess PbPb

PbPbPbPb
Pb

−

×−×
=

)()( 207/206207/206
207/206

 

 
206Pb/207Pbexcess = anthropogenic lead concentration 

Pbsample = sample lead concentration 

Pbref = baseline lead concentration 
206Pb/207Pbsample = sample lead isotope ratio 
206Pb/207Pbref = baseline lead isotope ratio  

 

In previous studies it is stipulated that the Pb value in the surface sediments should be double 

that in the base of the core (Bindler et al., 2001). Unfortunately this is not applicable for 

many of the Arctic cores, and only selected cores have been analysed. (For example 

BASICC 8, 40 and ICK1 are not modelled because there is no change in the Pb concentration 

throughout the core). The equation has been used within this study, but with careful 
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consideration of the cores prior to analysis (this is to ensure that the results are viable for 

comparison). 

 

4.7.2 Results 

The calculated average excess 206Pb/207Pb for all cores can be seen in Table 4.9. ICOS1 has a 

ratio of 1.165. ICNL1, BASICC 1 and BASICC 43 and WSS4 all have similar ratios, 

between 1.146 and 1.156. VP2a is very different, with a ratio of 0.977. WSS0 has the highest 

excess isotope ratio at 1.182. 

 

Table 4.9 - Average excess 206Pb/207Pb isotope ratio for all cores. 

 

 Excess 206Pb/207Pb 
ICOS1 1.165 
ICK1 ND 
ICNL1 1.148 
   
BASICC 1 1.156 
BASICC 8 ND 
BASICC 40 ND 
BASICC 43 1.146 
   
WSS0 1.182 
WSS4 1.154 
VP2a 0.977 

 

Western European sources typically have excess isotope values between 1.13 to 1.155, with 

Russian and Eastern European ratios ranging between 1.16 and 1.17 (Bindler et al., 2001; 

Gobeil et al., 2001). For example the source of Pb for Greenland is European, the excess 
206Pb/207Pb ratio for three lakes being 1.145 (Bindler et al., 2001). The isotope signature from 

the US is much higher than European sources;  ratios range from 1.173 - 1.231 (Bollhöfer 

and Rosman, 2001). Their principal source of Pb is from an ore from the Mississippi Valley, 

which is characteristically high in 208Pb (Bindler et al., 2001). 
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This suggests that the Pb in the cores ICNL1, BASICC1, BASICC 43 and WSS4 originates 

in Western Europe, with the ICOS1 core displaying an excess Pb isotope ratio indicative of 

An Eastern European source, or a mixture of Eastern and Western European emissions.  

 

4.8 Amount of anthropogenic Pb  

4.8.1 Introduction 

It is possible to determine the amount of anthropogenic Pb (as a percentage) that is present in 

the core by using the simple equation below. The amount of anthropogenic Pb is determined 

in the upper part of the sediment cores, where an excess Pb concentration is identified. 

 

The equation for the % anthropogenic Pb is shown below: 

 

( ) s
bsbs

a Pb
or

PbPbPbPbPb ×
×−

=
179.1139.1

))/(( 207/206207/206

 

 

Pba = anthropogenic lead concentration 

Pbs = layer lead concentration 

Pbb = baseline lead concentration 
206Pb/207Pbs = layer lead isotope ratio 
206Pb/207Pbb = baseline lead isotope ratio  

 

The value has been calculated using the top 5 cm of the core. The two values 1.139 and 

1.179 are taken as characteristic 206Pb/207Pb isotopic ratios for Western European and 

Russian source emissions (Gobeil et al., 2001). 

 

4.8.2 Results  

The main part of the equation in brackets requires the value to be divided by an isotope value 

from a specific location. In this case two values have been used 1.139 and 1.179, values 

taken to represent European or Russian influence respectively; these Pb isotope values were 
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taken from Gobeil et al. (2001). All cores have been calculated using both isotopic values 

(Table 4.10). The % anthropogenic values are very similar for both isotopic values. The 

amount of anthropogenic Pb in the three cores, ICK1, BASICC 8 and BASICC 40, has not 

been calculated as no excess Pb is present in the top 5 cm of the cores. 

 

Table 4.10 - % anthropogenic Pb in the top 5 cm of all cores. 

 

Core 
top 5 cm - 

% anthropogenic 

 
1.139 

European 
1.179 

Russian 
ICNL1 23 22 
ICOS1 51 52 
ICK1 ND ND 
   
BASICC 1 29 28 
BASICC 8 ND ND 
BASICC 40 ND ND 
BASICC 43 26 25 
   
WSS0 34 33 
WSS4 27 26 
VP2a 13 13 

 

 

Of the three cores taken near Ny Ålesund, Lake Ossian (ICOS1) has the highest % 

anthropogenic input; approximately 51 % can be attributed to anthropogenic sources in the 

surface sediments. ICNL1 (lagoon) displays an anthropogenic percentage of between 22 and 

23 %. 

 

The BASICC cores taken from the Barents Sea can be split into two. BASICC 1 and 

BASICC 43 (from the southern Barents Sea) have between 25 and 30 % anthropogenic 

influence. These cores contrast with BASICC 8 and 40 (from the northern Barents Sea), 

where the % anthropogenic Pb has not been calculated as there is no change in the Pb 

concentration with depth. 
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WSS0 and WSS4 have similar values to those in the south Barents Sea, 33 % and 26 % 

respectively. VP2a has a much lower % Pb, with only 12 % attributed to anthropogenic 

sources.  

 

4.9 Coal analysis 

4.9.1 Introduction 

The vast majority of pollutants that reach the Svalbard archipelago can be attributed to long 

range sources (Rose et al., 2004). There are, however, several local sources, connected to 

power production and mining. Power stations are found at Longyearbyen, Pyramiden and 

Barentsburg, burning 30,000, 34,000 and 42,000 tonnes of coal respectively in 1995 

(Dowdall et al., 2004; Rose et al., 2004). Although when compared to major industrial 

centres these values are small, because of there close proximity they cannot be considered 

negligible, potentially providing a significant source of contaminants. For example, at Ny 

Ålesund, power production is by gas-oil powered generators and these have been 

acknowledged as a local contamination source (Dowdall et al., 2004).  

 

Rose et al., in 2004 reported contamination sources within Svalbard. It was proposed that the 

pattern of contamination in Svalbard surface sediments is one of local impact from the power 

stations in the Isfjord area which is superimposed on a long-range signal from sources in 

Europe, Russia and North America (Rose et al., 2004). The amounts of local contaminants 

measured, however, were very small, and only detectable within a radius of 60-70 km. This 

suggests that a large proportion of contaminants present in the local sediments are from long-

range sources (Rose, 1995). 

 

To look more closely at the effect of coal burning, two pieces of coal were collected during 

field work and analysed to obtain the Pb isotope ratios. 

 

Each piece of coal was analysed four times for the two Pb isotope ratios, 206Pb/207Pb and 
208Pb/206Pb. Analysis followed the methodology outlined in chapter 2 (ref - chapter 2, 2.9).  
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4.9.2 Results  

The results are shown in Table 4.11. 

 

Table 4.11 - Pb isotope ratios for coal samples. 

 206Pb / 207Pb % error 
actual 
error 208Pb / 206Pb % error 

actual 
error 

sample 1 1.175 0.085  2.089 0.232  
sample 1 1.190 0.255  2.081 0.284  
sample 1 1.185 0.222  2.087 0.193  
sample 1 1.190 0.193  2.084 0.137  
average 1.185 0.189 0.002 2.085 0.212 0.004 

       
sample 2 1.188 0.191  2.090 0.179  
sample 2 1.189 0.194  2.091 0.152  
sample 2 1.188 0.329  2.087 0.184  

sample 2 1.187 0.114  2.089 0.047  

average 1.188 0.207 0.002 2.089 0.141 0.003 
 

The average compositions of the two pieces of coal are very similar, with a 206Pb/207Pb ratio 

of 1.185 ± 0.002 and 1.188 ± 0.002 being determined (208Pb/206Pb ratio of 2.085 ± 0.004 and 

2.089 ± 0.003). The samples are within error of each other and therefore can be considered to 

have the same isotopic composition. 

 

The Pb isotope ratios obtained from the two pieces of coal are different to the excess 
206Pb/207Pb calculated for all cores, with the exception of WSS0. This supports the rationale 

that the vast majority of contaminants that reach the Svalbard archipelago can be attributed 

to long range sources (Rose et al., 2004). The local coal mining is not the main contributor of 

the excess Pb seen within the cores taken from around the Svalbard area (ICOS1 and 

ICNL1). 

 

WSS0 is the exception, with an excess 206Pb/207Pb ratio very similar to that from the local 

coal samples. WSS0 is situated in the Storfjorden overflow. Storfjorden is in close proximity 

to Longyearbyen, a major coal mining town throughout the 20th century. The isotopic ratio at 

this core site could be influenced from the coal mining; however, it could also be associated 

with Russian sources.  
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4.10 Mineralogical variations. 

4.10.1 Introduction 

Up until now the discussion has considered the Pb concentration information without taking 

into account of any mineralogical changes within the sediments. Many factors can influence 

trace metal profiles, and these must be considered if an accurate contamination history is to 

be determined. As described in chapter 3, changes within the grain-size and mineralogy of 

the sediment can be important in determining trace metal concentrations. Pb concentration 

can be strongly influenced by grain size, detrital alumino-silicate minerals, Fe and Mn 

oxides, sulphides and, in some cases, organic matter.  

 

All elemental concentrations within the sediment cores have been normalised to Li to 

account for any natural changes within the sediment cores (Figures 4.12, 4.13 and 4.14). 

Pearson’s correlations have also been calculated between Pb and the elements Ti, Fe, Al and 

Li, and organic matter to determine any covariance (Table 4.12). 

 

4.10.2 Results 

Table 4.12 - Pearson’s correlations between Pb and the mineralogical elements. (Values 

in bold are significant p < 0.001). 

 

  Al Li Fe Ti Corg

ICOS1 0.92 0.917 0.929 0.922 -0.815 
ICK1 0.353 0.429 0.629 0.683 0.110 
ICNL1 -0.076 -0.129 -0.036 0.179 0.538 
       
BASICC 1 -0.523 -0.249 0.326 0.183 0.465 
BASICC 8 -0.092 0.171 0.406 0.225 -0.110 
BASICC 40 0.217 0.308 0.177 0.345 0.316 
BASICC 43 0.442 -0.228 -0.179 -0.578 0.495 
      
WSS0 0.6 0.927 0.92 0.914 -0.137 
WSS4 0.055 0.334 0.912 0.733 0.777 
VP2a -0.278 -0.153 -0.109 -0.113 0.169 
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Cores ICOS1 (the lake) and WSS0 (Storfjorden) have strong significant correlations between 

Pb and the mineralogical elements Li, Fe and Ti, with ICOS1 having a strong negative 

correlations with Corg. In the WSS4 core Pb shows a strong correlation with Fe, Ti and Corg. 

All the other cores show no strong significant correlations between Pb and the elements used 

for normalisation. 

 

The normalised profiles (Figure 4.12, 4.13, 4.14) show similar trends to the un-normalised 

profiles (Figure, 4.2, 4.3, 4.4), with the exceptions of ICOS1, WSS4 and WSS0.  
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Figure 4.12 - Pb/Li profiles for the Ny Ålesund cores 
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Figure 4.13 - Pb/Li profiles for the Barents Sea Cores. 
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Figure 4.14 - Pb/Li profiles for the JCR127 cores. 
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4.10.3 Discussion 

For the majority of the cores, the Pb concentration profiles can be used in this contamination 

study. The fact that the Pb has no strong correlations with any of the normalising elements 

suggests that the concentration is not being influenced by changes in grain size changes or 

mineralogy. There are three exceptions: ICOS1, WSS0 and WSS4. 

 

When the ICOS1 profile is normalised to Li, the original increase seen in the Pb 

concentration at 6.25 cm is no longer apparent (Figure 4.2). There is a switch in the Pb, with 

a sharp decline being seen at the same depth in the normalised profile (Figure 4.12). The 

strong correlations between Pb and K, Li, and Al suggest that Pb may be being controlled by 

a factor other than anthropogenic influence. However, the decline in the Pb isotope ratio 

towards the surface of the core suggests that all the Pb is not being controlled solely by 

mineralogical variations. 

 

The normalised profile of Pb against Li for WSS0 can be seen in Figure 4.14. The increase in 

the Pb concentrations becomes less pronounced when normalised to Li, suggesting that there 

is a granulometric control on the Pb. 

 

The Pearson’s correlations show strong relationships between Fe and Pb for WSS0 and 

WSS4. This suggests that the redox conditions of the sediments could be influencing the 

profiles. Trace elements can have strong associations with Fe and Mn oxyhydroxides, 

resulting in enrichments in some surface sediments (Shimmield and Pedersen, 1990). The 

diagenetic remobilisation of Pb can be attributed to the dissolution of Fe-Mn oxyhydroxides 

(Widerlund et al., 2002). To look at the relationship between Pb and Fe and Mn 

oxyhydroxides the Pb profile has been normalised to Fe. The Pb/Fe profiles for both WSSO 

and WSS4 are shown in Figure 4.15. 

 

For WSS0 both the Pb/Li and Pb/Fe profiles show smoothed profiles; the original increase in 

Pb is less pronounced. This suggests that granulometry and redox conditions are influencing 

the distribution of Pb. Pb contamination is therefore unlikely to be the cause of the increase 

in the Pb concentration seen in the surface of the core (Figure 4.4). The profile for the 
206Pb/207Pb isotope ratio is also relatively constant, suggesting that the increase in the Pb 
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concentration is not due to a change in source of Pb, and therefore not due to anthropogenic 

contamination (Figure 4.4). 

 

WSS4, when normalised to Fe, displays a less erratic profile than the original Pb profile 

(Figure 4.4). There is, however, still an increase in Pb towards the surface of the core. The  
206Pb/207Pb isotope ratio for WSS4 shows a decline in value towards the surface of the core 

attributed to anthropogenic contamination. 
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Figure 4.15 - Normalised Pb/Fe profiles for WSS0 and WSS4. 

 

The redox conditions could provide an explanation for the Pb concentration profile seen in 

the core WSS4. This, however, is clearly not the case in the other cores. For example, in the 

lagoon, Fe and Mn show little variation with depth. To fully investigate the remobilisation of 

Pb with Fe and Mn, pore-water concentrations of Pb would need to be examined (Widerlund 

et al., 2002).  
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4.11 Summary and overall discussion 

A summary of all the observations can be seen in Table 4.13. The summary table is a 

collation of all the individual analyses undertaken within the cores. The analyses are isolated 

results and have not been compared to one another. Within the overall discussion a number 

of these analyses will be explained in a wider context, relating to the mass accumulation rate 

and mineralogical variations.  

 

Table 4.13 - Summary of analyses for Pb contamination 

 

Summary of Pb analyses 

  

Background 

concentrations 

Temporal

trends 

Average

Flux 

Pb isotope 

relationship 

Isotope mixing 

model 

Average

Anthrop

Variations in

mineralogy 

  mg kg-1 206Pb/207Pb  mg m-2 y-1
206Pb/207Pb vs 

208Pb/206Pb 
206Pb/207Pb %  

ICOS1 19.5 1.215 ↑ in Pb 1.22 separate 1.165 51-52 yes 

ICK1 18.0 1.198 no change ND cluster ND 1-3 no 

ICNL1 23.6 1.21 ↑ in Pb 0.32 separate 1.148 22-23 no 

BASICC 1 18.6 1.205 ↑ in Pb 4.01 separate 1.156 28-29 no 

BASICC 8 21.8 1.216 no change 0.27 cluster ND 5-6 no 

BASICC 40 19.7 1.189 no change -0.17 cluster ND 0 no 

BASICC 43 15.6 1.205 ↑ in Pb 3.47 separate 1.146 25-26 no 

WSS0 16.5 1.197 ↑ in Pb 5.99 cluster 1.182 33-34 yes 

WSS4 15.0 1.202 ↑ in Pb 1.33 separate 1.154 25-26 yes 

VP2a 16.7 1.217 ↑ in Pb 0.91 separate 0.977 12-13 no 

 

4.11.1 Group A - Ny Ålesund Cores. 

ICOS1 (the lake) and ICNL1 (the lagoon) both show an increase in Pb concentration, 

coinciding with a decrease in the Pb isotope ratio composition (Figure 4.2). The Pb 

distributions suggest that the cores are influenced by increased anthropogenic contamination. 

The change in the Pb isotope ratio indicates a change in the source of the Pb. In Europe the 

alkyl Pb additive added to petrol had a 206Pb/207Pb ratio of approximately 1.04-1.09 (Bindler 

et al., 2001; MacKenzie et al., 1997). The large emissions from car exhausts and the 

increased usage of alkyl Pb could result in a decline in the 206Pb/207Pb isotope ratio. Such a 
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decline cannot be seen in the sediments of both the lake (ICOS1) and the lagoon (ICNL1) 

cores. 

 

4.11.1.1 - ICOS1 

Within the lake (ICOS1) an increase in Pb concentration and decrease in 206Pb/207Pb isotope 

ratio is evident (Figure 4.2). A background Pb concentration of 19.5 mg kg-1 was recorded 

with an increase in the concentration to 43.3 mg kg-1 in the surface. For the 206Pb/207Pb 

isotope ratio the background and surface values were recorded as 1.215 and 1.182 

respectively.  

 

ICOS1 (the lake) has the highest % anthropogenic Pb reported in any of the cores within this 

study, with approximately 52 % attributed to human influence (Table 4.10). The excess 
206Pb/207Pb ratio in ICOS1 was calculated as 1.165 (Table 4.9), suggesting that there is a 

Russian influence or a mixture of Western and Eastern European emission sources.  

 

A previous value of 206Pb/207Pb isotope ratio was measured as 1.154 ± 0.006 from Ny 

Ålesund, with air mass trajectories being traced to central and northern Russia (Sturges and 

Barrie, 1989). This is further confirmed by measurements at Zeppelin mountain, where the 

third highest 210Pb annual measurements came from air masses from Siberia and northern 

Europe (Paatero et al., 2003). The highest Pb concentrations occur during the winter period. 

The Arctic haze is greatest between December and April, associated with changes in the 

Arctic air masses and tropospheric circulation. 

 

The first impression of the lake (ICOS1) is that it is contaminated by anthropogenic Pb 

(Figures 4.2), with the lake sediments providing evidence of anthropogenic influence. One of 

the fundamental problems with this conclusion is that the ICOS1 core shows a low average 

flux of Pb to the sediments of the lake (0.45 mg m-2 yr-1) in the base of the core. The flux 

profile then shows a rapid increase from about 1620, thereafter staying fairly constant to the 

surface of the core (Figure 4.5). This increase in the Pb flux from 1620 is too early to be 

associated with anthropogenic contamination since the industrial revolution.  
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If the mass accumulation rate (0.007 g cm-2 y-1) is extrapolated to calculate a chronology for 

the whole core, as in Figure 4.5, the industrial period and its associated anthropogenic 

pollution signal would be confined to the top few cm of the core. This suggests that the true 

Pb pollution signal is either very weak or is being masked by the changes in mineralogy. 

However, the change in Pb isotope ratio towards the surface, and the modelling of the 

isotope ratio strongly contradicts this and suggests that there has been an impact at this site 

by anthropogenic contamination.  

 

The sedimentation rate and chronology for the core, however, must be used with caution. 

Due to the half life of 210Pb, the 210Pb profile only represents the last 150 years, 

corresponding to the upper 2 cm of the core. There is little doubt that the calculated mass 

accumulation rate within the top of the core is correct; the 210Pb profile shows a clear 

exponential decay. The mass accumulation rate is also supported by Appleby (2004), who 

calculated a sedimentation rate of 0.0088 g cm-2 y-1 within a core taken from the same lake. 

An additional core was also taken from the lake in 2002 as part of a project within SAMS, 

the calculated mass accumulation rate for the core SARS3 was 0.008 g cm-2 y-1 (Pers. comm. 

Dr T Shimmield, 2006).  

 

As shown in chapter 3, the metal profiles and the organic carbon profile within the ICOS1 

core show a large change in concentration and percentage between 6.25 cm and 4.75 cm. The 

data indicate that there has been a substantial perturbation due to a large hiatus or a slumping 

event. The XRD suggests that this change may be glacial in origin (ref - chapter 3, 3.8). All 

the evidence points towards a slumping event or a period of rapid deposition around this 

time: the Mn/Li profile could be explained by a rapid burial of former sediment enriched in 

Mn.  A slumping event was also identified by Appleby (2004), suggesting that there had 

been major slump around the period of 1890-1910. They calculated a modern sedimentation 

rate of 0.0088 g cm-2 y-1, and an elevated sedimentation rate of 0.11 g cm-2 y-1 between 3 and 

6 cm. 

 

The 210Pb from the ICOS1 core can not be used to calculate the sedimentation rate during the 

suspected slumping event. Appleby (2004) calculated a 12.5 times increase in the mass 

accumulation rate to the sediments during the slumping event. This factor increase has been 
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applied to the ICOS1 data to estimate a mass accumulation rate of 0.09 g cm-2 y-1 during the 

period of rapid deposition (Table 4.14). The profiles for ICOS1 can be explained by the 

intrinsically low mass accumulation rate in the surface of the core, and a period of rapid 

deposition. 

 

Table 4.14 - 210Pb chronology of the ICOS1 core showing the top 10 cm  

210Pb chronology ICOS1 

Depth g cm-2
Age of 

section (yrs) 
cumulative 

years chronology 
mass accumulation 

rate g cm-2 y-1

0.25 0.02 4 4 2000 0.007 
0.75 0.10 12 16 1988 0.007 
1.25 0.34 36 52 1952 0.007 
1.75 0.65 48 100 1904 0.007 
2.25 1.00 4 104 1900 0.09 
2.75 1.34 4 107 1897 0.09 
3.25 1.62 3 110 1894 0.09 
3.75 1.80 2 112 1892 0.09 
4.25 2.03 3 115 1889 0.09 
4.75 2.30 3 118 1886 0.09 
5.25 2.47 2 120 1884 0.09 
5.75 2.50 0 120 1884 0.09 
6.25 2.53 0 121 1883 0.09 
6.75 2.55 4 125 1879 0.007 
7.25 2.58 4 129 1875 0.007 
7.75 2.61 4 133 1871 0.007 
8.25 2.63 4 137 1867 0.007 
8.75 2.66 4 141 1863 0.007 
9.25 2.69 5 146 1858 0.007 
9.75 2.72 5 150 1854 0.007 

10.25 2.75 5 155 1849 0.007 
 

 

Therefore: 

Between 0 cm and 1.75 cm - mass accumulation rate of 0.007 g cm-2 y-1

From 1.75 cm to 6.25 cm - mass accumulation rate of 0.09 g cm-2 y-1

Below 6.25 cm - return to the original mass accumulation rate of 0.007 g cm-2 y-1   
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Figure 4.16 - The Pb concentration, Pb isotope ratio, and the excess Pb flux profiles for 

the ICOS1 core, with respect to the revised chronology, taking into account the 

slumping event.  

 

When the new chronology is applied to the Pb data set (Figure 4.16) it is clear that there is a 

distinct difference between the Pb concentration and the Pb isotope ratio found within the 

surface of the core and that recorded at the base of the core. The change in the Pb 

concentration coincides with the timing of the industrial revolution. The Pb isotope ratio 

shows a decline corresponding to a date of 1850, associated with the industrial revolution 

and increased Pb emission. There is a further change in the ratio from 1950 to the surface of 

the core, due to the introduction of alkyl Pb in petrol. The Pb flux, now shows a large peak, 

associated with the assumed new sedimentation rate, and the rapid input of additional 

sediments.  
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The cause of the rapid input of sediment within the core could be attributed to a number of 

physical processes, from a slumping event inside the lake, to a slope failure from within the 

catchment. The preferred cause is attributed to glacial processes within the area. The lake is 

situated on an area known as Ossian Sarsfjellet, an area surrounded by the tidewater 

Kongsvegan/Kronebreen glacier complex. Historical documents have recorded several 

advancements of the glacier complex with two of the most recent advances observed in 1869 

and 1948 (Bennett et al., 1999). The rapid deposition in the sediment within the lake 

occurred around the same time. The advancement of the glacier could potentially have 

deposited a large amount of sediment with distinctively different mineralogical 

characteristics to those found deeper within the core. 

 

There are a few further considerations relating to this core. It has been said that there is 

change in provenance at approximately 1850, with a change in the sediment type within the 

lake. It could be argued that the change in the Pb concentration is associated with natural 

variations, and changes within this mineralogy.  It is likely that natural processes are also 

occurring within the core as the Pb has very strong correlation with Al and Li. The Pb 

isotope ratio, however, and the calculated excess ratio, provides evidence that the core is 

being influenced by long range atmospheric contamination. It is not certain that the all of the 

Pb seen within the core can be associated with pollution, and therefore the 52 % calculation 

of anthropogenic Pb must be discounted. This percentage is a maximum possible amount of 

Pb that could be associated with anthropogenic contamination. There is strong evidence to 

suggest that there has been a rapid event within the core that has changed the sediment 

composition significantly in most elements.  

 

4.11.1.2 - ICNL1 

ICNL1 shows an increase in Pb concentration and a decrease in the 206Pb/207Pb isotope ratio 

towards the surface of the core (Figure 4.2). The change in Pb isotope ratio, along with the 

strong correlation between the isotope ratios 206Pb/207Pb and 208Pb/206Pb, suggests that the 

core is experiencing input from an additional source of Pb: the sediments from the top 5 cm 
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of the core have a different isotopic composition to the sediments at the bottom of the core 

(Figure 4.9).  

 

The excess 206Pb/207Pb isotope ratio of 1.148 is indicative of a European influence. ICNL1 

(the lagoon) also has a relatively high % anthropogenic Pb of 22 (Tables 4.9 and 4.10). This 

could provide evidence of atmospheric transport, but could also include Pb from land run off 

from the surrounding catchment and marine sources.  

 

The maximum Pb flux to ICNL1 (the lagoon) is 0.61 mg m-2 yr-1, with a total inventory of 

361.6 mg m-2 (Table 4.7). The main increase in the Pb flux begins from approximately 1830 

around the start of the industrial revolution, reaching a peak at 1905.  There is a second 

smaller peak in the flux of Pb at approximately 1970, related to alkyl Pb in petrol, followed 

by the characteristic decline seen in Pb concentrations since the 1970s. 

 

The flux, however, is relatively small. This is due to the low sedimentation rate and the fact 

the lagoon is covered in ice for a large part of the year. The evidence points to increased Pb 

of anthropogenic origin, the Pb not being influenced by mineralogical controls (section 4.10). 

However, the core is anoxic; the Pb could be influenced by sulphide reduction within the 

core, Pb being sequestered in the sediment as the respective sulphide PbS (Calvert and 

Pedersen, 1993) (this will be discussed further in chapter 8). 

 

Bolterskardet Lake, a lake in close proximity to Longyearbyen, recorded fluxes of between 

0.1 µg cm-2 yr-1 (1.0 mg m-2 yr-1) and 12.3 µg cm-2 yr-1 (123 mg m-2 yr-1) (Sun et al., 2006). 

The largest increase in the Pb flux occurred after 1945, which correlates well with the 

introduction of alkyl Pb in petrol. In Greenland lakes, Pb flux values of 0.1-0.5 mg m-2 yr-1 

were reported (Bindler et al., 2001), similar to fluxes reported in the lake (ICOS1) and 

lagoon (ICNL1) from this study.  

 

The fluxes for the Arctic lakes and lagoon are low compared to those found in other parts of 

Europe and the USA. In Scotland, fluxes in Loch Lomond peaked at ~ 108 mg m-2 yr-1 in 

1957 (Eades et al., 2002), whilst Loch Ness had a much lower peak, of ~ 10 mg m-2 yr-1, in 
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1952 (Eades et al., 2002). The difference between the sites within Scotland was attributed to 

the proximity to the source of Pb: Loch Lomond is close to a major industrial area. 

 

For Pb, the average modern flux to Lake Tahoe sediments in the USA, is 20 mg m-2 y-1, and 

the average pre-industrial accumulation rate is 0.7 mg m-2 y-1(Heyvaert et al., 2006). Lake 

Clair, Canada, had anthropogenic Pb fluxes between 1 and 30 g m-2 yr-1 (Ndzangou et al., 

2005). All the excess Pb fluxes recorded in this study are at the lower end of those observed 

at lower latitudes. 

 

ICNL1 is taken from a brackish anoxic lagoon, and it is difficult to say whether the 

contamination is airborne or from water mass transport, from the fjord or runoff, or from a 

combination of both. The area is influenced from air masses from different areas, Eastern 

Europe, Western Europe and Canada. The Arctic haze shows a seasonal pattern, with a large 

proportion of contamination being deposited in the winter months.  

 

Kongsfjord is seasonally influenced by Atlantic water, with pockets of water from the West 

Spitsbergen current being topographically steered towards the fjord in the summer months 

(Cottier et al., 2005). The lagoon is likely to be influenced from a large number of incoming 

water supplies of both freshwater and marine origin. Land run off and meltwater will also be 

a component of the water found in the lagoon.  

 

4.11.1.3 - ICK1 

The ICK1 core shows consistent profiles for both the Pb concentration and the Pb isotope 

ratio (Figure 4.2). The core site is situated in close proximity to the Kongsbreen glacier, and 

is influenced by a large sediment load from the glacier. The mass accumulation rate could 

not be derived from the 210Pb profile (ref - chapter 3, 3.3) (Figure 3.7), although Svendsen et 

al. (2002) reported very high sedimentation rates in the inner fjord (20,000 g m-2 y-1).  

 

The high sedimentation rate is related to the large amount of suspended material from the 

glacier. This could lead to a dilution effect, wit material deposited by the glacier 

overwhelming the sedimentary input from the fjord. The material from the glacier will have 
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different geochemical characteristics from that from the fjord and surrounding catchment 

area and it is likely that the deposited material from the glacier will be older and therefore 

uncontaminated. 

 

Due to the high sedimentation rate, the core site also only represents a short time period 

(~30-50 years). If there was any incipient contaminant, any changes in the Pb concentration 

since the industrial period would not be visible. 

 

The 206Pb/207Pb vs. 208Pb/206Pb diagram shows no apparent variations in the ratios between 

the top and bottom sediments, the ratios being clustered and well integrated (Figure 4.9). It is 

likely that all the Pb in the sediment is from the same source, representing only a small 

period of time. ICK1 has one of the lowest % anthropogenic Pb contributions (Table 4.10). 

With a reported value of 1-3 % anthropogenic Pb, this however should be used with caution: 

no background can be obtained, with the length of the core only representing the last 30 

years.  

 

4.11.2 Group B - BASICC cores 

The four Barents Sea cores can be split into two groups, BASICC 1 and BASICC 43 from 

the southern Barents Sea and BASICC 8 and BASICC 40 from the northern Barents Sea, 

with the two groups displaying different characteristics. 

 

4.11.2.1 BASICC 1 and BASICC 43 

BASICC 1 and BASICC 43 both show an increase in Pb concentration and a decrease in 
206Pb/207Pb ratio towards the surface of the core. Figure 4.10 shows the Pb isotope ratio 

relationship between 206Pb/207Pb and 208Pb/206Pb. Both the cores have strong correlations 

along a mixing line, with the surface sediments displaying different isotopic compositions to 

those deeper in the core. The upper sediments display characteristic isotope ratios associated 

with anthropogenic contamination. The cores also have 25-30 % anthropogenic Pb 

contamination in the surface sediments (Table 4.10). BASICC 1 and BASICC 43 have 

excess 206Pb/207Pb isotope ratios of 1.156 and 1.146 respectively, indicative of a Western 
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European source of contamination (Table 4.9). Both the cores display an element of mixing, 

apparent in the 210Pb data (ref - chapter 3, 3.3 Figure 3.10). 

 

The results described here suggest that these two cores are being influenced by 

anthropogenic contamination, and the cores in recent times have seen an effect from long 

range transport of Pb. The excess Pb isotope ratios suggest a Western European source. 

 

4.11.2.2 BASICC 8 and BASICC 40 

BASICC 8 and BASICC 40 in contrast do not show the same characteristics. BASICC 8 and 

BASICC 40 show consistent profiles with depth. There are no visible increases in Pb 

concentration and no decreases in Pb isotope ratio towards the surface. Both cores show 
206Pb/207Pb and 208Pb/206Pb isotope ratios that are well clustered with no obvious changes 

with time (Figure 4.10). This suggests that there has been no change in source over time as 

the surface sediments do not display different characteristics from those at the base of the 

core. 

 

Less that 5 % of the Pb in the surface sediment can be attributable to anthropogenic 

contamination. These two cores therefore reflect uncontaminated sediment, with little human 

influence (Table 4.10). 

 

The lack of change in the Pb concentration in the two cores could be associated with a high 

sedimentation rate, similar to that described in ICK1, with the core representing only a short 

period. However, the mass accumulation rate for BASICC 8 was calculated as 0.085 g cm-2 

y-1. When this is applied to the core, the bottom of the core dates back to 1660 (ref - chapter 

3, 3.3) (Figure 3.10). If the core was being influenced by anthropogenic Pb contamination 

following the industrial revolution (~ 1850) it should be clearly seen in the core. This is also 

the case for BASICC 40, where only small changes can be seen in the Pb concentration with 

depth. The mass accumulation rate is 0.067 g cm-2 y-1, with the core dating back to 1563. 
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4.11.2.3 Pb fluxes for the BASICC cores 

The fluxes for the Barents Sea cores can be seen in Figure 4.6, with all profiles shown on the 

same scale. As expected from the Pb concentration profiles, the fluxes to BASICC 1 and 

BASICC 43 are much higher than those for BASICC 8 and BASICC 40. This is also shown 

in the total inventory of excess Pb (Table 4.7). For both BASICC 1 and BASICC 43 the 

increase in Pb flux can be seen from around 1850 onwards, coinciding with the onset of the 

industrial revolution. The peak fluxes were recorded in 1987 and 1990 respectively.   

 

The peak of Pb in the atmosphere is generally regarded to occur at approximately 1970. 

Since the mid 1970’s Pb pollution has declined following the restriction of Pb in petrol 

(Renberg et al., 2002). The 15 year lag in the cores could be partly explained by the time 

difference between atmospheric and oceanic transport, with oceanic transport taking longer 

to transport contaminants to the Arctic Ocean. This time line is evident when 137Cs was 

examined in sediments from the Norwegian Sea. It took approximately 5 years for the Cs to 

be transported from Sellafield to the Norwegian Sea (Spencer et al., 2003).   

 

The time lag could also be associated with errors within the chronology. The 210Pb activities 

within the cores provide an indication of the mass accumulation rate, but the cores are 

influenced by mixing and include perturbations. Data points below the mixed zone have been 

used to obtain the best accumulation rate. 

 

The BASICC 8 and BASICC 40 cores show much lower Pb fluxes to the sediments, as 

would be expected when examining the Pb concentration profiles. There is, however, 

evidence of small fluxes of Pb which could be due to variations in natural fluxes or a much 

lower anthropogenic influence (Figure 4.6). The 210Pb specific activities at these sites are 

also much lower: BASICC 8 and BASICC 40 have maximum 210Pb specific activities of 

approximately 120 Bq kg-1; BASICC 1 and BASICC 43 in contrast have maximum 210Pb 

specific activities of approximately 260 - 280 Bq kg-1 (ref - chapter 3, 3.3) (Figure 3.10). 

This could suggest that scavenging rates are less efficient at the cores sites for BASICC 8 

and BASICC 40 (Cochran et al., 1990), or that the Pb supply is restricted due to ice cover in 

the northern Barents Sea. 
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Neither of the Pb flux profiles for BASICC 1 and BASICC 43 shows a large decline in the 

upper sediments, associated with the phasing out of Pb in petrol from the mid 1970s. This 

decline is clearly seen in ice cores from Summit, Greenland (Candelone et al., 1995a). The 

fact that the decline is not visible is most likely due to the amount of biological mixing in the 

cores, which can distort the contaminant concentration profile (ref - chapter 3, Figure 3.10). 

 

The geochemical characteristics for the four Barents Sea cores are very similar, as reported 

in chapter 3 (ref - chapter 3, 3.4, 3.6). Changes in the grain size or mineralogical composition 

can affect the concentration of trace metals found within a sediment core. The particle size 

distributions are relatively constant with depth, with only small changes in the mean grain 

size. All cores are oxic in the surface sediments, the redoxcline layer occurring at different 

depths (ref - chapter 3, 3.7). The four cores have similar sedimentation rates (ref - chapter 3, 

3.3), the time period covered being adequate to record any anthropogenic impact if present. 

 

4.11.2.4 Explanation for characteristics. 

The contrast in the two pairs of cores could be due to the distribution of currents within the 

Barents Sea, with the near surface water layers the most important transport of contaminants 

in the ocean. Gobeil et al. (2001) looked at Pb transport with respect to Atlantic water 

circulation, reporting that the ocean is an efficient transport mechanism for Pb to the Arctic 

Ocean (Figure 4.1). They reported high levels of Pb in sediments in the Eastern European 

basin and much lower levels in the sediments of the Western European Basin. They 

concluded that the anthropogenic Pb was being carried by the Fram Strait Branch Water 

(FSBW) and the Barents Sea Branch Water (BSBW) to the Arctic Ocean. 

 

The majority of the Pb in the BSBW is scavenged in the highly productive Barents Sea area. 

A large percentage of the water that reaches the Western Arctic Basin originates from the 

BSBW, and Gobeil et al. (2001) argue that the Pb is stripped from the water mass, leaving 

only a small residual signal available for deposition in the Western Arctic Basin. High 210Pb 

values are reported in the Western Basin. This shows that scavenging in the area is effective; 

the reason for low Pb concentration therefore is attributed to a simple lack of supply.  
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Water from the FSBW, flowing along the continental margin of the Greenland and the 

Norwegian Sea, has a much lower scavenging rate. However, the FSBW re-circulates in the 

Eurasian Basin, particularly in the Nansen Basin, resulting in direct deposition of Pb in this 

area (Gobeil et al., 2001) (Figure 4.1). 

 

The Pb concentrations and isotopic ratios measured in the cores from the Barents Sea can be 

explained with respect to these ocean currents. The two cores from the northern Barents Sea 

(BASICC 8 and BASICC 40) are influenced by cold water currents, originating in the Arctic, 

the East Spitsbergen Current and the Persey Current (ref - chapter 3) (Figure 3.2, 4.17). The 

two cores from the southern Barents Sea (BASICC 1 and BASICC 43) in contrast, are 

influenced by the warm Atlantic current coming from the southern lower latitudes (ref 

chapter 3, Figure 3.2), with an influence from the Norwegian Coastal Current. The amount of 

Pb within the different currents could have a direct impact on the amount of Pb deposited 

within the bottom sediments.  

 

The warm Atlantic current has been shown by Gobeil et al. (2001) to carry contaminant Pb 

to the Arctic Ocean and, due to the large anthropogenic emissions from Europe, these 

currents have high concentrations of Pb. To the north of Norway, the Norwegian Atlantic 

Current splits. A proportion of the water continues up the west coast of Svalbard, becoming 

the West Spitsbergen Current; and some enters the Barents Sea (Loeng et al., 1997). The 

Barents Sea is a highly productive area, and so the Pb is quickly scavenged  to the bottom 

sediments where it is easily detected (Hamelin et al., 1990; Veron et al., 1987). The shallow 

waters of the Barents Sea continental shelf are much more efficient at removing Pb than the 

deeper oceans, due to their high productivity.  

 

The scavenging rate of Pb from the water column results in very little Pb being present in the 

cold water currents from the Arctic, explaining the uniform profiles for BASICC 8 and 

BASICC 40. These cold water currents have little or no anthropogenic Pb contamination.  

 

This is all associated with the short residence time of Pb in the oceans; approximately 50-100 

years in the deep waters and 1.5-2.5 years in the surface waters (Hamelin et al., 1990). 
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Particle associated contaminants, such as Pb, can be sequestered to sediments quickly, not 

travelling as far with the ocean currents as dissolved contaminants (Macdonald et al., 2000). 

 

 

BASICC 8 BASICC 40 

BASICC 43 
BASICC 1

 

Figure 4.17 - Surface currents in the Barents Sea, and the core sites (Loeng et al., 1997). 

 

The amount of anthropogenic Pb found in a sediment core is associated with two main 

factors: the sedimentation rate and the concentration of the contaminant associated with the 

particles in the area. The four cores have been shown to have similar sedimentation rates (ref 

- chapter 3, 3.3), so this is unlikely to be the cause of the disparities in the profiles. There is, 

however, a contrast in the 210Pb flux, with BASICC 8 and BASICC 40 showing much lower 

fluxes than those recorded at core sites BASICC 1 and BASICC 43.  

 

One important factor to consider is the changeable Arctic polar front over time, and also the 

change in sea ice extent.  The Barents Sea is a dynamic area with a large amount of sea ice, 

with BASICC 8 and BASICC 40 being covered in ice for a considerable proportion of the 

year. This is reflected in the particle size data, where the sediments have a full range of 

particle sizes, associated with ice rafting (ref - chapter 3, 3.4). Sea ice can be a potential 

transport vector of contamination within the ice, to be released during the melting period. 
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But the two cores do not seem to be affected by this mechanism, possibly because the 

majority of sea ice in the Barents Sea is formed locally, with only a small proportion coming 

from the Kara Sea and the Arctic Ocean (Pfirman et al., 1995). The sea ice in this case does 

not provide a significant pathway for the transportation of contaminants. This is in contrast to 

areas such as the Fram Strait where a high proportion of contamination is a direct result of 

ice transport (Masque et al., 2003). The fine grained particulate material and associated 

contaminants are incorporated in the sea ice and transported throughout the Arctic (Pfirman 

et al., 1995). 

 

The results suggest that the contrast in Pb concentration is associated with transport by ocean 

currents. The atmosphere is still important, with Pb being transferred from the troposphere to 

the surface water through both wet and dry depositional processes. This is complicated in the 

Arctic Ocean due to sea ice, which greatly affects the exchange of both dissolved and 

particulate contaminants between the atmosphere and the ocean surface. The surface of the 

sea ice can also collect particles and contaminants in the winter months. The contaminants 

are released in ablation zones in the summer months, when the ice melts (Macdonald et al., 

2000). This is enhanced by the Arctic air masses and tropospheric circulation with the 

majority of atmospheric contamination arriving during the winter months.  

 

4.11.3 Group C - JCR127 cores 

For the three cores taken during JCR127, VP2a (Vøring plateau) is the only one that shows a 

clear change in the Pb concentration and Pb isotope ratio, possibly associated with 

anthropogenic contamination (Figure 4.4). WSS0 is unusual in that there appears to be an 

increase in Pb concentration towards the surface of the core. This, however, does not 

coincide with a decrease in the 206Pb/207Pb ratio. WSS4 shows an increase in Pb and a small 

decrease in the Pb isotope ratio. The coring site is relatively shallow compared to VP2a, 

taken at a water depth of 443 m, with the 210Pb profile providing evidence of intense mixing. 

This could cause the redistribution of the sediments and the associated contaminants, leading 

to a distorted Pb concentration profile. 
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4.11.3.1 – WSS0 

WSS0 has a complicated profile. The original Pb profile shows an increase in the top 5 cm 

with the Pb isotope signature relatively constant. 

 

The 206Pb/207Pb vs. 208Pb/206Pb relationship shows that the isotopic compositions for the 

surface and bottom sediments are the same (Figure 4.11). The top 5 cm do not have a 

different Pb isotope ratio to the sediments at the base of the core.  

 

WSS0 has the highest recorded Pb flux to the sediment with an average flux of 4.19 mg m-2 

yr-1, and a peak flux of 8.6 mg m-2 yr-1 recorded at approximately 1990 (Table 4.7, Figure 

4.7). The profile is not constant over its length, however, it is erratic compared to the other 

cores. This could possibly be due to biological mixing within the core.  

 

The positioning of the core is directly associated with the Storfjorden overflow (ref - chapter 

3, 3.1.3), with the particle size data suggesting that the area is being significantly impacted 

by ice rafting and debris. The excess Pb isotope ratio is 1.18, a value indicative of Russian 

sources. The Pb isotope signature for WSS0 is 1.182 and suggests that the source origin is 

Russia and Eastern Europe. The excess 206Pb/207Pb ratio, however, is identical to that 

observed from the Svalbard coal retrieved from Ny Ålesund (Table 4.11). Coal mining has 

been prevalent around Isfjorden throughout the 20th century, the largest mine being 

Barentsburg, 45 km west of Longyearbyen, where mining ceased in 1963. Terrestrial 

watershed retention and the subsequent delayed release could cause the increase in the Pb 

concentration seen within the modern sediments. Elevated surface concentrations in fjordic 

sediments around Svalbard have been attributed to water drainage processes (Sun et al., 

2006). Both of these explanations could be plausible reasons for the excess Pb isotope ratio 

observed. 

 

The WSS0 core, however, shows strong positive correlations of Pb with both Fe and Li: two 

elements frequently used as geochemical normalisers. When the Pb concentration is 

normalised to these two elements, the increase in Pb concentration at the surface of the core 

is less pronounced (Figure 4.15). This suggests that WSS0 is not influenced by 

anthropogenic contaminants and that the Pb concentration profile is a result of natural 
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sedimentary processes within the area. This is supported by the 206Pb/207Pb isotope ratio 

profile, which indicates that there is no change in the source of the Pb over the length of the 

core.  

 

The Storfjorden area is a very complex oceanographic region. There are two major water 

masses that import water into the fjord: the North Atlantic Water and the colder Arctic water, 

associated with the east Spitsbergen current. Several water masses are then formed locally, as 

shown in Table 4.15. In the summer months, Storfjorden is covered in a surface layer of 

meltwater coming from surface runoff.  

 

This complex oceanography will mean that any Pb within the water will have mixed sources 

and origins, making any conclusion about the source and transport of the Pb very difficult. In 

this case, however, it appears that there is little anthropogenic influence, and therefore a 

minimal influence of Atlantic Water. 

 

Table 4.15 - Water masses in Storfjorden (Skogseth et al., 2005). 

 

Water mass names Water mass characteristics 

  Temp (oC) Salinity 

Main water masses    

North Atlantic water NAW > 3.0 > 35.0 

Arctic water ArW < 0.0 34.3 – 34.8 

    

Locally formed water masses   

Melt water MW > 0.0 < 34.2 

Polar front water                          PW -0.5 - 2.0 34.8 – 35.0 

East Spitsbergen water                ESW -1.0 – 0.5 34.8 – 34.9 

Brine-enriched shelf water         BSW < -1.5 > 34.8 

Storfjorden surface waters          SSW 1.0 – 3.0 < 34.4 
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4.11.3.2 - WSS4 

WSS4 shows an increase in the Pb concentration coinciding with a decrease in the Pb isotope 

ratio. The 206Pb/207Pb vs. 208Pb/206Pb relationship is weak, but the top 5 cm have a distinctly 

different isotope ratio, suggesting a change in source of the Pb in the modern sediments. The 

excess 206Pb/207Pb ratio is 1.154, a ratio indicative of western European source, with 

approximately 27 % attributed to anthropogenic origin in the upper sediments. WSS4 also 

shows the largest Pb fluxes after 1850. Above this the flux is relatively consistent at around 2 

mg m-2 yr-1 (Figure 4.7). This provides evidence of increased anthropogenic contamination 

following the onset of the industrial revolution. 

 

The WSS4 core site is predominantly influenced by the cold water shelf currents close to 

Spitsbergen, the currents are an extension of the East Spitsbergen current. The water mass is 

also mixed with water from the Bear Island fan and the Storfjorden overflow (Saloranta, 

2001; Saloranta and Svendsen, 2001).  

 

Pb in the WSS4 core has a strong correlation with Fe, suggesting that the redox conditions of 

the sediment could be affecting the profile of Pb in WSS4. Trace metals such as Pb, Co, Cu, 

and Zn can be associated with the diagenetic recycling of Fe and Mn, leading to co-

enrichments of the elements (Boyle et al., 1998). When the Pb concentration is normalised to 

Fe, a less erratic profile is obtained compared to the original Pb concentration profile (Figure 

4.4). There is, however, still an increase in Pb concentration towards the surface of the core. 

This suggests that there is an influence from anthropogenic Pb: the Pb isotope ratio also has a 

European signature. The Pb flux is much lower than that observed in the contaminated 

Barents Sea cores BASICC 1 and BASICC 43, but there is still an increase in the Pb flux 

from the 1800s, correlating with anthropogenic influence since the industrial revolution. 

 

The core location is primarily situated in the cold water currents from the Arctic Ocean. This 

would lead to the hypothesis that the core would not be influenced by anthropogenic 

contamination. This follows on from the work by Gobeil et al. (2001) and the results 

obtained from BASICC 8. The small scale Pb contamination and the European isotope 

signature suggest that Atlantic water carrying particles rich in Pb could be a small 

component of the current. Work by Saloranta and Svendsen (2001) showed that Atlantic 
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water remnants were found on the shelf, providing evidence for cross-frontal exchange of 

water and the contaminants. The WSS4 core supports this observation. Additional sources 

could include the glaciers and rivers from Svalbard, adding a freshwater input. 

Atmospherically derived Pb could be carried to the shelf environment through water 

drainage processes. 

 

4.11.3.3 - VP2a 

For the Vøring plateau core, the increase in Pb concentration is lower than that seen within 

other cores in this study, with an enrichment factor of 1.29.  The % anthropogenic Pb is 

between 12 and 13 % (Table 4.10). The comparison plot of 206Pb/207Pb and 208Pb/206Pb shows 

a distinction between the data points at the surface and the bottom of the core (Figure 4.11). 

The difference in the upper sediments is most likely due to atmospheric Pb emissions from 

anthropogenic sources, such as coal combustion and alkyl Pb in petrol (AMAP, 1998). This 

suggests that the core is being influenced by some anthropogenic contamination, but on a 

smaller scale than ICNL1, BASICC 1 and BASICC 43.  

 

VP2a shows an increase in the Pb flux from the 1950s onwards with a peak of 2.2 mg m-2yr-1 

in 1969 (Table, 4.7, Figure 4.7). The low Pb flux recorded at VP2a could be associated with 

the low sedimentation rate at this site, mass accumulation rate of 0.045 g cm-2 y-1 (ref - 

chapter 3, 3.3) (Figure 3.12). In areas of low sedimentation rates, only a small quantity of 

particulate material and the adsorbed contaminants reach the sediments. 

 

VP2a has a much lower excess 206Pb/207Pb ratio than would be expected (0.977) (Table 4.9). 

This value does not indicate a contaminant source comparable with the literature. This 

calculated value is most likely due to a small amount of excess Pb in the core, up to  

5 mg kg-1, and therefore the model is not suitable for this core. 

 

The Vøring Plateau is part of a large diapir field, and such areas are generally regarded as 

unstable and dynamic areas (Hovland et al., 1998). The areas are characterised by tectonic 

activity with the release of hydrocarbons and other gas hydrates (Mazzini et al., 2005). 

Diapirs are a result of an intrusion caused by buoyancy and pressure differentials, producing 

http://en.wikipedia.org/wiki/Intrusion
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dome shaped features. These can be a result of gravitational or tectonic activities. This could 

result in the disturbance and movement of sediments, however this movement is considered 

to be very slow (Hovland et al., 1998). The station was carefully selected to avoid the main 

diapir fields. 

 

The particle size does not vary down the core, with the % organic carbon showing only a 

slight increase towards the surface. The carbonate fraction, however, is large, as indicated by 

a substantial increase in Ca concentration from a depth of 10 cm towards the surface of the 

core (ref - chapter 3, 3.4, 3.5 and 3.6). This could be attributed to an increased primary 

productivity, and thus more calcareous ooze, produced by foraminifera and coccolithophores 

being deposited on the sediment floor (Garrison, 2002; Hebbeln et al., 1998; Levitan et al., 

2005).  

 

The low Pb concentration could be explained with respect to the water masses around the 

Vøring basin (Figure 3.15). The Vøring Plateau is influenced by two main currents the 

Norwegian Coastal Current and the Norwegian Current, these water masses could potentially 

have different amounts of Pb contained within then. However, both the Norwegian Coastal 

Currents and the Norwegian Current would be expected to have high levels of Pb. The 

Norwegian Current is part of the Atlantic water travelling north, and the water forming the 

Norwegian Coastal Currents originates in the Baltic Sea, the North Sea and the Norwegian 

rivers and fjords, which all contribute significant volumes of low-salinity water. The currents 

flow close to large industrial areas, providing significant Western European sources of Pb.   

 

The VP2a core is also taken at the deepest water depth, 1423 m. Sediment transport 

mechanisms, such as sedimentation rates of particles to be sea bed, and the transport by 

water currents, must also be considered (Boyle et al., 1998). There is a negative trend 

between sedimentation rate and water depth, with the deeper ocean basins having much 

lower sedimentation rates when compared to continental shelf and fjordic environments. The 

location of the core site makes it unlikely to be influenced by allochthonous sources.  

 

The WSS0 and WSS4 cores have Pb concentrations higher than VP2a. This could be 

associated with the water depth at the core sites; VP2a was taken at a water depth of 1423 m, 
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WSS0 and WSS4 taken at water depths of 206 m and 443 m respectively. Particle settlement 

and sedimentation rates can affect the amount of contaminant reaching the sediment. Pb has 

a strong affinity for particles, resulting in it being scavenged from the water column (Veron 

et al., 1987). The greater the depth of the core site in general the lower the sedimentation 

rate, the particles can be advected and transported before deposition. 

 

4.12 The North Atlantic continental margin. 

Three further cores have been examined by Shimmield et al. (2007).  

 

The three cores are from the Bear Island Fan (BIF), the West Spitsbergen margin (KF4) and 

the Yermak Plateau (YP), all taken on board the JCR75 at ~ 1400 m depth along the west 

Spitsbergen continental margin (Figure 4.18).  

 

 

YP

KF4 

BIF 

Figure 4.18 - Positioning of three cores from Shimmield et al., 2007.  
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Table 4.16 - r2 values for the 206Pb/207Pb vs. 208Pb/206Pb correlation, excess 206Pb/207Pb 

and the % anthropogenic Pb in the upper 5 cm of the cores. 

 

Cores 
r2 value 

(206Pb/207Pb_vs_208Pb/206Pb) 
Excess 

206Pb/207Pb 
top 5 cm – % 

anthropogenic 
   1.139 1.179 

BIF 0.204 1.141 29 28 
KF4 0.956 1.121 32 31 
YP 0.764 1.164 21 20 

 

These three cores will be discussed here to provide further evidence of the oceanic transport 

of Pb. These cores have been shown to have similar Pb profiles to BASICC 1 and BASICC 

43, with an increase in Pb concentration and a subsequent decrease in the Pb isotope ratio 

(Figure 4.19). The cores show that between 20 and 30 % of the Pb in the surface sediment 

can be attributed to anthropogenic sources (Table 4.16). 

 

BIF and KF4 have excess isotopic ratios indicative of European influence, similar to those 

reported in the southern Barents Sea cores. These two cores like, BASICC 1 and BASICC 

43, are also influenced by the warm water Atlantic currents from the south. All of these cores 

support the theory that Pb contamination is transported via Atlantic Water, from Western 

Europe, and the short residence time of Pb in the ocean means that it is quickly scavenged to 

the sedimentary environment. A full contamination history is evident within the bottom 

sediments of the continental margin. 

 

In contrast, the YP (Yermak Plateau) core has a higher excess 206Pb/207Pb  isotope ratio than 

the other cores along the west Spitsbergen continental margin (1.164), which suggests that 

the Pb is not of European origin (Gobeil et al., 2001). The North Atlantic water enters the 

Fram Strait where a large proportion of the West Spitsbergen currents re-circulate, with only 

part of the water mass continuing into the Arctic Ocean. Two streams continue one north of 

Svalbard and a smaller weaker one west and north of the Yermak Plateau. This suggests that 

the Yermak Plateau only has a small influence from the warm water currents from the south 

(Gobeil et al., 2001).  
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The YP is different from the other Western Svalbard cores in that the waters are directly 

influenced by sea ice formed on the Siberian shelves, where the ice drifts towards the Fram 

Strait and the North Atlantic. The particulate load and associated contaminants are released 

when the ice melts. Figure 4.20 shows the mean sea ice drift patterns in the Arctic (Pfirman 

et al., 1995). At the Yermak plateau this is further supported by the salinity data acquired 

when the core was taken. The water was fresher than above the other cores on the west 

Spitsbergen shelf, suggesting that it is being affected by sea ice melt.  

 

Masque et al. (2003) investigated the role of sea ice in the fate of contaminants in the Arctic 

Ocean, with respect to plutonium atomic ratios. They reported elevated levels of plutonium 

in the Fram Strait and the Yermak plateau, associated with the Siberian branch of the 

Transpolar Drift carrying contaminants across the Arctic. 

 

When the cores from Shimmield et al. (2007) and the Barents Sea cores from this study are 

collated they provide a compelling story of Pb transport via ocean currents. These results 

confirm the Gobeil et al. (2001) hypothesis on the transport of Pb in the Atlantic Ocean, with 

different currents containing different concentrations of Pb, dependent on core location, 

proximity to emission sources and the scavenging of Pb from the water column. 
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Figure 4.19 - Pb concentration (- -) and 206Pb/207Pb (-o-) isotope profiles for Bear 

Island Fan (BIF), Yermak Plateau (YP) and the Western Spitsbergen Margin (KF4). 

 

 

Figure 4.20- Mean sea ice drift patterns in the Arctic Ocean. Dashed lines indicating the 

average maximum extent of sea ice (Pfirman et al., 1995). 
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4.13 Conclusions 

• Pb concentration and the 206Pb/207Pb isotope ratio can be used to indicate 

anthropogenic contamination within Arctic sediment cores. An increase in Pb 

concentration and a corresponding decrease in the Pb isotope ratio signify a change in 

the source location of Pb. This change can often be attributed to anthropogenic 

contamination, particularly since the industrial revolution, starting in approximately 

1850. These changes in Pb concentration and Pb isotope ratio can be seen in seven of 

the cores from this study, namely ICOS1, ICNL1, BASICC 1, BASICC 43, WSS0, 

VP2a and WSS4. 

• ICNL1 and VP2a both show a clear increase in Pb, associated with anthropogenic 

contamination. For ICNL1 the excess isotope ratio is indicative of a European 

influence. 

• ICOS1 (Lake Ossian) displays similar Pb characteristics to ICNL1, with an increase 

in Pb concentrations and a decrease in the Pb isotope ratio. When the original 

chronology was applied to the core the increase in the Pb flux to the sediments 

occurred too early in the sediments to be associated with anthropogenic Pb from the 

industrial revolution and alkyl Pb in petrol. After further investigation it became clear 

that many other elements (Li, Al, K, Na) within this core displayed an abrupt change 

in concentration at a depth of 6.25 cm. This abrupt change indicated a change in the 

source of the material deposited to the sediments, associated with a period of rapid 

sediment deposition. This change is associated with the glacial conditions within the 

area. A new chronology has been calculated to take into account the slumping event 

within the core. 

• The ICOS1 core now provides unequivocal evidence for atmospheric transport of Pb 

to the Svalbard area, dominated by a Russian source, or a combination of Russian and 

Western European origin. This is supported by evidence from the literature (AMAP, 

1998; Bindler et al., 2001) which, suggests that atmospheric transport to the region 

could be a major transport pathway.  

• The Barents Sea cores can be split into two pairs, BASICC1 and 43 (southern Barents 

Sea), and BASICC 8 and 40 (northern Barents Sea). BASICC 1 and BASICC 43 are 

influenced by anthropogenic contamination. In contrast, BASICC 8 and BASICC 40 

do not show any changes in the Pb concentration, and are unaffected by 
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anthropogenic Pb. The difference can be attributed to the differing water currents in 

each location, the warm water currents in the southern Barents Sea and the cold water 

currents coming from the Arctic in the northern Barents Sea. 

• A compelling story emerges when the marine sediment cores are investigated with 

respect to Atlantic water flows. Gobeil et al. (2001) hypothesised that the Atlantic 

water current was a prominent pathway for Pb to the Eurasian Arctic Basin, with the 

Pb being scavenged to the underlying sediments. The cores BASICC 1, BASICC 43 

and VP2a from this study support this hypothesis, along with further cores from the 

continental shelf, BIF, YP and KF4 (Shimmield et al., 2007). All of these cores show 

anthropogenic contamination within the sediments, with the principal source of the 

Pb coming from European emissions. The contaminant Pb is transported by oceanic 

currents to the Arctic. 
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Chapter 5 – Mercury (Hg) 

 

5.1 Introduction 

Mercury (Hg) has been highlighted by AMAP as a contaminant of major concern, due to its 

persistent and toxic nature (Ariya et al., 2004). The element has been found at elevated levels 

in biota and indigenous populations throughout the Arctic. High levels have been recorded in 

polar bears and seals as well as in the blood of Greenland Innuits. Hg has the ability to 

bioaccumulate and biomagnify in animals, and can cause detrimental impacts; effects on the 

nervous system and the brain, and can cause reproductive damage (AMAP, 1998). 

Bioaccumulation is the increase in concentration of a contaminant from the environment to 

an organism in a food chain; biomagnification is the increase in concentration of an element 

that occurs up a food chain.   

 

Hg is released naturally as a result of fires, volcanoes and microbial activity. Anthropogenic 

emissions come from smelting, coal combustion, incineration, as well as batteries, 

thermometers and gold mining operations (AMAP, 1998; Pacyna and Pacyna, 2002; Pacyna 

and Keeler, 1995). 

 

Hg can exist in different chemical forms; the speciation affecting the toxicity of the element. 

Hg has three main oxidation states, Hg (0), Hg (I), and Hg (II) and can quickly form stable 

complexes with organic ligands. Hg can also form methyl mercury [CH3Hg]+X- the most 

toxic form of Hg. Methyl mercury is produced by anaerobic organisms, with sulphate 

reducing bacteria being the principle group of organisms mediating the transformation of 

inorganic Hg to methyl mercury (Hammerschmidt et al., 2004; Schroeder and Munthe, 

1998). In the atmosphere, inorganic divalent mercury and elemental Hg (Hg (II) and Hg (0)) 

are the dominant forms, and once the Hg is deposited in surface water it can be converted 

from one form to another. Hg is largely associated with particles and is deposited in the 

bottom sediments where it can be re-suspended, dissolved into the water column, buried or 

methylated (Schroeder and Munthe, 1998; Telmer et al., 2005). 
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It has been unequivocally shown from numerous studies that humans are greatly amplifying 

the Hg cycle (Asmund and Nielsen, 2000; Hermanson, 1996; Pacyna and Keeler, 1995), with 

significant increases in Hg concentrations being noted in the last 100 years (Lockhart et al., 

1998). This has been demonstrated in various sedimentary environments throughout the 

Arctic. The long range transport is aided by the volatile nature of Hg. The sediments from 

lakes and peat bogs have been used to estimate that the present Hg atmospheric deposition is 

2-5 times higher than that prior to the industrial era (Asmund and Nielsen, 2000; Hermanson, 

1996; Lockhart et al., 1998; Lucotte et al., 1995). Although this increase is not as great as 

that seen for Pb (ref - chapter 4), it is still substantial. 

 

Hg sediment profiles have been used to document anthropogenic and industrial impacts. 

Lockhart et al., (2000) showed that lakes that have known industrial discharges into them 

can record accurate temporal histories. A chlor-alkali plant on Clay Lake, Canada, 

discharged an estimated 9000-11000 kg of Hg into the lake, causing high Hg levels in fish 

and other aquatic organisms. The sediment core profile was consistent with the known 

history of the source (Lockhart et al., 2000). 

 

A major controversy is the reliability of Hg concentrations in sediments as a temporal 

archive for pollution. The argument stems from the diagenetic mobility of Hg within some 

sediments cores (Gagnon et al., 1997). The main question is: are enrichments in the surface 

of sediment cores a consequence of diagenesis, or do they reflect increased anthropogenic 

emission during the last century? (Fitzgerald et al., 1998; Rasmussen, 1994). There is, 

however, a general consensus that before a Hg profile is interpreted, the sediment core 

should be heavily scrutinised for diagenetic remobilisation (Fitzgerald et al., 2005; Fitzgerald 

et al., 1998; Rasmussen, 1994). 

 

There is evidence that Hg can be remobilised and redistributed in sediments (Gagnon et al., 

1997). Bioturbation has the ability to reshape elemental profiles, resulting in altered and 

biased results. Hg is also considered a redox element and can be found in many forms in the 

sediment. The elemental forms Hg2+, HgS, Hg0 and dimethylmercury, have different 

solubilities and mobilities, potentially affecting movement (Gobeil et al., 1999). 
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In oxic sediments, Hg is strongly associated with organic matter (Gagnon et al., 1997). The 

oxidation of organic matter can cause the dissolution of Hg into the pore waters, the Hg then 

diffusing to the sediment surface (Hermanson, 1996). Hg has also been demonstrated to be 

efficiently scavenged and adsorbed with Fe and Mn oxyhydroxides. When the Fe and Mn 

oxyhydroxides are reduced and dissolved, due to microbial decomposition of the organic 

matter, the Hg will again be remobilised into the pore waters (Gagnon et al., 1997; Gobeil 

and Cossa, 1993; Gobeil et al., 1999). 

 

Figure 5.1 shows Hg and Mn profiles for a core taken from sediment in the Laptev Sea. The 

Mn is clearly influencing the Hg, the Hg being remobilised and precipitated with the 

associated Mn oxides  (Asmund and Nielsen, 2000; Gobeil et al., 1999). 

 

 

Figure 5.1 - Solid phase Hg and Mn profiles from a core in the Laptev Sea, Russia 

(Asmund and Nielsen, 2000). 

 

In anoxic sediments, Hg can be reduced from oxidised Hg (Hg (II)) to elemental Hg (Hg 

(0)). If sulphur is available, pyritisation of Hg has been reported, as well as precipitation of 

insoluble Hg sulphide (HgS, cinnabar) (Huerta-Diaz and Morse, 1992; Lechler et al., 1997; 

Morse and Luther III, 1999).  
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There are several processes within the sediment that aid the remobilisation of Hg within the 

sediment and the pore waters, Hg diffusing both upwards and downwards along a 

concentration gradient (Figure 5.2). Sinks for Hg will occur in both the oxic and anoxic 

sediment with Fe oxyhydroxides and pyrite, or as cinnabar. This precipitation is primarily 

dependent on the presence of aqueous Fe and S, and organic matter. In some circumstances it 

is possible that Hg may not precipitate at all, Hg diffusing upwards to the surface and into 

the water column. 

 

 

OXIC SEDIMENT 

ANOXIC SEDIMENT 

Diffusion Diffusion 

Burial

Hg (II) 
Fe/Mn oxides – Hg 
RS-Hg 

CH3Hg(II) 

Associated     Hg(II)   Dissolved  
FeS – Hg                     Sn - Hg 
FeS2 – Hg                    S2O3 – Hg 
RS - Hg                       RS - Hg 

CH3Hg(II) 

Hg0
(CH3)2Hg

(CH3)2Hg 

 

Figure 5.2 - A conceptualised model showing the movement and sinks of Hg in oxic and 

anoxic sediments. Taken from (Gagnon et al., 1997). 

 
A study undertaken by Gobeil et al. (1999) looked at Hg profiles in the Arctic Ocean Basin. 

Seven cores were taken at depths between 2265-4230 m throughout the Arctic Ocean. In all 

cores, an increase in the Hg concentration towards the surface could be seen, with two cores 
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displaying sub-surface peaks. The surface sediment Hg concentrations ranged between 34 

and 116 ng g-1. These sub-surface peaks were attributed to an anthropogenic source. 

However, these results are probably a product of Hg redistribution during diagenesis. The 

sedimentation rates at the seven core sites are very slow, typically < 1 cm ka-1.  The Hg 

concentration within the cores have strong relationships with Fe and Mn, providing evidence 

for remobilisation, connected with the Fe diagenetic cycle (Gobeil et al., 1999). For this to be 

seen, the pore water diffusion rates must be taken into account. To present profiles where the 

surface sediments are enriched and maintained, the upward flux of Hg in pore waters must be 

greater than the influx of Hg. In these deep basin sediments where the sedimentation rate is 

very slow, it has been shown that this could be the case (Gobeil et al., 1999). 

 

In sediments cores from the Laurentian Trough, it has been shown that remobilisation is 

insufficient to explain the Hg profiles (Gobeil and Cossa, 1993). Hg diagenesis is still likely 

to play a small part in the remobilisation, but flux calculations indicate that diagenesis can 

only explain a very small part of the substantial increase in Hg seen in the sediments (Gobeil 

and Cossa, 1993). 

 

One important factor to come out of all Hg diagenesis research is that Hg can be very 

dynamic, existing in several forms. Dependent on the redox characteristics of the sediments. 

The Hg can be permanently sequestered into the sediments in the form of HgS, however it 

can also be remobilised as a result of microbial activity. This remobilisation could have a 

major consequence, as anthropogenic contributions of Hg to sediments may persist well 

beyond reductions in anthropogenic emissions (Telmer et al., 2005). 

 

The original hypothesis for this thesis was that Hg concentrations have increased during the 

last century in sediment cores around Svalbard, due to anthropogenic impact. To test that 

hypothesis this chapter examines four core sites from the area around Kongsfjorden and Ny 

Ålesund. Hg concentrations and fluxes have been calculated to assess the levels of 

anthropogenic contamination. 
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5.2 Site location 

Cores were selected from four sites - ICOS1, ICNL1, ICK1, and KF4, along a longitudinal 

transect to allow comparison between atmospheric and oceanic transport. ICOS1, was taken 

from a lake situated on the Ossian Sarsfjellet, and ICNL1, from a lagoon in close proximity 

to the Ny Ålesund Kings Bay research base. The core ICK1 was taken at the head of the 

Kongsfjorden, and the core KF4 on the continental margin outside the fjord, in a water depth 

of 1335 m (Figure 5.3). Hg concentrations within the sediments were determined using the 

method described in chapter 2 (ref - chapter 2, 2.6). 

 

 

KF4 
1335 m 

ICK1 
47.0 m

ICOS1
16.7 m

ICNL1
1.8 m 

Figure 5.3 - Positioning of the four cores around the Kongsfjorden area. 

 

5.3 Background concentration 

The background concentration for Hg in the four cores ranges between 0.040 µg g-1 in 

ICNL1 and 0.067 µg g-1 in KF4 (Table 5.1). The three cores ICOS1, INCL1 and ICK1 all 
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have very similar background concentrations. The Hg background concentrations from this 

thesis are in agreement with background concentrations presented within the literature (Table 

5.2) (dos Santos et al., 1996; Loring et al., 1998; Loring et al., 1995). As demonstrated with 

Pb concentrations (ref - chapter 4), Hg background concentrations can vary between different 

site locations due to natural variations in the underlying geology (Fitzgerald et al., 1998). In 

Canadian lakes, Hg background concentrations ranged between 0.020 and 0.175 µg g-1 in 

69,884 uncontaminated core locations (Rasmussen, 1994). 

 

Table 5.1 - Background concentrations for Hg (µg g-1) for cores ICOS1, ICNL1, KF4 

and ICK1. 

Core 
Background 

concentration µg g-1 % error Actual error 
ICOS1 0.046 4.45 0.002 
ICNL1 0.040 7.31 0.003 
KF4 0.067 4.18 0.003 
ICK1 0.048 5.68 0.003 

 

Table 5.2 - Background concentrations for Hg (µg g-1) in sediment cores from the 

literature. 

 
Site Location Hg µg g-1 Source 
Barents Sea cores 0.03 – 0.08 (dos Santos et al., 1996) 
Big dam west lake 0.06 (Telmer et al., 2005) 
Arctic Basin 0.01 – 0.065 (Gobeil et al., 1999) 
Greenland lake 0.01 - 0.04 (Lindeberg et al., 2006) 
St Anna trough, Kara 
Sea 0.094 (Siegel et al., 2001) 
Western Shelf Svalbard 0.031 (Siegel et al., 2000) 
Isfjorden 0.076 (Siegel et al., 2000) 
Lake Imitavik 0.03 (Hermanson, 1996) 
Canadian Lakes 0.020-0.175 (Rasmussen, 1994) 
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Previous studies have evaluated the Hg concentrations in sediments and rocks; with oceanic 

sediments having an average value of 100 ppb (0.1 µg g-1). The ICOS1 core was taken in an 

area of Pre-Cambrian gneiss/migmatite (Birks et al., 2004a). Average values of gneisses are 

0.05 µg g-1 (Loring, 1975), similar to the Hg background concentrations obtained from the 

lake core (ICOS1).  

 

5.4 Hg profiles 

The Hg profiles for the four cores can be seen in Figure 5.4. Table 5.3 gives the descriptive 

statistics. As stated chapter 4 it is realized that the calculation of the mean elemental 

concentration is not appropriate for assessing temporal trends within a core. However, a wide 

proportion of the literature expresses results in this format. Therefore, mean values have been 

calculated solely for comparative purposes. 

 

Table 5.3 - Descriptive statistics for Hg within the four cores (mean, standard deviation, 

minimum and maximum and the difference (maximum – minimum)). 

 

 Concentrations of Hg (µg g-1) 

 Mean SD Min Max 
 

Difference
ICOS1 0.048 0.008 0.035 0.067 0.032 
ICNL1 0.054 0.018 0.038 0.090 0.052 
KF4 0.080 0.010 0.060 0.099 0.039 
ICK1 0.053 0.006 0.045 0.067 0.022 

 

 

The ICOS1 core has a mean Hg concentration of 0.048 µg g-1 with a low standard deviation 

(0.008). The mean Hg concentration is very close to the background concentration, 

indicating that there are no major changes in the Hg concentration over the depth profile. 

Below 10 cm the Hg concentration can be described in three phases, two phases where 

background levels are observed, and a period where there is a slightly elevated Hg 

concentration between 15 cm and 25 cm. At the base of the core the Hg concentration is 

0.044 µg g-1. The concentration remains relatively consistent until 25 cm where there is an 

increase in concentration to 0.055 µg g-1. This remains constant to 15 cm where there is a 
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gradual decline in concentration to 0.046 µg g-1, a value the same as the calculated 

background. Above 10 cm the Hg concentration is more variable with a large change in 

concentration seen between 5 and 6 cm from 0.035 to 0.067 µg g-1. There is also an increase 

in the top 3 cm from a Hg concentration of 0.040 to 0.061 µg g-1. There are small 

fluctuations down core, which can be attributed to changes within the natural flux of Hg over 

longer time scales (Telmer et al., 2005). 

 

The ICNL1 core shows a steady increase in Hg concentration towards a maximum 

concentration sub-surface. The core has the largest standard deviation (0.018) of all the cores 

in this chapter, and shows the greatest difference between the maximum and minimum Hg 

concentrations recorded. There is a stable background from the base of the core to 10 cm, 

with an average Hg concentration of 0.040 µg g-1. At 10 cm there is an increase towards a 

peak at 2.25 cm, a Hg concentration of 0.090 µg g-1.  Following the maximum Hg 

concentration, there is a small decline to a surface value of 0.070 µg g-1. 

 

The core taken at KF4 has a higher background Hg concentration than that found in any 

other core in this study at 0.067 µg g-1. Starting from the core base there is a small increase 

in Hg concentration between 35 cm and 15 cm (0.069 to 0.099 µg g-1), and the value 

recorded at 15 cm is the largest concentration within the core. This peak is followed by a 

slight decline to 0.075 µg g-1 at 9.25 cm. Between 9.25 cm and the surface sediment there are 

larger fluctuations in the Hg concentration, with a further peak occurring at 4.25 cm. A 

surface Hg concentration of 0.083 µg g-1 was obtained. 

 

ICK1 has a uniform Hg concentration down the profile, with little variation around the mean 

value of 0.053 µg g-1 (standard deviation - 0.006). The core site location is situated very 

close to the Kongsbreen glacier, with potential for a large sedimentary input. A mass 

accumulation rate could not be derived from the 210Pb profile. However, Svendsen et al., 

(2002) recorded a very high sedimentation rate in the upper reaches of Kongsfjorden, with a 

value of approximately 20,000 g m-2 y-1. As described in the chapter 4, the large amount of 

material from the glacier would lead to a dilution effect, with material from the fjord being 

overwhelmed by glacial input. Any anthropogenic contamination will therefore not be 
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clearly visible. It is also likely that the deposited material from the glacier will be older 

material and uncontaminated by anthropogenic Hg. 

 

Although this core taken from Kongsfjorden (ICK1) cannot provide evidence for 

anthropogenic Hg contamination, there is evidence on a regional scale that Svalbard is being 

influenced by the long range transport of Hg. Isfjorden, a fjord on Spitsbergen situated at a 

lower latitude to Kongsfjorden, shows an increase in Hg concentrations in its sediments 

which has been attributed to contamination originating from anthropogenic activity (Siegel et 

al., 2000). 
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Figure 5.4 - Total Hg concentration versus depth for cores ICOS1, ICNL1, KF4 and 

ICK1. 
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5.5  Fluxes 

The flux of Hg for each sediment layer was calculated by multiplying the mass 

sedimentation rate (g cm-2 yr-1) and the concentration of Hg (µg g-1) (Telmer et al., 2005). 

Fluxes are given in µg m-2 yr-1 (Table 5.4) and were calculated for core ICOS1, ICNL1 and 

KF4 (Figure 5.5). The Hg flux for ICK1 has not been calculated as no clear sedimentation 

rate can be determined for the core (ref - chapter 3, 3.3). 

 

Table 5.4 - Mass accumulation rates and Hg flux calculations. The two fluxes reported 

for ICOS1 show the average flux for the whole core (WC), and the mean flux when the 

period of high mass accumulation rate is not included. 

 

 
Mass accumulation 

rate g cm-2 y-1
Mean flux 
µg m-2 y-1 Max flux 

 
Year of max flux 

ICOS1 0.007-0.09 
8.74 (WC) 

3.17  41.5 1897 
ICNL1 0.005 2.72 4.50 1956 
KF4 0.076 60.6 75.5 1866 

 

The ICOS1 core has an mean Hg flux of 8.74 µg m-2 y-1, with a maximum of 41.5 µg m-2 y-1 

recorded in 1897 (Figure 5.5). The profile has a large increase in the Hg flux from 1874 

reaching the maximum peak of 41.5 µg m-2 y-1 in 1897. This large increase in the flux is due 

to the rapid deposition of sediment, associated with the suspected slumping event at the core 

site. The large peak in the Hg flux is due to the large increase in the sediment accumulation 

rate. The profile shows the rapid input of sediment, during the large event within the lake. It 

does not, however, suggest that there has been a huge change in the Hg concentration to the 

lake. It can be seen from the original Hg concentration profile that there is no major variation 

in the Hg concentration over the depth of the core.  If the period that has a high mass 

accumulation rate is not included, the average flux for Hg is calculated as 3.17 µg m-2 y-1. 

This value provides a more representative flux for the extent of the core. 

 

ICNL1 has two peak Hg fluxes within the extent of the core, the first at a date of 

approximately 1530, the second at 1950 (Figure 5.5). The minimum flux calculated is 1.88 

µg m-2 y-1 and can be seen near the base of the core. From the base of the core there is a 
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constant flux until the date 1450 where there is a small increase to a peak of 2.90 µg m-2 y-1. 

The increase towards the largest Hg peak begins at approximately 1830, the peak occurring 

in the year 1956 (4.50 µg m-2 y-1). Following this sub-surface peak there is a slow decrease 

towards the surface. The sub-surface Hg flux is greater than the fluxes reported pre-1830. 

 

The KF4 core profile only extends back to 1700 (Figure 5.5). From the base of the core there 

is a steady increase in Hg flux, with a maximum flux of 75.48 µg m-2 yr-1 reached in 1866. 

The Hg flux then decreases slightly from 75.48 to 52.74 µg m-2 yr-1. A second peak in the Hg 

flux can be seen at a date of 1967 (72.10 µg m-2 yr-1). The surface Hg fluxes fluctuate around 

an average Hg flux of 60.60 µg m-2 yr-1.  

 

The mean Hg fluxes for ICOS1 and ICNL1 are very similar at 3.17 and 2.72 µg m-2 yr-1 

respectively. The flux to the sediments at KF4 is an order of magnitude higher than that of 

the other two cores, with a mean value of 60.60 µg m-2 yr-1. This can be associated with the 

higher mass accumulation rate at the KF4 core site, indicating a greater scavenging 

efficiency at this location.  

 

The fluxes of Hg to the lake and lagoon (ICOS1 and ICNL1) cores from this research are 

relatively low when compared to Hg fluxes examined in lakes elsewhere in the Arctic. For 

example fluxes to Greenland lake sediments ranged between 4.3 and 395 µg m-2 yr-1 

(Asmund and Nielsen, 2000). A further core from a lake in Denmark reported a Hg flux of 

750 µg m-2 yr-1. 

 

Mason et al. (1994) calculated the estimated mean Hg deposition to the oceans and to the 

land for different latitudes. As with Pb, the distribution of Hg is not even around the globe, 

with a decreasing flux with increasing latitude. This is dependent upon wet and dry 

deposition, and the proximity to anthropogenic emissions (Mason et al., 1994) (Table 5.5). 

There is also a disparity between the flux to the land and the ocean, with the land flux being 

higher, due to the greater significance of dry deposition to the terrestrial environment, whilst 

dry deposition of Hg to the open ocean is considered to be negligible (Mason et al., 1994). 

The ocean and land fluxes are 0.068 and 0.1 µg m-2 yr-1 respectively for a latitude of 70 - 90 
oN (Mason et al., 1994).  
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The atmospheric flux is not a true representation of the amount of Hg that is deposited in the 

sediments. There are many processes that can take place to concentrate the Hg into particular 

areas. This occurs via a process known as ‘sediment focusing’, which can be defined as a 

process that causes enhanced elemental residuals at a specific site or location (Hermanson, 

1996). Ocean and lake currents can redistribute sediments, from high energy sites to low 

energy sites. Ice cover is also an important feature within the Arctic environment, with ice 

acting as a protective barrier preventing the direct exchange of from the atmosphere to the 

water surface. The addition of allochtonous material is also important in many shallow 

coastal and lake sites, with material brought in from the surrounding catchment. 

 

Table 5.5 - Estimated atmospheric fluxes of Hg (µg m-2 yr-1) to the oceans and the land 

at various latitudes, brackets () show the value in ng cm-2 yr-1 (Mason et al., 1994). 

 

Latitude Precipitation 

m yr-1

Ocean 

Flux µg m-2 yr-1

Land 

Flux µg m-2 yr-1

70-90o N 0.16 0.68 (0.068) 0.1 (0.01) 

30-70o N 0.79 7.7 (0.77) 15.8 (1.58) 

10-30o N 0.97 9.5 (0.95) 19.8 (1.98) 

10o N–10o S 1.54 4.7 (0.47) 12.7 (1.27) 

10-30o S 1.0 4.1 (0.41) 9.6 (0.96) 

30-70o S 0.96 3.8 (0.38) 8.5 (0.85) 

70-90o S 0.07 0.13 (0.013) 0.32 (0.032) 
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Figure 5.5 - Hg fluxes versus chronology for ICOS1, ICNL1 and KF4. ICOS1 is shown 

on two different scales due to the high mass accumulation rate. 
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The Hg fluxes to the sediment cores in this thesis are generally higher than the estimated 

atmospheric flux.  The focusing factor, along with these other processes, can explain the 

disparity between the fluxes obtained for the cores and the predicted atmospheric fluxes. The 

different sedimentation rates reflect an aspect of this focusing: in general, higher 

sedimentation rates equate to greater fluxes due to an increase in scavenging efficiency, as 

demonstrated in the KF4 core. 

 

5.6 Discussion 

Sediment profiles with increasing Hg concentrations towards the surface, and subsurface 

maxima, can be produced by four main processes, a) a change in sedimentation rate, or 

variations in the natural Hg input; b) anthropogenic contamination - the increase in Hg 

contaminant loading to the Arctic within the past 150 years is evident in sediment cores 

(Hermanson, 1996); c) bioturbation - Hg can be redistributed by benthic infaunal activities 

(Lockhart et al., 2000); and d) diagenesis - Hg within sediments is mostly associated with 

organic matter, but is also recycled with Fe and Mn oxides at the redox boundary, Hg can 

also have a strong association with sulphides and pyrite (Ravichandran, 2004; Shotyk et al., 

2003). 

 

Pearson’s correlations have been calculated for the four cores; Hg concentration against Fe, 

Mn and organic carbon (Table 5.6). All cores have an insignificant correlation between Hg 

concentrations and the other variable with the exception of ICNL1 (the lagoon with anoxic 

sediments). 

 

5.6.1 ICNL1 

The core ICNL1 shows a decrease down core in Hg concentration over time with an increase 

in Hg flux beginning in approximately 1830. The increase since 1830 could indicate an 

increase in Hg related to an elevated Hg burden due to anthropogenic emissions since the 

industrial revolution. However, before this increase in Hg concentration can be associated 

with anthropogenic contamination, the other three sedimentary processes discussed above 

must be considered. 
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Table 5.6 - Pearson’s correlation between Hg concentrations, % Corg, Fe and Mn. P 

value is in italics. Significant values p < 0.001 are in bold. 

 

Core % Corg Fe Mn 

ICOS1 0.471 

0.009 

-0.305 

0.101 

-0.304 

0.102 

ICNL1 0.886 

0.000 

-0.678 

0.000 

-0.627 

0.001 

ICK1 0.060 

0.814 

-0.223 

0.374 

-0.223 

0.375 

KF4 0.034 

0.842 

0.153 

0.531 

0.018 

0.942 

 
 

Particle size and the 210Pb profile can be used to provide evidence for changes in the 

sedimentary input into the lagoon, and also the amount of bioturbation. The particle size data 

(ref - chapter 3, 3.4) show that there have been no major changes in the sedimentary 

composition with time; a high percentage of clay can be consistently seen with depth. The 
210Pb does not show an exponential decay. Rather, the profile is perturbed between 0.75 and 

2.75 cm, suggesting a disturbance by either a physical process or biological mixing. The Fe 

and Mn profiles for the lagoon (ICNL1) indicate that the core is anoxic to the surface; the 

amount of biological activity would therefore be restricted. It is not uncommon in shallow 

lagoons and lakes for the sediments to be disturbed by physical processes, such as storms, 

leading to the redistribution of sediments (Hermanson, 1990). A physical process acting on 

the ICNL1 core could explain the variations in the Hg concentration in the surface sediments. 

However, the maximum Hg concentration occurs below 2.75 cm, suggesting that the Hg 

concentration profile is not a result of a physical disturbance.  
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Figure 5.6 - ICNL1 profiles for % Corg, Hg/Li and Fe/Li and Mn/Li ratios. 
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The diagenetic mobility of Hg has been shown to be a cause of increased Hg concentrations 

in sediment cores throughout the Arctic (Asmund and Nielsen, 2000; Gobeil et al., 1999). As 

shown in Table 5.6 the Hg concentration in the ICNL1 core has significant relationships with 

% Corg, and Fe and Mn concentrations. The relationship between the Hg concentration and 

the Fe and Mn concentration are both negative. This suggests that the Hg is not being 

coprecipitated with the Fe and Mn oxyhydroxides. The strongest correlation exists between 

% Corg and Hg concentration (r = 0.886) (Table 5.6). 

 

The Hg concentrations were normalised to Li to account for lithogenic changes and natural 

variation in the metal in the sediment (Figure 5.6). Li is a geochemical normaliser that takes 

into account both the mineralogy and the grain size changes in sediments, both of which can 

impact a contaminant’s distribution.  The Hg/Li profile shows the same increase as shown in 

the Hg concentration profile towards the surface of the core. The Hg/Li profile, however, in 

contrast to the Hg concentration profile, does not show a decline in the top of the core. 

Rather the Hg/Li profile has the greatest value at the core surface. Figure 5.7 shows the 

significant relationship between % Corg and Hg/Li. 
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Figure 5.7 – Hg/Li ratio versus % Corg concentrations for ICNL1. 
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The strong relationship between the % Corg and the Hg/Li profile suggests that diagenesis is 

having a strong influence on the Hg in the lagoon core. The Hg is being efficiently 

sequestered within the sediment, in this case strongly associated with organic matter (Fabbri 

et al., 1998; Ravichandran, 2004).  

 

The anoxic environment could also cause the Hg to be bound to sulphide, producing cinnabar 

(HgS), or in combination with pyrite. The core has been shown to be reducing, a strong 

sulphide smell being apparent during retrieval. If insoluble HgS is formed, methylation is 

restricted and Hg contaminated sediments can become progressively buried (Gagnon et al., 

1997).  

 

Fe and Mn are not influencing the precipitation of Hg, the Fe and Mn profiles in Figure 5.6 

show a consistent profile and the core is reducing to the surface. There is no redoxcline 

within the sediments, with no precipitation of the respective oxyhydroxides. Published work 

shows that Hg will preferentially bind to organic matter, as opposed to Fe oxides, with the 

binding constant being much greater for organic matter (Gagnon et al., 1997; Loring, 1975; 

Mason et al., 2006). 

 

Hg in sediments is generally unavailable to biota as it is usually strongly bound to sulphides, 

Fe hydroxides or organic matter. These inorganic forms are much less toxic to biota than 

organic forms (Ravichandran, 2004).  

 

It has been shown, however, that in areas of hydrogen sulphide production, biological 

methylation of Hg may continue to occur (Sunderland et al., 2006). Sulphate reducing 

bacteria produce high levels of methylmercury, which can lead to the bioaccumulation and 

biomagnification of Hg in fish, shellfish and higher trophic levels (Hammerschmidt et al., 

2004). The methylmercury is taken up by the primary producers in the water column; and 

subsequent grazing on these organisms allows the methylmercury to be passed up the food 

chain, accumulating and concentrating in the cells and tissues of higher order organisms  

(Mason et al., 2006; Sunderland et al., 2006). 
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Higher sulphide environments can correspond to elevated fractions of Hg in the methylated 

form; a process which has the potential to occur within the lagoon. Whilst the formation of 

HgS would reduce the amount of dissolved Hg available for methylation, reducing the 

amount of bioavailable Hg, Craig and Bartlett (1978) showed that the formation would not 

cease. It is Hg’s ability to form metal sulphides that has a direct influence on the 

bioavailability of the toxic metal to the sediments and the overlying water column.  

 

The Hg profile in the lagoon can be attributed to diagenetic recycling. To better understand 

the Hg source, mass accumulation rates and pore-water concentrations would need to be 

considered. Within the pore waters the downward flux must be smaller than the upward Hg 

flux for the profile to be maintained. For the profile to be attributed to anthropogenic 

influence the upward flux must be small. Pore water Hg profiles have not been examined in 

this research, and there is only one known calculation in the literature. Gobeil and Cossa, 

(1993) showed an upward flux of 1 ng cm-2 yr-1 in sediments from the Laurentian Trough in 

Canada. If this value is taken, it is significantly higher than fluxes to the sediments of the 

lagoon. If this is the case, the remobilisation and upward diffusion of Hg could create the 

profile seen in ICNL1 (Gobeil and Cossa, 1993). This must, however, be used with caution, 

as it is difficult to make a direct comparison between ICNL1 and the core taken in the 

Laurentian Trough.  

 

Although evidence suggests that the Hg concentration profile can be attributed to diagenetic 

processes within the core, there is still the possibility that the Hg concentration profile is due 

to an anthropogenic influence. The Hg concentration increases from the start of the industrial 

revolution, with the Hg/Li profile displaying the largest value at the sediment surface. This 

increase in the Hg concentration within the last 150 years is directly comparable to many 

studies within the literature (Asmund and Nielsen, 2000; Hermanson, 1996). The increase 

can be explained by the long range atmospheric transport of anthropogenic Hg to the Arctic 

environment, from industrial source regions, such as Europe and Russia. 

 

In chapter 4 the Pb concentration and Pb isotope data for the ICNL1 show unequivocal 

evidence of anthropogenic Pb contamination at this location. The Pb transport from Europe, 
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with the lagoon being influenced from both freshwater runoff and fjordic water, reflecting a 

combination of atmospheric and oceanic transport. 

 

5.6.2 ICOS1 

Lakes have been examined all over the Arctic environment, some showing increases in the 

Hg concentrations towards the surface, associated with increased anthropogenic emissions 

(Hermanson, 1996). The tropospheric residence time of Hg (0) is approximately two years, 

and it is this persistence in the atmosphere that allows Hg to be widely distributed (Fitzgerald 

et al., 2005). 

 

The ICOS1 core shows a small increase in the Hg concentration and the Hg flux towards the 

surface of the core. This increase could be associated with anthropogenic contamination. The 

slow modern sedimentation rate within the lake core, 0.007 g cm-2 yr-1, means that the last 

hundred years are confined to the top 2 cm. This is in agreement with other Hg concentration 

studies within the literature, with the largest increase in anthropogenic Hg emissions 

occurring after the beginning of the 20th century (Schuster et al., 2002). The increase in Hg 

concentration within the top 2 cm, however, is very small, increasing only from 0.040 µg g-1 

at 1.75 cm to 0.061 µg g-1 at the core surface. The flux has increased from 2.61 to 3.91 µg m-

2 y-1 within the last one hundred years. When this is compared to Lake Imitavik near Hudson 

Bay, which displayed an increase from 2.0 to 12.5 µg m-2 y-1 over a similar time period 

(Hermanson, 1996), the change seen in the ICOS1 core is very small. 

 

The Hg concentration in the ICOS1 core does not show the same pattern as that seen in many 

of the other elements, with a large increase in the respective metal concentrations at 

approximately 6.25 cm. This is clearly seen in the Pb concentration profile where there is a 

rapid increase in the Pb concentration. This pattern is also seen in the concentration profiles 

for many other elements, for example Li, Al, K. It has been proposed that there has been a 

period of rapid deposition associated with a slumping event or glacial processes within the 

area. 
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If the period of high Hg flux due to the slumping event is not incorporated, the Hg flux at the 

surface of the ICOS1 core is similar to that seen at times below the period of rapid 

deposition. The small change in the Hg flux to the core over time could be attributed to 

climatic variations (Lindeberg et al., 2006). Within the lake ice cover must be taken into 

consideration. For a large proportion of the year the lake (ICOS1) will be under ice and this 

will prevent the air-surface transfer of Hg and its subsequent deposition in the sedimentary 

environment.   

 

The lake core (ICOS1) does not show a significant increase in the Hg concentration 

associated with modern day anthropogenic contamination. The increase in the Hg 

concentration in the top 2 cm is small, with the surface Hg concentration no greater than Hg 

concentrations recorded elsewhere in the core. This suggests that the changes could be 

attributed to natural variation within the core and not to anthropogenic contamination.   

 

A further complication is the ‘Arctic springtime depletion of Hg’. As explained in the 

introduction (ref - chapter 1), these depletions closely follow depletions in tropospheric 

ozone during the three month period following polar sunrise (beginning in March) (Ariya et 

al., 2004; Berg et al., 2003; Schroeder et al., 1998). This strong correlation suggests that Hg 

depletion episodes are associated with reactions similar to those that destroy the ozone.  In 

contrast to ozone, Hg is not destroyed, but the speciation is altered (Berg et al., 2003). 

Elemental Hg is transformed into a reactive form of gaseous mercury followed by both up-

take on particles and direct gaseous dry deposition to the local snow-pack. Increased 

concentration of Hg then becomes evident in the surface snow, which later becomes run-off, 

effectively transporting the mercury throughout the Arctic ecosystem (Ariya et al., 2004; 

Hudson et al., 1995).  

 

The gaseous Hg (Hg (0)) in the atmosphere is relatively unreactive, and has a low solubility 

in water; it can therefore stay in the atmosphere for long periods of time (Dastoor and 

Larocque, 2004). The Hg can recycle and be re-emitted many times before it becomes 

sequestered into soils and sediments. During these spring time depletions, the Hg is 

transferred from the gas phase to the particulate phase and can then be transferred to the 

terrestrial environment. This whole mechanism is still not fully understood, but is vital if the 
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impacts of industrial emissions in the Arctic are to be assessed. Berg et al. (2001) created a 

model of atmospheric Hg based on two sites, Ny Ålesund and Pallas (Finland). They 

concluded that the direct transport of Hg from Europe to the Arctic was negligible, and that 

the biogeochemical cycle of Hg was much more complex. Improvements were needed in the 

model to look at the re-emission of Hg from snow, ice and water (Berg et al., 2001; Berg et 

al., 2003). 

 

These factors could have a direct impact on the Hg concentrations recorded within a 

sediment core, from a freshwater environment. 

 

5.6.3 KF4 

KF4 shows no signs of an increase in Hg concentration in the surface of the core. There is 

however an increase in the Hg flux from a date of 1700 with a peak flux at approximately 

1850. If the chronology is correct then the increase in Hg is too early to be associated with 

industrial anthropogenic emissions: increases in anthropogenic emissions began around 

1840, and continued to increase throughout the 20th century (Schuster et al., 2002).  

 

The Hg concentration in the KF4 core appears to be more variable with time than the other 

three cores studied, but this could be due to the higher temporal resolution seen within the 

core. The variation however is relatively small ranging between 0.060 and 0.099 µg g-1, and 

any changes seen could be attributed to natural variations within the core. Local changes 

within aeolian activity and prevailing winds can directly influence Hg deposition, along with 

variations in precipitation (Lindeberg et al., 2006; Schuster et al., 2002).  A core taken from 

the western shelf of Svalbard, recorded a Hg concentration of 0.056 ng g-1, which was 

attributed to natural variability (Siegel et al., 2000). This core was taken in a similar area to 

KF4, and the Hg concentrations between the two sites are comparable. 

 

The Pb concentration and Pb isotope ratio data for KF4 (ref - chapter 4, 4.12) show an 

increase in the Pb concentration coinciding with a decrease in the Pb isotope ratio, indicative 

of anthropogenic Pb contamination. The excess 206Pb/207Pb ratio indicates a European source, 

the Pb transported from the source regions to the Arctic Ocean by the Atlantic water 
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currents. This increase in the Pb concentration occurs from a depth of 10 cm towards the 

surface of the core. This increase is not apparent in the Hg concentration and therefore 

supports the hypothesis that the core taken at KF4 does not contain any recent Hg 

contamination. The changes seen within the core are likely a result of natural fluctuations in 

Hg deposition.   

 

Due to the volatile nature of Hg, it is generally considered that atmospheric transport is the 

predominant route of Hg to the Arctic, with the Hg transported in the elemental gaseous form 

Hg (0). It has been shown that the majority of Hg is deposited to terrestrial environments, 

where is can be sequestered into the sediments in coastal and freshwater environments 

(Mason et al., 1994). The ocean is crucial in the biogeochemical cycling of Hg. However, a 

large majority of the Hg in the surface of the ocean is recycled, with only a small proportion 

being scavenged by particles and removed to deep ocean sediments. The amount of Hg 

removed from the ocean has been calculated as 1 Mmol y-1, with an estimated anthropogenic 

emission of approximately 20 Mmol y-1 (Lindqvist, 1991; Mason et al., 1994). 

 

Few studies have investigated Hg concentrations in marine cores. In the KF4 core the fact 

that no increase in Hg concentration is seen, supports the hypothesis that the terrestrial 

environment is the principal atmospheric Hg sink (Mason et al., 1994), and that the deep 

ocean is not a specific transport pathway for Hg. This is in contrast to Pb (chapter 4), with 

the KF4 core helping to strengthen the argument that marine currents play an important role 

in its transport to the Arctic. More marine cores from the area would need to be analysed to 

make a full assessment of this interpretation. 

 

5.6.4 Other cores within the Arctic environment 

The profiles in Figure 5.8 show four different marine sediment cores in the Arctic. Two of 

the cores, one from Ålesund, Norway, and the other from the North Pole, show an increase in 

Hg concentration towards the surface. The other two cores, from Hudson Bay and Western 

Greenland, do not show this trend. 
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Figure 5.8 - Hg concentration profiles of 4 cores from the Arctic environment (AMAP, 

1998). 

 
All four cores in the present study show little evidence of significant anthropogenic Hg 

contamination, with the exception of ICNL1, which could potentially provide evidence of 

small scale contamination. However, the Hg concentration in this core may be controlled by 

diagenetic processes within the sediment. 

 

There has been evidence of latitudinal transects of contamination in the Arctic. The 

concentrations of Pb and Hg are higher in the north of Norway and Sweden, when compared 

to the south (AMAP, 1998; Johansson, 1989). Ny Ålesund is situated at 79o N and is further 

from any sources of pollution, possibly indicating that the Hg emissions do not reach this 

area, as reflected in ICOS1. Skotvold et al. (1996) recorded lower concentrations of Hg 

(0.062-0.098 µg g-1) on Spitsbergen than on the northern Norwegian mainland (Skotvold et 
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al., 1996). This argument, however, cannot explain the higher concentration of Hg reported 

in the top 10 cm of the sediment core taken at the North Pole (Figure 5.8) and the elevated 

concentrations of Hg found in many of the other remote environments within the Arctic 

(Hermanson, 1996; Lockhart et al., 1998). This could represent an increase in global 

anthropogenic Hg, but more comprehensive investigations are required to confirm the source 

and nature of this increase (AMAP, 1998).  

 

Long range atmospheric transport of Hg is important. However, Hg can exist in many 

different physical and chemical forms, which has a direct impact on its distribution patterns 

and biochemical cycle. The Hg biogeochemical cycle is still not fully understood and the 

dynamic behaviour of Hg makes it available for remobilisation. It has been proposed that the 

Arctic is a global sink for atmospheric Hg, with the Hg constantly being deposited, reduced 

and re-emitted back into the atmosphere, in association with the spring time mercury 

depletion events (Berg et al., 2003; Sprovieri et al., 2005; Travnikov, 2005). The Hg is re-

released to the atmosphere and this in turn could mean that the impact of increased Hg 

emissions could be evident in the environment, many years after reductions in the Hg 

emissions (Telmer et al., 2005).  

 

Figure 5.9 shows a compilation of sediment cores from the Arctic and three further core sites 

in the northern Hemisphere. Maximum and minimum concentrations are shown. The two 

cores ICOS1 and ICNL1 show broadly similar Hg concentrations to those observed in the 

other Arctic sediments cores. Cores from locations outside the Arctic display higher 

maximum Hg concentrations, due to their proximity to the source of Hg emissions. With 

Asia contributing over 55 % of the total annual Hg emissions in the Northern Hemisphere 

(Sprovieri et al., 2005). 
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Figure 5.9 - Concentrations of Hg in lakes from the Arctic environment, compared to 

other locations in the Northern Hemisphere (black minimum, grey maximum 

concentration) (AMAP, 1998; Telmer et al., 2005). 
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5.6.5 An additional core - Twillingvatnent reservoir 

An additional core taken at Twillingvatnent reservoir (TW), Ny Ålesund, has been analysed. 

This core was collected using a Sholkovitz corer, in 2002, during a campaign funded by the 

European Commission (Figure 5.10).  
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Figure 5.10 - Hg concentration (µg g-1) versus depth TW reservoir. 

 

The profile has a relatively constant concentration from depth to 10 cm, where there is a 

sharp increase in Hg concentration to a peak of 0.288 µg g-1 at 6.75 cm. The Hg 

concentration then decrease towards background levels (background Hg concentration 

calculated as 0.081 µg g-1) at 4 cm, followed by a smaller peak at 1.5 cm. The surface value 

is equivalent to the concentration at the base of the core. TW has an enrichment factor of 

3.65. This enrichment in Hg in the reservoir is greater than that in any of the other cores 



Chapter 5 – Mercury 
__________________________________________________________________________ 

 

 256

recorded in this thesis, with a mean Hg concentration of 0.140 µg g-1 (Figure 5.10) (Table 

5.7). 

 

The core unfortunately has not been analysed for any of the other parameters needed for a 

full assessment; for example sedimentation rate, organic matter, Fe and Mn. The two peaks 

could be associated with diagenetic factors within the sediments, as already described for 

ICNL1. The enrichment factor is, however, greater than that recorded in any of the other 

cores, with a maximum value higher than for the Norwegian mainland and Scotland. 

 

If long range anthropogenic contamination was considered, an increase in Hg concentration 

in surface sediments would be expected. This is not evident. The Hg peaks could suggest a 

local contamination source. A large percentage of Hg comes from coal burning and mining. 

Ny Ålesund was a mining area in the early 1900s; so the peak could be a consequence of this 

local activity (Dowdall et al., 2004). The core requires further investigation to ascertain the 

cause of the sub-surface Hg concentration maxima seen in Twillingvatnent reservoir. 

 

5.7 Conclusions 

Emissions of Hg have been reported as increasing by a factor of three in both the atmosphere 

and marine environment (Macdonald et al., 2000). None of the four cores analysed shows 

evidence of significant long range anthropogenic contamination since the onset of the 

industrial revolution. This could be due to lack of anthropogenic input. It could also be 

attributed to sedimentary and other physical processes affecting the distribution of Hg: 

 

• The increase in the Hg concentration in the ICNL1 core could be attributed to small 

scale anthropogenic contamination. However, this increase is very small. It is 

difficult to make a conclusion as the strong relationship between the Hg 

concentration and % Corg suggests that diagenetic processes could be controlling the 

Hg concentration.  

• The ICK1 core shows little variation in the Hg profile with depth. This profile is 

caused by a very high sedimentation rate, with a dilution effect from the sedimentary 

load from the glacier. 
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• ICOS1 shows a small increase in the Hg concentration in the top 2 cm of the core. 

However, this is comparable to changes seen throughout the core, and therefore could 

be due to natural variations. The increase is small when compared to other lakes in 

the Arctic: possibly due to the very low sedimentation rate; latitudinal difference seen 

in Hg distribution; or prolonged ice cover throughout the year, preventing the direct 

exchange of Hg between the atmosphere and surface waters. The ICOS1 core does 

not show the large change in concentration associated with a suspected slumping 

event; rather the Hg remains constant throughout this period. 

• The core taken at KF4 shows an increase in the Hg concentration between 1700 and 

1850. This increase is too early to be associated with industrial anthropogenic 

emissions. It is likely that changes seen within the core are due to natural variations. 

This core site was shown to be contaminated with Pb in chapter 4. The fact that there 

is no Hg contamination could support the hypothesis that Hg is predominantly 

transported via the atmosphere. 

 

There is unequivocal evidence in the literature to suggest that anthropogenic Hg emissions 

have greatly increased in the last 100 years, and that these emissions are seen in remote 

regions such as the Arctic. The anthropogenic Hg is having detrimental impacts on the 

ecosystems within the Arctic. The deposition of this Hg to the environment, and to the 

sediments, is dependent upon the chemical form of the Hg and the proximity to the Hg 

sources. It is evident in the literature and within this study that further research is required to 

improve the understanding of the Hg biogeochemical cycle, particularly on a global scale. 
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Chapter 6 - Cadmium (Cd) 

 

6.1 Introduction 

Cadmium (Cd) is one of three elements that have been identified as priority pollutants; along 

with mercury (Hg) it is on the ‘Black List’ under GESAMP (The Joint Group of Experts on 

the Scientific Aspects of Marine Environmental Protection) (GESAMP, 1990). This is due to 

its potential toxicity and the high concentrations found in the organs of biota. For example 

high concentrations of Cd have been found in the liver and kidney of marine mammals in 

Northern America and Greenland (Dehn et al., 2006; Dietz et al., 1996; Macdonald and 

Sprague, 1988; Riget et al., 2005).  

 

Cd has shown significant anthropogenic increases in global fluxes since the industrial 

revolution. Fluxes to ice at ‘Summit’ Greenland can be seen in Table 6.1: from 0.006 ng cm-2 

yr-1 in 1773 to 0.041 ng cm-2 yr-1 at present (Boutron et al., 1995; Candelone et al., 1995a). 

Natural and anthropogenic atmospheric emission rates are 1.4 t y-1 and 7.6 t y-1 respectively 

(AMAP, 1998).  

 

Table 6.1 - Fluxes of Cd at ‘Summit’, central Greenland (Candelone et al., 1995a). 

 

Cd fluxes to ‘Summit’ central Greenland 

 Flux  ng cm-2 yr-1

7760 b.p. 0.006 

1773 0.006 

1850 0.006 

1992 0.018 

1960/1970’s 0.041 

 

Cd has a small biochemical function, however, is toxic to most life forms at relatively low 

concentrations. It is readily absorbed directly from the water column and bioaccumulates 

within plants and animals; in higher trophic levels concentrating in the liver and kidneys 
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(Macdonald and Sprague, 1988; Riget et al., 2005). Cd is taken up as Cd (II), it also forms 

inorganic salts, chloride and sulphate, and is easily complexed with organic matter. This 

complexing ability decreases the levels of uptake and therefore reduces toxicity. 

 

The major source of Cd to the atmosphere is the non-ferrous metal industry, contributing 

approximately 70 % of Cd emissions. Cd is a by product in the production of zinc (Zn) and 

Pb (lead). It is also produced during waste incineration, the combustion of fossil fuels and the 

manufacture of fertilizers (AMAP, 1998). Cd also has a large natural flux and several natural 

sources. These include volcanic emissions, biogenic sources, natural rock and soil dust and 

forest fires (Hong et al., 1997). 

 

Cd concentrations have been used to infer anthropogenic contamination of sediments (ref - 

chapter 1, 1.5.5). Lake cores from Sweden have shown increases in Cd concentrations in the 

20th century (Johansson, 1989; Rognerud et al., 2000). The values showing similar trends to 

those recorded within the ice cores from Greenland (Candelone et al., 1995a), implying that 

the sediments are providing an accurate contamination history. This is also the case in Lake 

Ellasjøen, Bear Island, where Cd showed a steady increase from the beginning of the 1900s, 

reaching a peak concentration in 1970s. This increase closely follows the Cd emissions 

created by the ferrous metal industry, again reinforcing the fidelity of Cd in sediments as a 

contaminant record (Evenset et al., 2007). 

 

Cd, however, is also considered a redox sensitive element. It is for this reason that Cd can be 

subject to dissolution and remobilisation within sediment and is therefore, in some cases, 

unsuitable for the determination of a full contaminant history (Macdonald et al., 2000). In 

contrast to other redox elements (Fe, Mn, Mo and U), it has only one oxidation state Cd (II), 

its valency unchanging under redox conditions (Calvert and Pedersen, 1993). It displays 

nutrient-like behaviour in the water column, mirroring the distribution of phosphorous. The 

estimated residence time of Cd in the ocean is ~ 15,000 years (AMAP, 1998). Cd 

accumulates in sediments in two main ways: it can adsorb to freshly precipitated Fe oxides or 

can precipitate in the presence of hydrogen sulphide.  
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In anoxic sulphide bearing sediments, Cd has a strong tendency to form insoluble sulphides 

(CdS). In sub-oxic sediments, McCorkle and Klinkhammer (1991) suggested that the uptake 

of Cd is due to scavenging of Cd into newly formed Fe-oxyhydroxides. It was noted however 

that an increase in Cd within the pore water did not occur with Fe-oxide remobilisation, 

which is inconsistent with such a mechanism (McCorkle and Klinkhammer, 1991). 

Rosenthal et al. (1995) believe that the removal of Cd in sub-oxic sediments is related to its 

strong tendency to form CdS. Even very small quantities of free sulphide (below detection 

limits) may be enough to support CdS precipitation, leading to a characteristic sharp peak at 

the redox boundary (Calvert and Pedersen, 1993; Chaillou et al., 2002; Rosenthal et al., 

1995). 

 

The crustal value for Cd is 0.1 µg g-1 (Taylor and McLennan, 1985). Mean Cd concentrations 

have been reported throughout the Arctic (Table 6.2), which are in good agreement with the 

crustal concentration, indicating that there is no contamination in many of these studies. As 

with many other elements, background concentrations of Cd can vary both locally and on 

larger scales within the environment. 
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Table 6.2 - Mean concentrations for Cd from various sedimentary locations throughout 

the Arctic. (Standard deviations where given are in italics). 

 

 Cd mg kg-1 Source 

Barents Sea 0.13 

not given 

dos Santos et al. 1992 

Kara Sea  0.09 

0.05 

Loring et al. 1998 

Franz Josef Land 0.12 

0.01 

Loring et al. 1998 

Svalbard Shelf 0.13 

0.06 

Loring et al. 1998 

West Greenland 

 

0.13 

0.06 

Loring and Asmund, 1996 

East Greenland 0.10 

0.04 

Loring and Asmund, 1996 

Arctic Shelves 0.15 

0.08 

Loring and Asmund, 1996 

 

The aim of this chapter is to look at the Cd concentration in all 10 cores examined within this 

thesis, and to assess the usefulness of Cd as a temporal record for anthropogenic 

contamination within the Svalbard and Barents Sea regions.   

 

6.2 Methods  

The method used to analyse Cd is described in chapter 2. The element Cd was analysed as 

part of the standard sediment digestion, with a 1000 times dilution, by ICP-MS. Only one of 

the three original chosen reference materials (Mess 3, GBW06315, GBW06316)  gives a 

certified reference value for Cd, Mess 3 (0.24 ± 0.01).  

 

The accuracy and precision were determined using the equations in chapter 2 (Viscosi-

Shirley et al., 2003). 
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If all cores are taken into account for the Cd data, the mean accuracy and precision for all the 

Cd runs are both high in magnitude; -27.06 and 20.36 % respectively (Table 6.3). Large 

variations were apparent in the Cd concentration recorded in the certified reference material 

Mess 3 on the ICP-MS. This shows that there were fundamental problems within the sample 

analysis.  

 

Each individual core was run separately on the ICP-MS, on different days (the BASICC 

cores were all analysed in one ICP-MS run). Upon examination of each core there was 

evidence of consistency in the Mess 3 Cd concentration within each core run on the ICP-MS 

(one instrument run). The main variation in the Cd concentration occurred between the runs 

and therefore different cores, and this is illustrated in Table 6.4. The Cd concentrations are 

reported for the reference materials included in cores WSS4 and VP2a. It can be seen that the 

Cd concentrations within each core are similar. However, when the two cores are compared, 

the concentrations measured in the WSS4 run are significantly higher (certified Cd 

concentration 0.24). The results are precise, therefore reproducible, but for WSS4 the results 

are not accurate. 

 

The accuracy and precision has been calculated for each core separately, which equates to 

one ICP-MS run (Table 6.4). Within each core the precision is much better. With the 

exception of ICNL1, the values are precise to within 11.5 %. Within each core therefore, the 

Mess 3 Cd concentrations are reproducible. The accuracies, in contrast, are variable. VP2a 

shows good accuracy, but in general there is a high positive bias, whervy the Cd 

concentrations obtained by ICP-MS analysis are higher than the certified concentration in the 

reference material. For six of the cores ICNL1, WSS4 and the BASICC cores, there was an 

approximate 50 % positive bias on the Cd concentration results. 
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Table 6.3 - Comparison of the Cd concentration found in Mess 3, in cores WSS4 and 

VP2a. 

 

Reference material - Mess 3 

 
Cd concentration 

mg kg-1
Cd % 
error 

Actual 
error mg kg-1

WSS4 0.35 7.57 0.026 
WSS4 0.33 7.29 0.024 
WSS4 0.37 5.56 0.021 
    
VP2a 0.24 9.45 0.023 
VP2a 0.23 8.20 0.019 
VP2a 0.27 6.14 0.016 
VP2a 0.22 2.44 0.005 

 

The digestion procedure throughout the thesis was the same. Therefore, it is unlikely that the 

digestion technique is causing the discrepancy seen in the Cd concentration. It is likely that 

the difference is associated with experimental errors in the ICP-MS analysis.  

 

A similar pattern in the Cd concentration was seen in a study undertaken by the British 

Geological Society (BGS). They set up a comparative study between different laboratories, 

to look at elements Cd, Cr, Cu, Pb Ni and Zn. The digestion procedure used was varied, 

although most laboratories used a HNO3-HCl digestion with five others using a HF 

dissolution. For the simple HNO3-HCl digestion, all the data had a good degree of 

agreement. The two exceptions were Cr and Cd for the HF digest. The Cd concentrations 

were 50 % higher than the associated reference material (Cook et al., 1997). They concluded 

that the inaccuracy was unlikely to be a consequence of the dissolution procedure, as Cd is 

generally associated with clay minerals it should be released easily from within the sample 

matrix when subjected to a HF digestion: (Cook et al., 1997). 
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Table 6.4 - Accuracy and precision for all cores together and for each core individually. 

 

 Precision % Accuracy % 
All cores 20.36 -27.06 
   
ICOS1 10.70 -18.47 
ICK1 11.41 -13.78 
ICNL1 15.32 -46.34 
BASICC cores 4.63 -55.82 
WSS0 8.37 -19.2 
WSS4 6.21 -45.73 
VP2a 8.13 -0.105 

 

ICP-MS as explained in chapter 2 is subject to a number of interferences. For example 114Cd 

has an interference from tin (Sn), so 111Cd is preferentially used. The positive bias on 111Cd 

in the case of the study by BGS was attributed to a zirconium (Zr) hydroxide (ZrOH at m/z 

111), and smaller molybdenum (Mo) oxides and hydroxides (Mo is virtually negligible). 

ZrOH was shown to effect the Cd concentration by 0.1 % of the Zr value (Cook et al., 1997). 

 

This Zr interference within the samples for this thesis was investigated.. Table 6.5 shows the 

results from the two cores, WSS4 and VP2a. WSS4 has a strong positive bias in the Cd 

concentration within the samples, whereas VP2a values are close to the certified reference 

material for Mess 3. Zr levels for both cores were around 100 mg kg-1, of which 0.1 % 

represents 0.1 mg kg-1 of Cd. If the correction was applied to both cores, WSS4 would be 

close to the certified values, but VP2a would no longer be accurate. The Zr hydroxide 

interference could cause the increased Cd in WSS4, but this does not apply to VP2a. The 

correction should not be applied if it isn’t consistent between cores. The effect of oxides and 

hydroxides on elements during ICP-MS analysis can vary daily which could result in varying 

effects on ZrOH over different runs. This is hard to decipher and makes a uniform correction 

difficult.   
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Table 6.5 - Zr values and Cd value for the two cores WSS4 and VP2a. 

 

Run Batch 90Zr (mg kg-1) 90Zr % RSD 111Cd (mg kg-1) 111Cd % RSD 
WSS4 batch 44  115.8 0.77 0.35 7.57 
WSS4 batch 45  93.7 1.06 0.33 7.29 
WSS4 batch 46 107.9 0.82 0.37 5.56 
      
VP2a batch 47 115.0 1.22 0.27 6.14 
VP2a batch 48 99.0 1.51 0.22 2.44 
VP2a batch 49  110.0 0.07 0.23 8.20 
VP2a batch 50  104.0 0.50 0.24 9.45 

 

The Zr interference was further investigated by Simon Nelms from Thermo Fisher Scientific. 

Three samples (two of which were an additional reference material GBW07314) were run on 

a Thermo XSeriesI ICP-MS with collision cell technology, which has an enhanced 

performance and helps reduce interferences. The set up of the instrument provides a kinetic 

energy discrimination barrier. This energy barrier is sufficient to prevent unwanted ions that 

form in the cell from reaching the quadrapole and being detected. The barrier also helps to 

further reduce the levels of polyatomic ions coming from the plasma. It was believed that 

this set up would be sufficient to eliminate any Zr hydroxide or oxide interference. The 

values obtained were similar to those recorded at SAMS, likely to be within error; 

unfortunately no error was retrieved from the Thermo XseriesI ICP-MS so this could not be 

clarified. This supports the assumption that Zr is not the principle cause of the Cd variations 

between the cores (Table 6.6). It was concluded that observed Cd concentration was indeed 

Cd and not an interference peak (Pers. comm. Mr Simon Nelms, 2006). 
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Table 6.6 - Comparison of values for reference materials run at SAMS and by Thermo 

Fisher Scientific on two separate ICP-MS machine: The ICP-MS used by Thermo 

Fisher Scientific had collision cell technology (CRM – certified reference material). 

 

 111Cd  (mg kg-1) 
Ref material Thermo SAMS CRM value 
GBW07314 0.24 0.25 0.20 
GBW07314 0.30 0.32 0.20 
    
MESS3 0.33 0.36 0.24 

 

Another explanation for the pattern seen could be contamination within certain batches 

causing the increased Cd concentrations, however this is unlikely as the same dissolution 

procedure was used throughout the analysis.  

 

AMAP (1998) have reported that high analytical uncertainties have been reported in several 

other Cd studies, often due to the very low levels being close to the limits of detection. The 

limits of detection being defined as the smallest concentration of an element that can be 

detected with reasonable certainty for a given analytical procedure (Thomsen et al., 2003). 

The limits of detection are calculated as equal to three standard deviations of the blank. 

Changes in the sensitivity of the instrument could cause variations in the limit of detection 

between different analytical runs. If this is the cause of the variations this could be improved 

by using a more sensitive detection system or by selecting the optimal instrumental 

conditions (Vandecasteele and Block, 1993).  

  

Cd within the sediments and within the reference material Mess 3 clearly requires further 

investigation to find out the cause of the discrepancies seen. This is beyond the scope of this 

research. 

 

Given that the precision is relatively good within a core (reproducibility of the reference 

material within the core), the trends and the Cd concentrations profiles for the cores in this 

thesis can be described and interpreted. Caution must be given when comparing the absolute 

concentration to other sedimentary environments within the Arctic. The sample 
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concentrations obtained may be higher than the actual values in the sample. Therefore trends 

within the core will be discussed, without focusing on the Cd concentrations reported within 

the core. The Cd concentration will also not be normalised to Li due to the uncertainties over 

the absolute Cd values. 

 

6.3 Results - Temporal trends in Cd concentration 

The depth profiles are given for all cores (Figures 6.1, 6.2, 6.3).  

 

6.3.1 Group A – Ny Ålesund cores. 

The ICOS1 core has a relatively consistent Cd concentration profile from the base of the core 

until a depth of 6.25 cm. At 6.25 cm there is a sharp increase to a maximum Cd 

concentration at 5.75 cm. By 4.75 cm the Cd concentration had returned to a similar level to 

that found at the base of the core. In the top 2.5 cm there is a slight increase in the surface Cd 

concentration (Figure 6.1). 

 

The ICK1 core shows a uniform profile with depth with very little variation in the Cd 

concentration (Figure 6.1).  

 

The ICNL1 shows a main peak in the Cd concentration at 3.25 cm. From 6.25 cm the Cd 

concentration begins to increase reaching the highest concentration at 3.25 cm depth. 

Between 3.25 and the surface, there is a steady decline. Below 6.25 cm the core is relatively 

stable, with another small and broad peak evident at 24 cm (Figure 6.1).  

 

6.3.2 Group B – BASICC cores. 

The BASICC 1 and BASICC 8 cores both show relatively consistent Cd concentrations 

down the core profiles. BASICC 1 has very few variations, with only a small increase in the 

Cd concentrations towards the base of the core. BASICC 8 has a slightly more varied profile. 

The profiles show large concentration gradients in Cd with depth (Figure 6.2).  
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The cores BASICC 40 and BASICC 43, in contrast, show enrichments in the Cd 

concentration at the bottom of the core. BASICC 40 has a relatively uniform Cd 

concentration from the surface sediment to a depth of 13 cm. From 13 cm the Cd 

concentration steadily increases. Following the peak at 17 cm the Cd concentration decreases 

with depth, at the base of the core, a concentration similar to that in the surface of the core 

(Figure 6.2). 

 

The BASICC 43 core has its lowest recorded concentration of Cd at the surface. The Cd 

concentration shows a slight increase and then remains constant until 10 cm. Between 10 and 

11 cm there is a sharp increase in the Cd concentration to a maximum recorded value at 11 

cm; below this the Cd profile remains constantly higher than the surface Cd concentrations 

(Figure 6.2). 

 

6.3.3 Group C – JCR127 core. 

The three cores, WSS0, WSS4 and VP2a all show relatively consistent Cd concentrations 

along the extent of the cores (Figure 6.3), with only small variations in the Cd concentration 

being apparent.  

 

WSS0 has a uniform Cd concentration between 0.75 and 16.5 cm, the surface concentration 

showing an increase. Below 16.5 cm there is a small peak within the Cd profile at 17.5 cm. 
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Figure 6.1 - Cd concentration versus depth for cores ICOS1, ICNL1, ICK1.  
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Figure 6.2 - Cd concentration versus depth for cores BASICC 1, BASICC 8, BASICC 

40 and BASICC 43 (error bars are shown). 
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Figure 6.3 - Cd concentration versus depth for WSS0, WSS4 and VP2a.  
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6.4 Discussion  

6.4.1 Normalisation and elemental relationships. 

Cd unlike many of the other trace elements analysed in this thesis tends not to be associated 

with the lithogenic fraction of the sediments, and is uninfluenced by grain size and 

mineralogical variations (Loring and Asmund, 1996). This is confirmed when Cd is 

correlated with the elements Al, Li, Fe, Ti, K and organic carbon. Pearson’s correlations 

were calculated and can be seen in Table 6.7. A large proportion of the results show no 

significant correlations with Cd.  

 

Table 6.7 - Pearson’s correlations for Cd against major elements, organic carbon, 

particle size and U and Mo (p < 0.001 not significant (ns)). 

 

 Al Li Fe Ti K Mn 
% 

Corg

< 63 
µm 

 
U Mo 

ICOS1 ns ns ns ns ns ns ns ns ns 0.496 
ICK1 ns ns ns ns ns ns ns ns ns ns 
ICNL1 ns ns -0.446 ns ns ns ns ns ns ns 
           
BASICC 1 ns 0.777 ns ns ns ns ns ns 0.852 ns 
BASICC 8 ns ns ns ns ns -0.722 ns ns ns -0.759 
BASICC 40 ns ns -0.698 ns ns ns ns ns 0.759 ns 
BASICC 43 ns ns ns 0.871 ns ns ns ns 0.890 ns 
           
WSS0 ns ns ns ns ns ns ns ns ns 0.540 
WSS4 ns ns ns ns ns ns ns ns ns ns 
VP2a ns ns ns ns ns ns ns ns ns ns 

 

There are a few significant correlations between Cd concentration and other major elements. 

If a detrital or a lithogenic factor was controlling the Cd concentration within a core, it would 

be expected that the Cd concentration would correlate strongly with more than one element.  

 

Three cores, BASICC 1, BASICC 40, and BASICC 43, however, have significant 

relationships between Cd and U. U is a redox element, that becomes enriched under reducing 

conditions (Klinkhammer and Palmer, 1991). As explained in the introduction, Cd in anoxic 

sediments has a strong tendency to form an insoluble sulphide, only needing a small amount 

of sulphide in sub-oxic sediments to form CdS (Rosenthal et al., 1995; Tribovillard et al., 
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2006). The correlation between the Cd concentration and the U concentration indicate that 

there is a relationship between these two elements in anoxic sediments. Authigenic U and Cd 

often co-vary in reducing sediments due to the similarities in their removal mechanisms 

(Rosenthal et al., 1995).  

 

6.4.2 Role of diagenesis 

Four cores, ICOS1, ICNL1, BASICC 40 and BASICC 43, have subsurface peaks within the 

profiles, or elevated Cd concentrations towards the base of the core. These four cores will be 

discussed in more detail. 

 

6.4.2.1 ICOS1 

The ICOS1 core (Figure 6.4) has the same feature at 6.25 cm that has been seen in all the 

elements examined (with the exception of Hg in chapter 5). In the Cd concentration profile 

there is a sharp increase in concentration at 6.25 cm. The change in the Cd concentration at 

6.25 cm is concordant with the rapid decline in the ratio values in the Mn/Li, Fe/Li, Mo/Li 

and U/Li profiles (Figure 6.4). In the top 2 cm, an increase in the Cd concentration can be 

seen at the surface layer.  

 

The ICOS1 core has a low sedimentation rate of 0.007 g cm-2 yr-1, the top 2 cm representing 

a time period from 1904 onwards. This increase in the Cd concentration in the surface could 

therefore be due to anthropogenic contamination, with an increase in the Cd concentration 

coinciding with an increase in Cd emissions due to anthropogenic activities (AMAP, 1998; 

Candelone et al., 1995a). An alternative hypothesis could be that this increase is attributed to 

the redox conditions in the sediments. In Laurentian Trough sediments, Cd was characterised 

by an initial decrease in concentration with the minimum value just several millimetres 

below the surface of the core. A minimum value in the Cd concentration is commonly 

observed between 0.4 and 1.6 cm (Gobeil et al., 1987). This could have two possible 

explanations: the co-precipitation of Cd with the Mn oxides forming, or a manifestation of 

the progressive aerobic dissolution in the top of the core related to the degradation of organic 

matter. The latter is the most likely cause (Chaillou et al., 2002; Gobeil et al., 1987) (Figure 
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6.8). The released dissolved Cd can remobilise and migrate upwards into the water column 

or downwards into the sediment. This feature is not well resolved in the other cores.  
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Figure 6.4 - U/Li, Mo/Li, Fe/Li Mn/Li and Cd profiles for ICOS1. 

 

6.4.2.2 ICNL1 

The ICNL1 core shows a subsurface peak in Cd concentration at 4.25 cm (Figure 6.5). There 

is a corresponding increase in the Hg and Pb concentrations within the sediment core, with a 

maximum concentration of all three elements apparent at 4.25 cm (ref - chapter 4, Figure 4.2 

and chapter 5, Figure 5.4). 

 

The fact that all three elements show a similar pattern could suggest that the core is being 

influenced by anthropogenic contamination. This is supported by the Pb isotope ratio, which 

shows a subsequent decline in 206Pb/207Pb ratio, when the Pb concentration increases. This 

change suggests that there has been a change in the source of the Pb. The timing of the 
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increase is approximately 1830, coinciding with the start of the contaminant signal from the 

industrial revolution and an increase in anthropogenic metal emissions. The increase in the 

three elements could be associated with the long-term transport of contaminants or could be 

associated with a local source, from mining within the Ny Ålesund region (Dowdall et al., 

2004; Rose et al., 2004). 

 

Although the Pb concentration and the Pb isotope ratio confirm that the core is influenced by 

anthropogenic Pb contamination, the Cd concentration in the core could again be attributed 

to authigenic precipitation of CdS. The core has been shown to be reducing to the surface, as 

indicated by the Fe/Li and Mn/Li ratio profiles, and the strong sulphide smell on retrieval of 

the core. It is likely that this core is being influenced by both small scale anthropogenic 

contamination and diagenetic processes with Pb, Cd and Hg having all been shown to form 

insoluble sulphides (Huerta-Diaz and Morse, 1990; Huerta-Diaz and Morse, 1992; 

Tribovillard et al., 2006). This will be discussed further in chapter 8. 
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Figure 6.5 - U/Li, Mo/Li, Fe/Li Mn/Li and Cd profiles for ICNL1. 
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6.4.2.3 BASICC cores 

BASICC 40 and BASICC 43 have enrichments of Cd towards the bottom of the core. This 

suggests that the changes in the Cd concentration are not associated with anthropogenic 

contamination (Figure 6.6 and 6.7). The increase in the Cd is probably associated with 

diagenesis and authigenic precipitation. Cd has the potential to be enriched in sulphidic 

sediments, where it forms the insoluble sulphide, CdS (Chaillou et al., 2002; Rosenthal et al., 

1995).  

 

The Fe/Li and Mn/Li profiles for BASICC 40 show diagenetic profiles where oxic conditions 

prevail in the top 15 cm (Figure 6.6). Below 15 cm, the core becomes reducing and depleted 

in Mn and Fe, the Cd increasing just below the redox boundary. The Cd concentration profile 

shows an inverse relationship to Fe/Li and Mn/Li, with enrichments at the base of the core 

and depletion in the surface sediments. The Cd peak is coincident with a decline in Fe 

oxides, a feature observed in the North Atlantic (Rosenthal et al., 1995).  

 

For BASICC 40 the Cd concentration shows a similar profile to U/Li, the peak concentration 

for Cd being seen approximately 2 cm higher than that for U/Li. U, like Cd, shows elevated 

concentrations in sub-oxic and anoxic conditions, and depleted in oxic conditions. Cd 

precipitates above U, U characteristically precipitating late in the diagenetic sequence 

(Rosenthal et al., 1995).  

 

BASICC 43 also shows Cd enrichments in sub-oxic sediments, with a profile similar to that 

for U/Li and Mo/Li, where all three elements show authigenic precipitation (Gobeil et al., 

1987) (Figure 6.7). Reducing conditions prevail from 10 cm to the base of the core. The 

Fe/Li and Mn/Li profiles show enrichment in the surface sediments followed by depletion 

after 5 cm. The strong association between U and Cd can be seen in the Pearson’s 

Correlations in Table 6.7. 

 

In both cores (BASICC 40 and BASICC 43) the Cd concentration peak is below the Mn/Li 

enrichment peak. It has been demonstrated that the sediment between the Mn peak and the 

Cd peak has a variable amount of oxygen present, with the two peaks corresponding to the 
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maximum and minimum depth of oxygen penetration (Gobeil et al., 1997; Gobeil et al., 

1987; Macdonald et al., 2000; Mangini et al., 2001) (Figure 6.8). 

 

BASICC 40 and BASICC 43 the Cd diffuses downwards in oxic conditions, precipitating as 

an authigenic sulphide phase in reducing sediments where sulphide is present (Macdonald et 

al., 2000). The formation of CdS immobilises the Cd, reducing its bio-availability to 

organisms and therefore its toxicity (AMAP, 1998; Tribovillard et al., 2006). Similar profiles 

have been reported in the Laptev Sea (Nolting et al., 1996). 
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Figure 6.6 - U/Li, Mo/Li, Fe/Li Mn/Li and Cd profiles for BASICC 40. 
 
 
BASICC 40 and BASICC 43 display an enrichment of Cd that can be seen with depth. This 

enrichment is not seen in the other cores, such as BASICC 1 and BASICC 8, even though the 

Fe/Li, Mn/Li and U/Li display similar profiles (ref - chapter 3, 3.7).  
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Figure 6.7 - U/Li, Mo/Li, Fe/Li Mn/Li and Cd profiles for BASICC 43. 
 

 

A possible explanation is that BASICC 1 and 8 are more strongly reducing cores than 

BASICC 40 and 43, with a shallower redoxcline, as indicated by the Fe and Mn profiles. 

This can lead to a high amount of reactive Fe being present. The reactive Fe binds with the 

available sulphur to form mono-sulphides (such as mackinawite or amorphous FeS) or pyrite. 

It can also re-oxidize the sulphur to SO4
2-. Both of these processes reduce the amount of 

sulphur present to form CdS, resulting in a linear Cd profile, with no authigenic enrichment. 

Cd is not generally incorporated into pyrite, as the MeS phase tends to precipitate prior to 

pyrite formation (Davies-Colley et al., 1985; Morse and Luther III, 1999).  
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Figure 6.8 - Solid phase Cd and Mn, in Beaufort Sea profiles. Showing Cd enrichment 

in the deep sediments fixation as CdS. The increase in Cd is also apparent in the 

surface sediments associated with  the degradation of organic matter (Gobeil et al., 

1997). 

 

6.5 Anthropogenic contamination 

The two cores ICNL1 and ICOS1 are the only cores in this study that could potentially 

provide evidence for anthropogenic contamination, associated with a period coinciding with 

the industrial revolution. The changes in the Cd concentration in the cores BASICC 40 and 

BASICC 43 can be attributed and explained by the natural geochemistry of the sediments 

and the presence of sulphide reduction. The increase in the Cd concentration in the top 2 cm 

of the ICOS1 core, however, can also be explained by a diagenetic process, a consequence of 

the degradation of organic matter (Chaillou et al., 2002). The enrichment in Cd in the ICNL1 

can also be explained by a natural process, the association with authigenic precipitation of 

CdS. The fact that Hg and Pb also display a peak concentration at the same depth in the core 

ICNL1, could provide evidence for anthropogenic contamination. It is likely that this core is 

being influenced by a combination of diagenetic processes and anthropogenic contamination. 
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Enriched values of Cd have been recorded in lake sediments. Cores taken from lakes in 

Norway show distinct differences in the surface and the pre-industrial sediments (Fjeld et al., 

1994). Swedish lakes also displayed a Cd enrichment factor of 7 especially in southern lakes 

(AMAP, 1998). It was concluded that these increases were due to long range transport of 

contaminants, confirmed by a north-south gradient, with the largest concentrations being 

observed in southern areas of Sweden (Johansson, 1989). Similar trends are apparent in 

Finnish and Norwegian lakes (Rognerud et al., 1998; Verta et al., 1989). A lake close to 

Longyearbyen, Svalbard, however, showed no stratigraphic variations with depth (Sun et al., 

2006). Rather, the Cd concentration displayed a uniform profile with only small variations in 

concentration.  

 

Various research programmes have found no evidence that Cd levels in marine sediments 

have increased since the Industrial Revolution. The main conclusion in the AMAP 

programme was that “Industrial Cd sources do not appear to have resulted in increasing 

levels of Cd in most of the remote areas of the Arctic, although regions close to industrial 

areas in the Eurasian Arctic have been affected by Cd and other metal emissions from these 

sources” (AMAP, 1998 p412). Cores from the Kara Sea, Russia, the Laptev Sea, the 

Perchora Sea and the Bering Sea also show no changes in the Cd profiles (Loring and 

Asmund, 1996; Loring et al., 1998; Loring et al., 1995). 

 

The main concern regarding Cd is the high levels found in biota throughout the Arctic 

environment (Gordeev et al., 2004; Muir et al., 1999). The use of sediment profiles as an 

indicator of anthropogenic Cd changes have proven not to be accurate, due to the effects of 

the redox conditions, with dissolution in the upper oxic sediments (Macdonald et al., 2000). 

Cd on the whole favours the dissolved phase and, in contrast to Pb, is not particle reactive. 

Cd therefore enters biological systems instead of the sedimentary environment. 

Approximately 80 % of the total Cd flux to the sediments, migrates back towards the water 

column, with only a small fraction remaining in the sediments, mainly as CdS (Gobeil et al., 

1987; Macdonald et al., 2000). If CdS is produced within a core, the Cd can produce profiles 

as seen in BASICC 40 and BASICC 43. 
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As shown with Hg in chapter 5, the element Cd has a complex biogeochemistry, and the full 

extent of its natural sedimentary cycle is still not understood. It has been suggested that a 

large proportion of enrichments, in biota and in sediments, is derived from natural 

biogeochemical processes, with human impacts only being observed in regions close to point 

sources of industrial activity. Measured anthropogenic input fluxes are regarded as low 

compared to the natural fluxes observed. 

 

6.6 Conclusion 

Cd has been shown to be an independent variable in the sediments, showing no association 

with other elements. Its behaviour is unconnected to lithogenic and detrital changes within 

the core. 

 

Although there is unequivocal evidence from snow and ice from Summit, Greenland, that Cd 

fluxes have increased from the 1780s to the mid 1960s, these changes in flux are not 

apparent in many records within the sedimentary environment (Boutron et al., 1995; 

Rognerud et al., 1998). This has been a reinforced following the analysis of sediment cores 

within this research. With the exception of ICNL1, none of the cores shows a temporal 

history of recent anthropogenic contamination. This is due to the natural biogeochemical 

cycle of Cd, whereby it is not deposited in oxic sediments. This work supports the hypothesis 

that dissolution and remobilisation of Cd makes sediments poor records of temporal 

histories. The sediments therefore can not be used to assess the long range fate and transport 

of Cd to the Arctic environment (Macdonald et al., 2000).  

 

Further method development is required for the accurate determination of Cd. An 

investigation is needed on the cause of the variability of measured values in marine sediment 

reference materials.  
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Chapter 7 Minor and trace elements - Co, Cr, Cu, Ni, Zn and V 

 

7.1 Introduction 

The past few decades have seen intense research to determine the fate and impacts of 

different contaminants within the Arctic region (AMAP, 1998; Bard, 1999). Most studies 

have focused on three priority heavy metals; cadmium (Cd), mercury (Hg) and lead (Pb) 

(Evenset et al., 2007; Gobeil et al., 2001; Hermanson, 1996; Macdonald et al., 2000). Six 

further elements can also be considered to be contaminants to any sedimentary environment; 

cobalt (Co), chromium (Cr), copper (Cu), nickel (Ni), zinc (Zn) and vanadium (V). These six 

elements will be discussed within this chapter.  

 

All these elements have both anthropogenic and natural sources and emissions. Human 

emissions originate from domestic wastewater effluent, coal burning power plants, non 

ferrous metal smelters, and iron and steel plants. A large proportion of metals are transported 

from Eurasian industrial emission sites; Eastern Europe contributing the greatest metal 

concentrations to the atmosphere (Bard, 1999). The combustion of oil is the greatest source 

of V, with emissions of Cu and Zn primarily associated with pyrometallurgical processes 

(AMAP, 1998; Pacyna et al., 1985). 

 

Fluxes and atmospheric concentrations of Zn and Cu have shown an increase from the 

beginning of the industrial revolution, as shown in the Greenland ice cap (Candelone et al., 

1995a). Zn depositional flux has increased from 0.37 ng cm-2 yr-1 in 1773 to 1.2 ng cm-2 yr-1 

in 1992, Cu from 0.064 ng cm-2 yr-1 in 1773 to 0.17 ng cm-2 yr-1 in 1992. As Figure 7.1 

shows, these fluxes have generally decreased since the late 1960s due to restrictions on total 

emissions (Candelone et al., 1995a; Rognerud et al., 1998). Long range atmospheric 

transport is thought to be the dominant contributor of trace elements to sediments within the 

Arctic environment.  
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Figure 7.1 - Changes in Cu and Zn concentrations in snow/ice with time at Summit, 

central Greenland (concentrations in pg g-1) from 1773-1992 (Candelone et al., 1995a). 

The general trend in the concentration is shown by the smooth curves. The symbols are 

collectively taken from different studies, solid circles (Candelone et al., 1995a), solid 

triangles (Boutron et al., 1991), and open triangles (Candelone et al., 1995b). 

 

Many of the contaminants have point based sources, with local mines and smelters having 

been shown to create large increases in the emissions of trace metals. The highest values 

recorded in the Arctic are near the metallurgical smelters at Nikel and Monchegorsk on the 

Kola Peninsula, and at Norilsk, in Siberia. Cu and Ni are the main metal contaminants from 

these smelters with large quantities of Co and V also emitted. The Severonikel smelter alone 

discharged approximately 24 million m3 of waste water during 1993, containing 54 tonnes of 

Ni (AMAP, 1998). Dumping and discharge are also huge contributors of contaminants, the 

large rivers throughout Russia providing an efficient transport mechanism. A large 



Chapter 7 – Minor and trace elements 
________________________________________________________________________ 

 

 284

proportion of the metal discharges are deposited in close proximity to the smelters, although 

5 to 10 % are transported towards the high Arctic. 

 

Small scale mining within the Arctic has led to local contamination of the nearby ocean. 

Large quantities of Pb, Zn and Cd were released from two mines within Greenland. Between 

1973 and 1990 an estimated 8-16 tonnes of Zn, 6-12 tonnes of Pb and 50-120 kg of Cd were 

discharged every year into the fjordic and marine environment (AMAP, 1998). 

 

As with Pb, the history of metal contamination does not just refer to the time period since the 

industrial revolution. Cu in particular has a contamination history that extends thousands of 

years. For example, increases in Cu concentrations began in the Greenland Ice around 2500 

years ago. This is attributed to large scale atmospheric pollution from Cu smelting and 

mining, during Roman and Medieval times (Candelone et al., 1995a; Hong et al., 1996). 

 

Many changes in the elemental concentrations in sediments have been associated with 

anthropogenic contamination. However, many of the trace elements are also redox sensitive 

and can be associated with diagenetic conditions within the sediments (for a full explanation 

on diagenesis and the redox conditions of Fe, Mn, Mo and U, see chapter 1). 

  

Co, Zn and Ni all follow the same pattern as Cd, as these elements only have one main 

oxidation state. They all display a strong association with Mn and Fe oxyhydroxides, 

resulting in enrichment in some surface sediments (Boyle, 2001; Shimmield and Pedersen, 

1990). The elements also have the ability to form highly insoluble sulphides under anoxic 

conditions (Billon et al., 2001; Calvert and Pedersen, 1993; Tribovillard et al., 2006). 

 

V is classed as being conservative showing similar properties to U and Mo, soluble under 

oxic conditions and precipitated in anoxic conditions (Morford and Emerson, 1999; Morford 

et al., 2005; Wehrli and Stumm, 1989). Under oxic conditions it exists as vandate V (V), 

often strongly coupled to both Fe and Mn oxyhydroxides (Boyle, 2001; Tribovillard et al., 

2006). Under mildly reducing conditions vanadate is reduced to vanadyl V (IV). In strong 

reducing conditions with the presence of H2S, V  can be further reduced to V(III), 
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precipitating as the solid oxide V2O3 (Morford and Emerson, 1999; Wehrli and Stumm, 

1989). 

 

Cr, like V, is strongly associated with Fe and Mn oxyhydroxides in sediment. In sub-oxic 

conditions Cr uptake by Fe sulphides is very limited due to structural and electron 

incompatibilities with pyrite. Cr is also not known to form an insoluble sulphide in anoxic 

conditions (Morse and Luther III, 1999), and therefore Cr is not generally trapped in the 

sediments (Bollhöfer and Rosman, 2001; Morse and Luther III, 1999; Thomson et al., 1993; 

Tribovillard et al., 2006). 

 

The trace metals described above, therefore, have different mineral phases. These phases 

influence the trace metal’s concentrations accumulating in the sedimentary environments. 

Trace metals can be enriched as metal sulphides, incorporated with pyrite, as organometallic 

complexes and associated with organic matter. The elements Mo, V, Cd, Ni, Co, Cu, Zn and 

Pb all have a tendency to be incorporated into pyrite (Huerta-Diaz and Morse, 1992; Morse 

and Luther III, 1999). Zn, Pb and Cd also have the ability to form strong, soluble complexes 

with sulphide species increasing their mobility in anoxic sediments (Billon et al., 2001; 

Calvert and Pedersen, 1993; Tribovillard et al., 2006). 

 

7.2 Results - Temporal trends down core. 

All ten cores have been analysed for the six elements, Co, Cr, Ni, Cu, Zn and V. Figures 7.2 

- 7.11 show the concentration profiles for the elements, in mg kg-1 against depth (cm). 

Within each of the three groups (Group A - Ny Ålesund cores, Group B - BASICC cores and  

Group C - JCR127 cores), the concentrations are plotted on the same scale.  

 

7.2.1 Group A - Ny Ålesund cores 

The trace elements within the lake (ICOS1) core shows similar profiles to those seen in the 

major element analysis (ref - chapter 3), along with Pb concentration (ref - chapter 4). There 

is a characteristic increase in all elements between 6.25 cm and 4.25 cm, with the exception 

of Cu. Co increases from a background concentration of 13 mg kg-1 to a maximum of 34.2 

mg kg-1 at 4.25 cm, Zn increases from a concentration of 90 to 217 mg kg-1, again the 
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maximum concentration observed at 4.25 cm. The maximum concentration for both Ni and 

Cr is at the sediment surface, both showing an increase in the upper 0.5 cm. Cu has a 

contrasting profile to the other trace elements. From 5 cm, a small decline in the 

concentration can be seen, having a lower concentration than the background. At 47 cm there 

is a small decrease in concentration for all the elements. As this is only a single point no 

weight can be put on this result (Figure 7.2). This change within the core has been attributed 

to a rapid change in sedimentation rate between 6.25 cm and 4.75 due to a slumping event or 

a glacial process. 

 

For the ICNL1 core, all the elements show similar profiles and trends, with the exception of 

Cu. The profiles are consistent down core, with a small decline in concentration in the 

surface sediments (top 1 cm). Co decreases from an average concentration of 12.7 mg kg-1 in 

the background sediments to 7.7 mg kg-1 at the surface, with V declining from a 

concentration of 116 to 78 mg kg-1. Cu shows a uniform concentration profile down the core 

with two peaks occurring at 3.25 and 19.25 cm, and a recorded maximum concentration of 

89.2 mg kg-1 (Figure 7.3). The peaks, however, are due to one data point and therefore too 

much weight must not be put on their interpretation. The profiles for the Pb concentration 

and Pb isotope ratio show evidence of anthropogenic contamination with an increase in the 

Pb concentration coinciding with a decrease in the Pb isotope ratio towards the surface of the 

core. The changes occurred at approximately 1830, correlating well with the start of the 

industrial revolution signal. Hg concentration and Cd concentration also show changes 

associated with this time period, with a peak concentration occurring sub-surface. These 

changes are not apparent in all the trace elements discussed in this chapter, although there is 

a large increase in the Cu concentration at 3.25 cm. Zn also shows a corresponding increase 

in concentration at this depth. 

 

For ICK1, there is a small decline in the elemental concentrations in the surface sediment.  

All the elemental profiles show little variation down the core, with no major trends being 

apparent (Figure 7.4). This constant profile is consistent with all of the other elements 

examined in this thesis; for example, Al, Li, Mn, Fe. This is due to the very high 

sedimentation rate seen at the ICK1 core site, and within the inner fjord (Svendsen et al., 

2002). The high sedimentation rate is related to a high amount of suspended material that is 
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deposited from the glacier, leading to a dilution effect of the fjordic material, the core 

representing only a short time period. 

  

7.2.2 Group B - BASICC cores 

All the elements for BASICC 1 show a very small overall decline from the base of the core 

to the surface sediments, Ni decreases from a concentration of 51.9 mg kg-1 at the base of the 

core to 43.0 mg kg-1 at the surface, and Cu decreases from a concentration of 24.0 to 18.4 mg 

kg-1, whilst V shows very little change in concentration down core (Figure 7.5). This is in 

contrast to the Pb concentration and the Pb isotope ratio profiles, where there is an increase 

in the Pb concentration from approximately 1850, associated with the industrial revolution.  

The overall decline in the trace element concentrations could be attributed to a change in 

supply and deposition of sediment containing different concentrations of elements. It could 

also be due to changes in the sediment, for example changes in the mineralogy and grain 

size. This will be investigated within this chapter. 

 

The elements for the BASICC 8 core all have similar trends with depth. The elements are 

relatively consistent from the base of the core until ~ 15 cm. There is then a decline in the 

concentrations towards the surface. The concentration at the surface for all elements 

represents the minimum value recorded in this core. There is no indication of any 

anthropogenic contamination, as was also apparent in the Pb concentration profile. As with 

the BASICC 1 core, the concentration changes could be attributed to natural changes and 

variations in the mineralogy and grain size, and a change in supply material. 

 

The elements for BASICC 40 are variable, with no common trends between all the elements. 

Ni, V and Co all show increases in concentrations towards the surface of the core. The 

concentrations for Cr and Cu are similar both in the surface sediments and the background 

sediments with variability in the concentration throughout the core. Zn shows a steady 

decline in elemental concentration. This decrease, however, is relatively small ranging from 

110-140 mg kg-1.  For Ni and Co the main increase in the concentration occurs at 9.5 cm, 

which corresponds to a date of 1888. This increase in the two elements is in contrast to the 

Pb concentration profile. In the BASICC 40 core the Pb concentration remained constant 
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throughout the core, with little or no variation. This was attributed to the scavenging of Pb 

and the associated transport mechanism of Pb. However, BASICC 40 is the closest core site 

to the metallurgical smelters on the Kola Peninsula and Norilsk in Siberia, Co and Ni are 

considered two of the main pollutant metals from these smelters, along with Cu (AMAP, 

1998; Rognerud et al., 1998). The increase in the two contaminants at the BASICC 40 core 

site could be attributed to the close proximity to the smelters, with the elements being 

predominantly carried by atmospheric transport. Pb from the smelter is emitted in much 

smaller quantities than the other elements, only a few tonnes per year, compared to between 

140-512 tons of Ni being emitted in the 1970s and 1980s (Dauvalter, 1994). The low 

emissions of Pb could explain why no Pb contamination was seen within the BASICC 40 

core. In a study of the snow pack within the Kola Peninsula, the deposition of Pb and Cd was 

much less than corresponding Cu and Ni concentrations, suggesting that the emissions of 

these elements is limited (Jaffe et al., 1995). 

 

The BASICC 43 core has similar trends to BASICC 8 and BASICC 1, with all the elemental 

concentrations showing a decline towards the surface of the core. From the base of the core 

to 13 cm, the elements have fairly consistent concentrations. At 13 cm there is a decline in 

the elemental concentrations towards the surface sediments. V is the exception with a 

uniform concentration with depth, showing a mean concentration of approximately 180 mg 

kg-1. This decline in elemental concentrations again can be associated with changes in the 

mineralogy and grain size distributions, attributed to natural changes within the core. 

 

7.2.3 Group C - JCR127 cores 

The concentration profiles for elements within the WSS0 core show no major changes with 

depth. As with the Pb concentration profile, however (ref - chapter 4, 4.3), there appears to 

be two phases, the bottom of the core and the top 5 cm of the core. The top 5 cm of the core 

shows slightly elevated concentrations to those found at the base of the core. For example, 

the mean Co concentration in the base of the core is 8.3 mg kg-1, whereas in the top 5 cm the 

average concentration is 11.3 mg kg-1. In chapter 4 it was determined that the change in the 

Pb concentration within this upper portion of the core was due to natural variations in the 

sediments. This was confirmed by the Pb isotope ratio. Although the Pb concentration 
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seemed to increase towards the surface of the core, the Pb isotope ratio remained constant, 

indicating that there was no change in the source of the Pb over time. 

 

The element profiles for WSS4 show no major positive or negative trends in concentrations 

down the core. There are variations, but these are relatively small and can be attributed to 

natural variations within the core. The concentrations have only small fluctuations, with the 

maximum and minimum concentrations for Cr determined as 89.4 and 54.4 mg kg-1 

respectively.  

 

As with BASICC 1 and BASICC 8, the VP2a core shows a decline in most of the element 

concentrations towards the surface. The decrease occurs at approximately 10 cm, dating to 

approximately 1885. The Cu concentration decreases from a background concentration of 

31.9 mg kg-1 to 18.2 mg kg-1 at the surface. The Cr concentration shows a similar trend, with 

a background concentration of 70.8 mg kg-1 declining to 37.4 mg kg-1 in the top 1 cm of the 

core. Below 10 cm there are a couple of small peaks in all elemental concentrations at 10.5 

and 14.5 cm.  
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Figure 7.2 - ICOS1 trace elements. The dashed line corresponds to the date of 

approximately 1885, where the abrupt change in many elemental concentrations is 

evident. 
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Figure 7.3 - ICNL1 trace elements. The dashed line on the Cu profile, shows the large 

increase in concentration at 3.25 cm. 
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Figure 7.4 - ICK1 trace elements. 
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Figure 7.5 - BASICC 1 trace elements. 
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Figure 7.6 - BASICC 8 trace elements. 
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Figure 7.7 - BASICC 40 trace elements. Dashed lines on Co and Ni corresponds to the 

date 1856. 
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Figure 7.8 - BASICC 43 trace elements. 
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Figure 7.9 - WSS0 trace elements. The dashed line identifies the 2 main phases within 

the core, the bottom of the core and top 5 cm. The line dates to 1964. 
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Figure 7.10 - WSS4 trace elements. 
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Figure 7.11 - VP2a trace elements. 
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7.3 Discussion - Comparisons between other locations throughout the Arctic. 

Tables 7.1 and 7.2 show the mean concentrations down core and the surface (top 0.5-1 cm) 

concentrations. These have been calculated only for comparative purposes. For a study of 

temporal changes within a core, the mean value is not the most appropriate way to present 

data, as it does not provide a good representation of changes that occur over time. However, 

a large proportion of the literature reports results in this way, so to allow a direct comparison 

the mean values have therefore been reported. 

 

ICOS1 has a higher concentrations of Cr, Cu, and Zn in the surface sediments than any other 

of the cores, at 155, 39.4, 113 mg kg-1, respectively. A previous study in Lake Ossian 

recorded values of Cu and Zn as 45.6 ± 6.0 mg kg-1 and Zn 115.8 ± 32 mg kg-1 respectively 

(Boyle et al., 2004), so the concentration of the present study are in good agreement. These 

values have been shown to be high when compared to other lakes in the Svalbard area (Boyle 

et al., 2004). In a Lake Ossian core Boyle et al., analysed Cu, Pb and Zn. Each of the profiles 

showed a general increase in the metal concentration towards the surface. The authors 

attributed the changes to natural variations within the sediment, with the metals displaying 

the same characteristics as Fe, Mn, K and organic matter. They argued that the presence of 

atmospheric contamination at this site cannot be rejected, but they believe that the natural 

variability obscures the pollution signal (Boyle et al., 2004). This has been shown not to be 

the case in the ICOS1 lake core from this study, the additional information from the Pb 

isotope ratio suggests that there is anthropogenic Pb contamination within the core.  

 

ICNL1 show consistently lower concentrations than ICOS1 in all of the elements. Average 

concentrations of Zn and Cu were 96.7 and 21.5 mg kg-1 respectively. For other lakes in 

Svalbard, Zn ranged from 56.8-77.9 mg kg-1and Cu from 22.4-38.2 mg kg-1 (Boyle et al., 

2004). Both elements are in good agreement with the previous study. 

 

A previous study undertaken in Kongsfjorden reported Cu and Zn values respectively of 21 

and 80 mg kg-1 (dos Santos et al., 1996) (Table 7.3). Values measured in this work were 18.2 

± 2.3 and 68.6 ± 7.2 mg kg-1 respectively, again in broad agreement. 
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Table 7.1 - Mean concentrations for the six elements. 

 Concentration mg kg-1 (mean ± SD) 

 Co Cr Cu Ni V Zn 

ICOS1 16.3 ± 6.4 59.0 ± 24.8 60.6 ± 13.6 43.6 ± 12.8 78.7 ± 32.0 108 ± 43 

ICK1 10.7 ± 0.9 57.7 ± 7.2 18.2 ± 2.3 32.2 ± 4.1 18.0 ± 6.4 68.6 ± 7.2 

ICNL1 12.0 ± 1.9 88.1 ± 7.7 21.5 ± 11.4 43.7 ± 5.1 113 ± 10 96.7 ± 8.3 

       

BASICC 1 19.2 ± 1.9 89.8 ± 8.4 19.9 ± 2.2 46.4 ± 4.2 156 ± 16 100 ± 6 

BASICC 8 20.3 ± 1.7 103.4 ± 8.7 22.5 ± 1.5 52.1 ± 3.7 342 ± 26 119 ± 11 

BASICC 40 24.0 ± 2.9 86.7 ± 6.1 23.4 ± 4.1 53.6 ± 5.6 329 ± 53 106 ± 11 

BASICC 43 17.6 ± 1.4 90.5 ± 7.5 23.4 ± 1.6 52.3 ± 16.4 186 ± 13 92 ± 11 

       

WSS0 9.3 ± 1.9 81.2 ± 14.2 15.4 ± 2.7 45.1 ± 16.5 168 ± 29 77.0 ± 15.7 

WSS4 8.3 ± 1.0 77.1 ± 8.3 16.1 ± 3.3 38.7 ± 10.5 145 ± 16 68.9 ± 10.2 

VP2a 15.6 ± 3.4 58.3 ± 13.3 26.6 ± 5.5 47.7 ± 11.3 104 ± 13 79.9 ± 19.4 

 

 

Table 7.2 - Surface concentrations (top 0.5-1 cm) for the six elements.  

 Surface concentration mg kg-1

 Co Cr Cu Ni V Zn 

ICOS1 22.1 155 39.4 99.6 166 113 

ICK1 6.73 34.10 10.6 25.6 43.8 60.6 

ICNL1 7.73 64.1 10.7 27.7 78.1 78.8 

       

BASICC 1 18.1 82.8 18.4 43.0 142 98.3 

BASICC 8 18.9 81.5 18.1 43.5 271 98.4 

BASICC 40 25.4 79.6 20.7 62.7 326 100 

BASICC 43 16.2 83.0 21.4 43.9 172 84.7 

       

WSS0 12.9 93.6 17.5 46.1 197 88.7 

WSS4 9.18 76.1 15.3 59.8 148 79.6 

VP2a 10.1 37.4 18.2 34.5 79.3 153 
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The four BASICC cores show comparable mean values and similar surface concentrations 

for Co, Cr, Cu, Ni and Zn. The standard deviations are small, showing little variation in the 

elements within each core. V in contrast shows much higher concentrations in BASICC 8 

and 40 than in BASICC 1 and BASICC 43, by approximately a factor of two.  

 

Results from a baseline study undertaken by Akvaplan-niva in the Barents Sea show very 

similar results to those found in this research (dos Santos et al., 1996) (Table 7.3). Cu in the 

BASICC cores range between 18.1 and 21.4 mg kg-1, whereas dos Santos et al., (1996) 

recorded mean values of 22 mg kg-1 in sediments. Zn concentrations were measured in the 

BASSIC cores between 84.7 and 100 mg kg-1, the baseline study reported 93 mg kg-1. The 

values are also comparable with studies in the Perchora Sea, the Kara Sea and other areas 

within the Arctic sedimentary environment (Loring et al., 1998; Loring et al., 1995). The V 

values for BASICC 8 and 40 are significantly higher than those reported elsewhere in the 

area, but are consistent with depth, suggesting an influence from the underlying geology and 

not anthropogenic contamination. This result could in the future be used as sediment 

provenance for ice transport. 

 

WSS0 and WSS4 are broadly similar to the BASICC cores, with similar mean concentrations 

being reported for all elements, with the exception of Co. The Co concentrations are lower, 

with mean concentrations of 9.2 and 12.9 mg kg-1 for WSSO and WSS4. 
 

Figure 7.12 shows surface element concentrations as histograms on a regional map of the 

area. Similar patterns and trends emerge for the BASICC cores, WSS4 and WSS0, for which 

Co and Cu have the smallest elemental concentrations, whilst V has the largest. It can be 

clearly seen that surface concentrations for ICK1 are lower in all elements, probably owing 

to the high sedimentation rate due to its proximity to the glacier front (Svendsen et al., 2002).  

 

Table 7.3 shows the mean elemental concentrations from various sedimentary locations 

throughout the Arctic regions, including the Barents Sea, Greenland and the fjords around 

Svalbard. These mean concentrations are comparable to mean values recorded in this study, 

with most authors reporting the cause of variability to be from natural processes (Loring et 

al., 1998; Loring et al., 1995; Siegel et al., 2000).  
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Table 7.3 - Mean concentrations for elements from various sedimentary locations 

throughout the Arctic (Standard deviations where given are in italics). 

 

Location Co Cr Ni Cu Zn V Source 

Barents Sea ND 
103 

20 

55 

16 

29 

9 

108 

15 
ND 

Loring et al. 

1998 

NW Barents Sea ND 
106 48 22 93 

ND 
dos Santos, 

1996 

Svalbard 

Kongsfjord 
ND ND ND 

21 80 41 dos Santos, 

1996 

Kara Sea 
20 

5 

95 

34 

42 

9 

26 

9 

84 

15 

172 

34 

Loring et al. 

1998 

Perchora Sea ND 
105 

17 

41 

5 

21 

4 

80 

15 

178 

50 

Loring, et al. 

1995 

Greenland, West ND 
157 

114 

78 

74 

48 

31 

84 

18 

130 

58 

Loring and 

Asmund, 1996 

Greenland, East ND 
121 

36 

65 

27 

53 

37 

91.7 

14 

173 

63 

Loring and 

Asmund, 1996 

Isfjorden cores 
14.1 

1.7 

91.4 

13.0 

40 

3.7 

25.6 

1.4 

78.7 

5.2 

210.3 

19.4 

Siegel et al. 

2000 

Western Svalbard 

shelf 

9.4 

3.3 

60.3 

14.2 

22.3 

6.0 

14.0 

5.2 

45.1 

13.7 

113.9 

44.3 

Siegel et al. 

2000 
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.4 Factors influencing trace metal profiles. 

r, the trace elements have both natural and 

anthropogenic sources. There are many different factors that can influence trace metal 

smoothing or a distortion of the 

b) 

 et al., 

c) 

 often have an inverse relationship with 

d) 

tal concentrations in sediment cores are influenced by 

 

When com  the metals follow similar 

ends, with the same variations in concentration with depth (Figures 7.2–7.11). For example, 

7

As explained in the introduction to this chapte

profiles within sediment cores (as described below). These must be considered in order to 

distinguish natural variability from anthropogenic influence. 

a) Bioturbation - A large macrofaunal presence can redistribute particles and associated 

contaminants within the sediments. This can lead to a 

elemental profile (Davis, 1974). The recent sediment is mixed with the older 

sediment, distorting the temporal profile. 

Redox conditions - Many of the trace elements are redox sensitive and can be 

associated with the diagenetic cycling of Fe and Mn oxyhydroxides (Boyle

1998). If there is a strong association of the trace elements with Fe and Mn it can lead 

to enrichment in some surface sediments (Morford and Emerson, 1999; Tribovillard 

et al., 2006). Many trace metals also have a strong affinity for organic matter (Boyle 

et al., 1998; Spencer et al., 2003), as well as forming insoluble sulphides in anoxic 

conditions (Calvert and Pedersen, 1993). 

Mineralogy and grain size changes in sediments and changes in the lithogenic 

fractions to the sediments - Trace elements

grain size, particle size having a significant impact on the quantity of metals found in 

the sediment. Clay and fine grain particles have increased concentrations of metals 

associated with them; a large surface area provides a greater abundance of binding 

sites (Rognerud et al., 1998). 

Particle settling and sedimentation rates, and focusing factors (Boyle et al., 1998; 

Fjeld et al., 1994). Trace me

particle settling rates, and spatial and temporal changes in sedimentation rate. 

Sediment can also be subjected to ‘focusing’ where sediment is preferentially moved 

to an area, due to water currents and local topography. 

paring the elemental profiles within a core, many of

tr

in the core WSS0 all the elements show similar concentration profiles, with two main phases, 

the bottom of the sediment and the top 5 cm, the change occurring in approximately 1964. 
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ound the same time period, between 

pproximately 1850 and 1900. These changes are likely due to glacial changes within the 

The assessment of granulometric controls can be achieved by the normalisation of the 

the natural and anthropogenic metal 

as seen with the major elements in chapter 3, element/Li ratios show a 

arp decline between 6.25 cm and 4.25 cm (Figure 7.13). This is in contrast to the element 

BASICC 1 and BASICC 8 also both show a decline in the elemental concentrations towards 

the surface of the core, the decreases occurring for BASICC 1 at 13 cm, corresponding to a 

date of 1874. The decrease in the concentrations in the BASICC 8 core occurs at 15 cm, 

representing a date of 1853. The fact that many of the profiles show many of the same trends, 

suggests that there may be similarities in the source of the metals or post depositional 

behavior. This could be associated with the factors described above, and therefore they must 

be considered before contamination can be identified.  

 

The profiles also all show the decreasing trend at ar

a

area, with 1850 corresponding to the end of the Little Ice Age (Macdonald et al., 2000). 1850 

has been regarded as a changing point in the modern glacial history of central and modern 

Europe. It was at this time hat the glaciers began their main recession following a period of 

consistently low temperatures (Grove, 1988). The retreat of glaciers and the change in 

climatic conditions could have led to a different sediment supply source and a possible 

dilution effect of other sedimentary material. 

 

7.5 Normalisation and elemental relationships. 

elemental concentration to Li. This allows 

concentrations to be determined and quantified (explained fully in chapter 3). Li is an alkali 

metal which resides in alumino-silicate minerals, with a high correlation between Li and 

grain size variability (Loring, 1990). All cores have been normalised to Li and can be seen in 

Figures 7.13–7.22. 

 

In the ICOS1 core, 

sh

concentration profile, which shows a sharp increase in concentration at this point (Figure 

7.2). Following the sharp decrease in the upper 4 cm the element/Li ratio shows small 

increases towards the surface. With the exception of the Cr/Li and Ni/Li profiles, the ratio 

value does not reach that recorded prior to the sharp decline. Rather, the ratio remains lower 
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 are no major changes with depth 

igure 7.14), and the Li normalised profiles are similar to the elemental concentration 

ement/Li ratio with depth 

igure 7.15). The profiles for the elemental/Li ratio (Figure 7.15) are very similar to those 

 BASICC 1, and BASICC 8 cores both showed a 

end of decreasing concentration towards the surface of the core (Figure 7.5, 7.6 and 7.8). 

he Co/Li and Ni/Li profiles in the 

pper 10 cm of the depth profiles (Figure 7.18). Co/Li has an average background ratio of 

than that seen at 6.25 cm (Figure 7.13). As previously mentioned within this core there is a 

period of rapid deposition at approximately 6.25 cm, due to a slumping event or glacial 

conditions within the area. The Li concentration profile shows a large increase at this depth. 

The normalisation of elements to Li must therefore be used with caution as it may not 

provide a true representation of changes in an element.  

 

For most elemental/Li ratios in the ICNL1 core, there

(F

profiles (Figure 7.3). The slight decline in the elemental concentrations in the surface 

sediments, however, are not evident in the element/Li profiles. This suggests that the decline 

is associated with small variations in the mineralogy and grain size distribution at the surface 

of the core. There is one contrast in the element/Li profile, where the peaks in Zn/Li and 

Cu/Li become more pronounced at 3.25 cm (Figure 7.3 and 7.14). 

 

The ICK1 (Kongsfjorden) core shows no major changes in the el

(F

of the elemental concentration (Figure 7.4). The consistent profiles can be attributed to the 

high sedimentation rate within the core. 

 

In the elemental concentration profiles,

tr

When the elements are normalised to Li this decline is no longer apparent as the element/Li 

profiles show much more consistent profiles with depth. This confirms the hypothesis that 

the decrease in concentration is attributed to natural variations within the sediment core, 

associated with changes in the mineralogy and grain size.  

 

In contrast the BASICC 40 core still shows an increase in t

u

0.38, increasing to 0.57 in the upper 10 cm. There is also an overall increase in the V/Li ratio 

towards the surface sediments. The fact that the increase in the Co and Ni is still clear 

suggests that this is not due to a natural change in the core, but is due to anthropogenic 
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ASICC 43, following normalisation to Li, shows a constant Me/Li (metal/lithium) ratio 

he Li normalisation in many cases has caused the elemental profiles to become more 

he elemental changes in the top 5 cm of the WSS0 core also become less apparent in the 

contamination associated with the cores proximity to the large smelters in the Norilsk and 

Kola Peninsula region (Dauvalter, 1994; Jaffe et al., 1995).  

 

B

from 33 cm to approximately 7 cm, followed by a decline to 5 cm. From 5 cm to the surface 

there is a gradual increase in the Me/Li ratio (Figure 7.19), which is not apparent in the 

concentration profiles (Figure 7.8).  The BASICC 43 core, like the BASICC 40 core, is 

situated on the east side of the Barents Sea, in close proximity to the Norilsk region, the core 

under influence of anthropogenic contamination from the smelters.  

 

T

constant, with fewer down core variations. This is evident in the VP2a core, where most of 

the elements showed a decline in the value towards the surface of the core, which occurred in 

approximately 1885 (Figure 7.11). After Li normalisation this decline is no longer apparent 

(Figure 7.22) suggesting that a change in the mineralogy and grain size is influencing the 

metal profiles (Loring, 1990).  

 

T

elemental/Li profiles. This was also reported in the Pb concentration and Pb/Li profiles. The 

changes, therefore, are attributed not to anthropogenic contamination, but to natural 

sedimentary processes within the area.  
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Figure 7.13 - ICOS1 trace elements/Li trace. 
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Figure 7.14 - ICNL1 trace elements/Li. 
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Figure 7.15 - ICK1 trace elements/Li. 
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Figure 7.16 - BASICC 1 trace elements/Li. 
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Figure 7.17 - BASICC 8 trace elements/Li. 
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Figure 7.18 - BASICC 40 trace elements/Li. 
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Figure 7.19 - BASICC 43 trace elements/Li. 
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Figure 7.20 – WSS0 trace elements/Li. 



Chapter 7 – Minor and trace elements 
________________________________________________________________________ 

 

 317

Co/Li

0.0 0.1 0.2 0.3

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

35

Cr/Li

0.0 0.5 1.0 1.5 2.0

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

35

V/Li

0 1 2 3 4

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

35

Zn/Li

0.0 0.5 1.0 1.5 2.0

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

35

Cu/Li

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

35

Ni/Li

0.0 0.5 1.0 1.5

D
ep

th
 (c

m
)

0

5

10

15

20

25

30

35

 
Figure 7.21 - WSS4 trace elements/Li. 
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Figure 7.22 - VP2a trace elements/Li. 
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7.6 Pearson’s correlations and principal component analysis (PCA) 

To investigate further granulometric controls, Fe, Mn and organic matter, a data correlation 

matrix has been produced for each core using Pearson’s correlations. Significant 

relationships can be identified between grain size proxies and trace elements. Strong 

correlations with Al, Li and Ti show a dominant control from detrital inputs (Tribovillard et 

al., 2006). Strong correlations with Fe, Li and Al show that the Fe-rich aluminosilicates are 

the dominant host minerals (Loring, 1990). 

 

Principal component analysis (PCA), a multivariate statistical technique, was also used. This 

allows identification of common patterns and clustering of elements. It helps to identify 

relationships graphically between the metals and respective controlling elements, such as 

granulometric elements (Al, Li, Ti, K), redox elements (Fe and Mn) and % Corg. It produces 

cluster groups to show the main textural, mineralogical and chemical factors controlling the 

trace metal variability. 

 

PCA helps to understand the covariance structure in the original variables, in this case the 

different elements. The analysis allows the identification of the principle components 

controlling the different metals. This package enables diagrams to be produced displaying 

the two main components, component one against component two (shown in Figures 7.23, 

7.25, 7.26 within this section).  Along with a graphical representation of the result, the 

Eigenanalysis of the correlation matrix is provided within minitab. An example for 

BASICC1 is given below (Table 7.4). Each Eigenvalue is equivalent to one component, 

where the proportion is the amount of the variation that can be explained by each component. 

All the components added together equal 1, therefore if the results are multiplied by 100 they 

provide a % value. In this case five components explain all variations seen between the 

original variables, with the first three components explaining 95 %. 
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Table 7.4 - Example of Eigenvalues for BASICC 1  
 

BASICC 1       

Eigenvalue 11.993 7.045 1.789 0.774 0.400 0.000 

Proportion 0.545 0.320 0.081 0.035 0.018 0.000 

Cumulative 0.545 0.865 0.947 0.982 1.000 1.000 

 
 
 
Both the PCA diagrams and the Eigenvalue percentage results will be used to explain the 

common patterns and clustering for each of the cores. The two analyses complement each 

other in the interpretation of the results. 

 

7.6.1 Group A – Ny Ålesund cores. 

The ICOS1 core has significant positive correlations between all trace elements and Al, Li, 

Fe, Ti, K, and Mn, with the exception of Cu which shows a weaker negative correlation 

(Table 7.5). % Corg, also shows a strong negative relationship with the trace metals. As 

explained, all the elements with the exception of Cu have a large change in elemental 

concentration at 6.25 cm.  

 

From the Eigenvalues it is evident that three components are controlling 92 % of the 

variability within the core. The diagram suggests that the first component is lithogenic (Al 

and Li), and this controls Zn, Co and Cr. These elements all have high positive correlations 

with Al and Li, for example Cr and Al has an r value of 0.905 (Figure 7.23). 

 

The Pearson’s correlation analysis shows a negative association between Cu and % Corg and 

Al, K, Li, etc. The PCA shows this graphically, with the % Corg, Cu and Mo having different 

orientation to the other elements. The concentration profile for Cu (Figure 7.2) shows a small 

decline in value in contrast to all other elements which increase from 6.25 cm. 
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It has been shown that within the lake there has been a slumping event, or a large input of 

sedimentary material associated with glacial conditions. It has been proposed that between 

4.75 cm and 6.25 cm the mass accumulation rate was greatly accelerated from 0.007 g cm-2 

y-1 to 0.09 g cm-2 y-1 during the slumping event. This increase in the concentration of many 

of the elements can be described as an artifact of this event. The fact that the Pb isotope ratio 

declines provides evidence for anthropogenic contamination within the area, with an excess 

ratio indicative of an Eastern European source. A proportion of the increase in Pb 

concentration can therefore be associated with contamination at the site.  

 

The trace elements discussed within this chapter (Cr, Co, Ni, Zn and V) also show increases 

in their concentration, with variable degrees of enrichment. These increases in elemental 

concentration could be associated with anthropogenic contamination. There is a further 

explanation in that these elements are being influenced by diagenetic processes. Figure 7.24 

shows the Fe and Mn concentration profiles for ICOS1. They show enrichment in the surface 

of both elements, indicating oxic sediments towards the surface of the core, with both the Fe 

and Mn precipitating as oxyhydroxides at the redoxcline. The five elements, Cr, Co, Ni, Zn 

and V all have the potential to provide a strong association with Mn and Fe oxyhydroxides 

(Shimmield and Pedersen, 1990; Tribovillard et al., 2006). The trace elements all report 

strong Pearson’s correlations with both Fe and Mn.   
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Figure 7.24 – Fe and Mn concentration profiles for ICOS1 core. 
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To what degree the natural processes in the ICOS1 core are controlling the trace elements 

cannot be clarified. Diagenetic remobilisation of the elements could be a plausible 

explanation for the metal distribution within the profiles. 

 

Table 7.5 - Pearson’s correlations between elements for the Ny Ålesund cores (p < 

0.001, not significant (ns)). 

 
 Al Li Fe Ti K Mn 

% 
org C 

<63 
µm 

ICOS1 Cr 0.905 0.898 0.895 0.904 0.928 0.894 -0.78 ns 
 Co 0.847 0.889 0.937 0.893 0.899 0.948 -0.75 ns 
 Cu -0.553 -0.571 -0.513 -0.536 -0.533 -0.542 0.56 ns 
 Zn  0.933 0.953 0.965 0.948 0.97 0.932 -0.837 ns 
 Ni 0.785 0.798 0.841 0.797 0.835 0.858 -0.602 ns 
 V 0.951 0.971 0.974 0.973 0.982 0.946 -0.89 ns 
          
ICK1 Cr 0.610 0.709 0868 0.875 0.812 0.859 ns ns 
 Co 0.476 0.527 0.841 0.855 0.592 0.868 ns ns 
 Cu ns ns 0.574 0.608 0.545 0.580 ns ns 
 Zn ns ns 0.703 0.623 Ns 0.713 ns ns 
 Ni ns ns 0.566 0.496 0.457 0.529 ns ns 
 V 0.585 0.699 0.942 0.942 0.796 0.911 ns ns 
          
ICNL1 Cr 0.698 0.758 0.871 0.88 0.611 0.609 -0.621 ns 
 Co 0.599 0.693 0.947 0.667 ns 0.719 -0.569 ns 
 Cu ns ns ns ns ns ns ns ns 
 Zn  ns ns ns ns 0.426 ns ns ns 
 Ni 0.663 0.741 0.896 0.739 0.475 0.705 -0.716 ns 
 V 0.675 0.709 0.852 0.931 0.538 0.624 -0.56 ns 

 

The Eigenvalues for ICK1 shows that the first two principal components explain 81.6 % of 

the variance seen in the core. There are two main cluster groups seen in the PCA diagram, 

the first cluster includes Zn, Li, Fe, Co, Cr, Ni, V, Mn, Ti and Fe. This cluster suggests that 

the first principal component is the lithogenic fraction (e.g. Li, Fe, Ti and Al), influencing 

the concentrations of Co, Cr, Ni and Zn (Figure 7.23).  

 

Cu and Pb form a second cluster group with K, U and Na. These form the basis of the second 

component. The presence of Cu and Pb could suggest an anthropogenic influence. However, 

this group also contains K and Na, suggesting that further mineralogical controls are present 
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(Table 7.5 and Figure 7.23). The trace metals, including Pb, Hg and Cd all show 

concentration profiles that are relatively consistent down core: indicating that there in no 

anthropogenic influence. This is due to the high sedimentation rate in the inner fjord. The 

core site will be dominated by suspended material from the glacier; which is likely to have 

very different geochemical characteristics to that from the fjord. For example the glacial 

material is much older and therefore will be uncontaminated. 

 

The Pearson’s correlations show that Cr, Co, Ni and V in INCL1 have strong correlations 

with all granulometric controls, and negative correlations with organic matter. The two 

exceptions are Cu and Zn, which appear to be uninfluenced by lithogenic input. The positive 

associations of Cr, Co and Ni are consistent with observations that trace metals can substitute 

for Al in aluminosilicates (Rognerud et al., 1998). For the PCA, the first two components 

explain 75 % of the variability, whilst the first three components explain 84.3 %. The first 

component can be explained by lithogenic variations with the core, where the distributions of 

Cr, Co, Ni, and V have lithogenic controls (Table 7.5 and Figure 7.23). 

 

The second principal component could be attributed to the Pb, Zn and K, and possibly Cu. 

There are two possible explanations for this cluster group: the metals could be associated 

with sulphide and the anoxic conditions within the sediments, or they could be influenced by 

anthropogenic inputs. Zn forms its own metal sulphide (ZnS), in anoxic environments 

(Morse and Luther III, 1999). Cu has a more complex geochemistry. With two oxidation 

states (+1 and +2), it can form stable complexes with organic matter and with sulphide. This 

could be the case for the peak seen at the same depth as Zn and Pb (Morse and Luther III, 

1999; Shimmield and Pedersen, 1990). 

 

The Pb concentration and the Pb isotope ratio profiles for ICNL1 show evidence of 

anthropogenic contamination, with a peak concentration at approximately 3.25 cm. The Pb 

isotope ratio shows a decline in ratio towards the surface of the core, indicating a change in 

the source of the Pb with time. The change in the Pb concentration and the Pb isotope ratio 

coincides with the timing of the industrial revolution. This provides strong evidence for an 

anthropogenic influence. This increase is also seen in the Hg and Cd concentration profiles.  
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The core conclusively identifies that there is no anthropogenic contamination from Cr, Co, 

Ni or V.  The core could be influenced by anthropogenic contamination of Zn and Cu, 

although a diagenetic control could explain the peak concentration of the two metals. The 

ICNL1 core will be discussed in full in the final discussion, where anthropogenic 

contamination will be considered along with diagenesis and the possible formation of metal 

sulphides in this anoxic core. 

 

7.6.2 Group B – BASICC Cores. 

The statistical analysis for BASICC 1 shows strong correlations between all trace metals and 

Li, Fe, Ti and K, with the exception of Zn, suggesting that the elements are being controlled 

by the aluminosilicate fraction. The PCA shows that the metals can be grouped into a three 

component model, where the first two components explain 86.5 % of the variation, and three 

components explain 94.7 % (Table 7.6 and Figure 7.25).  

 

The largest PCA cluster includes Ni, Cu, Co, Cr and V as well as Li, Ti, and K. The strong 

correlations with Li, Ti and K, suggest that the first component is a lithogenic component, 

where the variability is connected to natural changes within the sediment. The first 

component includes most of the trace elements, Co, Cr, Cu, Ni, and V, along with Ca, Fe, K, 

Li and Ti. Pb is not included in this first principal component, the Pb concentration and Pb 

isotope ratio for BASICC 1 indicates that this core is influenced by anthropogenic 

contamination. This is reflected in the PCA analysis, as Pb is not subject to the same 

lithogenic controls as the other trace elements.  

 

Although the BASICC 1 core is influenced by Pb anthropogenic contamination, it appears 

that there is no contamination at this site from the other trace metals analysed in this chapter. 
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The principal component diagrams for BASICC 8, BASICC 40 and BASICC 43 show a 

large distribution of elements, with less distinct clusters to those seen in some of the other 

cores. The Pearson’s correlations indicate less lithogenic control on the trace metals, with 

fewer significant correlations between the elements Al, Li, K and the trace metals.  

 

Table 7.6 - Pearson’s correlations between elements for the BASICC cores (p < 0.001, 

not significant (ns)). 

 
 Al Li Fe Ti K Mn 

% 
org C 

<63 
µm 

BASICC 1 Cr ns 0.9 0.804 0.951 0.84 ns ns ns 
 Co ns 0.926 0.753 0.775 0.828 ns ns ns 
 Cu ns 0.943 0.801 0.808 0.787 ns ns ns 
 Zn  ns ns 0.722 ns ns ns ns ns 
 Ni ns 0.878 0.778 0.826 0.784 ns ns ns 
 V ns 0.905 0.838 0.879 0.832 ns ns ns 
          
BASICC 8 Cr 0.711 0.893 ns 0.855 ns ns ns ns 
 Co ns ns ns ns ns 0.628 ns ns 
 Cu ns 0.839 ns 0.842 ns ns ns ns 
 Zn  ns ns ns ns ns ns ns ns 
 Ni ns 0.694 ns 0.718 ns ns ns ns 
 V ns 0.791 ns 0.754 ns ns ns ns 
          
BASICC 40 Cr ns 0.841 ns 0.834 ns ns ns ns 
 Co ns ns ns ns ns 0.746 ns ns 
 Cu ns 0.88 ns 0.702 ns ns ns ns 
 Zn ns ns ns ns ns 0.731 ns ns 
 Ni ns ns ns ns ns 0.756 0.679 ns 
 V ns ns ns ns ns ns ns ns 
           
BASICC 43 Cr ns ns ns 0.898 ns ns ns ns 
 Co ns ns 0.868 0.882 ns 0.836 ns ns 
 Cu ns ns ns 0.894 ns ns ns ns 
 Zn  ns ns ns ns ns ns ns ns 
 Ni ns ns ns ns ns ns ns ns 
 V ns ns 0.908 0.901 ns 0.85 ns ns 

 

For the BASICC 8 core, with the exception of Co and Zn, the trace elements show strong 

correlations with Li and Ti, suggesting that elements, Cu, Cr, V and Ni are being controlled 

by lithogenic processes within the sediment. In the PCA diagram for BASICC 8, the first 

component includes Li, K Cr, Cu and Al, representing a lithogenic control. The second 
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component includes Fe, Na, V, Pb and Co, and this is likely due to an association with the 

redox conditions of the sediments. Co has a positive correlation with Mn, but this is not 

observed with respect to Fe (Table 7.6 and Figure 7.25). There is no evidence of any 

anthropogenic contamination of any of the elements, including Pb. All the metal 

concentration profiles have uniform trace metal distributions. This is also apparent in the Pb 

isotope ratio, indicating that there is no change in the source location. 

 

For BASICC 40, there are three main clusters. The first includes Cu, Cr, Zn, Ti and Li, 

suggesting a relationship between them. The elements Cu and Cr also have very strong 

correlations apparent in the Pearson’s correlations. Another cluster group forms between Co, 

Ni, Pb and Fe, suggesting a possible redox relationship. However, this is not apparent in the 

calculated Pearson’s correlations, with no positive correlations between these elements and 

Fe. Co, Zn and Ni, however, do have positive correlations with Mn, indicating that they may 

be incorporated in to Mn oxyhydroxides in surface sediments.  

 

Co and Ni are the two elements that have an increase in concentration following the 

industrial revolution. Due to the proximity of the core site to the Norilsk region, and the 

timing of the increase in concentration, it can be concluded that this site is being influenced 

by small scale anthropogenic contamination from the nearby smelters (AMAP, 1998; 

Rognerud et al., 1998).  

 

BASICC 43 shows a small increase in all the elements when the metals are normalised to Li, 

suggesting that there may be anthropogenic contamination. The fact that all the elements 

follow the same profile, suggests that this is not the case. The upper value for the core is due 

to an abnormally low Li concentration at this point.  

 

Pb again has a different orientation on the PCA diagrams. It was shown in chapter 4 that 

there is anthropogenic contamination to this core, with an increase in Pb concentration 

coinciding with a decrease in the Pb isotope ratio. This different orientation suggests that the 

Pb contamination is not connected to any contamination seen in the other metals. It was 

concluded in chapter 4 that the Pb was being carried within the warm currents from the north 

Atlantic. 
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7.6.3 Group C - JCR127 

For WSS0 the principal component analysis diagram shows one large cluster including all 

elements with the exception of Ni, % Corg and grain size. There are strong correlations 

between all the trace metals and Li, Fe, Ti and K, with the exception of Ni. In the PCA 

diagram the elements are all grouped together, with the first three components explaining 

100 % of the variance (Table 7.7 and Figure 7.26). All the elements are being influenced by 

mineralogical changes within the core, with no evidence of anthropogenic contamination for 

any of the metals, including Pb.  

 

There is a strong indication that component 1 is a lithogenic control, with elements Li, Al, 

Fe, Co, Cr, Pb, Zn and Cu all included; the variance is due to changes in mineralogy and 

chemical factors within the cores. Ni is inherently different as it is not controlled by the same 

factors as the other trace elements. On further investigation it was concluded that the high 

concentration at 17 cm could be due to an error during the dissolution process (Figure 7.20). 

If this concentration is omitted, Ni falls in with the other metals, being controlled by the 

same lithogenic factors. 

 

For core WSS4 there are two components controlling 83.7 % of the variance. The first 

component includes Pb, Fe, Co, Cr, Zn, V, Mn and Ni. This component appears to be 

associated with Fe and the prevailing redox conditions, with the elements being influenced 

by the formation of Fe and Mn oxyhydroxides (Table 7.7 and Figure 7.26). The Pearson’s 

correlation table supports this hypothesis, as all the elements have strong associations with 

Fe, and in the case of Co, Zn and V a strong association with Mn. 

 

For VP2a all the trace metals have strong Pearson’s correlations with Fe, Li, Ti, Al and Mn, 

again with the exception of Zn. The first two components of PCA explain 93.4 % of the 

variance seen within the core. There are two main clusters; the largest cluster of elements 

includes Al, Li, Mn and Fe, suggesting that lithogenic factors, and possibly the redox 

conditions, are controlling the trace metals Co, Cr, Cu, Ni, and V. The other cluster includes 

Zn, Na, Sr, Ca and % Corg, although Zn again has different controls to the other trace 

elements (Table 7.7 and Figure 7.26).  
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The Pb concentration has a very different orientation to the two main cluster groups. It was 

shown that the core VP2a was being directly influenced by anthropogenic Pb contamination. 

This is reflected in the PCA diagram, where the Pb is slowly uninfluenced by lithogenic or 

redox controls. 

 

Table 7.7 - Pearson’s correlations between elements for the JCR127 cores (p < 0.001, 

not significant (ns)). 

 
 Al Li Fe Ti K Mn 

% 
org C 

<63 
µm 

WSS0 Cr 0.571 0.957 0.875 0.992 0.958 ns ns ns 
 Co ns 0.91 0.925 0.931 0.892 ns ns ns 
 Cu ns 0.915 0.83 0.971 0.931 ns ns ns 
 Zn  ns 0.857 0.861 0.866 0.831 ns ns ns 
 Ni ns ns ns ns ns ns ns ns 
 V 0.541 0.945 0.876 0.988 0.942 ns ns ns 
          
WSS4 Cr ns 0.841 0.808 0.961 0.885 ns ns ns 
 Co ns 0.573 0.89 0.899 0.67 0.679 ns ns 
 Cu ns ns ns ns ns ns ns ns 
 Zn  ns ns 0.861 0.74 ns 0.638 ns ns 
 Ni ns ns 0.649 ns ns ns ns ns 
 V ns 0.704 0.896 0.963 0.8 0.598 ns ns 
          
VP2a Cr 0.928 0.981 0.926 0.899 0.974 0.708 -0.822 ns 
 Co 0.73 0.759 0.884 0.863 0.783 0.826 -0.558 ns 
 Cu 0.89 0.963 0.908 0.878 0.955 0.726 -0.803 ns 
 Zn  ns ns ns ns ns ns ns ns 
 Ni 0.711 0.831 0.856 0.859 0.793 0.62 ns ns 
 V 0.69 0.803 0.946 0.952 0.813 0.605 ns ns 
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7.6.4 Grain size and Pb 

Not one of the cores shows a strong relationship with grain size, with almost all Pearson’s 

correlations showing no significant relationship. It appears that in this study grain size does 

not account for any changes in the trace metal concentrations. A positive correlation between 

clay fraction and metal concentration would be expected, this is due to increased surface area 

and more binding sites (Balls et al., 1997; Sun et al., 2006). The reason why this is not 

apparent in this study could be explained by the poor resolution of the particle size analysis. 

Particle size was only taken at 5 cm intervals due to time constraints and analysis time. This 

resolution is not high enough to see subtle changes within the cores, as a consequence of 

small natural variations.  

 

It is also interesting to look at the graphs with respect to the element Pb, discussed in chapter 

4. The clustering in the PCA helps to confirm the controls on Pb, whether it is being 

controlled by natural variations or anthropogenic influence. In VP2a the Pb is situated on its 

own in the PCA, not clustering with any of the other elements. This indicates anthropogenic 

contamination, as the lithogenic component is not controlling the Pb. In contrast, for core 

WSS0, Pb is integrated into the main clusters of Li, Al, Fe, etc, suggesting that Pb is being 

influenced by natural conditions. This was confirmed in chapter 4 by the strong correlation 

seen between Pb and Li. The Pb isotope ratio provides additional evidence showing a 

uniform profile with depth, indicating that there is no change in the source of the Pb. 

 

For ICNL1, Pb and Zn are clustered together, again suggesting that there is a possible 

anthropogenic influence to the sediments. The 206Pb/207Pb ratio shows a corresponding 

decline, when Pb concentration increases, supporting the hypothesis that the core is being 

affected by anthropogenic contamination. However, another factor that could account for this 

in anoxic sediments is their authigenic precipitation as metal sulphides (Spencer et al., 2003) 

(Figure 7.23). This will be discussed in full in chapter 8. 

 

7.7 Anthropogenic contamination 

This study shows how important it can be to adjust for mineralogical changes and grain size 

changes within a core. The different approaches used allow a comprehensive interpretation 
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of the sedimentary environment, enabling differentiation between anthropogenic and natural 

changes within the core. This is important in the understanding of the sedimentary 

associations and processes that can control trace metal concentrations (Boyle et al., 1998; 

Loring, 1990; Loring et al., 1995; Mil-Homens et al., 2006). 

 

This research suggests that anthropogenic contamination is not a major component of most 

of the sediment cores, with no significant modern deposition of Co, Cr, Cu, Ni, Zn and V 

being apparent. This is true for cores ICK1, BASICC 1, BASICC 8, BASICC 43, WSSO and 

WSS4. The trace metals in these cores are shown to be associated with the inorganic fraction 

of the sediments, with strong correlations and relationships with Al, Li, and Fe.  

 

This is in contrast to the Pb concentration and Pb isotope ratio profiles observed in BASICC 

1 and BASICC 43 (chapter 4). Both these cores have a significant increase in the Pb 

concentration towards the surface and a corresponding decrease in the Pb isotope ratio. 

These two cores are situated in the southern Barents Sea and the increase in the Pb 

concentration has been explained with respect to ocean currents. The warm water currents 

from the Atlantic carry pollutant Pb to the Arctic Ocean. This appears not to be the case for 

the other trace elements, Co, Cr, Cu, Ni, Zn and V. The contrast in the results could be 

attributed to possible differences in transport pathways for each element, or could be due to 

lower emissions of the other trace metals when compared to Pb. Pb is one of the main 

pollutants of concern within the Arctic Ocean. As shown in Table 7.8, the anthropogenic 

fluxes of metals released into the atmosphere are considerably greater than for any other 

element.  
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Table 7.8 - Fluxes of metals to the atmosphere from natural and anthropogenic sources. 

 
 Atmospheric emission rate (t y-1) 
 Natural Anthropogenic Interference factor 
Cd 1.4 7.6 5.3 

Cu 28 35 1.2 

Hg 2.5 3.6 1.5 

Pb 12 332 27 

Zn 45 131 3.0 

 

BASICC 40 is the only Barents Sea core that has an increase in the elements Co and Ni in 

the upper 7 cm of the core, corresponding to a date of 1888. This increase could be explained 

by anthropogenic input. BASICC 40 is the closest core to the Kola Peninsula and Norilsk, 

sites of metallurgical smelters where large quantities of Ni and Co are discharged (AMAP, 

1998; Rognerud et al., 1998).  

 

Two cores of particular interest are ICOS1 and ICNL1. ICOS1 shows the same pattern as 

many of the major and redox elements (chapter 3), with a sharp change in elemental 

concentration at 6.25 cm. The proposed explanation for this characteristic change is a 

slumping event within the lake, or a period of rapid deposition due to glacial activity. This is 

accompanied by a provenance and a change in the sediment supply; with which the increase 

in the trace metal concentration could be associated. There are two additional explanations: i) 

that the elements are precipitating in association with Fe and Mn oxhydroxides, i.e. they are 

being controlled by the redox conditions within the sediments; or ii) the enrichments in the 

elements could be associated with anthropogenic contamination. As other lakes within the 

Arctic area have not reported elevated levels of trace metal elements within sediment cores 

(Rose et al., 2004; Sun et al., 2006), natural controls within the sediment are the most likely 

cause. However, it is possible that there is a combination of natural and anthropogenic 

processes occurring within the lake. 

 

ICNL1, in contrast, shows a peak in the concentration of Zn and Cu at 3.25 cm, similar to the 

peak seen in the Pb, Cd and Hg concentrations (see chapter 4, 5 and 6). The core could 
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provide evidence for long range atmospheric transport and oceanic transport, due to its close 

proximity to the Ny Ålesund research centre, the increases could be associated with local 

scale contamination. The excess Pb isotope ratio, however, is indicative of European origin, 

supporting a long range transport mechanism. The Pb isotope ratio shows a corresponding 

increase in Pb, which provides evidence of a change in source, occurring post 1850. All these 

elements also have the capability of forming metal sulphides in anoxic sedimentary 

conditions. This could provide a further explanation of the peaks within the core. It is most 

likely that a combination of anthropogenic contamination and diagenetic processes are 

controlling the elemental concentrations in the ICNL1 core. 

 

The elemental concentrations for all elements in oceanic cores are in general agreement with 

other values from European Arctic marine samples, as shown in Table 7.3. With the 

exception of BASICC 8 and 40, which have high levels of V, these values are consistently 

higher throughout the core, suggesting that a natural factor is controlling the concentrations. 

 

Research by other authors has shown that with the exception of As, oceanic cores within the 

Arctic environment seem to be uncontaminated by the trace metals Co, Cr, V, Ni, Zn and Cu 

(dos Santos et al., 1996). The values represent background levels, with variations due to 

geological influences between sites. An investigation by Loring et al. (1995) in the Perchora 

Sea, Russia, concluded that all trace elements are at or near natural levels, again with the 

exception of As (dos Santos et al., 1996; Loring et al., 1995). This was also shown to be the 

case in the Kara Sea, Russia. Apart from some anomalous As, Cu and Ni values, the 

concentrations were consistent with those recorded as baseline in Eastern Arctic sediments 

(Loring et al., 1998). This is in contrast to the Pb concentration results in chapter 4, which 

show anthropogenic contamination in oceanic cores BASICC 1, BASICC 43, WSS4 and 

VP2a. 

 

7.8 Conclusions 

It is important that mineralogical and grain size changes within the sediments are accounted 

for when examining trace metals for anthropogenic contamination. When Li normalisation is 

undertaken, the cores from this study show little evidence of anthropogenic contamination. 
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This is in contrast to Pb. As previously explained, this could be associated with the transport 

mechanism of the different elements or, as Table 7.8 demonstrates, the anthropogenic 

emissions of Pb to the atmosphere far exceed those of any other metal, explaining why Pb 

contamination is seen in the sediments of the Arctic. The other trace metals are not 

transported as widely as Pb in the environment.  

 

These results for the oceanic cores for the elements Co, Cr, Cu, Zn, Ni and V are comparable 

to others from Eastern Arctic sediments and are assumed to be natural baseline 

concentrations. The majority of the variation seen in the trace elements, (Co, Cr, Cu, Zn, Ni 

and V) can be explained by natural processes within the sediments, with trace elements being 

connected to silicate minerals, Fe and Mn oxyhydroxides and authigenic sulphides.  

 

This suggests that long range atmospheric transport and oceanic transport of trace elements 

are not significant in the oceanic core areas studied. In previous studies where elevated 

concentrations have been found in these trace elements, these are related to point sources, 

located close to areas of significant metal discharges, such as the Norilsk province (AMAP, 

1998), as shown in BASICC 40. 

 

The ICNL1 peaks in Zn and Cu at 3.25 cm are consistent with peaks in Pb, Hg and the Cd, at 

this depth. This pattern will be discussed fully in chapter 8, but suggests that there is 

anthropogenic contamination at this time, or that a diagenetic process is controlling these 

elements, or a possible combination of both. Any diagenetic control will be associated with 

the anoxic condition in the core and the precipitation of the associated metal sulphides 

(Tribovillard et al., 2006). 
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Chapter 8 Final discussion 

 

8.1 Introduction 

Research in the past few decades has focussed on three metals; cadmium (Cd), mercury (Hg) 

and lead (Pb). These have been highlighted as metals of concern and needing priority action 

(AMAP, 1998). The main concern arises from the transport and accumulation of these metals 

within the sedimentary environment. They all have the ability to bioaccumulate within 

ecosystems (Ariya et al., 2004; Bard, 1999) and are toxic to most organisms, even at low 

concentrations. It is vital to understand the mechanism by which these contaminants reach 

the sensitive and the once ‘pristine’ environment of the Arctic. 

 

The levels of these contaminants released into the atmosphere have increased by a large 

proportion since the industrial revolution, through fossil fuel combustion, the non ferrous 

metal industry, along with other large scale metal production. Comprehensive and reliable 

temporal deposition data come from snow and ice from Greenland and from other areas. The 

data from Summit Greenland, confirm that Pb, Cd, Zn and Cu concentrations have markedly 

increased in Greenland snow in the last 200 years (Boutron et al., 1995; Candelone et al., 

1995a; Hong et al., 1997). 

 

These contaminants have five main modes of transport into the Arctic and the Arctic Ocean. 

This can be by inflowing currents, deposition from the atmosphere, northwards flowing 

rivers, direct runoff from the land and ice transport. One of the most comprehensive 

diagrams looking at the physical pathways of contaminants to the Arctic is by Macdonald et 

al. 2005 (Figure 8.1). 
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Figure 8.1 - The major physical pathways that transport contaminants to the Arctic 

environment (Macdonald et al., 2005). 

 

The sedimentary environment can potentially provide a full temporal history of deposition of 

contaminants. It was the aim of this project to investigate sediments cores from lake, fjordic 

and shelf environments surrounding the Svalbard area, to assess the concentrations and 

inventories of each element. The different environments were chosen to assess the transport 

pathways and the main mechanism by which the contaminants reach the Svalbard area and 

the Barents Sea. Each environment will be investigated here, and will be considered on the 

local, regional and global scale. 

 

 



Chapter 8 – final discussion 
__________________________________________________________________________ 

 

 339

8.2 Lake and lagoon environment 

Lakes have the potential to provide evidence for atmospheric transport of contaminants to an 

environment. In past research, lakes have been used to derive conclusions about temporal 

variations in the atmospheric transport of contaminants. Lakes in remote areas have been 

shown to have levels of contamination above that found in the background layers of the 

sediment (AMAP, 1998; Bindler et al., 2001; Brännvall et al., 2001; Rognerud et al., 1998). 

These changes have been attributable to the long-range atmospheric transport of 

anthropogenic emissions, via a process known as ‘global distillation’. This, coupled with 

atmospheric emission increases, such as those recorded at Summit, Greenland, have 

strengthened an argument for detection of an increased anthropogenic burden of metals on 

the environment (Candelone et al., 1995a). 

 

Two cores from the Ny Ålesund area were taken to investigate the atmospheric transport of 

contaminants: the lake core (ICOS1), an elevated lake on Ossian Sarfjellet; and ICNL1 

(Brandallaguna), which is a shallow lagoon in close proximity to the Kings Bay research 

station.  

 

8.2.1 ICOS1 - Lake Ossian 

The ICOS1 core has proven to be one of the most complex cores that has been analysed in 

this study. At 6.25 cm, the core appears to have a rapid increase in most elements studied, 

including Li, Sr, Ti and Fe (ref - chapter 3). The Li normalised profiles (normalised to take 

into account the natural variations with the sediments and lithogenic inputs) showed the 

opposite trend, with a large decrease in the Me/Li profile at 6.25 cm. The % Corg profile also 

showed a substantial decline in value at 6.25 cm (ref - chapter 3).  

 

The Pb concentration followed the same pattern as these other elements, with a large increase 

being seen at the same depth, coincident with a decline in the 206Pb/207Pb isotope ratio (ref - 

chapter 4). The Pb concentration appeared to provide evidence for long range transport of 

Pb, with an average excess Pb isotope ratio of 1.165, indicative of Russian influence, or a 

mixture of Russian and Western European sources. This was supported by a previous 

observation at Ny Ålesund where a 206Pb/207Pb isotope ratio of 1.154 ± 0.006 was measured, 
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and the air mass trajectories were traced from central and northern Russia (Sturges and 

Barrie, 1989). The majority of the SOx deposition on Svalbard has been shown to originate 

from the Kola/Karelia region of Russia (Rose et al., 2004). 

 

The % anthropogenic Pb was calculated as 52 %, with a 2.2 fold increase in the Pb 

concentration from the baseline to the surface of the core. This is similar to the increase seen 

in cores from West Greenland, where a 2.5 fold increase was seen in recent sediments 

(Bindler et al., 2001).  

 

The Hg concentration profile, in contrast, showed a consistent profile down core, with little 

variation with depth, and no dramatic change apparent at 6.25 cm (ref - chapter 5). 

 

There was also an increase in the Cd concentration in the top 2 cm from 0.26 mg kg-1 to 0.60 

mg kg-1 at the surface layer. This could suggest that there was an anthropogenic increase in 

Cd since the early 1900s. It is, however, more likely to be due to redox conditions within the 

sediments. This increase has been documented in other sediments, for example in the 

Laurentian Trough, and can be accounted for by progressive aerobic dissolution in the top of 

the core related to the degradation of organic matter (Chaillou et al., 2002; Gobeil et al., 

1987). The trace elements, Co, Cr, Ni, Zn and V all show the same pattern as the Pb, with an 

increase in the elemental concentration at 6.25 cm.  

 

A very low mass accumulation rate was calculated within the ICOS1 core, a value of 0.065 g 

cm-2 y-1 (ref - chapter 3). A low mass accumulation rate is common within Arctic lakes due 

to long periods of ice cover and the low productivity associated with that. The ice cover 

prevents direct exchange of particles and contaminants to lakes (Hermanson, 1990). This 

mass accumulation rate was supported by two external sources: an additional core from Lake 

Ossian taken during a scientific expedition by SAMS in 2002 (SARS 3) (Pers. comm. Dr T 

Shimmield, 2006), and a core taken by Appleby (2004). The 210Pb activity from the SARS3 

core indicated a mass accumulation rate of 0.008 g cm-2 y-1, with Appleby calculating a 

sedimentation rate of 0.0088 g cm-2 y-1 in a core taken from Lake Ossian. The three mass 

accumulation rates are all similar. 

 



Chapter 8 – final discussion 
__________________________________________________________________________ 

 

 341

When the 210Pb chronology is applied to the core, the large increase in all the elements at 

6.25 cm depth occurs at approximately 1620 (Figure 8.2). This is too early for the elemental 

changes to be associated with anthropogenic contamination following the industrial 

revolution. The very low mass accumulation rate within the core means that the time period 

from the industrial revolution is confined to the upper 2.25 cm of the core. It is in this 

section, therefore, that any significant long range anthropogenic influence would be 

expected, in line with increases in Hg and Pb seen in other Arctic sediment (Rognerud et al., 

2000; Rognerud et al., 1998).  

 

The Pb concentration profile (Figure 8.2) shows a slight increase in the Pb concentration 

following the early 1900s, although this maximum concentration reached in the surface 

sediment is also seen at 4 cm. The profiles for the trace elements and the Pb could be 

associated with mixing. There is a chance, therefore, that if there was a pollution signal that 

it is being distorted or obscured by physical process. The 210Pb discounts this argument, 

showing a clear exponential decay with little evidence of mixing. (ref - chapter 3).  The core 

did show the presence of larval tubes although these appear to have had little influence on 

the sediment distribution. It is also evident from the photograph in chapter 3, that the core 

had clear lamination, indicating further that very little mixing was occurring within the 

sediment. 

 

If the chronology is presumed to be correct then the changes seen at 6.25 cm are unlikely to 

be due to anthropogenic influence, and are associated with natural variations within the 

sediment. One possible explanation could be that the changes are attributed to glacial 

changes, associated with the Medieval Warm Period (1100-1400 AD) and the Little Ice Age 

(1450-1850 AD) (Macdonald et al., 2005), with a switch from warm to colder conditions. 

This would have produced a prolonged period of ice cover on the lake, possibly all year 

round. This would explain the rapid decrease in the Corg, as the ice cover would limit the 

amount of primary production in the lake. In the upper 1 cm of the core, the Corg 

concentrations begin to increase again, associated with warmer conditions, only seasonal ice 

cover and an increase in biological production.  
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The prolonged period of ice cover would prevent the exchange of particules between the 

atmosphere and the lake surface. There is also likely to be a change in the source of 

allochthonous material, and in a glacial environment this is likely to be limited, with 

decrease runoff from the catchment area. All these factors would lead to fewer particles 

being deposited to the bottom sediments. 

 

Although the changes in the elemental concentrations could be attributed to natural processes 

within the catchment, the fact that the Pb isotope ratio clearly decreases towards the surface 

of the core provides strong evidence that the core is being influenced by anthropogenic 

contamination. 

 

There is one further explanation. The 210Pb chronology is only accurate within a time period 

of approximately 150 years. In this study the dating method has been extrapolated back to 

interpret the whole core, to a date of approximately 1300. This is based on the assumption 

that there has been no change in the mass accumulation rate over time, although, evidence 

suggests that this is not the case. If there had been a change in the mass accumulation rate 

then the chronology would be inaccurate, and the rapid change at 6.25 cm would be 

associated with a different time period. This change in the mass accumulation rate is the 

preferred explanation for the characteristics of the ICOS1 core. 

 

It is plausible that there has been a period of rapid catchment erosion. This could provide the 

lake with sediments that are distinctly different from those deposited prior to the erosion 

event, with an enhanced allochthonous supply of material from the catchment (Boyle et al., 

2004). Lake Ossian has steep sides surrounding the lake, and catchment failures could lead to 

localised slumping events. Shallow Arctic lakes are also prone to redistribution processes, 

and both biological and physical disturbances, such as storm activities (Boyle et al., 2004; 

Hermanson, 1990). It is also possible, as stated above, that changes within the glacial 

conditions of the area could have had a direct impact on the sedimentary environment, with 

the frequent advancements and retreats of glaciers (Bennett et al., 1999). 

 

A change in mass accumulation rate was reported by Appleby (2004) within Lake Ossian. A 

period of accelerated sedimentation was documented, with an increase in the mass 
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sedimentation rate from 0.008 to 0.011 g cm-2 y-1 between 3 and 6 cm. The 210Pb from the 

ICOS1 data could not be used to calculate the mass accumulation rate during this suspected 

slumping event. However, Appleby calculated a 12.5 times increase in the sedimentation rate 

during the slump. This increase was applied to the data within the ICOS1 core to give a mass 

accumulation rate of 0.09 g cm-2 y-1 during the period of increased sedimentation. When the 

revised chronology is applied to the core, the change in elemental concentration occurs at 

approximately 1870 (Figure 8.2). It appears, therefore, that the sediment core accurately 

documents a major event within the lake, a period of rapid input of sediments. The change 

represents a change in provenance of deposited sediment at the time, with a change in the 

elemental characteristics of the sediments. This is shown both within the major elemental 

data, Li, Al, K etc, and also the XRD data (ref – chapter 3). The XRD data indicate that the 

cause of the increase can be attributed to glacial processes within the lake. In 1869 the 

Kongsvegan/Kronebreen glacial complex within the area advanced, potentially depositing a 

large amount of sediment, with distinctively different mineralogical characteristics (Bennett 

et al., 1999).  

 

For the Pb concentration profile, the increase occurs at approximately 1870, a date that 

coincides well with the start of the industrial revolution signal leading from the associated 

increased industrial emissions. Although some of the change in Pb concentration could be 

associated with the change in provenance it is believed that most of the change in 

concentration is attributable to anthropogenic contamination. The Pb isotope ratio at this date 

also starts to show a decline, with a further change in the 206Pb/207Pb isotopic ratio at 

approximately 1950 towards the surface, associated with the introduction of alkyl Pb in 

petrol. The Pb isotope ratio helps to confirm that the core is being influenced by 

anthropogenic contamination. The modelled excess 206Pb/207Pb isotope ratio indicates that 

the source is predominantly long range transport mainly from Eastern Europe. It is not clear 

how much of the Pb can be attributed to anthropogenic contamination, but the calculated 

value of 52 % is the maximum amount possible. 
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Figure 8.2 - Pb concentration and Pb isotope ratio for ICOS1. 

 

The trace metal elements, Cr, Cu, Co, V, Ni and Zn show the same characteristic increase as 

other elements within the profile, with different degrees of enrichment. The increase in the 

trace elements could suggest that there is further anthropogenic contamination, as with Pb. 

There is one further explanation, all these elements have strong associations with Fe and Mn, 

and therefore could be controlled by diagenetic processes with the core. The core is oxic 

towards the surface and the elements could be co-precipitated with Fe and Mn 

oxyhydroxides (Shimmield and Pedersen, 1990; Tribovillard et al., 2006). 

 

The hypothesis that the lake has undergone a period of rapid sedimentation at approximately 

1870 is the preferred and most likely cause of the elemental profiles seen within the core. 

However, this explanation cannot explain all the features as the core is complex and there 

has been a massive physical process occurring within this shallow lake.  
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The interpretation of the core data is difficult due to the complex glacial conditions within 

the Arctic and the prolonged periods of ice cover. Biological and biogenic cycling have the 

potential to alter the elemental profiles, with possible dilution effects from large inputs. 

 

The contamination of the lake by long range atmospheric sources of Pb, associated with 

industrial emissions, is supported by Boyle et al. (2004). They also studied Lake Ossian, 

investigating the spheroid carbonaceous particles (SCPs), and Pb within a sediment core. In 

that study Pb concentrations were higher than natural estimates in recent sediments, and 

paralleled by an increase in the levels of SCPs. SCPs are a product of high temperature 

combustion and have no natural sources. Their increase, therefore, reliably implies 

anthropogenic contamination. It is suggested that this signal is a mixture of long range 

transport and local sources, from power stations near Longyearbyen (Rose et al., 2004). 

 

8.2.2 ICNL1 (Brandallaguna) 

By examining the redox elements (Fe and Mn), the lagoon (ICNL1) core has been shown to 

be anoxic, with reducing conditions to the surface (ref - chapter 3). This supported the initial 

view, with a strong hydrogen sulphide smell clear upon retrieval of the core.  

 

This anoxia could be attributed to the unique conditions within the lagoon, situated close to 

Kongsfjord. It is likely that it is being influenced both by saline-water from the fjord, and 

fresh-water from snowmelt and runoff. The brackish water and the seasonal ice cover could 

produce a stagnant environment, which is depleted in oxygen.    

 

The Pb concentration and the Pb isotope ratios suggest that the ICNL1 core is being 

impacted by anthropogenic contamination. There is an increase in the Pb concentration from 

8 cm depth, with a peak of 35.70 mg kg-1 occurring at 4.25 cm. This coincides with a 

decrease in the 206Pb/207Pb isotope ratio (ref - chapter 4). The mass accumulation rate was 

calculated as 0.005 g cm-2 y-1, a very slow sedimentation rate for a shallow lagoon (ref - 

chapter 3, 3.3).  
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Using the mass accumulation rates an average excess Pb flux was calculated as 0.32 mg m-2 

y-1, with the main increase in Pb concentration beginning in about 1830. This coincides well 

with the sedimentary signal indicating the start of the industrial revolution. However the 

peak in the flux is earlier than would be expected, at a date of approximately 1905. The peak 

would be expected around 1960 and 1970 when alkyl Pb usage was at a maximum 

(Brännvall et al., 2001; Eades et al., 2002). The excess Pb isotope ratio was calculated as 

1.148 indicative of a European origin. All the factors suggest that the Pb contamination is 

from human influences. Unfortunately not enough is known about the origins of the water 

within the lagoon, to determine whether the contamination is from an atmospheric or marine 

origin. It is likely that there is a combination of the two factors, influenced by water from the 

fjord and also direct and indirect atmospheric deposition. 

 

Hg, Cd and Zn concentration profiles show an increase in elemental concentration similar to 

that seen in the Pb concentration profile, with a peak concentration observed at 

approximately 3.25 cm depth. This increase is not seen in the other trace element 

concentration profiles, such as Cr, Co and V.  

 

Figure 8.3 shows the concentration profiles for Pb, Cd, Zn, and Hg. The fact that the 

contaminant profiles sit on top of each other, with the same degree of enrichment for each 

element, could suggest that another factor other than anthropogenic contamination could be 

influencing the profiles. Table 8.1 shows the strong relationships between the three elements 

Pb, Hg and Cd. As previously explained, the impact of diagenetic remobilisation could be a 

key factor within this anoxic core, with the elements forming their own respective sulphide 

under these conditions. 
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Figure 8.3 - Concentration profiles for Zn, Hg, Cd and Pb in the ICNL1 core against 

depth (cm). 
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Table 8.1 - Pearson’s correlation and significance levels (where 0.000, p < 0.001) for Pb, 

Cd, Hg and Zn. 

 

 Hg Cd Pb 

Cd 0.787 (0.000)   

Pb 0.715 (0.000) 0.823 (0.000)  

Zn 0.464 (0.019) 0.635 (0.005) 0.846 (0.000) 

 

 

There are three possible scenarios that could explain the elemental concentrations within the 

ICNL1 core: 

 

1. That the core is seeing an increase in the concentrations of Pb, Cd, Zn and Hg 

due to anthropogenic contamination.  

The fact that all the elements sit on top of each other may be due to anthropogenic 

contamination of all the elements. The lagoon is in close proximity to the Kings Bay 

Research Station, so a local source could be influencing the profiles. In Ny Ålesund the 

power production is by gas-oil powered generators, along with impacts from the coal mining 

industry (Dowdall et al., 2004). On Svalbard there have been several local sources of 

contamination associated with power production and mining. Power stations are located at 

Lonyearbyen, Pyramiden and Barentsberg. The amount of coal burned in each power station 

in 1995 ranged between 30,000 and 42,000 tonnes (Dowdall et al., 2004). This is only a 

small quantity when compared to major industrial centres, although it may not be negligible 

on a local scale.  

 

For this research two pieces of coal were obtained from around the Kings Bay research area 

and analysed for the Pb isotope ratio. The samples provide an average 206Pb/207Pb isotope 

ratio of 1.185 ± 0.002 and 1.188 ± 0.002. These values are distinctively different from the 

excess 206Pb/207Pb ratio obtained from the ICNL1 core (1.148), which suggests that the coal 

is not the major source of contamination. The ratio implies a European origin from long 

range transport. 
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The elemental concentrations increase from approximately 1830, providing further evidence 

that the origin of the increase could be due to long range anthropogenic contamination. The 

onset of the industrial revolution provided a greater quantity of heavy metal emissions from 

more industrialised regions of the lower latitudes. 

 

Therefore it is possible that the elemental profiles show a combination of local and long 

range transport. Rose et al. (2004) investigated pollution sources in Svalbard and proposing 

that contamination in Svalbard surface sediments is one of local impact superimposed on a 

long-range signal from Europe, Russia and America. 

 

2. The elemental profiles are all due to diagenetic remobilisation, and the anoxic 

conditions within the sediments. 

Under anoxic conditions, Pb, Cd and Zn are not incorporated into pyrite, but tend to form 

their own sulphides. This is due to the kinetics and thermodynamics, causing the elements to 

form MeS prior to FeS formation and subsequent pyrite formation (Morse and Luther III, 

1999). Huerta-Diaz and Morse, (1992) confirmed that for Cr, Pb Zn and Cd, sedimentary 

pyrite is not a sink for these elements (Calvert and Pedersen, 1993; Huerta-Diaz and Morse, 

1992). Hg, in certain circumstances, can be associated with pyrite, but can also, like the other 

elements, form its own MeS (HgS). The fact that the elements all provide similar profiles 

could suggest that it is the diagenetic processes within the sediments that are controlling the 

elemental profiles.  

 

The issue of diagenetic remobilisation has been a major concern in studies of Hg in the 

sedimentary environment. It has been shown, in some cases, that the redox conditions and 

diagenesis can cause the precipitation of Hg. Hg is often recycled with Fe and Mn oxides at 

the redox boundary, but can also have a strong association with sulphides and pyrite. 

 

Although pore waters have not been analysed in this study, pore water Hg diffusion was 

taken into account in a study by Gobeil and Cossa, (1993) in sediments from the Laurentian 

Trough in Canada. For an authigenic peak of Hg to be maintained the downward flux must 

be smaller than the upward Hg flux for the profile. For the profile in ICNL1 to be attributed 
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to anthropogenic influence the upward flux must be small. Gobeil and Cossa, however, 

showed an upward flux of 1 ng cm-2 yr-1. If this value was taken, it is significantly higher 

than fluxes to the sediments of the lagoon (0.272 ng cm-2 yr-1). If this was the case, the 

remobilisation and upward diffusion of Hg could create the profile seen in ICNL1 (Gobeil 

and Cossa, 1993). 

 

Seven cores from the Arctic Ocean were analysed for Hg in a study by Gobeil et al. (1997). 

The cores were taken at depths between 2265-4230 m throughout the Arctic. All the cores 

showed an increase in Hg concentration towards the surface, which was initially interpreted 

as being as result of anthropogenic inputs. However, after further investigation it became 

apparent that Fe oxyhydroxides were controlling the Hg profiles. Diagenetic remobilisation 

can also explain the increase in the Hg concentration in the Laurentian Trough, as discussed 

above (Gobeil and Cossa, 1993). 

 

Other studies have provided undisputable evidence for Hg contamination within sediment 

cores. The fidelity has been proven, from a point source with known emission discharges. A 

chloro-alkali plant on Clay Lake, Canada, discharged an estimated 9000-11000 kg of Hg into 

the lake. The sediment core profile is very consistent with the known history of the source, 

with no suggestion of remobilisation (Lockhart et al., 2000).  

 

It was previously argued that the ICNL1 core was showing evidence of anthropogenic Pb 

contamination. This follows the general consensus that post-depositional migration of Pb 

within a core does not occur, with early diagenetic remobilisation and post-depositional 

migration being of little or no significance. This is one of the main assumptions behind the 
210Pb dating method, which is universally applied (Appleby and Oldfield, 1978), and has 

been applied in this research. There is, however, some evidence to suggest that Pb like Hg 

can have diagenetic behaviour, associated with organic matter, Fe and Mn oxyhydroxides 

and sulphides (Benoit and Hemond, 1991; Chester, 1990; Widerlund et al., 2002). Further 

evidence originates from peat bogs with Pb and 210Pb being subject to diagenetic 

remobilisation in some peat deposits (MacKenzie et al., 1998; Urban et al., 1990). 
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If the Hg concentration peak was explained by diffusive migration of metals within the 

sediments, then the other elements could also follow a similar diffusive migration. This 

diagenetic remobilisation could therefore explain the pattern seen for the elements in Figure 

8.4. 

 

3. The argument could lie somewhere in between these two possible scenarios, the 

core being influenced by both anthropogenic contamination as well as diagenetic 

remobilisation. 

Although all of the profiles could potentially be explained by diagenetic remobilisation, it is 

felt that this is unlikely to be the case. The Pb concentration and Pb isotope ratio profiles 

show convincing evidence of anthropogenic contamination from a European source. The Pb 

isotope ratio verifies a change in source in Pb following the industrial revolution. 

 

It is therefore proposed that the lagoon (ICNL1) is being influenced by a combination of 

anthropogenic contamination and diagenetic remobilisation. As with the ICOS1 core it is 

hard to conclusively clarify the amount of anthropogenic input, although it is estimated that a 

large proportion of the Pb contamination, if not all, is attributed to long range atmospheric 

transport, the ICNL1 core providing a good reconstruction of historical trends in the area. 

This is also likely to be the case for Hg and Cd. 

 

This study of the lagoon core (ICNL1) further supports the need for a full analysis of the 

geochemistry and the diagenesis of a core before conclusions about contamination can be 

made. The oxic-anoxic interface can play a major role in the potential flux of trace metals 

from the sediments and the bioavailability of these metals to the water column. In particular 

Hg and Cd could be released into the water column and become available to any living 

species within the lagoon ecosystem. 

 

8.2.3 Lakes - regional scale 

The 2 cores (ICOS1 and ICNL1) can provide conclusive evidence for anthropogenic 

contamination, with Svalbard influenced by long range atmospheric transport of 

contaminants. This is supported on a regional scale by studies undertaken on Greenland ice 
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and snow (Boutron et al., 1995; Candelone et al., 1995a). These studies have indicated that 

there is indisputable evidence to suggest that atmospheric deposition of Cd and Pb has 

increased considerably in the last two centuries. Candelone et al. (1995a) showed that Cd 

had an eightfold increase between ~ 1850 and 1970, as a result of the growth of the metal 

industries. Only a minor proportion of changes could be attributable to natural sources, such 

as forest fires and biogenic Pb. The Pb isotope ratio is indicative of atmospheric transport 

from Europe and Russia.  This increase in Pb concentration is seen in lake sediments in West 

Greenland, with a 2.5 fold increase apparent since the onset of the industrial revolution 

(Bindler et al., 2001). 

 

The records from the snow and ice on Svalbard resulted in the conclusion that Svalbard is 

one of the areas in the Arctic most affected by anthropogenic pollution (Simoes and 

Zagorodnov, 2001). This is based on sulfate concentrations, and acid deposition and the 

perspective that pollutant concentrations in snow and ice are direct records of atmospheric 

transport.   

 

The positioning of the archipelago of Svalbard makes it a prime location for atmospheric 

pollution transport. Elevated levels of particulate matter, known as the Arctic Haze, can be 

found in the Arctic winter, with particles are 20-40 times more abundant than in summer 

(Barrie, 1986). The elevated levels are associated with Arctic air masses and tropospheric 

circulation.   

 

Other lakes on Svalbard, however, have not conclusively shown an anthropogenic signal. 

This relates to the sensitivity of the lacustrine environment and the very low sedimentation 

rate. Rose et al. (2004) came to a main conclusion that the six lake sites they examined on 

Svalbard were not sufficiently sensitive to show any pollution impact. A varved lake, Lake 

Bolterskardet, near Longyearbyen, recorded an increase in Pb concentration, with 

concentrations varying between 11.0 and 25.8 µg g-1 (Sun et al., 2006). Although long range 

transport of contaminants could be a factor, local sources from coal combustion are also 

likely to contribute to the contamination seen within the core (Sun et al., 2006).  
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Previous studies have suggested that there is little or no Pb contamination on Svalbard (Rose 

et al., 2004). The 206Pb/207Pb isotope ratio within this thesis, however, allows the 

investigation of Pb contamination within the Svalbard area to be taken one step further, 

providing conclusive evidence for anthropogenic contamination of a European origin.  

 

Lakes from Scandinavian countries have exhibited large enrichments in contaminants, with 

enrichment factors of 50, 4 and 2 for Pb, Zn and Cu respectively in Sweden (AMAP, 1998; 

Skotvold et al., 1996).  

 

Significantly higher concentrations of Hg have also been recorded in sediments from 

Norwegian and Russian lakes, with an enrichment factor between 1.6 and 2.8 (Rognerud et 

al., 1998). The difference between the background concentrations and the surface 

concentration are greatest at lower latitudes, with the lowest recorded difference observed in 

sediments from Svalbard. However, Rognerud et al. suggested that deposition of 

anthropogenic Hg on Svalbard was still significant. 

 

8.2.4 Lakes - global Scale 

On a global scale, the levels of contamination in the lake environment within the Arctic are 

relatively small. There is a clear latitudinal pattern that emerges with most elements, with 

higher concentrations of metals being found in lower latitudes (Fjeld et al., 1994; Rognerud 

et al., 1998). These lower and mid latitudes, are closer to source emissions and therefore 

have a greater input source. The largest levels of contamination are found in areas close to 

point sources, with large discharges such as the Norilisk, Russia (AMAP, 1998). Pb and Zn 

Smelters in Canada have been shown to impact regional lakes (Outridge et al., 2002). 

 

Lakes from all over the world have demonstrated the increase in metal concentration in the 

last two centuries; including Scotland (Eades et al., 2002; Farmer et al., 1996; Farmer et al., 

2005), USA (Bollhöfer and Rosman, 2001; Graney et al., 1995), Russia (Rognerud et al., 

1998), Canada (Gallon et al., 2005) and other areas in Europe (Renberg et al., 2002).  
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The same conclusion is reached in many of these studies, that there has been an increase in 

anthropogenic loading of Pb and many other elements. Many of these lakes also show the 

reversal in Pb concentration from 1970s, associated with the phasing out of Pb in petrol. 

 

The concentrations of Pb in others area are generally a lot higher than those found within the 

Arctic. In an upland catchment in N.E Scotland, Glensaugh, surface maximum 

concentrations of Pb ranged between 238-489 mg kg-1, a concentration far greater (~ 10 

times) than any recorded in Arctic sediments (Farmer et al., 2005). 

 

8.3 Fjordic environments 

Two cores were taken from the fjordic environment, ICK1 from inner Kongsfjorden and 

WSS0 from Storfjorden. The cores have the potential to provide information on the transport 

of contaminants to the fjordic environment, an interface and buffer between the marine and 

terrestrial environments.  

 

8.3.1 ICK1 (Kongsfjorden) 

Kongsfjorden, in contrast to most Arctic fjords, has no prominent sill, allowing active 

replenishment of water masses, with the fjord influenced by both Arctic and Atlantic water 

(Cottier et al., 2005). The different water masses have potential to transport particles and 

their associated contaminants. 

 

Fjords however, are often dynamic environments. The ICK1 core was taken at a position in 

close proximity to the Kongsbreen Glacier. The glacier produces a high sedimentation load 

that has a direct influence on the core site. The 210Pb activities are relatively low, around 100 

Bq kg-1, and there is no clear exponential decay in the activity (ref - chapter 3). This supports 

previous evidence that the inner fjord is an area of high sedimentation; a value of 20,000 g 

m-2 y-1 was recorded in front of the marginal zones of glaciers (Elverhøi, 1984; Svendsen et 

al., 2002). The core, therefore, is only likely to represent a short time period, and most of the 

input will be exported from the glacier. The high amount of sedimentary material deposited 

overwhelms the input from the fjord, leading to a dilution effect (Sun et al., 2006). Most of 
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the elements have constant concentration with depth, shown in the Hg, Pb and Cd profiles, 

along with the Fe, Mn and the major and trace elements.  

 

For Kongsfjorden, more work would need to be undertaken on cores towards the continental 

shelf, to provide evidence of contaminant transport. 

 

8.3.2 WSS0 - Storfjorden 

Storfjorden is the largest fjord in Svalbard. The WSS0 core is positioned in the Storfjorden 

overflow. The Pb concentration profile shows a small increase in the surface sediments, 

although the Pb concentration has strong association with the mineralogical elements Al, Li, 

Fe and Ti, suggesting that the increase is due to lithogenic changes within the sediment core. 

This is supported by the relatively constant Pb isotope signature, indicating no change in the 

source over the length of the core (ref - chapter 4).  

 

The fact that Storfjorden is not being influenced by contamination could be associated with 

the complex oceanography with the area. Storfjorden has two major water mass inflows, 

North Atlantic Water and the colder Arctic water, associated with the east Spitsbergen 

current (Fer et al., 2003; Skogseth et al., 2005). It also has several local water masses, 

including the brine enriched shelf waters, and local melt waters. 

 

There are strong mineralogical controls on all metal contaminants, including Cu, Cr, Co and 

Zn within the WSS0 core (ref - chapter 7). The Cd profile shows a consistent concentration 

down the length of the core (ref - chapter 6). 

 

8.3.3 Fjords - regional Scale 

Other fjordic environments around Svalbard also show relatively low changes in Pb 

concentrations. Isfjorden is one of the largest fjords on Svalbard and is located south of 

Kongsfjorden. The mean Pb concentrations for two cores taken by Siegel and co-workers 

were 27 and 29.3 mg kg-1, with maximum concentrations of 29 and 33 mg kg-1 (Siegel et al., 

2000). Other elements have a greater level of contamination, with Hg values ranging from 

76-140 ppb in one core.  The authors (Siegel et al., 2000) reported a small amount of 
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incipient contamination to the fjordic sediments, associated with the coal mining activities 

and the ash and cinders from the waste tips. The proximity to the populations at Barentsburg 

and Pyramiden, could also cause leaching from the waste disposal site at Longyearbyen, a 

possible source of Hg and other contaminants (Siegel et al., 2000).  

 

The core from Kongsfjorden (ICK1) can provide little insight into the levels of 

contamination within the fjordic environment. Like Isfjorden, the area around the fjord has 

been utilised for coal mining production in the past at Ny Ålesund (Siegel et al., 2000). As 

explained, Kongsfjorden is unlike most fjords in that there is no prominent sill and it has a 

large inflow of Atlantic water, which could potentially carry contaminants such as Pb to the 

area. This is also true for Isfjorden, where there is no distinct sill, and there is direct 

exchange of water between the fjord and Western Spitsbergen Current. The contamination in 

the fjord, however, has been attributed to local sources (Siegel et al., 2000), from the coal 

burning power stations at Longyearbyen, Pyramiden and Barentsburg (Dowdall et al., 2004; 

Rose et al., 2004). Further investigation would be required to clarify the source of the 

contamination. Along with Pb, the use of Pb isotope ratios would be an invaluable tool.  

 

To look more closely to see if Kongsfjorden is influenced by local or long range transport, 

cores from further along the fjord would need to be examined. The cores would have lower 

sedimentation rates and be impacted less from glacial activity (Svendsen et al., 2002). 

 

8.4 Shelf and marine environments 

The main focus of many studies within the literature has been on atmospheric transport 

(Bard, 1999; Boyle et al., 2004; Rognerud et al., 1998). This has to some extent diverted 

attention away from the ocean and oceanic transport (Macdonald et al., 2005). 

 

This is not the first study that has used Pb and isotope ratios as an oceanographic tool. The 

first use of stable Pb isotopes in the sedimentary environments began in 1962, in pelagic 

sediments from the Atlantic and Pacific (Veron et al., 1987; Veron et al., 1998). There was a 

general distinction in the Pb isotopes between the two geographical regions. It was this 
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research that led to the conclusion that Pb has a short residence time in seawater and that the 

isotope ratio reflected the continents surrounding the ocean (Veron et al., 1998). 

 

The residence time of Pb in the surface waters is between 1.5 and 2.5 years and between 50 

and 100 years in the deep ocean (Veron et al., 1987). As a consequence of this relatively 

short residence time, it is expected that a considerable proportion of anthropogenic Pb that 

has been added to the ocean will be deposited in the bottom sediments. Scavenging processes 

are also much more efficient in the continental shelf areas, when compared to the deep 

ocean. 

 

There is, however, a limited amount of research that has concentrated on the oceanic 

transport of contaminants, with only one known study within the Arctic Ocean. This study by 

Gobeil et al. (2001) emphasised the importance of ocean currents as a major route in the 

transport of Pb contamination (ref - chapter 1 and 4). 

 

The four cores taken from the Barents Sea (BASICC 1, BASICC 8, BASICC 40 and 

BASICC 43), have the potential to provide more information on the transport of 

contaminants within the marine environment, along with the cores from the Vøring Plateau 

(VP2a) and off the coast of Svalbard (WSS4). 

 

8.4.1 Barents Sea cores 

For Pb contamination, the four cores can be split into two distinct pairs, BASICC 1 and 

BASICC 43 from the southern Barents Sea, and BASICC 8 and BASICC 40 from then 

northern Barents Sea. BASICC1 and BASICC 43 both show a clear increase in Pb 

concentration coinciding with a decline in the 206Pb/207Pb isotope ratio. BASICC 8 and 

BASICC 40 in contrast show little variation in the Pb concentration and the Pb isotope 

profile (ref - chapter 4).  

 

BASICC 1 and BASICC 43 recorded excess 206Pb/207Pb isotope ratios of 1.156 and 1.146 

respectively, values indicative of a Western European source of contamination. The cores 

also indicated that 25-30 % of the Pb can be attributed to an anthropogenic influence.  
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All the marine cores show no surface enrichments in Cd (ref - chapter 6). The Cd profile for 

two of the cores (BASICC 40 and BASICC 43), showed enrichment at the base of the core 

(ref - chapter 6, 6.2). This increase can be explained by the redox conditions. In anoxic, 

sulphide bearing sediments, the Cd has a strong tendency to form insoluble sulphides (CdS) 

(Chaillou et al., 2002; McCorkle and Klinkhammer, 1991; Rosenthal et al., 1995). This is a 

feature observed in many sedimentary environments, whereby the remobilisation of Cd 

makes sediments poor records of temporal histories.  

 

For the other trace elements investigated in chapter 7 (Co, Cr, Cu, Zn, Ni, V), the only core 

that shows a clear increase in any elements in the Barents Sea was BASICC 40. The core 

shows an increase in both Co and Ni within the upper 7 cm, corresponding to a date of 1856. 

The fact that none of the other cores show any signs of contamination could indicate that the 

contamination is from a point source close to the core location. BASICC 40 is the closest 

core to the Kola Peninsula and Norilsk, two sites of metallurgical smelters where large 

quantities of Ni and Co are discharged (AMAP, 1998; Rognerud et al., 1998).  

 

8.4.2 VP2a 

The Pb concentration and Pb isotope ratio profiles for VP2a show similar patterns to that 

seen in the two cores BASICC 1 and BASICC 43, with an increase in Pb concentration 

towards the surface (ref - chapter 4, Figure 4.4). However, the level of contamination appears 

to be lower, with an enrichment factor of 1.29, and the % anthropogenic Pb between 12 and 

13 %. This could be due to the very slow sedimentation rate at this site (0.045 g cm-2 y-1), 

where the water depth of ~ 1400 m, results in a small amount of particulate material reaching 

the sedimentary environment. At the core site there is also a large increase in the carbonate 

fraction in the upper sediments (ref - chapter 3, 3.4), which could lead to a dilution effect 

(Boyle et al., 1998).  

 

8.4.3 KF4 

For Hg, only one oceanic core was analysed, KF4 was taken from a water depth of 1335 m 

on the continental margin off Svalbard, adjacent to Kongsfjord. The core shows no sign of an 
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increase Hg concentration at the surface, with the flux indicating no increase in Hg in the last 

century (ref - chapter 5). There is however an increase in the Hg flux from a date of 1700, 

which is too early to be associated with industrial anthropogenic emissions. The variations in 

the Hg concentration down core are relatively small, and are attributable to natural variations 

in Hg. This has been shown in other cores (Lindeberg et al., 2006; Schuster et al., 2002), 

with changes in aeolian activity, prevailing winds and precipitation, having a direct influence 

on the amount of Hg deposition (Siegel et al., 2000). 

 

The Hg results are in contrast to the Pb concentration profile obtained from the core, which 

shows a clear increase in the Pb concentration towards the surface, with a coincident 

decrease in the Pb isotope ratio.  

 

8.4.4 WSS4 

The WSS4 core, as with VP2a, shows an increase in the Pb concentration coinciding with a 

decrease in the Pb isotope ratio (ref - chapter 4, Figure 4.4). The excess 206Pb/207Pb ratio 

(1.154) is indicative of a western European origin, with approximately 27 % of the Pb 

attributable to anthropogenic sources. 

 

8.4.5 Regional Scale 

To look at Pb concentration in greater detail, the cores analysed in this research have been 

put together with cores taken from Shimmield et al. (2007). Together they provide a 

compelling story of Pb transport up the West Spitsbergen Margin and throughout the Barents 

Sea. They suggest that oceanic transport of Pb via the currents in the Northern Atlantic 

provides an important transport pathway for contaminant Pb. 

 

This theory is based on the original hypothesis by Gobeil et al. (2001) that Pb transport could 

be viewed in the context of Atlantic water circulation. In Gobeil’s study, high Pb 

concentrations were found within the European Arctic Basin, with much lower Pb 

concentration apparent in the Western Arctic Basin, the difference associated with the 

amount of Pb contained within each current. 
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Table 8.2 - The Pb isotope ratios for the cores from this research, Shimmield et al. 

(2007) and Gobeil et al. (2001). 

 

Locations south to north Excess 206Pb/207Pb Source 

VP2a (Vøring Plateau) 0.98 This study 

Core 39 European Basin 1.14 (Gobeil et al., 2001) 

BIF (Bear Island Fan) 1.14 (Shimmield et al., 2007) 

WSS4 1.15 This study 

BASICC 1 1.15 This study 

BASICC 43 1.15 This study 

KF4  

(West Spitsbergen margin) 

1.12 

(Shimmield et al., 2007) 

YP (Yermak Plateau) 1.16 (Shimmield et al., 2007) 

Core 37 European Basin 1.14 (Gobeil et al., 2001) 

 

With the exception of the Vøring Plateau and the Yermak Plateau, all the cores show an 

excess Pb isotope ratio between 1.12 and 1.15 (Table 8.2). They all match the excess 
206Pb/207Pb isotopic ratios predicted for Western European source origins, between 1.130 and 

1.155. The Yermak Plateau has a slightly higher 206Pb/207Pb isotopic signature of 1.16, 

indicating a Russian and Eastern European source (Figure 8.4). This is probably associated 

with sea ice drift from the Siberian shelves, drifting from the Fram Strait and the northern 

Atlantic (Masque et al., 2003; Pfirman et al., 1995). The particulate load and associated 

contaminants are released when the ice melts in ablation zones. This is further supported by 

the salinity data, taken at the core site. The water is fresher than the other cores taken on the 

west Spitsbergen shelf, suggesting that the site is being affected by sea ice melt.  This 

demonstrates further the importance of sea ice within the Arctic Ocean as an effective 

transport mechanism for contaminants (Harms et al., 2000; Masque et al., 2003; Pfirman et 

al., 1995).   

 

This fits in well with Gobeil’s conclusions that the warm North Atlantic Current is carrying 

Pb with a European origin. The anthropogenic Pb is carried to the Arctic Ocean via the West 
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Spitsbergen Current and the Barents Sea Branch Water. The short residence time of Pb in the 

ocean results in the Pb being scavenged out, leading to a large quantity of the Pb being 

deposited in the underlying sediments.  

 

The cores from the Northern Barents Sea (BASICC 8 and BASICC 40), in contrast, do not 

show a change in the Pb concentration or the isotope ratio over the length of the cores. These 

two cores are influenced by the cold water currents from the Arctic Ocean, the East 

Spitsbergen Current and the Persey Current. Gobeil argued that by the time the currents 

reach the Western Arctic Ocean, the Pb has been efficiently scavenged, leaving little residual 

Pb for deposition. If this is the case, the cold currents coming from the Arctic Ocean would 

not contain large amounts of anthropogenic Pb, which could be reflected in BASICC 8 and 

BASICC 40.  

 

Many other factors must also be taken into account. Oceans and the atmosphere are two 

important pathways for Pb transport to the Arctic. It is hard to distinguish between Pb that is 

transported via each mechanism. Marine sediments can be analysed to infer oceanic 

transport, but the atmosphere will also play a part by depositing airborne aerosols into the 

Arctic marine environment. The contaminants are transferred from the troposphere to the 

surface water by both wet and dry deposition. The two mechanisms are combined in the 

marine environment, so whilst lakes can unequivocally be used to estimate atmospheric 

transport; the ocean pathway is more dynamic and complex.  
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Western Europe 1.12-1.155

Russian/Eastern 
Europe 1.18 

YP - 1.16

37 - 1.14 

39 - 1.14 

VP2a - 0.97

B1 - 1.15 

B43 - 1.15 KF4 -  1.12

BIF - 1.14 

WSS4 - 1.15

 

Figure 8.4 - The transport of Pb in the Svalbard area and the southern Barents Sea 

illustrating the excess Pb isotope ratio for each core, an indication of the source of the 

Pb. The main warm Atlantic current is depicted in red. 
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The ice regime within the Arctic is also important and can restrict the movement of particles 

and the associated contaminants. The cores BASICC 8 and BASICC 40 will be influenced by 

ice cover for a larger proportion of the year than the other two cores from the Barents Sea, 

possibly restricting the exchange of contaminants. This could also be reflected in the 210Pb 

specific activities seen in the cores, which are lower at the BASICC 8 and BASICC 40 core 

locations.  

 

The cores all together provide conclusive evidence that the warm North Atlantic Current 

carries a substantial amount of anthropogenic Pb from Western Europe. Due to particle 

scavenging this Pb is quickly deposited in the sediments on the continental shelf and within 

the Barents Sea region (Macdonald et al., 2000). The temporal trends of Pb contamination 

can be seen within the ocean sediments, the sediments clearly showing the influence of the 

modern age on the emissions of contaminants, as previously reported in Greenland ice and 

snow (Boutron et al., 1991; Candelone et al., 1995a; Candelone et al., 1995b). It is clear 

from this study that ocean currents are a dominant and important transport mechanism for 

Pb. 

 

The WSS4 core goes one step further to support the hypothesis of Solarnata and Svendsen 

(2001) that warm Atlantic water remnants are found on the shelf, with a cross-frontal 

exchange occurring. The Arctic front is a topographical feature along the coast of Svalbard, 

on the east side of the front is an area of colder water current which has Arctic Origin, on the 

west of the front is an area of warm water of Atlantic origin (Saloranta and Svendsen, 2001). 

If Gobeil’s hypothesis was correct the cold currents from the Arctic would be stripped of Pb 

and therefore the WSS4 core site should not be influenced by contaminant Pb. The core site 

provides evidence of contaminant Pb with a European origin, with Atlantic water the most 

likely provider. The core site is also situated close to Spitsbergen and an additional source of 

Pb could come from allochthonous sources, with glaciers and rivers adding a freshwater 

input. 

 

The core KF4 was the only oceanic core to be analysed for Hg concentration, and all changes 

within the core can be attributable to natural variations caused by local variations in aeolian 

activity and prevailing winds influencing Hg deposition (Lindeberg et al., 2006; Schuster et 
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al., 2002). Few marine cores have been investigated for their Hg concentration, and the fact 

that KF4 does not provide evidence for anthropogenic contamination could support the 

hypothesis that the terrestrial environment is the principal atmospheric Hg sink (Mason et al., 

1994). A detailed study on marine cores would be needed to make a full assessment. 

 

8.4.6 Global scale 

Pb concentration and isotope ratios within the oceans have not been intensively studied. One 

of the first studies looked at Pb pollution in deep north-east Atlantic sediments, and a distinct 

difference was found between the upper sediments and those from the background (Veron et 

al., 1987). Further cores were taken in the Atlantic in 1984 by Hamelin et al. (1990). They 

observed contrasts in the isotope ratio from the eastern and western sides of the Atlantic, 

with the sources of the Pb coming from Europe and America respectively. The isotope ratio 

varies in its composition, as reflected in the bottom sediments (Hamelin et al., 1990).  

 

In the Arctic, with the exception of Gobeil et al. (2001), studies have concentrated on the 

total Pb concentration within sediments. In Ålesund, Norway, an increase was observed in 

Pb concentration in modern sediments, from a background of 22 mg kg-1 to 53 mg kg-1 in the 

surface sediments (AMAP, 1998). 

 

Other studies from the Kara Sea (Loring et al., 1998) and the Pechora Sea (Loring et al., 

1995) showed no significant changes in the Pb concentration within the marine sediments, 

with concentrations at or near natural levels, and any variation explained by mineralogical 

and grain size variability. This was also true for other elements, such as Co, Cr, Ni, Zn and 

Cu. The sediments showed no enrichments in the surface, indicating little effect from 

anthropogenic contamination. These conclusions were unexpected. The proximity of the core 

locations to the industrial areas of Russia, would suggest that there would be influence of 

incipient contamination. 

 

8.5 Limitations 

One of the fundamental problems with the use of Pb isotope ratio as a tracing technique is 

that isotope ratio compositions found within sediments are a mixture of Pb from different 
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sources. In this study it has been used as a tracer for pollution, with the ratio changing 

depending on the geological core from which it was derived. This leads to different 

geographical areas having distinct signatures, or fingerprints (Brännvall et al., 2001; 

Hamelin et al., 1990). Western Europe displays a 206Pb/207Pb isotope ratio of approximately 

1.15 (Gobeil et al., 2001). The use of this ratio as an indication of contamination and 

pollutant transport is dependent on the stability of the Pb source utilised through time. 

 

The metal concentration data are based on the analysis of a single sediment core, so care 

must therefore be taken when extrapolating these data to represent a larger area. A lake core, 

for example, may not fully represent the whole of the lake. Individual cores can be 

influenced by sediment focusing, and other redistribution factors (Hermanson, 1996).  

 

There are many factors that influence each sediment core and the associated contaminant 

history. Cores are influenced by natural diagenetic processes, redox conditions, biological 

and physical mixing and focusing factors. The levels of contaminants are often dependent on 

the mineralogy and the amount of organic matter present (Renberg et al., 2002). 

 

The sedimentation rate can influence the contamination record, as in the case of ICK1, 

creating a dilution effect. There are many different factors that need to be taken into account, 

each factor a piece of a puzzle, which needs to be examined to gain a full insight into the 

nature of the sediment core.  

 

 

8.6 Priorities and source reduction 

The Arctic is the final sink for many contaminants (Bard, 1999; Macdonald et al., 2000), and 

the only solution for escalating levels is to have source reduction and adequate monitoring 

systems by international collaborations. The development of the Arctic Council in 1996 was 

a major step, with eight Arctic nations coming together to set up programs such as AMAP 

(Arctic Monitoring and Assessment Program), and PAME (Protection of the Arctic Marine 

Environment). 
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The Arctic at present is much lower in many contaminants than many other parts of the 

globe. However, as shown with Hg, the contaminants can be re-emitted into the atmosphere 

and elevated concentrations and associated effects could persist for many decades to come. 

Oceanic transport also provides a much slower mechanism for transport than atmospheric 

transfer. 

 

8.7 Suggestions for future work 

The amount of research looking at Pb isotope ratios in marine sediments is very limited. This 

study has shown how the Pb isotope ratio in the pelagic sediments can be used to look at the 

sources of Pb, which is connected to the surface currents. This work requires analysis of 

further cores to strengthen this argument.  

 

It would also be interesting to look at Pb with respect to sea ice transport and to trace the Pb 

using the Pb isotope ratios. One of the cores from the Yermak Plateau suggested that Pb was 

being carried via ice transport from the Siberian area of Russia. The levels of Pb 

contamination were quite high in this region where the salinity profile showed a large input 

of freshwater, associated with the melting of the ice. Ablation zones are important 

depositional environments for particles and their associated contaminants. 

 

It was our intention on the JCR127 cruise to obtain cores from the Greenland margin, within 

the Fram Strait. This potentially could provide further information on the transport of Pb by 

sea ice. It was expected that the cores from this region would have a Pb isotope signature 

from Russian and Eastern Europe. Different from the ratio found on the east of the Fram 

Strait, the ice carried from the sea ice forming zone on the Siberian Shelf, is carried through 

the Arctic Ocean to the Fram Strait and the Northern Atlantic. Unfortunately, due to the sea 

ice conditions, we were unable to get to the core locations. This would still be an interesting 

project in the future. 

 

This hypothesis that contaminants are transported by sea ice is supported by a study 

undertaken by Masque et al. (2003). Plutonium (Pu) atom ratios in the Fram Strait were 

investigated in bottom sediment cores and sea-ice sediment samples. The Pu ratios indicated 
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that the main source of origin was the Kara Sea and the Novaya Zemlya, with the Pu being 

being carried across the Arctic Ocean to ablation zones in the Fram Strait (Masque et al., 

2003). 

 

A further investigation into Hg within both marine and lake sediments would provide vital 

information on the anthropogenic impact of Hg in the Arctic. At the moment there are 

contentious issues on whether or not it is anthropogenic influence or diagenetic processes 

that are creating the Hg profiles observed.  

 

8.8 Climate change debate. 

One of the fundamental problems with any kind of contaminant transport investigation is that 

contaminants are affected by many different factors, and the Arctic and the Arctic Ocean are 

not static.  

 

Pathways are variable, and can change through natural features such as changes in the NAO 

(North Atlantic Oscillation). Climate change has recently been suggested as a major cause 

for concern. The Arctic is very sensitive to changes, with warming predicted to be more 

pronounced in the high latitudes. Any change in the climate could potentially have an effect 

at every step of the contaminant transport, leading to dilution, concentrations, bifurcation, 

shortcut or delay (Macdonald et al., 2005). Ultimately the contaminant transport pathways 

will change over time, accelerated by global changes in the climate. 

 

Contaminant deposition is dependent on a large number of physical and chemical conditions, 

such as precipitation (both wet and dry), the amount of ice cover within the Arctic region, as 

well as scavenging rates and primary productivity. Satellite data of sea ice, indicated that 

between 1978 and 1987 there was a decrease of about 2.4 % per decade (Gloersen and 

Campbell, 1991). Climate change can have an ultimate knock on effect to most of these 

parameters. If the earth warms up, the amount of precipitation will increase, the ice cover 

will decrease, and productivity is likely to increase.  
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At the present time, considerable changes are being seen in the Arctic. Sea ice is 

disappearing at a rapid rate, along with changes in length of the melt season and the pattern 

of sea-ice drift. Arctic ice melting releases contaminants trapped in the ice, the Artic could 

potentially become a major new source of contaminants. Changes have also occurred in 

precipitation, in atmospheric sea-level pressure and water mass distribution (Macdonald et 

al., 2005). 

 

For Pb, Cd and Hg and other contaminants, the Arctic could become a more effective trap 

and sink. The full biogeochemical cycle of Hg is still not fully understood under present 

conditions. Appropriate information on the cycling and remobilisation of Hg in the Arctic 

environment is not yet available. Hg is very dynamic, existing in many different chemical 

forms, making it very difficult to predict in the future.  

 

This is further complicated by the phenomenon of the mercury depletion events (MDE). In 

spring time there are frequent episodic depletions in vapour concentrations, related to 

depletions in tropospheric ozone (Ariya et al., 2004; Berg et al., 2003). The Hg is 

transformed from Hg (0) to reactive gaseous Hg (RGM). This reactive from is quickly 

removed form the atmosphere, which leads to an increased amount of Hg deposited at the 

earth’s surface (Macdonald et al., 2005; Schroeder et al., 1998). It is likely with changes in 

temperature that the patterns of the MDE will change. For example increasing temperatures 

could cause greater re-volatilisation of Hg from the snow (AMAP, 2002; Macdonald et al., 

2005).  

 

The full effects of climate change are unpredictable. The best estimates of the effects on 

contaminant pathways come from observed natural changes within the NAO (North Atlantic 

Oscillation) and the AO (Arctic Oscillation).  
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8.9 Conclusions  

8.9.1 Three priority elements and their transport mechanisms. 

8.9.1.1 Mercury (Hg) 

One of the main conclusions from AMAP was that levels of Hg in lakes and ocean sediments 

have increased by a factor of between 3 and 7 since the start of the industrial revolution, with 

the contemporary atmospheric deposition of Hg being 2-5 times higher than that prior to the 

industrial age (Asmund and Nielsen, 2000; Hermanson, 1996; Lockhart et al., 1998). Of all 

the metal contaminants, Hg is the metal which is considered to be of greatest concern, due to 

the ubiquitous toxicity of its organic form (Ariya et al., 2004).  

 

The ICNL1 core is the only core in this study that has provided evidence for Hg 

contamination. No increase could be seen in the other three cores analysed (ICOS1, ICK1 

and KF4). The observed increase in the Hg concentration in the ICNL1 core is relatively 

small when compared to other Arctic Lake environments (Lockhart et al., 1998; Lucotte et 

al., 1995), and could potentially be influenced by diagenetic processes within the core. 

 

The diagenesis and remobilisation of Hg is an important mechanism for its distribution 

within sediments (Fitzgerald et al., 1998; Rasmussen, 1994), Cores from the Laurentian 

Trough (Gobeil and Cossa, 1993), Saguenay fjord (Gagnon et al., 1997), and the Arctic 

Ocean have shown that increases in Hg are related to diagenesis (Canario et al., 2003; Gobeil 

et al., 1999). 

 

There is still a lack of understanding of the biogeochemical cycles of Hg. However, it is clear 

that anthropogenic-related emissions of Hg have substantially increased in the last century. 

Hg is a very dynamic element, existing in several forms dependent on the redox 

characteristics of the sediments. Hg can be sequestered in the environment or can be 

remobilised as a result of microbial activity (Telmer et al., 2005). If a true estimation of the 

extent of Hg contamination is to be ascertained, more research is required to understand fully 

the biogeochemical cycle. 
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8.9.1.2 Lead (Pb)  

The concentrations of Pb have clearly increased since the start of the industrial revolution 

due to increased emissions from fossil fuel combustion. This increase is supported by ice and 

snow records from Greenland and in Svalbard (Candelone et al., 1995a). This increase has 

also been reported in the sedimentary environment. A further feature, often described in the 

literature, is the decline in Pb emission since the 1970s when alkyl Pb was restricted in 

petrol. Sedimentary environments have also been successful in recording this decrease in 

emission levels.  

 

The sediment cores from this research, as in other studies within the literature, show clearly 

the increase in Pb emissions associated with anthropogenic contamination over the last two 

centuries. ICOS1 and ICNL1 represent cores influenced by long-range atmospheric 

contamination, with the lagoon (ICNL1) possibly providing evidence of a mixed source from 

both marine and atmospheric pathways. 

 

The most compelling story comes from the Pb and Pb isotopes within the oceanic sediment 

cores. It is apparent that the oceans provide a major transport mechanism for Pb to the Arctic 

Ocean, as the North Atlantic Current provides a transportation pathway. This has been shown 

with the collation of all cores in this research as well as those analysed as part of the 

Northern Sea Project at SAMS (Shimmield et al., 2007). 

 

The oceanic cores within this research do not show the characteristic decline associated with 

the ban on alkyl Pb in petrol; this is most likely to be due to delayed transit times of the 

transportation of Pb to the Arctic. The fact that this decline in Pb concentration can be seen 

in sediment cores since the 1970s has proved that mitigative measures can be enforced 

effectively to limit contaminants within the sedimentary environment. Pb can, therefore, be 

regarded as a partial success story. Although still a contaminant and a threat to the Arctic 

ecosystems, international legislation has drastically reduced the problem.   

 

To look more closely at ocean transport as a significant mechanism in the distribution of Pb, 

further cores from within the Arctic would need to be analysed. 
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8.9.1.3 Cadmium (Cd) 

Cd, like Hg, is toxic to most life forms at relatively low concentrations. Cd is still considered 

one of the greatest threats to the Arctic, because of its toxic nature and its ability to 

bioaccumulate and biomagnify in the livers and kidneys of marine organisms and humans. 

 

The cores from this thesis, however, have reinforced the hypothesis that sedimentary 

environments are poor records of temporal variations in deposition for Cd, with Cd subjected 

to dissolution and remobilisation in sediment. Due to the natural biogeochemical cycle of Cd, 

the element is not deposited in oxic sediments The sediments therefore cannot be used to 

assess the long range fate and transport of Cd to the Arctic environment. Natural and 

anthropogenic flux calculations are the best approach to assess the transport of Cd 

(Macdonald et al., 2000). The increase in the Cd concentration in the ICNL1 core could be 

attributed to small scale anthropogenic contamination, seen because of the anoxic conditions 

within the sediment. The Cd, however, could also be influenced by diagenetic remobilisation 

within the anoxic core, leading to authigenic precipitation of the element as CdS. 

 

The sedimentary environment has proven not to be an efficient method for assessing the 

transport pathways for Cd in this research.  Cd, however, has still seen large increases in 

emissions since the industrial revolution (Candelone et al., 1995b), associated with the non-

ferrous metal industry. Anthropogenic contamination, therefore, is still a major concern. 

 

8.9.1.4 Further conclusions.  

One of the greatest challenges in the future of contamination studies, and the transport 

pathways of these contaminants, is the effects of climate change. There are still many 

unknowns under present conditions, particularly with respect to Hg. Changes in temperature 

will have countless effects on the dominant pathways of contaminant transport.   

 

This study also further emphasises the need for a full sediment history and a full 

understanding of sediment diagenesis. Both of these factors are essential in understanding the 

contaminant history of a sediment core. This study along with others in the scientific 

literature (Fitzgerald et al., 1998; Gobeil et al., 1999; Rasmussen, 1994) emphasises the need 
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for a rigorous assessment of the core and analytical techniques before any contaminant 

analysis can be made. Many different factors can affect the metal distribution with any 

sediment core, from the redox conditions, to diagenetic remobilisation.  
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